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ABSTRACT: Over 60 years of nuclear activities have resultedina  U(VD o
global legacy of radioactive wastes, with uranium considered a key - -~ .F.e:lhydme
radionuclide in both disposal and contaminated land scenarios. i g -
With the understanding that U has been incorporated into a range U(VI)-Goethite U(V)-Goethite
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of iron (oxyhydr)oxides, these minerals may be considered a \ g s( % x =
secondary barrier to the migration of radionuclides in the
environment. However, the long term stability of U incorporated Adqueous ~
iron (oxyhydr)oxides is largely unknown, with the end fate of D

incorporated species potentially impacted by biogeochemical
processes. In particular, studies show that significant electron
transfer may occur between stable iron (oxyhyd%oxides such as goethite and adsorbed Fe(II). These interactions can also induce
varying degrees of iron (oxyhydr)oxide recrystallization (<4% to >90%). Here, the fate of U(VI) incorporated goethite during
exposure to Fe(II) was investigated using geochemical analysis and X ray absorption spectroscopy (XAS). Analysis of XAS spectra
revealed that incorporated U(VI) was reduced to U(V) as the reaction with Fe(II) progressed, with minimal recrystallization
(approximately 2%) of the goethite phase. These results therefore indicate that U may remain incorporated within goethite as U(V)
even under iron reducing conditions. This develops the concept of iron (oxyhydr)oxides acting as a secondary barrier to

radionuclide migration in the environment.
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INTRODUCTION

Uranium (U) is a widespread environmental contaminant and
a key radionuclide in many radioactive wastes."” As these
wastes can take extensive time (over tens of thousands of
years) to decay to safe levels, a deep underground geological
disposal facility (GDF) is widely accepted as the most
favorable disposal route.” Within a typical GDF, steel and
engineering structures such as rock bolts will corrode over
time, forming iron (oxyhydr)oxide minerals in and around the
repository. Given that iron (oxyhydr)oxides are also abundant
in the wastes and in the geosphere, understanding their
interactions with U will provide further understanding of the
long term fate of U species.” To this end, the ability of U to
incorporate into the crystal structure of iron (oxyhydr)oxides
has been well established in recent years, with the inference
that long term immobilization of U species through incorpo
ration may occur.'® However, although iron (oxyhydr)oxides
have the potential to act as a secondary barrier to uranium
migration, the long term fate and stability of incorporated U in
the environment is largely unknown.

In subsurface environmental and geological systems, U
mainly exists as either U(VI) or U(IV), with the highly mobile
uranyl ion (U(VI)O,*) forming under oxic conditions and

immobile U(IV) phases (e.g, UO, and noncrystalline U(IV))

dominating in anoxic environments.”'”'® Although U(V)
species may also form, they have typically been considered
transient in the environment, with studies reporting rapid
U(V) disproportionation to U(IV) and U(VI)."” However,
recent work has demonstrated that U(V) can be stabilized as
an incorporated species on reaction with iron (oxyhydr)oxides,
suggesting it may be more environmentally relevant than
previously thought.®*'¢

Interactions with iron (oxyhydr)oxide phases play an
important role in the environmental mobility of U, with U
retardation occurring both by adsorption to mineral surfaces
and by incorporation into a variety of iron (oxyhydr)oxide
phases (ie., goethite, hematite, magnetite, and green
rust).'””°">* In the environment, the formation of crystalline
iron (oxyhydr)oxide phases, such as goethite (@ FeOOH),
often occurs by the transformation of poorly ordered

ferrihydrite. As ferrihydrite dissolution is a key step in this
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mineral transformation pathway, the reaction may proceed by
either the long term aging of ferrihydrite, or by Fe(II)
catalyzed reductive dissolution.”*** The potential for U(V) to
become incorporated during this Fe(II) catalyzed trans
formation has been demonstrated, albeit often with mixed
phases of iron (oxyhydr)oxides, residual starting material or
mixed valence U in the final product.*'*>~'® The incorporation
mechanism for U(V) into goethite has been proposed to occur
via the sorption of U(VI) onto the ferrihydrite surface. The
U(VI) forms a bidentate inner sphere complex, which is then
reduced to U(V) by electron transfer from Fe(Il) as the
crystallization to goethite proceeds.'® This reduction enables
the elongation of the uranyl axial oxygen bonds to occur,
resulting in the octahedral coordination of U(V) in a uranate
like configuration (i.e, 6 U—O bonds at 2.18 A)."® The final
step is then continued goethite growth, substituting U(V) for
Fe(Ill) in an octahedral position within the goethite
structure.'® This coordination environment is similar to that
reported for an incorporated uranate like U(V), formed on
coprecipitation with magnetite and green rust.”® Conversely,
U(VI) was proposed to inhibit goethite growth by oriented
attachment, as an incorporated uranyl moiety would break an
edge sharing arrangement in the local structure and therefore
be highly destabilizing.26 Overall, this work concluded that
incorporation of a U(VI) uranyl moiety was less favorable, in
contrast to a uranate like U(V) which requires minimal
distortion to the goethite structure.

Studies have indicated that incorporated U(V) species are
resistant to oxidation, suggesting that incorporation of U into
iron (oxyhydr)oxides may limit remobilization in the environ
ment.*'> Although various studies have demonstrated the
ability for iron (oxyhydr)oxides to incorporate U, questions
still remain as to the long term fate. In particular, geochemical
conditions in the environment will evolve over time, with iron
reducing conditions leading to Fe(II) in the subsurface.
Significant electron transfer has been shown to occur between
adsorbed Fe(Il) and structural Fe(III) in stable iron
(oxyhydr)oxides, including goethite.”’ ™' Additionally, in
some studies electron transfer was proceeded by the physical
exchange of structural Fe atoms with aqueous Fe.””™>° The use
of isotopic tracers has demonstrated that the extent of this Fe
atom exchange is strongly dependent on pH, crystallinity,
particle size, and contaminant substitution. Consequently,
goethite may undergo either minimal recrystallization (<4%)
or up to near complete (>90%) exchange of structural Fe(III)
on exposure to Fe(I).**~>* Moreover, electron transfer from
adsorbed Fe(Il) has resulted in incorporated contaminant
species being either reduced (e.g, 44% reduction from
Co(III) goethite to Co(I))** and/or released to solution
(eg, up to 28% released from Ni goethite).”” ' Conse
quently, electron transfer from adsorbed Fe(II) could affect the
speciation of an incorporated redox active U contaminant, with
the long term fate of U poorly understood.

Clearly, investigating the incorporation of U(VI) and U(V)
into goethite, and assessing the impact of exposure to Fe(II), is
important for understanding the long term fate of U in
engineered and natural environments. In the current study,
U(VI) incorporated goethite was synthesized and reacted with
aqueous Fe(I); a pure U(V) goethite standard was also
synthesized. The impact of electron transfer on U speciation
was assessed by X ray absorption spectroscopy (XAS), using a
combination of U My, edge and L;; edge spectroscopy.
Additionally, a ¥’Fe isotopic tracer technique®* was used to

monitor if electron transfer from adsorbed Fe(II) to U(VI)
goethite was proceeded by a physical exchange of Fe atoms
between the structural Fe(III) and aqueous Fe(II) phases.

MATERIALS AND METHODS

U(VI)-Incorporated Goethite. U(VI) incorporated goe
thite was prepared via a hydrothermal synthesis method,
informed by Schwertmann and Comell.*” Briefly, iron(III)
nitrate nonahydrate was dissolved in a uranyl(VI) nitrate
solution and titrated to pH 14. The resulting slurry (200 ppm
U) was then heated in a hydrothermal vessel at 180 °C for 24
h. The solid was then extracted and washed repeatedly
(approximately 7 times) with deionized water (DIW), followed
by six washes with 4 mM HCI (pH < 2.5) to remove adsorbed
U(VI) from the goethite product.””*’ The solid was
subsequently washed several times with DIW and dried
overnight at 40 °C. The resultant mineral phase was then
confirmed using X ray diffraction (XRD). The U distribution
within goethite was characterized by progressive dissolution,
using 0.4 M HCI to remove near surface U, followed by acid
digestion in 6 M HCL™ To investigate the effect of U
concentration on mineral formation, a mixed hematite/
goethite phase was also synthesized using the same technique,
but with the initial U concentration increased from
approximately 200 ppm to 635 ppm U. A U(V) incorporated
goethite standard was also prepared, following a method
adapted from Massey et al.'® (Section S1 of the Supporting
Information, SI).

Batch Experiments with Aqueous Fe(ll). All the
following experiments were undertaken inside a Coy Cabinet
anaerobic chamber under an atmosphere of 95% N,/5% H,.
Deionized water was boiled and sparged with N, for at least 1
h prior to introduction to the anaerobic cabinet. Synthesized
U(VI) goethite particles were then reacted with aqueous
Fe(II) using a sacrificial batch reactor approach.” Briefly, a 0.1
M Fe(II) stock solution was prepared by dissolving 0.127 g
FeCl, in 10 mL deionized water, followed by the addition of 50
UL 0.4 M HCI to prevent oxidation. An aliquot of the Fe(II)
stock solution was then added to a 3 (N morpholino)
propanesulfonic acid sodium salt (MOPS Na) buffer solution
(25 mM) to achieve a concentration of approximately 1 mM
Fe(II), and the pH was adjusted to 7.6 + 0.1 by the addition of
5 M NaOH and equilibrated for 30 min. The reaction was
initiated by the addition of U(VI) goethite powder (2 g/L)
followed by sonication (<2 min) to ensure complete mixing; a
paralle]l Fe(II) free control was also prepared. The batch
experiments were wrapped in foil to prevent photo oxidation
and left to mix on an end overend rotator at room
temperature.

At selected time points batch experiments were sacrificed,
and solid samples were collected for acid digestion and XAS
analysis. Aqueous samples were filtered (0.2 xm), with
measurements of aqueous U performed by inductively coupled
plasma mass spectrometry (ICP MS) and total aqueous Fe by
either inductively coupled atomic emission spectrometry (ICP
AES) or by the ferrozine assay.*® Under neutral pH conditions,
total aqueous Fe measurements were assumed as equivalent to
aqueous Fe(11).***” For acid digestion, samples were washed
with 0.4 M HCI (10 mL, 15 min) to extract adsorbed Fe (1)
and near surface U. Residual U incorporated goethite was then
slowly dissolved in 6 M HCI (10 mL) with aliquots taken at
defined time intervals and the supernatant collected for
analysis (filtered to 0.2 ym).



For XAS, solid samples were filtered, mounted and stored
anaerobically at —80 °C. Prepared samples were then
transported frozen to either the Diamond Light Source,
UK, or the KIT synchrotron, Germany for analysis. XAS
spectra of the Ly edge were obtained at the 120 scanning
beamline (Diamond Light Source), with My, edge high energy
resolution fluorescence detected X ray absorption near edge
structure (HERFD XANES) spectra obtained at the ACT
station of the CAT ACT beamline at KIT (further details in
Section S2). Interestingly, recent evidence suggests that
uncertainties might be present in My, edge analyses,”**” thus
the U oxidation state quantification values presented here are
assumed to have an error of +5%.

5’Fe-Tracer Experiment. To monitor if electron transfer
between adsorbed Fe(II) and U(VI) goethite was proceeded
by an atom exchange of structural Fe(III) and aqueous Fe(1II),
the Fe(Il) reaction was repeated using an aqueous phase
enriched with *’Fe(II). Briefly, a stock solution was prepared
by dissolving ¥Fe (>95% ’Fe, CK Isotopes, Ltd.) in HCI
overnight, followed by filtration (<0.2 ym) and dilution with
DIW to a final concentration of approximately 0.1 M %’Fe(1I).
A 25 mM MOPS Na buffer solution was then spiked with 1
mM aqueous *’Fe(1I) and the pH adjusted to 7.6 + 0.2 by the
addition of 5 M NaOH. After at least 30 min equilibration, an
aliquot was taken for initial Fe(Il) measurements, and the
reaction was initiated by either the addition of U(VI)
incorporated goethite or U free goethite powder (2 g/L)
with end overend mixing for 21 days. The reaction was
performed in either duplicate (U goethite) or triplicate
(goethite control), with aliquots removed for analysis at
selected time points. Analysis was then conducted similar to
Neumann et al.*’ using either an ICP MS (Agilent 7500CX) or
an ICP QQQ (Agilent 8800). The isotopic fraction of >’Fe was
calculated from the ICP MS/QQQ counts per second (cps) of
54, 56, 57, and 58 Fe isotopes, using the following
equation:50

7pe

f57Fe =
Sy + 6y + ST + S8

The percentage of Fe atom exchange was then calculated from
the *'Fe fraction using the mass balance approach.*>*”*%!

RESULTS AND DISCUSSION

The synthesized U(VI) and U(V) goethite samples were first
analyzed by XRD to confirm the crystalline phases present
(Figure S1). The XRD patterns showed that pure goethite
phases had been produced, with no evidence for hematite or
lepidocrocite contamination. Here, the high temperature
synthesis technique for U(VI) goethite produced a more
crystalline phase, as evidenced by the narrower diffraction
peaks of the hydrothermally produced U(VI) goethite relative
to the U(V) goethite, which was synthesized at room
temperature. Additionally, XRD patterns were collected on
an Fe(II) reacted sample (30 day) and the 30 day no Fe(II)
control, which show that goethite remained as the only
crystalline iron (oxyhydr)oxide phase. The 30 day XRD
pattern showed no visual difference in the peaks or peak widths
compared to the synthesized U(VI) goethite standard which
confirmed that no change to the mineralogy/crystallinity had
occurred during reaction with Fe(II). Additionally, following
the complete dissolution of samples in 6 M HCl, the U content
of the synthetic U(VI) and U(V) goethite standards was

determined to be approximately 0.21(2) wt % (0.08 mol %)
and 0.83 wt % (0.31 mol %), respectively.

Fe(ll) Reaction with U-Goethite. To investigate the
impact of Fe(II) exposure on U(VI) goethite stability, aqueous
Fe(II) was reacted with synthesized U(VI) goethite. Analysis
of the aqueous phase revealed an initial drop in aqueous
S’Fe(II) concentration from approximately 1 mM to 0.6 mM
by 6 h. Given a molar excess of approximately 60 Fe(II)/
U(VI), a decrease in aqueous Fe(Il) resulting from the
coupled oxidation/reduction of Fe(II)/U(VI) would not be
observable. Therefore, this decrease in aqueous Fe(Il) is
thought to be due to sorption of Fe(II) to goethite, consistent
with past work.>******> After the initial sorption, the aqueous
Fe(II) concentration stabilized and remained relatively
constant over 212 days (Figure 1).

To monitor if electron transfer from adsorbed Fe(II) to
U(VI) goethite was followed by a physical movement of Fe
atoms from the solid phase into the solution, an aqueous phase
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Figure 1. Aqueous data for the reaction of "Fe(II) with U(VI)

goethite. Top panel shows the measurement of total Fe in the
aqueous phase; the middle panel shows the isotopic fraction of *'Fe
and %°Fe in the aqueous phase, with the dotted horizontal lines
representing the values at complete mixing; and the bottom panel
shows the percentage of Fe atom exchange calculated using the mass
balance approach.* Data for 0.25—21 days are duplicates with error
bars representing the range in values; the data point for 212 days is for
a single reactor.
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Figure 2. Panel (A) Uranium My, edge HERFD XANES, showing time points for Fe(II) reacted U(VI) goethite. Dotted red lines indicate peaks
for standards U(IV)O,, U(V) magnetite,” and U(VI) in sediment. Panel (B) Results from ITFAS of U Myy edge HERFD XANES data and LCF of
U Ly edge XANES data, showing the relative concentrations of U(V) and U(VI) in samples of Fe(Il) reacted U(VI) goethite. Relative
concentrations calculated from standards of U(VI) in sediment and U(V) in magnetite7 for ITFA, and from synthesized U(VI) goethite and U(V)

goethite standards for LCF.

S7Fe(II) tracer was used. This enabled the extent of
recrystallization to be determined by measuring changes in
the *"Fe isotope fraction in the aqueous phase over time
(Figure 1, middle panel).”® During the reaction, there was a
decrease in aqueous “"Fe(II) and an ingress in aqueous
SFe(11), indicating that solid phase Fe(III) was exchanging
with the *"Fe(II) enriched aqueous phase. The extent of Fe
atom exchange was then calculated from the Fe isotope ratio,
which showed that after 21 days of reaction 1% of the solid
phase had recrystallized, with just over 2% Fe atom exchange
reached by 212 days (Figure 1). By comparison, studies have
reported unsubstituted goethite to undergo various extents of
Fe atom exchange under similar conditions of 0.5—1 mM
Fe(Il) and circumneutral pH, ranging from <4% to near
complete (>90%) recrystallization.” > Moreover, the extent
of Fe atom exchange has been found to be dependent on a
variety of factors such as crystallinity, surface area and
pH.***>** In particular, research has shown that Fe atom
exchange may decrease substantially in the presence of
incorporated/sorbed contaminants, with Frierdich et al.’'
reporting a concurrent decrease in exchange (approximately
20—60% reduction) as Ni incorporation increased (0.5—2.5
mol %).>%7°152 Given that the U concentration for
incorporation in the current study is an order of magnitude
lower (0.08 mol %) than the published studies, this seemed
unlikely to be significantly hindering Fe atom exchange. This
was further explored by preparing U free goethite powder,
following the hydrothermal synthesis method described here.
Reaction of this U free goethite control with *’Fe(II) led to
0.8% exchange after 21 days, very similar to the 1% exchange
(21 days) in the U(VI) goethite system. Previous work has
highlighted that the extent of recrystallization is dependent on
crystallinity, due to the annealing of defects being a key driving
force for the process.””*® Furthermore, hydrothermally
treating goethite has been shown to hinder electron transfer,”’
which has been suggested to be a key process leading to Fe
atom exchange and Fe(Il) catalyzed recrystallization of
goethite.”* Therefore, it is likely that the minimal exchange
measured here (approximately 2%) is a reflection of a highly
crystalline, hydrothermally synthesized product.
U Distribution. The initial preparation of the U(VI)

goethite starting material involved an acid leach with 4 mM

HCI to remove adsorbed uranium, prior to reaction with
aqueous Fe(II). The U distribution in the 4 mM HCI acid
leached U(VI) goethite starting material and Fe(II) reacted
samples were then analyzed by progressive acid dissolution
using 0.4 M HC], to target the near surface U, followed by a
slow acid digestion in 6 M HCL. For U(VI) goethite, the 0.4 M
HCI showed an initial fast release of up to approximately 35%
U with very little Fe dissolution (<0.9% Fe). This was followed
by the congruent release of both U and Fe (linear relationship)
during dissolution of the remaining U(VI) goethite in the 6 M
HCI digestion (Figure S3). This indicates that in the U(VI)
goethite starting material up to approximately 35% U is near
surface incorporated, with the remaining U distributed
throughout the bulk of goethite. By comparison, there was a
constant linear relationship between U and Fe in the
synthesized U(V) goethite reference material, with little 0.4
M HCI extractable U near surface incorporated (<10%),
indicating an even distribution of U throughout the goethite
structure (Figure S3).

Acid dissolution profiles of U(VI) goethite samples reacted
with aqueous Fe(II) for 6 h, 1 day, 10 days, and 30 days
(Figure S3) show that U distribution in goethite remained
relatively constant. Aqueous analysis confirmed that U was not
released to solution during the reaction with Fe(II), despite a
significant proportion (approximately 40%) being near surface
associated. Overall, this indicates that the hydrothermally
synthesized U(VI) goethite is resistant to Fe(II) catalyzed
recrystallization, reflective of the minimal levels (approximately
2%) of Fe atom exchange measured here, and therefore U
remained bound within the solid phase.

Evolution of U Solid Phase Speciation. To determine U
oxidation state, U M, edge HERFD XANES was used in
combination with Ly; edge XANES, similar to recent
studies.”****3375% First, comparison to the peak position of
standards (Figure 2A) confirmed that both the starting
material and 10 day control goethite samples were
predominantly U(VI), suggesting a pure U(VI) goethite
phase. Analysis of the spectra also showed that there was no
evidence for U(IV) in any of the samples. This confirmed that
U likely remained incorporated within the goethite structure
during reaction with aqueous Fe(II), as opposed to being
released and reduced to a U(IV) surface precipitate by
adsorbed Fe(II). Furthermore, ITEA®® fitting of the HERED
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Table 1. Summary of EXAFS Fits in Comparison to Unsubstituted Goethite (Full Details in SI)

goethite U(VI)-goethite 6h

U 0, R (A) 1.82 1.84
CN 0.8 0.8

U O, R (A) 2.03 2.06
CN 0.8 1

U O, R (A) 223 225
CN 22 2.5

U O, R (A) 242 244
CN 22 1.7

U Fe, R (A) 3.01 322 321
CN 2 2 2

U Fe, R (A) 3.29 344 344
CN 2 2 2

U Fe, R (A) 343 3.65 3.65
CN 4 3 3

U Fe, R (A) 4.58 471 4.71
CN 2 1 1

U Feq R (A) 527 538 5.32 531
CN 6 2 2

U Feg R (A) 547 5.66 5.63 5.62
CN 10 2 2

U Fe, R (A) 5.99 5.90 5.90
CN 2 2 2

XANES spectra, in combination with the U(VI) and U(V)
standards, showed evidence for U(V) ingress into samples as
the Fe(II) mediated reaction progressed, reaching approx
imately 26% U(V) after 10 days. Linear combination fits
(LCF) of Ly edge XANES were also performed for Fe(II)
reacted samples, using the synthesized U(VI) goethite and
U(V) goethite as standards. For samples taken at 6 b, 1 day,
and 10 days LCF of L;; edge XANES (13%, 14%, and 28%
U(V), respectively, Table S2) correlate very well with the
ITFA My edge data (11%, 14%, and 26% U(V), respectively,
Table S1). This provides further confidence in the accuracy of
the Ly edge XANES data reported here, which showed that by
30 days approximately 52% reduction to U(V) had occurred
(Figure 2B). Furthermore, L;; edge XANES data showed
approximately 45% U(V) in the 53 weeks sample, indicating
that the reaction end point had been reached by 30 days. As
the experimental system had a significant molar excess of
approximately 60 Fe(II):U(VI), there was no observable
decrease in aqueous Fe(II) indicative of electron transfer to
U(VI). However, XANES data clearly indicates that a
significant fraction of incorporated U(VI) (approximately
50%) has been reduced to U(V) during reaction with Fe(II).
The extent of electron transfer within iron (oxyhydr)oxide
phases is largely dependent on surface defects, with simulations
suggesting that electrons may penetrate up to 2 nm into the
goethite structure for a smooth defect free surface, and up to 8
nm for a very rough surface.””*”** Given the highly crystalline
goethite produced here (Figure S1), electron transfer was likely
concentrated in the outermost atomic layers of the crystal,
which are enriched in U(VI). Therefore, the U(VI) reduction
pathway is thought to be dominated by U(VI) bound in the
near surface region of goethite. This proposed reduction
mechanism would result in goethite particles consisting of an
unchanged core of incorporated U(VI) and a near surface
region where electron transfer has led to the formation of
U(V). To investigate this hypothesis, near surface U was
extracted from a 30 day Fe(II) reacted sample using 0.4 M

24 h 10 day 30 day 30 day control U(V)-goethite
1.85 1.87 1.84

0.8 0.8 1

2.06 2.08 1.98 2.07

1 1 1 1

2.24 2.26 2.23 2.25 2.17
2.5 2.5 3 2 52
2.44 2.45 2.43 2.42 2.45
1.7 1.7 2 2 1.8
3.22 3.21 321 3.22 3.16
2 2 2 2 2
3.4S5 3.44 3.45 3.4S5 3.32
2 2 2 2 2
3.67 3.65 3.65 3.67 3.61
3 3 3 3 3
4.73 4.71 4.67 4.77 4.70
1 1 1 1 2
§.31 §5.31 5.32 5.34 5.36
2 2 3 4 6
5.60 5.63 5.62 5.58 5.61
2 2 4 4 8
5.90 5.92 5.88 5.89
2 2 3 4

HCI. Analysis of Ly edge XANES spectra on the resulting
solid showed that the 0.4 M HCI washed 30 day sample was
nearly identical to the 0.4 M HCl washed U(VI) goethite
starting material (Figure S8, Table S2). This demonstrated that
all the U(V) was removed during the acid extraction,
confirming that U(V) was only present in a near surface
environment and that the goethite particle core remained
largely unchanged following electron transfer from Fe(II).

To further probe uranium speciation, U Ly; edge extended
X ray absorption fine structure (EXAFS) spectra were
collected. The EXAFS fitting approach used was similar to
that previously described,'” with U—O and U-Fe shells
simultaneously refined. Once a full model had been
constructed, the statistical validity of each O and Fe shell
was then confirmed using F tests (Table $3).%” For the U(VI)
goethite starting material, the best fit model included oxygen
backscatterers split across shells at 1.82, 2.03, 2.23, and 2.42 A
(Table 1). Additionally, the fit included 7 different U—Fe
interatomic distances, extending out to 5.90 A. The U—Fe
distances and coordination numbers observed in the best fit are
consistent with the Fe—Fe shells in pure goethite, indicating
that the U is directly replacing Fe in the structure. Here, the
four nearest U—Fe distances are elongated by approximately
0.2 A compared to the Fe—Fe distances in goethite, as
expected for the incorporation of U(VI) into an Fe(IIl) site
given the increased electrostatic repulsion and ionic radius of
U(VI) compared to Fe(IIl). Furthermore, atomic simulations
have predicted the elongation of U—Fe distances on
incorporation of U into an occupied Fe goethite site, again
consistent with the current best fit described here.*®

The overall distribution of U—O bond lengths modeled for
the U(VI) goethite starting material is indicative of U(VI) in a
mixture of 6 and 7 fold coordination environments.
Specifically, previous studies have shown that U(VI) in
octahedral coordination (6 fold) have maximum U-O
equatorial distances of 2.34 A.>’ Therefore, the presence of
U-O distances at 2.42 A suggests a higher coordination
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Figure 3. Structure of U(VI) incorporated goethite derived from the best fit EXAFS model (Table 1). V(Fe) = corner sharing vacancy; red line

indicates shorter U—O bond.

number. In addition, the average U—O equatorial bond length
for the U(VI) goethite described here is 2.33 A, which lies
between the determined averages for U(VI) in 6 fold (2.28(5)
A) and 7fold (2.37(9) A) coordination from a range of
compounds.” Interestingly, for the U(VI) goethite in this
study, the fit included a coordination number of 0.8 for a short
U(VI) O bond at 1.82 A. This short U—O distance is typically
indicative of uranyl species (e.g., surface adsorbed uranyl
species), but all samples were treated with a 4 mM acid leach
(<pH 2.5), therefore it is unlikely that any adsorbed uranyl
species were retained in this experiment. To investigate
whether this feature was due to a mixed U coordination (i.e.,
presence of near surface bound U(VI) uranyl species), an
additional EXAFS analysis was conducted on a sample from
which all near surface U had been extracted with 0.4 M HCl
(Table S3). EXAFS analysis confirmed that the short U-O
distance (1.82 A) was retained after removal of near surface U,
with oxygen backscatterers at 1.82, 1.99, 2.18, and 2.35 A.
Therefore, the only change to the U coordination environment
was a slight shortening in atomic distances (<0.07 A), leading
to an average U—O equatorial distance of 2.25 A, indicative of
a predominantly 6 fold U(VI) coordination (2.28(S) A; Burns
et al.).>” Moreover, U(VI) incorporated within the bulk of the
goethite particles contains shorter U—O equatorial oxygens, up
to a maximum of 2.35(2) A.>” Therefore, the fit described
here, on removal of near surface U (Table S3), is consistent
with U(VI) incorporated within the bulk/core of the particles
being predominantly 6 fold coordinated. However, the
elongated U—O equatorial distances described prior to acid
extraction (i.e., 2.42 A) are more typical of 7 fold
coordination.”” Therefore, we suggest that the U(VI) in the
near surface of the goethite particles are likely to be present
within a distorted 7 fold coordination environment.

For comparison, a U(V) goethite was also synthesized and
analyzed by U Ly edge EXAFS.'® Here, the best fit model
produced 5.2 oxygen backscatterers at 2.17 A and 1.8 oxygen
backscatterers at 2.45 A. Again, 7 different interatomic U—Fe
distances were also identified and confirmed using F tests
(Table S3), strongly suggesting an incorporated U(V) species
directly replacing Fe(IIl) in goethite. In contrast to U(VI)
goethite, the U(V) ion showed no evidence for a short 1.82 A
oxygen backscatterer, and the fit was consistent with a uranate
like coordination environment. Interestingly, the U-—Fe
coordination environments in both U(V) and U(VI) samples
were consistent, showing that the local environment of the U
in both oxidation states is remarkably similar beyond the first
coordination shell. However, previous atomic simulations for

U(V) incorporated goethite produced an average U—O
distance of 2.11 A for 6 fold coordination, compared to 2.20
A for 7 fold coordination.”® Given that the U(V) goethite fit
described here has an average U—O of 2.24 A, this suggests an
incorporated 7 fold coordination environment, similar to the
U(V) site found in the wyartite (CaU(V)(U(V1)0O,),(CO;)
0,(0OH)-7H,0) structure (i.e., 4 X 2.06—2.14 and 3 X 2.44—
2.48 A).°

For U(V), a room temperature synthesis of a pure U(V)
goethite phase was possible (0.3 mM Fe(II), pH 7.5, 11 days
reaction). By contrast, a hydrothermal synthesis (180 °C, pH
14, 24 h) was required to produce U(VI) goethite. The
concentration of U incorporated into U(V) goethite was
higher than that of U(VI) goethite, at 0.83 wt % vs 0.21 wt %
for U(V) and U(VI), respectively. This may indicate that the
U(V) uranate like incorporation environment is more
favorable for incorporation relative to the distorted octahedral
moiety found in U(VI) goethite. These results seem to be
supported by past work which has focused on the use of
reducing conditions to incorporate U, which produces
predominantly U(V) incorporated goethite, with U(VI)
incorporation thought to be unlikely due to the destabilizing
effect of the uranyl moiety.”'>'® Interestingly, although
corner sharing Fe vacancies enable U(VI) uranyl stabilization
in hematite, the formation of equivalent vacancies is expected
to have a destabilizing effect in goethite, due to disruption of
the edge sharing arrangement of the goethite mineral
structure.”*" Consequently, the presence of U(VI) is thought
to be more stable in hematite, thereby favoring hematite
formation,” and in the current study increased concentrations
of initial U(VI) (635 ppm vs 200 ppm) did in fact produce
mixed goethite/hematite phases (Figure S2, SI). Therefore,
prior studies have suggested that the incorporation of U into
goethite is facilitated by the use of reducing conditions which
favor the sequestration of U(V) as a more uranate like
moiet}r.16’26 The weaker axial bonds in U(V) enable the
formation of a more symmetrical uranate coordination, thereby
reducing distortion of the overall goethite structure.'®%¢

Further inspection of the best fit for the U(VI) incorporated
goethite EXAFS data showed a slight decrease in the Fe
coordination number at the corner sharing U-Fe; (n = 3) in
comparison to unsubstituted goethite (n = 4) (Table 1). This
may suggest that the formation of a U—O bond at 1.82 A could
be associated with the presence of an Fe(III) vacancy in the
U(VI) goethite structure, located adjacent to this shorter U—O
bond (Figure 3). As stated previously, the incorporation of a
uranyl moiety (with two axial bonds) has been assumed to be
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Figure 4. Fourier transform data of the Ly; edge EXAFS for samples of U(VI) goethite reacted with aqueous Fe(II) over various time points.
EXAFS data are included in SI, Figure S10. Solid black lines and dotted red lines represent the real data and the associated fits respectively, with key
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highly destabilizing to the goethite structure if two trans Fe
vacancies (as found in hematite) were required to accom
modate this moiety.”*®" Given that there would be less
structural destabilization for just one Fe vacancy, this could
provide insight into the presence of a single, shorter U-O
bond for the incorporated U(VI) in the current work. Indeed,
a fit produced for U(VI) incorporated goethite using ab initio
molecular dynamics (AIMD) modeling and a single Fe edge
sharing vacancy did contain a single short U—O bond at 1.89
A,%” similar to our experimental fits for the hydrothermally
synthesized U(VI) incorporated goethite. Therefore, a single
Fe vacancy is a possible explanation for the distorted uranyl
like configuration presented here, and provides a mechanism
for charge compensation related to the substitution of U(VI)
for Fe(III) in the goethite structure.

Analysis of the EXAFS fits for the Fe(Il) reacted samples
reveal that there are subtle changes in the U—O coordination
environment over time, which can be seen as a gradual shift in
the U—O peak position in the Fourier transform (Figure 4).
The EXAFS fit for the U(VI) goethite starting material
included two short oxygen bonds, with 0.8 oxygen back
scatterers at 1.82 A and 0.8 oxygens at 2.03 A. However, after
30 days reaction, the two short U—O backscatterers at 1.82
and 2.03 A were replaced by 1 oxygen backscatterer at 1.98 A
(Table 1; Figure 4). The linear combination fits (LCF) of the
Ly edge XANES show that 52% of the U(VI) is reduced to
U(V) after 30 days reaction with aqueous Fe(II), therefore the
30 days EXAFS fit is likely the average of two distinct U(V)
and U(VI) coordination environments. By 30 days approx
imately 50% uranium is retained in the distorted incorporated
U(VI) octahedral coordination, as evidenced by the decrease
from approximately 2 oxygen backscatters at 1.82 and 2.03 A
(U(VI) goethite starting material), to 1 oxygen backscatterer
at an approximate median distance of 1.98 A. An increase in
coordination number (2.2 to 3) for a uranate like oxygen
distance at 2.23 A is consistent with the second uranium
environment being a uranate U(V) coordination. Moreover,
the U—Fe coordination environment was consistent across all
samples (Table 1). These observations provide further
confidence that U remained incorporated within the goethite

structure, even with the extensive changes in coordination
environment associated with approximately 50% of the
distorted U(VI) moiety undergoing reduction to a uranate
like U(V) during reaction with aqueous Fe(IL).

XAS analysis has confirmed that the U(VI) reduction
pathway is dominated by U(VI) bound in the near surface
region of goethite, with up to 52% U(VI) reduced to U(V) on
reaction with Fe(II). During this reaction, the outermost layers
(2%) of U(VI) goethite underwent Fe atom exchange, with
approximately 40% of the U located within this 2% near
surface region (Figure S3, SI). Therefore, there is the
possibility of both direct and indirect electron transfer
interactions between Fe(II) and U(VI), as near surface
U(VI) may be exposed to the Fe(II) bearing solution phase
during recrystallization of the outermost 2% goethite layers.
Consequently, in addition to electron transfer from nearby
adsorbed Fe(Il), aqueous Fe(Il) may also directly bind to
exposed U(VI), with subsequent reduction to U(V). As
suggested by Massey et al,,' the weakening of axial bonds on
reduction to U(V) apparently enables a shift to a U(V)
uranate like coordination, which creates less distortion to the
goethite structure and so appears to form preferentially to a
U(V) uranyl moiety.'®*® Electron transfer from Fe(Il) to
incorporated U(VI) then continues, until near surface U(VI)
has been reduced and retained as a uranate like U(V) in the
outermost layers of the goethite structure.

Environmental Implications. Using a combination of U
Ly edge XAS and My edge HERFD XANES, the structure
and stability of a novel U(VI) incorporated goethite has been
explored. A mechanism has also been proposed for the
behavior of U during the reaction of U(VI) goethite with
aqueous Fe(Il). Near surface U(VI) was found to undergo
reduction on exposure to Fe(II), forming incorporated U(V)
with a uranate like coordination. Electron transfer only
occurred within the outermost layers of goethite and the
U(VI) speciation in the inner particle core was largely
preserved, with minimal recrystallization (2%) observed
following electron transfer. These results suggest that U may
be retained within the goethite structure during the develop
ment of iron reducing conditions in the environment, with no
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evidence for U release reported here during reaction with
Fe(II). Therefore, unless a dissolution process or phase
transformation occurs, U may be retained in the solid phase
in the long term. This further develops the evolving concept of
an iron (oxyhydr)oxide barrier to radionuclide migration,
suggesting that long term immobilization of U species may
occur in contaminated land and GDF scenarios.
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