Mica Surfaces Stabilize Pentavalent Uranium
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High-resolution X-ray photoelectron spectroscopy was used to
demonstrate that reduction of aqueous U®* at ferrous mica surfaces
at 25 °C preserves U as the dominant sorbed species over a
broad range of solution compositions. Polymerization of sorbed
US* with sorbed U* and U** is identified as a possible mechanism
for how mineral surfaces circumvent the rapid disproportionation
of aqueous U%*. The general nature of this mechanism suggests
that US* could play an important, but previously unidentified, role
in the low-temperature chemistry of uranium in reducing, hetero-
geneous agueous systems.

Chemical processes at minerabater and bacteriawater
interfaces play a major role in the dissolution, precipitation,
and sorption of heavy metals, such as uranium. In particular

some finite lifetime that depends, in part, on the reducing
agent. Studies have discovered naturally occurrifig 0t

but reports are rare and the conditions for its formation are
not clear. As we shall discuss later, the lack of recognition
of Ut in aqueous systems could be real or a function of
sampling bias, analytical difficulties, and the belief that U

is not stable. This latter predisposition concerning the stability
of US" can be traced to the pioneering work on actinide
chemistry performed under the aegis of the Manhattan Project
which established the existence of'Un solution as UQ",
calculated the formal potential between JQUO*", and
U4*(s), and discovered only a narrow stability field in water
for U>* between pH 2 and #-7 Outside this small stability
field, extremely rapid disproportionation rendered solutions
of US* difficult to maintain and impossible to study. These

'fundamental observations on the instability of*U for

both mineral surfaces and bacteria catalyze the slow redUCtionsolutions relevant to natural systems, have remained unchal-

kinetics of U in low-temperature aqueous systetns.
Bacterial? and abiotic heterogenedugreduction pathways
have been intensively studied due to the vastly different
solubility of hexavalent and tetravalent uranium. In all of
these studies, the oxidation state of uranium was identified
as U and/or $*. Yet, the reduction of & to U*t is a
two electron transfer process and it is likely thdt"Uhas
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lenged'® However, because abiotic reduction of'Uis
catalyzed at mineral surfaces, the behavior of aquedtis U
may not be relevant for reduction mechanisms at low
temperatures. Indeed, although aqueo$ 4 unstable,
numerous compounds containin§synthesized with solid-
state methods at high temperature and controlled oxygen
fugacities, show some remnant stability at ambient con-
ditions®1%-22 Further, there is eviden&&or Us" in U4Oq, a
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mixed valence U-oxide associated with oxidation of 4JO
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Here, we demonstrate that heterogeneous reduction of

aqueous B at ferrous mica surfaces yields sorbet dver
a broad range of pH and ionic strength at°Za The work

is focused on micas because they are common minerals and

one of the largest reservoirs of ferrous iron, a knowit U
reductant, in the Earth’s crust.

Macroscopic single crystals of annite, the near-end member

ferrous trioctahedral mica, were reacted at@5with argon-
sparged aqueous solutions containingVb U%" and variable
NacCl, from pH 4.5 to 9.5. XPS spectra of the U4f level for
U sorbed on annite edge orientations were fit with three
components representing®) U™, and U". XPS yields
information on the chemical state and composition of solid

surfaces, where most of the signal was integrated over the

top 80 A of our samplé The valence of U can be determined
from the binding energies (BEs) and satellite structures
associated with the 4§ and 4f, levels, and the 5f
intensity?1920.23||ton et al” did demonstrate that structural
Fe(ll) in micas can reduce sorbed'Jbut modeled the 4%
primary peak with only 2 components (assumed to & U
and U"). Good fits across a wide range of average U
oxidation states were only possible by not including the
satellite structure in the fitting and by allowing wide
variations in both the full-width-at-half-maximum (fwhm)
and BE separation of the component peaks. Here, we
explicitly include the satellite structure and 3 components
in fitting the spectra. Schoepite,;8[(UO,)O(OH)], and
uraninite, UQ, were used to derive peak parameters for the
U%" and U™ components. The ¥ component was derived
by fitting a (LPT-U®") oxyhydroxide, synthesized hydrother-
mally,?* with the UF" component and solving for the®t
peak parameters (Figure 1). The fwhm of th& @dnd U+
primary peaks were set equal to each other; no other
constraints were imposed on the®*Ucomponent. The
resulting best fit yielded a 1.04 eV separation between the
U%" and U primary peaks, and 8.4 and 3.7 eV separations
between the satellite and primary peaks fér land U™,
respectively (Figure 1), in agreement with the XPS of other
U —U®" compounds$?2%-23For greater detail on methods,
see Supporting Information.

Fitting the XPS of annite reacted with aqueols bhows
the need to consider 3 components witht UJ>", and U™

Figure 1. U4f XPS of synthetic 8"—US" oxyhydroxide?* The primary
peak components are separated by 1.04 eV. Satellites*foatt U™ are
marked by arrows. The & component is from schoepite, YB(H,0),
whereas the & component is derived from the fitting procedure.

characteristics (Figure 2). For example, Figure 2a shows that
the primary peaks and satellite features are well fit with 3 rig e 2. U4t xPS of annite edge orientations reacted withs Us*q
components, where primary peak BEs are at 382.1, 381.0,at pH 9.5 and 25 mM NaCl for 3 h. (A) Spectrum is modeled with U

and 380.3 (0.2 eV) for &, U, and U+ (referenced to
Cls at 285 eV), respectively. Both absolute and relative BEs
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US*, and Ut components with fwhms of 1.38 eV. The primary component
peaks are separated by 1.8, 1.0, and 0.8 eV for-W**, Ust—U>", and
U4t—U5*, respectively. (B) Same spectrum modeled with only 2 compo-
nents (Y—U>"). Note that the fwhm of the primary component peaks
broaden to 1.8 eV and that the 2 component model fails to reproduce the
structure of the satellite and primary peaks.

for the primary component peaks are in agreement with
literature values for mixed-valent and monovalerft™d

US —U*" compound€:1°2023|n contrast, the use of only 2
components (regardless of which 2) failed to model the
satellites and the fine structure of the primary peaks (Figure
2b), despite letting component fwhms broaden by 30%
relative to the 3 component model. In sum, only the 3
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with U%*, and possibly &, on a surface might interfere with
disproportionation by limiting the direct interaction ofU
species or inducing a metastable state. Sorption itself,
possibly both to edge sites and in the hydrated near-surface
interlayer region, might have the same effect. Although there
are no studies of ¥ sorption, N§* (a U analogue) is
strongly sorbed by ferrihydrate at pH greater than 5, and by
other oxides above circumneutral BHSpectroscopic evi-
Figure 3. %U, U"/U(total), for U sorbed to mica edge orientations. Mole ~ dence indicates that Np forms inner-sphere sorption
fraction valence states as a function of (A) time at pH 5 and 25 mM NaCl complexes, which is consistent with its sorption behaRior.
and (B) pH at 25 mM NaCl and 3 h. U valences were determined by XPS. However, the XPS measurements neither distinguish between
Larger error at pH 4.5 is due to lower U sorption density. !
the importance of sorption versus polymerization, nor
component model can coherently fit primary and satellite between different possible sorption sites.
peaks across a broad range of average U oxidation states. Consequently, heterogeneous reduction pathways coupled
A timed sequence of experiments at pH 5 and 25 mM with surface induced polymerization oft-U5*—U4* and
NaCl showed that the relative proportion of sorbed U valence sorption on mineral surfaces could extend the significance
states is constant from 3 to 20 h (Figure 3aj" @within of U5t in natural and experimental systems. Still, until
error of U*") is the dominant valence state and appears to recently, the only reported evidence for naturally occurring
be stable at least up to 20 h of reaction time. Further, limited U5+ was as a minor constituent in zird8rand possibly on
data @a 3 htime slice shows that ¥ is the dominant sorbed  the surface of coffinite, a tJ-silicate!! The recent discovery
species from pH 5 to 9.5 (Figure 3b). Experiments at low of the first pentavalent mineral, wyartite, is instructive:
ionic strength (no added alkali cation) record-Z%% P+ wyartite (and by analogy ¥ in general) might only appear
from 1 to 20 h at pH 5 and from pH 4.5 to 9.5 at 3 h. to be rare because it oxidizes to schoepite in?adihe
Interestingly, both the high and low ionic strength experi- corollary is that naturally occurring® is under-reported,
ments record a systematic decrease in*%hith increasing  either because of sampling issues or a lack of rigorous
pH. The only qualitative difference is that the average U analysis.
oxidation state is much higher in the low ionic strength  \We have provided evidence for the stabilization of surface-
experiments such thattd> U>" > U**. In fact, measurable  bound U during heterogeneous reduction dffUby ferrous
%U*" goes to zero at pH-69.5 and no added NaCl. For a micas in aqueous solutions from pH 4.5 to 9.5 at°#5
discussion on the effect of aqueous'™m electron transfer  The results are surprising because aqueofs fdpidly
at mica surfaces, see llton et’al. disproportionates under these conditions. We propose that
The salient result requiring explanation is that'is being  sorption itself or polymerization with co-sorbedand U
preserved on mica surfaces, in some cases as the dominargircumvents the instability and fast disproportionation of
U species, despite its well-known instability in solutions at aqueous &, Although the experiments were specifically
pH values greater than 4. In fact, the founding experini&hts  performed with ferrous mica, we suggest that this reduction
and all subsequent work indicate that the concentration of pathway might extend to other minerals and reductants. If
aqueous B at the experimental conditions is near zero. A so, Ut is potentially underassessed in both heterogeneous
clue to how this paradox can be resolved comes from solutionexperimental and natural systems. Further work, encompass-
chemistry, which indicates that formation of3-U°" dimers ing other minerals and more complex solution chemistry,
at high concentrations of ¥ (>1 mM) can slow U* including aqueous carbonate, is required to explore this
disproportionatio®> Whereas sufficiently high concentrations hypothesis.
of agueous ©" are rarely reached in nature or utilized in
laboratory experiments (e.g., this study employed onkvb
U®"), locally high concentrations of® and U*" on mineral
surfaces could induce polymerization and"gus"—U®*
linkages. In fact, polymerization is likely in some cases, given
calculated U surface densitiéand has been observed for a research was performed in the EMSL, a national user facility,
subset of these samples by TEMn general, surface located at PNNL
promoted polymerization is an increasingly documented '
phenomenon in undersaturated solutihblence, hetero- Supporting Information Available: Additional experimental
geneous reduction of sorbedUto sorbed 8" suggests a procedures and curve fitting methodology. This material is available
mechanism for preserving® by circumventing the rapid free of charge via the Internet at http://pubs.acs.org.
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