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Abstract

Uranyl phosphate minerals are widespread in uranium deposits and normally exhibit very
low solubility in aqueous systems. Uranyl phosphates of the autunite group and metaautunite
subgroup impact the mobility of uranium in the environment and have inspired groundwater
remediation strategies that emphasize their low solubility. The importance of soluble uranium-
bearing macroanions, including nanoscale uranyl peroxide cage clusters, is largely unexplored
relative to solubilization of normally low solubility uranium minerals. Eight synthetic analogues
of metaautunite subgroup minerals have been prepared and placed in various alkaline aqueous
solutions containing hydrogen peroxide and tetracthylammonium hydroxide. Each uranyl
phosphate studied has a topologically identical anionic sheet of uranyl square bipyramids and
phosphate tetrahedra combined with various cations (Li*, Na*, K, Rb*, Cs*, Mg?*, Ca**, Ba*") and
water in the interlayer. Uranyl peroxides formed under many of the experimental conditions
examined including solid studtite [(UO2)(02)(H20)2](H20)2 and soluble uranyl peroxide cage
clusters containing as many as 28 uranyl ions. Uranyl phosphate solids in contact with solutions
in which uranyl peroxide cage clusters formed dissolved extensively or completely. The greatest
dissolution of uranyl phosphates occurred in systems that contained cations with larger hydrated
radii, Li" and Na". The details of the uranium speciation in solution depended on the pH and

counter cations provided from the interlayers of the uranyl phosphate solids.
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Introduction

Uranyl phosphates, particularly of the autunite group and metaautunite subgroup, are widespread
constituents in oxidized portions of uranium deposits, and are important relative to the
environmental transport of uranium and the nuclear fuel cycle due to their low aqueous solubility
(Astilleros et al. 2013; Buck et al. 1996; Dzik et al. 2017a; Gudavalli et al. 2018; Locock et al.
2004a, 2004b; Suzuki et al. 2005; Wellman et al. 2006a;). In addition to their occurrence in natural
uranium deposits (Krivovichev and Plasil 2013; Murakami et al. 1997) and contaminated sites
(such as Hanford, WA) (Perdrial et al. 2018; Reynolds et al. 2018; Singer et al. 2009), formation
of uranyl phosphates has been proposed as a remediation strategy for removal of soluble uranium
from water (Fanizza et al. 2013; Fuller et al. 2002; Lammers et al. 2017; Mehta et al. 2014, 2015;
Munasinghe et al. 2015; Wellman et al. 2006b, 2007a, 2008; Raicevic et al. 2006). Members of
the autunite group have composition 4™ [(UO2)(704)](H20)m where A™" is a mono-, di-, or trivalent
cation, 7' is P or As, and m is the number of water molecules. The structural unit is [(UO2)(704)]
sheets consisting of uranyl square bipyramids that share equatorial vertices with four different 704
tetrahedra. Cations and water are in the weakly bonded interstitial complex located between the
sheets (Figure 1) (Burns 2005) and provide linkages between the sheets (Locock et al. 2004a;
Locock 2007). The thermodynamic properties (Dzik et al. 2017a, 2017b; Gorman-Lewis et al.
2009), aqueous solubility (Gorman-Lewis et al. 2009; VanHaverbeke et al. 1996), and dissolution
behaviors in acidic conditions (Wellman et al. 2007b) of members in the metaautunite subgroup
have been studied, although their behavior in alkaline systems containing hydrogen peroxide is
unknown.

Studtite, [(UO2)(02)(H20)2](H20), is a poorly soluble uranyl peroxide mineral comprised

of infinite chains of uranyl hexagonal bipyramids linked together by peroxide bridges (Burns and



Hughes 2003). It readily forms as an alteration product when uranium material, ranging from UO-
to uranyl oxide hydrates to uranyl silicates, comes in contact with solutions containing hydrogen
peroxide in acidic and neutral environments (Abrefah et al. 1998; Armstrong et al. 2012; Burns
and Hughes 2003, Burns et al. 2012; Clarens et al. 2005; Forbes et al. 2011; Hanson et al. 2005;
Magnin et al. 2015). Studtite is commonly used in the nuclear fuel cycle to control the solubility
of uranium in water, and modern yellowcake often contains substantial studtite (Mallon et al. 2012;
Odoh et al. 2016). Recent studies have shown that studtite transforms to soluble uranyl peroxide
nanoscale cage clusters in alkaline aqueous systems with and without the presence of additional
hydrogen peroxide (Lobeck et al. 2019a).

Uranyl peroxide clusters are hollow anionic cage-like nanoscale structures composed of
16 to 124 uranyl ions bridged by peroxide and hydroxyl (or other ligands) (Burns 2011; Burns and
Nyman 2018; Qiu and Burns 2013). Uranyl peroxide clusters persist in aqueous systems and can
support very high concentrations of uranium (up to 42 wt. % U) in solution (Hickam et al. 2018;
Peruski et al. 2016). Introducing normally poorly soluble uranium materials such as studtite, UOo,
or UN into alkaline aqueous solutions containing hydrogen peroxide can result in the formation of
uranyl peroxide nanoclusters such as Uzo [(UO2)20(02)30]*", Uza [(UO2)24(02)24(OH)24]**, Uns
[(UO2)25(02)42]**, Uso [(UO2)30(02)36(OH)22]**, and Usz [(UO2)32(02)32(OH)32]*% (Figure 2)
(Burns and Nyman 2018; Falaise and Nyman 2016; Hickam et al. 2018, 2019; Lobeck et al. 2019a;
Unruh et al. 2010). The type and quantity of counter cation in the system impacts nanocluster
formation and dissolution of the poorly soluble uranium materials (Burns and Nyman 2018; Falaise
and Nyman 2016; Hickam et al. 2018; Lobeck et al. 2019a).

In the current study, conditions are delineated under which uranyl peroxide nanoclusters

form due to alteration of uranyl phosphate minerals, as well as the importance of the counter



cations in these systems. Eight synthetic analogs of metaautunite subgroup minerals were studied:
Li[(UO2)(PO4)](H20)4 (designated LiUP), Na[(UO7)(PO4)](H20)s (metanatroautunite, NaUP),
K[(UO2)(PO4)](H20)3 (metaankoleite, KUP), Rb[(UO2)(PO4)](H20)3 (RHUP),
Cs[(UO2)(PO4)[(H20)2.5 (CsUP),  Mg[(UO2)2(PO4)2](H20)10  (saléeite,  MgUP),
Ca[(UO2)2(P0O4)2](H20)6 (metaautunite, CaUP), and Ba[(UO2)2(P0O4)2](H20)s (metauranocircite,

BaUP) .

Experimental Section

Synthesis of Uranyl Phosphate Phases

Synthetic analogs of uranyl phosphate minerals were prepared by slow mixing of reactants
by liquid diffusion, following a method first established by Fernelius in 1934 and recently adapted
for uranyl compounds (Dzik et al. 2017a; Fernelius and Detling 1934). Two clean 2-mL glass vials
were arranged within a 100-mL glass beaker isolated from the walls and each other (Figure 3).
Each vial was filled with either 1.5 mL of'a 0.5 M (UO2)(NOs3)2 aqueous solution or a 0.5 M H3POg4
aqueous solution. A dilute cation-bearing nitrate barrier solution (0.01 M LiNO3;, NaNO3, KNO;3,
RbNO;, CsNO3z, Mg(NOs3)2, Ca(NOs3)2, or Ba(NO3)2) was slowly added to fill the remaining
volume within the small vials and the 100-mL beaker until both vials were fully submerged (~80
mL). The 100 mL beaker was then covered by Parafilm and left on the bench top for nine to fifteen
days. Over that time, the uranyl nitrate and phosphoric acid solutions slowly diffused through the
cation barrier solution and co-mingled to produce crystals of the targeted phase, typically on the
rim of the 2-mL vial that contained the uranyl nitrate solution. Crystals were recovered by vacuum

filtration and rinsed with ultrapure (18 MQ) water. Once dry, the crystals were ground to a powder



with a mortar and pestle and characterized with powder X-ray diffraction for phase confirmation

and to determine purity (Table 1, Figures S1 — S8).

Dissolution of Uranyl Phosphate Phases

To study the dissolution of the uranyl phosphate solids over a range of aqueous alkaline
peroxide-containing systems, 30.0 + 0.5 mg of the powdered uranyl phosphate was combined with
1.6 mL of ultrapure water containing hydrogen peroxide at concentrations of 0.01 M, 0.035 M,
0.10 M, 0.50 M, or 1.0 M in a 7 mL capped Teflon vial. The solutions and synthetic phases were
then mixed continuously (except during pH adjustment) on a rotator for seven days. The pH was
adjusted daily by adding tetraethylammonium hydroxide (TEAOH) to achieve one of the target
values of 7, 8, 9, 10, or 11. The 40% TEAOH stock solution used in these experiments was shown
by chemical analysis to contain a minor but detectable K* contaminant. Two sets of control
reactions were used in these experiments to characterize the behavior of the uranyl phosphate
phases in (A) water at pH 7 to 11 with no added peroxide and (B) hydrogen peroxide solutions
without the addition of base. The measured pH of control B reactions ranged from 2.4 — 5.1 over
the range of peroxide concentrations. On day seven, each mixture was centrifuged at 13,000 rpm
for 10 minutes and the solution was extracted from the remaining powder. The powder was rinsed
twice with ultrapure water to remove any remaining solution and was set to dry on the benchtop.
Replicate experiments at each reaction condition were performed.

Time resolved dissolution studies of metaautunite, CaUP, in 1.0 M peroxide in alkaline
conditions with pH greater than 10 revealed that the reactions achieved a steady state of uranium

dissolved in solution by day three (Figure S9). Each experiment within this body of work was



reacted for a seven days, and solution analysis was performed within two days of harvesting to

ensure consistency throughout the experimental results.

Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) measurements were conducted on a Bruker D8 Davinci
diffractometer equipped with CuK« radiation and a solid-state detector. Samples were prepared
by dry mounting 10 mg of finely ground powder on a zero-background oriented quartz slide.
Patterns were collected using a sample rotation speed of 15 rotations per minute, a 26 range from

5-55° astep size of 0.01° or 0.02°, and a scan rate of 0.5 or 1.0 seconds per step.

Inductively Coupled Plasma — Optical Emission Spectrometry (ICP-OES)

Samples for chemical analysis by inductively coupled plasma — optical emission
spectrometry (ICP-OES) were prepared by either dissolving 10 mg solid samples in 15.8 M HNO3
and further diluting the sample in a 5% HNOs3 matrix, or by diluting aliquots of solution in a 5%
HNOs3 matrix. Elemental analyses were performed using a PerkinElmer Optima 8000 instrument
with 165 — 800 nm coverage and a resolution of approximately 0.01 nm for multi-elemental
analysis. Ten calibration standards were prepared with U concentrations ranging from from 0.01
to 40 ppm, and a 0.5 ppm Y internal standard was added to each sample, blank, and standard to

monitor for instrumental drift.

Electrospray lonization Mass Spectrometry (ESI-MS)
Electrospray ionization mass spectra (ESI-MS) were acquired using a Bruker microTOF-

Q II high-resolution quadrupole time of flight (Q-TOF) spectrometer in negative ion mode (3700



V capillary voltage, an endplate offset of -500 V, 3.6 bar nebulizer gas, 5 L min! dry gas, 180°C
dry gas temperature). Samples were diluted to a uranium concentration less than 100 ppm and
were introduced into the spectrometer by direct injection at a rate of 500 pL hr'!. Spectra were
collected over a 500-5000 m/z range with data averaged over three minutes. Data was

deconvoluted using the MaxEnt feature of the Bruker DataCompass data-analysis software.

Raman Spectroscopy

Raman spectra were collected using a Renishaw InVia Raman spectrometer equipped with
a 785 nm laser and 1200-line mm™' grating. Spectra of solutions were acquired with a static scan
over the range of 508 — 1075 cm™! using four 10-second exposures at 10% laser power. Baseline

corrections were performed for the final data using the Renishaw WiRE software.

3P Nuclear Magnetic Resonance Spectroscopy (*'P NMR)
3P NMR measurements were performed for aqueous solutions using a 600 MHz Varian
INOVA spectrometer (11.74 T) with a pulse length of 14.8 ms, 64 scans, and a relaxation time

(d1) of 10 s.

Small angle X-ray Scattering (SAXS)

Small-angle X-ray scattering (SAXS) data was collected using a Bruker Nanostar equipped
with an Incoatec Microfocus X-ray source with CuKa (1.5406 A) radiation with a point collimation
system. Solutions were placed in 0.5 mm diameter quartz capillaries with 0.01 mm wall thickness.
The ends of the capillaries were sealed using Torr Seal low vapor pressure epoxy. A scattering

pattern for each sample was collected for two hours without glassy carbon standard and four



minutes with glassy carbon standard. Each scattering pattern was matrix background subtracted
and integrated using the DIFFRAC.EV A software program. The radius of gyration was calculated
by best fit to the experimental data using the Irena SAS package in the Igor Pro software (Ilavsky
and Jemian 2009).

Results
Characterization of Solid Phases

Powder X-ray diffraction patterns collected for the as-synthesized uranyl phosphate
compounds confirmed their identity and purity. Observed patterns are compared to expected peak
positions in the Supporting Information (Figure S1 — S8).

Upon termination of dissolution experiments any remaining solid was collected for
analysis. Figure 4 shows the powder X-ray diffraction patterns of solids recovered from
experiments in which LiUP was reacted with a 0.5 M peroxide solution at various pH values (data
for other reaction conditions are in Supporting Information). Studtite, [(UO2)(02)(H20)2](H20)2,
was the only crystalline solid phase present after LiUP was mixed with an aqueous solution of 0.5
M H:0: for seven days without pH adjustment (the solution pH was 3). Solids recovered after
reaction of LiUP with aqueous solutions at pH 7 to 10 and an initial H>O> concentration of 0.5 M
contain LiUP and studtite. LiUP was the only solid present after reacting LiUP with a solution at
pH 11 and an initial H>O; concentration of 0.5 M (Fig. 4).

Powder diffraction data collected for the various solids after dissolution experiments
allowed identification of the phases in many cases, but some diffraction patterns contained peaks
that correspond to one or more unknown phases. These may correspond to uranyl peroxide
compounds, including cluster compounds, as there is a dearth of powder diffraction data available

for these. Figure 5 summarizes the phase composition of solids recovered after the seven-day



reaction between the eight uranyl phosphate phases studied here with solutions containing varying
amounts of hydrogen peroxide at pH values from 7 to 11. Controls were used to monitor the
interaction between the uranyl phosphate phase and water at different pH values (designated Water
in Figure 5) and the interaction between the uranyl phosphate phase and water with different
concentrations of peroxide without pH adjustment (designated Blank in Figure 5). The pH ranged
between 3 and 4 for each Blank reaction for all uranyl phosphate systems. In seven of the eight
systems, the original uranyl phosphate phase, or its hydrated equivalent, was the only solid phase
detected in the Water reactions containing no added H20:. In the CsUP system, an unidentified
phase was detected in most of the reactions, including the CsUP mixed with water only (Figure
S82). The diffraction pattern of this phase does not match any known phase with possible
compositions in the ICDD database. As this phase is observed when CsUP is mixed with water
only with no pH adjustment, it is likely a higher hydrate of CsUP, similar to higher hydrates
observed in the CaUP, MgUP, and BaUP systems. Autunite-type compounds commonly undergo
hydration and dehydration reactions, and multiple hydrates have been described for many
combinations of autunite-type sheets and interlayer cations (Dal Bo et al. 2016; Locock et al.
2004a, 2004b; Pekov et al. 2012, Plasil et al. 2010, Suzuki et al. 2005).

Studtite formed in almost all Blank control reactions in which uranyl phosphate solids were
reacted with a solution containing H>O> with no pH modification. In the LiUP and NaUP systems
that had initial H>O> concentrations greater than 0.1 M and no pH modifications, studtite is the
only solid phase detected. In the CsUP and the BaUP systems, studtite only formed where initial
higher concentrations (0.1 — 1.0 M for CsUP and 0.5 — 1.0 M for BaUP) of H,O> were present in

the Blank reactions.
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Most commonly, reaction of solid uranyl phosphates and aqueous solutions containing
various H>O> concentrations and with various pH values yielded a mixture of the original uranyl
phosphate and studtite (Figure 5). Studtite did not form in reactions with initial peroxide
concentrations greater than 0.10 M at pH 11. In the RbUP, CsUP, CaUP, and BaUP systems,
phases unidentifiable by PXRD were detected in reactions conditions at high pH and peroxide
content (PXRD patterns in Supporting Information). Little to no solid material remained in the
LiUP and NaUP systems when the original material was reacted with solutions containing 1.0 M

H>0; at pH 11 (LiUP) and solutions containing 0.10 M to 1.0 M H2O> at pH 10 and 11 (NaUP).

Counter Cation Effects on Uranyl Phosphate Dissolution

Uranyl peroxide cage clusters are anionic and, in many, the absolute value of the cluster
charge is identical to the number of uranyl polyhedra in the cluster (Burns and Nyman 2018). The
charges on uranyl peroxide clusters in aqueous systems and their salts are balanced by counter
cations that are most commonly alkalis and less commonly alkaline earths. In the current aqueous
systems containing added TEAOH, the TEA" cation can balance the charge of uranyl peroxide
clusters. Each of the uranyl phosphate solids under study may also release alkali or alkaline earth
cations to solution upon dissolution, and these may also serve to balance the charge of the uranyl
peroxide clusters.

The solubility of crystals containing selected uranyl peroxide cage clusters have been
studied previously (Peruski et al. 2016). Similar to trends of solubility of salts of transition metal
polyoxometalates, salts of uranyl peroxide clusters are most soluble in solutions containing
lithium, are less soluble with increasing size of the monovalent counter cation, and are much less

soluble in solutions containing divalent cations (Hickam et al. 2018; Nyman et al. 2010). The
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aqueous solubility of uranyl phosphate solids including those studied here is impacted by the
specifics of the counter cations in the interlayer regions of their structures, although the effect will
not be as large as for salts of uranyl peroxide cage clusters.

The dissolution behavior of eight synthetic uranyl phosphate members of the metaautunite
subgroup were investigated here under 36 reaction conditions ranging in initial H>O» concentration
and pH. Dissolution of five phases with monovalent counter cations (Li", Na®, K*, Rb", and Cs")
and three with divalent counter cations (Mg**, Ca?*, Ba®") were examined and the results are
summarized in Figure 6 (Tables S1 — S8). Uranium concentrations measured in solution by ICP-
OES are represented in Figure 6 as a percentage of the total uranium in the original uranyl
phosphate solid added to the aqueous system, as that was the only source of uranium. The same
mass of uranyl phosphate solid was added to each experiment, but these compounds had different
quantities of uranium in weight percent. The 30 mg of solid added contained from 44.6 wt.%
uranium in CsUP to 54.2 wt.% uranium in CaUP.

In all uranyl phosphate systems, less than 0.5% of the total uranium is in solution in Water
controls containing hydrogen peroxide with no pH adjustments. In the Blank control reactions with
no added peroxide, less than 4.5% of the total uranium is in solution between pH 7 to 11 for all
systems except LiUP and NaUP. At pH 11 in both cases, an increase in dissolution was observed
where ~16% and ~8% of the original uranium in LiUP and NaUP is in solution, respectively.

In all eight uranyl phosphate systems, as both the initial peroxide concentration and pH of
the solutions interacting with the solid increase, the amount of uranium dissolved into solution also
increases. At pH 7 and 8, less than 4% of the total uranium in the system is in solution under all
peroxide conditions. The dissolution behaviors among the eight uranyl phosphate phases diverge

between pH 9 and 11 and are summarized below.
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No solid material remained in experiments containing LiUP and NaUP at pH 11 for
solutions containing peroxide at initial concentrations of both 0.5 M and 1.0 M. In solutions
containing 0.10 M peroxide at pH 11, ~88% of the uranium that was originally in NaUP was in
solution, but less than 35% of the total uranium was in solution for experiments with the other
uranyl phosphates. Between 51% and 59% of the total uranium in the KUP, RbUP, MgUP, and
CaUP solids was in solutions containing 1.0 M peroxide at pH 11. For CsUP and BaUP in 1.0 M
peroxide solutions at pH 11, only ~19% and ~37% of the total uranium was in solution,

respectively.

Characterization of Phosphorous Species in Solution

Phosphate (PO4)* can bridge uranyl ions in uranyl peroxide cage clusters, such as U2oPs,
[(UO2)20(02)27(HPO4)6]**~ and Ui24P12,
[(UO2)124(02)152(PO4)16(HPO4)s(H2PO4)s(OH)2(H20)24] 132 (Burns and Nyman 2018; Dembowski
et al. 2017a; Qiu et al. 2017). *'P NMR studies were conducted here for select reactions to
determine if the phosphate dissolved in solution was incorporated into uranyl peroxide cage
clusters formed in these systems. Dembowski et al. performed >'P NMR on aqueous solutions
containing Uz0P¢ and found that the phosphate bridges within the cluster produced an asymmetric
signal at 15.23 ppm and free phosphate ions in solution yielded a signal at 3.31 ppm (Dembowski
et al. 2017a). Figure 7 shows the *'P NMR spectra of solutions resulting from the mixture of LiUP,
NaUP, KUP, and BaUP with 0.5 M peroxide at pH 10 (KUP) and pH 11 (LiUP, NaUP, and BaUP).
In each system, a single signal ranging between 3.68 ppm (NaUP) and 2.49 ppm (KUP) was
observed, consistent with simple phosphate ions in solution. The variation of the phosphate signal

is attributed to differences in pH (KUP) and ionic strength of the reaction solutions (Kost 1990;
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Seo et al. 1983).

Characterization of Uranyl Peroxide Species in Solution

Raman spectroscopy, ESI-MS and SAXS were used to characterize solutions with various
peroxide concentrations at alkaline pH values into which one of eight synthetic uranyl phosphate
phases were dissolved. All three techniques have previously been applied for characterizing uranyl
peroxide cage clusters in solution (Burns and Nyman 2018), and ESI-MS and SAXS are well-
established techniques for characterizing metal oxide clusters in solution (Burns and Nyman 2018;
Dembowski et al. 2017a; Falaise and Nyman 2016; Miras et al. 2009; Qiu et al. 2014, 2017;
Warzok et al. 2019).

Uranyl peroxide cage clusters in aqueous solution or the solid state typically produce
Raman signals between 800 — 815 cm™! due to the symmetric stretch of the uranyl ion, v;(UO2)*",
and signals between 800 — 850 cm™! owing to intermolecular peroxide vibrations, v;-3(02)*" (Burns
and Nyman 2018; Falaise and Nyman 2016; McGrail et al. 2014). Studtite, a mineral composed of
uranyl peroxide chains, produces Raman signals at 819 cm™ and 864 cm™ due to the symmetric
stretch of the uranyl ion and the stretch of the bridging peroxo ligands (Colmonero et al. 2017;
Lobeck et al. 2019a). Uranyl triperoxide monomers [(UO,)(02)s]* produce vibrational modes in
the 700 — 750 cm! region (Dembowski et al. 2017b; Falaise and Nyman 2016; McGrail et al.
2014). Figure 8 shows a selected region of the Raman spectra of solutions resulting from the
reaction between each uranyl phosphate phase and a solution at pH 11 that contained H2O2 with
an initial concentration of 1.0 M. The remainder of the spectral range contained no other peaks
attributed to the uranyl peroxide species studied here. Spectra for all eight systems contain signals
consistent with the presence of uranyl peroxide nanocluster species in solution with the v;(UQ,)**

signal between 804 cm™ and 810 cm™ and the v2(02)* signal between 830 cm™ and 847 cm™! (Table
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2). The observed spectral range of these peaks indicate different bonding environments of the
uranyl and peroxide in these solutions (Bartlett and Cooney 1989; Eysel and Thym 1975), which
may be due to formation of different uranyl peroxide cage clusters or potentially the interaction of
cage clusters with different counter cations. For example, Raman spectra of U
[(UO2)24(02)24(OH)24]**, Uas [(UO2)28(02)42]*%, and Ueo [(UO2)s0(O02)s0(OH)s0]*°- contain uranyl
and peroxo peak positions of 810 cm™ and 847 cm™!, 807 cm™ and 832 cm™!, and 804 cm! and 842
cm’! respectively (Falaise and Nyman 2016; Hickam et al. 2018; Lobeck et al. 2019a, 2019b).
Raman shifts can occur for uranyl and peroxo bands from the same uranyl peroxide cage cluster
when different cations are introduced (Falaise and Nyman 2016). As the systems under study here
contain several different counter cations, the Raman spectra do not permit definitive identification
of uranyl peroxide cage clusters present in the solutions.

ESI-MS is a well-established technique for measuring the average mass of transition metal
polyoxometalates in solution (Miras et al. 2009; Warzok et al. 2019) and it has been extensively
applied to solutions containing uranyl peroxide nanoclusters (Burns and Nyman 2018; Hickam et
al. 2018; Lobeck et al. 2019a, 2019b; McGrail et al. 2014; Qiu et al. 2012). Uranyl peroxide
nanoclusters in solution are anionic and are associated with counter cations (Flynn et al. 2015; Gao
et al. 2015; Sadergaski et al. 2018). ESI-MS of solutions containing uranyl peroxide cage clusters
are complex with broad peaks in the range of 1200 to 4500 m/z (mass/charge) (McGrail et al. 2014;
Qiu et al. 2012).

Figures 9 and 10 show representative ESI-MS of solutions resulting from the mixture of
each uranyl phosphate phase with peroxide in alkaline conditions in addition to predicted ESI-MS
patterns for Uz4 and Uzg with various counter cations. ESI-MS data for solutions from all reactions

are in the Supporting Information. For each ESI-MS spectrum, peaks were assigned charges
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between -6 and -3 and the average mass of the nanoclusters formed ranged from 7.9 kDa to 11.5
kDa across all eight uranyl phosphate systems (Table 2).

Interpretation of the ESI-MS spectra for solutions containing uranyl peroxide cage clusters
is complicated because the charges of the cage clusters are high (-20 to -60 for Uz and Usp). In
addition, many counter cations are associated with the clusters in the spectrometer, resulting in the
observed charges, in this case, of -6 through -3. The solutions under study contain substantial
quantities of TEA" cations that originated from the TEAOH, as well as alkali or alkaline earth
cations released to solution by the dissolving uranyl phosphate solids. TEAOH promotes a high
aqueous solubility of uranyl peroxide nanoclusters, but poor crystallization conditions, so it is
difficult to determine the exact TEA™ to alkali or alkaline earth cation ratio associated with each
cluster in each system. Given that the NMR spectra collected for selected solutions are consistent
with phosphate being the only phosphorous-bearing species in solution, the uranyl ions within the
clusters are likely bridged only by peroxide and hydroxyl groups. Previously, dissolution of
studtite in solutions containing TEAOH with and without added H20: produced U4 and Uas
clusters in solution (Falaise and Nyman 2016; Lobeck et al. 2019a). Simulations of ESI-MS spectra
of U4 and Uag counterbalanced solely by TEA™ or the alkali or alkaline earth cation in the system
are presented in Figures 9 and 10 for comparison to the measured spectra. Calculated average
masses for these simulated cluster species can be found in Table 3. It is likely that the nanoclusters
formed are counterbalanced by a mixture of TEA™ and the alkali or alkaline earth cation.

In the LiUP system the measured mass of 10.2 kDa is consistent with Uz4 that is mostly
charge-balanced by TEA™ or Uy that is mostly charge balanced by Li". In the case of NaUP, the
lower-mass cluster at 7.9 kDa is consistent with U4 with Na" as the only counter cation or a smaller

cluster such as Uzo. The larger cluster with mass 10.7 kDa is consistent with U>4 in which the
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majority of the charge-balancing cations are TEA" or U,s with a mixture of TEA™ and Na™. For the
single cluster indicated by ESI-MS in the KUP system, the observed mass of 10.3 kDa is consistent
with Uz4 almost entirely charge balanced by TEA™ or U,s mostly charge-balanced by K. In the
case of the RbUP system, the observed mass at 10.8 kDa is consistent with Uyg mostly charge
balanced by Rb". For the CsUP system, the observed mass of 11.5 kDa is within experimental
uncertainty with that expected for Uzs charge-balanced by any combination of TEA" and Cs™, but
is more than 1.0 kDa higher than the mass calculated for U24 charge-balanced by either cation.

ESI-MS for the CaUP system indicate the presence of two clusters in solution. The smaller
of these yielded a mass of 8.1 kDa, which is consistent with Uz4 mostly charge-balanced by Ca®".
The larger has a mass of 11.1 kDa, which is consistent with Uzg charge-balanced by dominantly
TEA" and lesser Ca®". The ESI-MS for solution collected from the MgUP system yielded a mass
of 11.1 kDa, which is consistent with U dominantly charge-balanced by TEA* with lesser Mg**.
Finally, the cluster mass in the BaUP system is 10.3 kDa, which is consistent with Uz4 mostly
charge-balanced by TEA™ or Uas mostly charge-balanced by Ba*".

Given that the alkali cations are expected to interact more strongly with the uranyl peroxide
clusters than TEA" (Burns and Nyman 2018; Falaise and Nyman 2016), it is likely that all of the
LiUP, NaUP, KUP, RbUP and CsUP systems contain Uasg clusters, and that NaUP also contains
Uaz4 or possibly a cluster that is smaller than Uzs, such as Uzg. Solutions into which MgUP, CaUP
and BaUP were dissolved likely contain Usg clusters, and the CaUP solution likely also contains
Uzs. Figure 11 summarizes all solutions in which uranyl peroxide nanoclusters were detected in
solution by ESI-MS. In all eight systems, nanoclusters were observed in reaction solutions with
increased peroxide concentrations and more alkaline pH. Clusters were detected in mildly alkaline

environments at pH 8 in the NaUP, KUP, and CaUP systems. Clusters were also detected in
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solutions where 0.01 M peroxide was mixed with NaUP, KUP, and MgUP at pH values greater
than 10.

SAXS measurement provide information on the size of the uranyl peroxide nanoclusters in
solutions collected from each reaction system. The average radii of gyration (Ry) of the clusters in
solution was determined by Guinier analysis of the low-g regions of the scattering curves (Figure
12) and are reported in Table 2. The average R, measured ranged from 7.09 A (NaUP) to 9.17 A
(CsUP) and are consistent with clusters in solution with a comparable size to Uzs and Upzs
counterbalanced by various cations. Falaise et al. previously studied Uzs clusters with different
counter cations and reported that the Ry of Uzs varied depending on the cations in the system
(Falaise and Nyman 2016). A Li-Uas had a reported Ry of 7.53 A, a K-Us had a Ry of 7.30 A, and
a TEA-Ujs had a Ry 0f 9.34 A. The clusters reported in this study from the LiUP and KUP systems
had measured R, values of 7.83 A and 8.86 A, respectively. The larger R, of clusters observed in
these systems are consistent with the results from ESI-MS and point towards Uzg forming in
solution with a combination of TEA" and alkali or alkaline earth cations as a counterbalance. The
systems with two species of clusters detected (NaUP and CaUP) had average R, values of 7.09 A
and 7.53 A, consistent with a mixture of Uz4 and Uzs in solution. BaUP had a reported Rg of 7.24
A, which would point towards Ua4 clusters in solution counterbalanced by mostly TEA* rather

than Uss counterbalanced by mostly Ba*".

Discussion
The dissolution behaviors of eight synthetic uranyl phosphate phases in the metaautunite
subgroup in aqueous solutions containing H>O» were investigated. Dissolution of the uranyl

phosphate solids generally provided uranium that self-assembled into uranyl peroxide clusters,

18



although the extent of nanocluster formation and the size and topology of the cluster formed was
influenced by the alkali or alkaline earth cations released from the interlayers of the uranyl
phosphate solids. The overall dissolution of uranyl phosphate phases containing Li", Na*, K, Rb",
and Cs" increased as the hydrated radius of the cation increased and the ionic radius decreased
(Conway 1981). A similar trend is observed for dissolution of uranyl phosphates with Mg>*, Ca**,
and Ba?". The highest dissolution of each uranyl phosphate phase occurs at higher pH and higher
peroxide concentrations (Figure 6). Congruently, uranyl peroxide nanoclusters form in solution in
systems exhibiting the most dissolution of the uranyl phosphate phase (Figure 11).

Studtite formed during alteration of the uranyl phosphate starting phases in the majority of
solution conditions studied here (Figure 5). Studtite has been found where spent nuclear fuel
(Armstrong et al. 2012), natural and synthetic UO2 (Armstrong et al. 2012; Clarens et al. 2005;
Hanson et al. 2005), uranyl oxide hydroxide minerals (Forbes et al. 2011; Hanson et al. 2005), and
uranyl silicates (Forbes et al. 2011) come in contact with peroxide-bearing aqueous solutions. The
current findings demonstrate most uranyl phosphates in the metaautunite subgroup are replaced by
studtite during exposure to H2O2 over a wide range of pH. The interlayer cations of the uranyl
phosphate phase impact the extent of this transformation. Both LiUP and NaUP completely
transformed to studtite when exposed to 0.1 M to 1.0 M H>O> for seven days (pH 3), whereas
studtite was only detected in two reaction conditions as a minor secondary phase in the BaUP
system.

Lobeck et al. investigated dissolution of studtite in alkaline aqueous solutions containing
peroxide (Lobeck et al. 2019a). They found little to no dissolution of studtite after seven days of
contact with a solution of TEAOH and H>0O (0.01 M to 1.0 M) between pH 7 to 9. At pH 10, 17%

to 42% of the original studtite in contact with 0.50 M and 1.0 M peroxide dissolved and formed
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Uzg nanoclusters in solution. At pH 11, between 8% and 64% of the original studtite dissolved
while in contact with 0.01 M to 0.10M peroxide, and complete dissolution of studtite occurred in
reactions where studtite was exposed to peroxide concentrations greater than 0.5 M. In all of these
reactions Uzg nanoclusters formed in solution. These earlier findings are consistent with the lack
of studtite in any of the uranyl phosphate systems studied here at pH 11 with peroxide
concentrations greater than 0.10 M (Figure 5). In the LiUP and NaUP experiments, the uranyl
phosphate phase converted to studtite, and similar to the earlier studtite dissolution study, complete
dissolution of the solid occurred at pH 11 for reactions containing greater than 0.5 M peroxide. In
experiments where studtite was less prevalent, like those with CsUP and BaUP, less solid
dissolution was observed.

The alkali and alkaline earth cations contained within the uranyl phosphates under study
may influence the uranyl peroxide nanoclusters that form. Dissolution of studtite (Falaise and
Nyman 2016) and UO; (Hickam et al. 2018) (where studtite occurred as a secondary phase) in
alkaline peroxide-rich solutions produced different uranyl peroxide nanoclusters depending on the
counter cations in the system. Falaise et al. reported that studtite combined with excess peroxide
and various bases (LiOH, NaOH, KOH, NH4OH, and TEAOH) resulted in predominantly U»g, and
mixtures of Uzg and Uz (Na") and Uag and Uz, (NHs") were observed (Falaise and Nyman 2016).
Hickam et al. described the formation of a variety of uranyl peroxide nanoclusters after dissolution
of UO; in peroxide rich solutions containing LiOH, NaOH, and KOH (Hickam et al. 2018). In
systems containing Li" and K, Uas was predominant. In the Na'-rich system, U, U24, Uas, and
Usz formed dependent on solution pH and the concentration of NaOH. The average masses of the
uranyl peroxide clusters formed in the current study are similar to those of U4 and Uasg (Figure 9

and Figure 10), consistent with the two previous studies. Two species of uranyl peroxide
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nanocluster were detected in the NaUP and CaUP system, which is also consistent with both of

the Na'-bearing reactions studied above.

Implications

Uranyl phosphates of the autunite group usually exhibit low aqueous solubilities. The current
study indicates the formation of soluble uranyl peroxide cage clusters from sparingly soluble
uranyl phosphate minerals has the potential to greatly impact the fate and transport of uranium in
the environment. The Medvédin uranium deposit in northern Bohemia, Czech Republic (P14sil et
al. 2009), and the Menzenschwand deposit in the Schwarzwald in southwest Germany (GG6b et al.
2013), both contain large abundances of uranyl phosphate and arsenate supergene alteration
mineral phases. In natural systems, small amounts of peroxide are often produced by the radiolysis
of groundwater due to the ionizing radiation associated with uranium minerals and studtite is often
found as a secondary phase (Colmenero et al. 2017; Forbes et al. 2011; Sattonnay 2001). The
influence of peroxide on these deposits and an alkaline shift in pH could greatly affect the solubility
of the uranium in these systems. Uranyl peroxide cage clusters self-assemble in alkaline solutions
containing peroxide and alkali or alkaline earth cations and uranyl ions and have been observed to
co-exist with studtite under certain environmental conditions (Lobeck 2019a). The results of our
current experiments demonstrate that formation of uranyl peroxide cage clusters in aqueous
solution accompanies extensive dissolution of uranyl phosphates of the autunite group and
metaautunite subgroup in alkaline solutions containing H2O. The greatest dissolution of uranyl
phosphates in our experiments occurred for those that contained cations with larger hydration radii,

LiUP and NaUP. Understanding the stability of uranyl phosphate and uranyl peroxide complexes
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under all pH environments is of increasing interest with regard to uranium mining and spent

nuclear fuel disposal.
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List of Figure Captions
Figure 1. Polyhedral representation of meta-autunite sheet type structure. Yellow polyhedra
correspond to uranium, purple polyhedra correspond to phosphate, and green spheres represent

countercations in the interlayer.

Figure 2. Polyhedral representation of uranyl peroxide nanoclusters Uzo, U24, Uzg, U3o, and Usa.

Figure 3. Schematic of slow mixing by liquid diffusion setup.

Figure 4. PXRD spectra of solids recovered after a seven — day reaction between LiUP and 0.50

M H:0:; at varying pH values.

Figure 5. Graphical representation of solid phases identified by PXRD after a seven-day reaction
between each mineral phase and solutions containing hydrogen peroxide (0.01 M — 1.0 M) at
varying pH values. Green squares correspond to the identification of the original phase or a
hydrated equivalent. Yellow squares correspond to the identification of uranyl peroxide, studtite.
Grey squares correspond to the detection of unidentified secondary phases. White squares

represent system where there was little to no solid remaining.
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Figure 6. Color graph of U dissolved (%) for each uranyl phosphate phase in solutions containing

peroxide (0.01 M to 1.0 M) from pH 7 to 11.

Figure 7. 3P NMR of reaction solutions resulting from the mixture of LiUP, NaUP, KUP, and

BaUP with 0.5M peroxide at pH 10 (KUP) and pH 11 (LiUP, NaUP, and BaUP).

Figure 8. Raman spectra of solutions resulting from the mixture of each uranyl phosphate mineral

phase with 1.0 M peroxide at pH 11.

Figure 9. Representative ESI-MS spectra of cluster species detected in the LiUP, NaUP, KUP,
and RbUP systems. Simulated ESI-MS data for Uz4 and Uzg nanoclusters associated with the

various counter cations and TEA" are shown below each measured spectrum.

Figure 10. Representative ESI-MS spectra of cluster species detected in the CsUP, MgUP, CaUP,
and BaUP systems. Simulated ESI-MS data for Uz4 and Uzg nanoclusters associated with the

various counter cations and TEA" are shown below each measured spectrum.

Figure 11. Graphical representation of environments where uranyl peroxide nanoclusters were

detected in solution for each uranyl phosphate system.
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Figure 12. SAXS data of solutions resulting from the mixture of each uranyl phosphate phase with

1.0 M peroxide at pH 11.

Tables
Table 1. Uranyl phosphate phases in the meta-autunite group and their hydrated equivalent

identified in these studies

Sample Name Mineral Name Formula PXRD Powder

Diffraction File #
LiUP - Li(UO2)(PO4)(H20)4 04 014 3756
NaUP Metanautroautunite Na(UO2)(PO4)(H20)3 04 014 3757
KUP Meta-ankoleite K(UO2)(PO4)(H20)3 00 060 0284
RbUP - Rb(UO2)(PO4)(H20)3 04 014 3761
CsUP - Cs(UO2)(PO4)(H20)2.5 04 014 3766
MgUP Metasaléeite Mg(UO2)2(PO4)2(H20)s 00 053 0012
Saléeite Mg(UO2)2(PO4)2(H20)10 00 053 0011
CaUP Meta-autunite Ca(U01)2(PO4)2(H20)s 00 012 0423
Autunite Ca(U02)2(PO4)2(H20)10 00 041 1353
BaUP Metauranocircite 11 Ba(UO2)2(PO4)2(H20)s 00017 0759
Metauranocircite | Ba(UO2)2(P04)2(H20)s 00 036 0407

Table 2. Summary of the characterization of solutions resulting from the seven-day reaction

between uranyl phosphate phases and hydrogen peroxide at alkaline pH

Uranyl Raman ESI-MS SAXS

Phosphate ,, 170,)2* (em!)  v2(02)* (em)  Average Mass (kDa) R (A)
LiUP 808 844 10.2 7.83
NaUP 808 828 7.9,10.7 7.09
KUP 806 834 10.3 8.86
RbUP 805 832 10.8 8.28
CsUP 806 830 11.5 9.17
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MgUP 806 832 11.1 7.76
CaUP 811 848 8.1,11.1 7.53
BaUP 808 833 10.3 7.24

Table 3. Calculated average mass of simulated Uz4 and Uas clusters with net charges between -6
and -3 counterbalanced by various cations compared to the measured average mass of clusters in

each reaction condition from ESI-MS.

Calculated Average Mass
of Simulated Clusters

Measured
Average Mass

Cation (kDa) of Cluster in
Uz Uzs System (kDa)
TEA* 10.2 12.0 -
Lit 78 9.1 10.2
Na* 8.1 9.4 7.9,10.7
K* 84 9.8 10.3
Rb* 93 10.9 10.8
Cs* 10.2 12.0 11.5
Mg+ 79 92 11.1
Ca2t 81 94 8.1,11.1
Ba2t 9.0 10.5 10.3
Figures
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Figure 6
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Figure 7
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Figure 10
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Figure 11
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Figure 12
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