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ABSTRACT: We investigated the aqueous solubility and
thermodynamic properties of two meta-autunite group uranyl
arsenate solids (UAs). The measured solubility products (log KSP)
obtained in dissolution and precipitation experiments at equili-
brium pH 2 and 3 for NaUAs and KUAs ranged from —23.50 to
—22.96 and —23.87 to —23.38, respect.i.vely. The secondary phases ‘ 2.0 .pH... 3.0
(UOZ)(HZASO4)2(HZO)(S) and trogerite, (UO,);(AsO,),:
12H,0(,), were identified by powder X-ray diffraction in the
reacted solids of KUA precipitation experiments (pH 2) and NaUAs dissolution and precipitation experiments (pH 3), respectively.
The identification of these secondary phases in reacted solids suggest that H;O" co-occurring with Na or K in the interlayer region
can influence the solubilities of uranyl arsenate solids. The standard-state enthalpy of formation from the elements (AH,) of
NaUAs is —3025 + 22 k] mol™" and for KUAs is —3000 + 28 kJ mol™" derived from measurements by drop solution calorimetry,
consistent with values reported in other studies for uranyl phosphate solids. This work provides novel thermodynamic information
for reactive transport models to interpret and predict the influence of uranyl arsenate solids on soluble concentrations of U and As in
contaminated waters affected by mining legacy and other anthropogenic activities.
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B INTRODUCTION Uranyl arsenates are one of the most diverse chemical
groups of U minerals but are less characterized than the related
phosphate phases.'®™'® Currently, the International Minera-
logical Association lists 36 mineral species that contain both
essential U and As."” Arsenates and phosphates populate the

The chemical behaviors of uranyl arsenate solids (UAs) are
important because they are found within uranium (U) mining
operations and have been noted as co- occurring contaminants

within drinking water sources.'® Communities near these

sites can be impacted by the releases of U and arsenic (As), meta-autunite group (A™[(UO,)(TO,)] (H,0)), where A™ is
which are of major concerns for public health as both are toxic a mono-, di-, or trivalent cation; T = P, As) with the same

. . 7—-9 . .. . 20 . . .

and carcinogenic.””~ Minerals containing U and As occur in structural topology.” This group of minerals contains uranyl
the major uranium mines in Key Lake, Saskatchewan, Canada, ions [(UO,)*] in square bipyramidal polyhedra linked
St. Austell District of Cornwall, England, and in several through equatorial corner-sharing with phosphate or arsenate
southwestern U.S. sites.”'’”'* Even in areas that are not tetrahedra.”’ This unit then links to neighboring UO,*" cations
impacted by mining operations, U and As can co-occur to form a 2-D sheet, and charge balancing cations [i.e., sodium
naturally in waters and soils in community lands. For instance, (Na"), potassium (K*), calcium (Ca*)] and water molecules
the spatial relationship between U and As in the Northern are located between the U(VI) layers to form the final 3-D

Plains was evaluated, and both elements were found at elevated
concentrations in the groundwater in three inhabited regions
in North Dakota and South Dakota.*'® Also, it was noted that
there was a spatial correlation of groundwater containing U
and As associated with a flow along a geologic contact;
however, the underlying mechanisms enabling the U and As
correlation warrant further study.”'* Native American
communities near these sites are concerned about the releases
of toxic U and As levels in their water sources.”* ' Therefore,
it is crucial to develop a greater understanding of UAs and
their behavior in natural waters.

crystalline lattice.'®*” Arsenate and phosphate-bearing anionic
units are generally isostructural, have similar sizes and charges,
precipitate as uranyl minerals at elevated concentrations, and
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form ternary complexes on surfaces at low concentrations.

Uranyl phosphates have generally low solubilities ranging from
log K, of —13.17 for uranyl hydrogen gbosphate to —49.36
and —50.39 for uranyl orthophosphate.'®*>*” The solubility of
(U0,);(As0,),-12H,0 has been previously measured, but
only within heterogeneous water—salt systems,zs’28 and thus,
these solubility measurements should be confirmed under both
supersaturation and undersaturation.””*° These previous
studies indicate that the thermodynamics of UAs need more
documentation.”>*%*"**

Moreover, there is incomplete information about the
thermodynamic values for UAs containing alkali or alkali-
earth cations.'””>” The formation of U—As—Ca precipitates
has been identified at acidic pH and that bicarbonate facilitates
the dissolution of U-, As-, and Ca-bearing solids at circum-
neutral pH.>> A previous study by Dzik et al.'® provided
calorimetry measurements for UAs of the meta-autunite group
containing K7, lithium (Li*), cesium (Cs"), strontium (Sr**),
and copper (Cu®*) but did not provide solubility values.
Additionally, the role of H" in the form of hydronium (H;0%)
substituted with monovalent cations in meta-autunite UAs
remains poorly understood.

The objective of this study was to determine the solubility
and thermodynamic properties of two uranyl arsenate phases:
sodium uranyl arsenate (Na,s(H;0),5[(UO,)(AsO,)]-
(HZO)Z.S(S) (NaUAs) and potassium uranyl arsenate
Ko o[ (H30)0,(UO,)(AsO,)](H,0),5) (KUAs). While the
inclusion of cations (e.g, Na*, K, Ca*") in the interlayer
region of meta-autunite UAs is widely documented,'®*%***°
our understanding on how this substitution affects the
solubility of uranyl arsenate solids remains limited. The
novelty of this investigation is the identification of the impact
of monovalent cations such as Na*, K, and H;0" on the
solubilities of UAs at acidic pH using various aqueous
chemistries, solid-state chemistries, thermodynamic techni-
ques, and speciation calculations. The knowledge generated
from this study contributes to improve our understanding of U
and As mobilities in the environment, expanding on the limited
existing data related to the solubilities of uranyl arsenate solids
and minerals. This information can consequently contribute to
a reliable and internally consistent database that can be applied
in reactive transport models.

B MATERIALS AND METHODS

Synthesis. Uranyl arsenate solids (NaUAs and KUAs) were
synthesized at room temperature over the course of one to two
weeks by the diffusion method which allowed a slow mixing of
reactants emerging from two vials inside of a barrier solution in
a beaker as described by Dzik et al.'® This method is known for
providing high quality, purity, and yield of the material
required for calorimetric measurements. Additional details
describing this synthesis process are included in the Supporting
Information (see additional Materials and Methods and Table
S1).

Analytical Methods. Powder X-ray diffraction (p-XRD),
electron microprobe analysis, scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDS), and
thermogravimetric analyses (TGA) were used to characterize
the unreacted and reacted solids. The soluble concentrations of
U, As, Na, and K in aqueous solutions were measured using
inductively coupled plasma optical emission spectrometry
(ICP-OES) and inductively coupled plasma mass spectrometry
(ICP-MS). Acid digestions (~1 mL of nitric acid and 2 mL of
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hydrochloric acid) were conducted by heating in a Digi prep
MS SCP Science block digester at 90 °C for 2 h to assess the
acid extractable elements from the synthesized solids. Addi-
tional details describing the solution analyses are included in
the Supporting Information. Additional details describing the
solid analyses are included in the Supporting Information
(Texts S1-S3).

Solubility Experiments. All solubility experiments were
conducted in triplicate at pH 2 and 3 at 25 °C in batch reactors
(Teflon Nalgene bottles) using a UA solid to water mass ratio
of 1.4 (i.e,, ~40 mg of UAs in 28 mL of 18 MQ H20) for 31
days (d) reaction time. Batch reactors were sealed and agitated
at 60 rpm in an analog rotisserie tube rotator (Scologex MX-
RL-E, Rocky Hill, CT, US) for the duration of the experiment.
Each experimental reactor solution was initially adjusted to the
targeted pH 2 or 3 using small quantities of concentrated
HNO; and monitored daily using a pH microelectrode
(Thermo Orion Ross) calibrated with 3 NIST standard
solutions (pH 4, 7, and 10); no further adjustment was
necessary during the 31 d reaction time. The pH range from 2
to 3 was chosen because the chemical speciation of U and As is
well constrained at low pH. For example, chemical equilibrium
modeling indicates that UO," is the predominant species of U,
while H;AsO,, and H,AsO,'” are the predominant species of
As with limited influence of the carbonate system (ie,
carbonic acid is predominant at this acidic pH). We attempted
to make a solution at pH 4, but the pH stabilized in the
proximity of 3, so we decided to stay in the acidic range from 2
to 3.

Two types of experiments were performed to accurately
evaluate the solubilities of the NaUAs and KUAs solids. The
first type was a dissolution experiment whereby UAs (NaUAs
or KUAs) were added first to the vial and then the 18 MQ
H,O. The second type was a precipitation experiment where
besides the UAs and 18 MQ H,0, Na or K, As, and U were
added as NaNO; or KNO;, (NO,),(H,0), As,Os, and UO,,
respectively, in that order. For the precipitation experiments
carried out at pH 2, the initial concentrations were ~2.7 mM
of U, As, and Na for the assays amended with NaUAs and ~2.5
mM of U, As, and K for the assays amended with KUAs.
Chemical equilibrium modeling determined higher saturation
indices at pH 3 compared to those obtained at pH 2. Thus, for
the precipitation experiments carried out at pH 3, the initial
concentrations were ~1.5 mM of U, As, Na, and K for the
assays amended either with NaUAs and KUAs. We determined
that precipitation occurred if at least one of the final
concentrations of U, As, or Na decreased from the starting
values.

Throughout the two different types of experiments, batch
reactors were sealed and agitated at 60 rpm in an analog
rotisserie tube rotator (Scologex MX-RL-E, Rocky Hill, CT,
US) at room temperature. Aliquots of the solution were
extracted at various times (0 min, 15 min, 30 min, 60 min, 120
min, 4 h, 6 h, 8 h, 12 h, 24 h, 8 d, 15 d, 22 d, 31 d), filtered
through 0.1 ym MilliporeSigma Millex filters, and diluted for
ICP-OES or MS analyses to determine dissolved concen-
trations of U, As, and Na or K. One control reactor, where only
one aliquot was withdrawn at day 31, was used to validate that
sampling during the experimental period did not significantly
change the dissolved element concentrations. To verify the
composition of the remaining solid at the end of each
experiment, ~20 mg of reacted material was collected for p-
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Table 1. Reaction Stoichiometry for Uranyl Arsenate Solids Considered in the Thermodynamic Modeling Conducted in This

Study”
Experimental pH Solid phase Mass action equationb Log K, at dissolution Log K, at precipitation
2 NaUAs Ky, = a(U0,)™ - a(AsO,)*” - a®*(H;0)" - a®*Na* —23.50 —22.96
3 NaUAs —23.15 —23.15
+
Trégerite (UO,);(As0,),-12H,0(,) K, = a(UO,)™" - a(AsO,)*" —47.97 —48.85
—45.33¢ -
2 KUAs Ky, = a(U0,)* - a(AsO,)*” - a®!(H;0)" - a®K* —23.87 —23.50
+
(U0,)(H,As0,),(H,0) Ky, = a(U0,)* - a*(AsO,)*” - a™*H" —47.19 —46.97
3 KUAs K, = a(UO,)* - a(AsO,)*” - a®(H,0)" - a®K* —23.57 —23.38

“All the calculations of log K, values consider uranyl—arsenate complexes. The following reactions are provided as examples: For NaUAs:
Nag5(H30)05(U0,)(As0,) (H,0),5(5) <> (As0,)*” + UO,> + 0.5Na* + 0.5(H;0)* + 2.5H,0. For KUAs: Koo(H;0),,(UO,)(AsO,)(H,0), 5
<(AsO,)*” + (UO,)™ + 09K + 0.1(H;0)* + 2.5H,0. For trégerite (UO,);(AsO,), - 12H,0,: (UO,);(AsO,), - 12H,0, < 2(AsO,)* +
3(UO,)*" + 12H,0. For (UO,)(H,AsO,),(H,0): (UO,)(H,AsO,),(H,0)) <2(As0,)*” + (UO,)*" + H,0 + 4H". “log K,,, obtained by Nipruk

et al>®

XRD (Figure S1) and SEM analyses of reacted solid samples
(Figure S2).

Thermodynamic Modeling. Calculations were carried
out using the open-source computer code PFLOTRAN that
runs on MacOSX, Linux, and Windows.>* PELOTRAN applies
the law of mass action to obtain the aqueous species complexes
as a function of the free ion concentrations. Table 1 shows the
reaction stoichiometry used for each uranyl arsenate solid in
the log K, calculations. Solubility product calculations were
only performed using data points that corresponded to samples
taken from each batch reactor after they had achieved
equilibrium. The concentrations at equilibrium were obtained
using average values calculated over a + 10% interval during 31
d (Table S2). Once the dissolution and precipitation
experiments were completed, we were able to verify if
equilibrium was reached in these experiments. This equili-
brium was verified using the log K, for the dissolution
experiments with the concentrations of the precipitation
experiments and comparing the saturation index (SI) obtained
with the precipitation experiment, which was lower than 1 in
all cases (Tables S6 and S7). The measured U, As, Na, and K
concentrations and pH values at equilibrium used for the log
K,, speciation calculations are listed in the Table S2. Table S3
shows the speciation equations and thermodynamic relations
that are described below in detail. For each solubility value, we
calculated the ionic strength of the solution (I) using Table S3,
eq 5, in the SI. We used the Debye—Hiickel algorithm to
correct the concentrations (valid for ionic strength lower than
0.1 M) described in Table S3, eq 6, in the SL

To obtain the log K, we used Table S3, eq 4, in the SI, and
the mineral law of mass action equation, a function of the free
ion concentrations of the primary species including the pH.
From the experimental total concentrations (from solubility
experiments) at equilibrium (C;™") using Table S3, eq 3, we
obtained the primary (C;) and secondary (C;) species
concentrations. Then, using the mass action eq (Table S3,
eq 4, in SI) corresponding to the concentrations obtained from
a speciation calculation, the saturation index (SI) was
calculated (Table S3, eq 8, in SI). From the value obtained
for the SI, we subsequently adjusted the solubility product
constant (log Ky,) by the log SI so that the log SI = 0 was
achieved (log K, = log K, — log SI). The process of adjusting
the log K, value consisted of changing the database log K,
until we get a SI equal to zero.
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Standard states used in this research for solid phases and for
H,O are the pure mineral or fluid at the temperature and
pressure of the experiments. Molal activity coefficients of
neutral aqueous species are assumed to be unity. The
thermodynamic database (Thermochemie V10a.dat)”’ used
by PFLOTRAN was expanded to include K, values from
Gorman-Lewis et al.’* and from Nipruk et al.”> and includes
the most recent update to U aqueous complexes, for example,
those presented in Rutsch et al.: UO,H,AsO,",
UO,(H,AsO,),, and UO,HAsO, (Table $4).°"**~*

High-Temperature Oxide-Melt Calorimetry. A Setaram
Alexsys high-temperature oxide-melt calorimeter was used to
measure drop solution enthalpies of NaUAs and KUAs.
Calorimetric techniques and experimental details can be found
in the existing literature.””~* The calorimeter was calibrated
using the heat content of Al,O;. The calorimeter was flushed
with high purity O, for the duration of the experiment to
remove moisture from the environment. The samples were
initially ground and then pressed into ~5 mg pellets and
accurately weighed before the drop. The pellets were then
dropped from room temperature into the calorimeter, which
contained a sodium molybdate (3Na,0-4MO;) solvent that
was equilibrated at 976 K. Each experiment was performed
over the course of approximately 75 min, and the experiments
for which the baseline stabilized after collection were used for
data analysis. Enthalpy of the drop solution (AHy) was
obtained as an average of each experiment. Thermocycles were
then used to calculate the enthalpies of formation of both the
oxide and element species.

The calculated log K, value for each uranyl arsenate solid
was used to determine the state Gibbs free energy of formation
(AGy)) starting with the standard state Gibbs free energy of
reaction AG,) for each dissolution reaction of interest (Table
S3, eqs 9 and 10, in SI). Using the enthalpies of formation
from elements (AHg,) and AGj the standard-state entropy of
formation (AS;) can be calculated (Table S3, eq 11, in SI).
The AS; was obtained using Table S3 in SI with the AH; "’
and with the values obtained from Cox et al.** and Nordstrom
et al"’ that are AG%yyy 0)= —237.14; AG (= —952.55;

AG®fpg0i-) = —646.36; AGg o = —261.95 in kJ mol ™.

B RESULTS AND DISCUSSION
Stoichiometries of NaUAs and KUAs. The p-XRD
diffraction patterns of NaUAs and KUAs exhibit sharp profiles,
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Figure 1. Experimental measurements of the dissolved concentrations of U (circles), As (triangles), Na (squares), and K (diamonds) as log mol-
kg™! against time for NaUAs for dissolution (a) and precipitation experiments (b) at pH 2 and dissolution (c) and precipitation experiments (d) at
pH 3 and for KUAs for dissolution (e) and precipitation experiments (f) at pH 2 and dissolution (g) and precipitation experiments (h) at pH 3.

and all peaks are assignable to the target phase, confirming the
identities of NaUAs and KUAs (Figure S1). The mass loss over
30—170 °C of 9% was attributed to the water contained in
each compound (Figure S3) by TGA, which represents ~2.5
mol of water (H,0) and agrees with the molecular formulas of
the NaUAs and KUAs. Chemical analyses for acid digestions of
NaUAs and KUAs using ICP-OES indicate U:As molar ratios
near 1 as expected. However, deficiencies in the alkali cation
content relative to the end-member formula (Table S5) were
detected. Spatially resolved analyses using electron microp-
robes (Table S5) confirmed the deficiencies of alkali cation
concentrations relative to the end-member compositions. The
derived compositions are

NaUAs = Na, (H;0),5[(UO,)(AsO,)1(H,0),
KUAs = K0‘9(H3O)0_1[(UOZ)(AsO4)](H20)2‘5(S)
Chemical analyses, p-XRD, and microscopy (Table SS,

Figure S1 and Figure S2) indicated that single phases of
NaUAs and KUAs were obtained using the diffusion method
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described in the Materials and Methods section. Single phase
crystals of uranyl arsenates of the meta-autunite group with
mono and divalent cations have also been identified in
previous studies after synthesis using the same method.'®**
The discrepancy between the cation’s concentration with the
microprobe and acid digestion analyses for KUAs is attributed
to instability of the compound during electron beam
irradiation, as is typical for similar compounds under the
microprobe beam.**

The chemical analyses of both compounds NaUAs and
KUAs indicate that H;O" is present with K" or Na* in the
interlayer region of the structures. The hydronium-bearing
uranyl arsenate analog of uranospinite,
(H,0),[(U0,),(As0,),](H,0);, has been documented.*
Chernikovite is a well-characterized H;O"-bearing autunite-
structure compound with composition
(H;0),[(U0,),(PO,),](H,0),, and a hydronium-K* solid-
solution series has been noted in this uranyl phosphate
system.*”*® Hydronium substitution for various monovalent
cations in autunite-type uranyl compounds has also been
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Figure 2. (A) Powder X-ray diffraction patterns of synthetic Na[(UO,)(AsO,)](H,0); reacted material from dissolution (a) and precipitation
experiments (b) pH 3, compared to sodium uranyl arsenate (c) and trogerite (d). (B) Powder X-ray diffraction patterns of KUAs reacted material
(a) compared to (UO,)(H,AsO,),(H,0), (b) and potassium uranyl arsenate (c).

documented.’’~** Furthermore, a reported single-crystal
structure determination for KUAs assigned the formula
Koo1(H30)000[ (UO,) (AsO,)1(H,0),,** similar to that de-
rived in the current study.

Equilibrium Concentrations for Dissolution and
Precipitation Experiments. The results for the NaUAs
and KUAs dissolution and precipitation experiments con-
ducted in this study confirmed that equilibrium was reached
within 2 d (Figure 1 and Figures S4 and SS), well under the 31
d duration of the experiments. The equilibrium concentrations
(Table S2) of U and As obtained for all dissolution
experiments with NaUAs and KUAs at pH 2 are close to
equimolar (Figure 1a and e).

For experiments at pH 2, the molar ratios of U:As:Na of
1:1:0.72 were measured after the dissolution of NaUAs in
aqueous solutions (Figure la and Figure S4a). In contrast, in
precipitation experiments, the molar ratios of U:As:Na were
1:1:1.1S in solutions (Figure 1b and Figure S4b). Both results
indicate that NaUAs do not have the end-member formula
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with a Na:U molar ratio of 1, but rather when the Na:U molar
ratio is less than 1 because the interlayer of NaUAs also
contains hydronium.

Upon dissolution of KUAs in aqueous solutions at pH 2, the
molar ratios at equilibrium of U:As:K were 1:0.97:0.99 (Figure
le and Figure SSa). However, precipitation reactions yielded
an elevated K concentration in aqueous solution relative to U
and As (Figure 1f and Figure SSb). Powder X-ray diffraction
analyses of the recovered solids in this case revealed the
presence of (UOZ)(HZASO4)2(HZO)(S) (Figure 2B). This
observation suggests that the secondary phase of (UO,)-
(HZASO4)2(H20)(S) could have caused lower concentrations of
U and As compared to K in the precipitation experiments with
KUAs. Additionally, this phase could have influenced the
chemical equilibrium and kinetics of the reactions affecting
KUAs solubility. More research is needed to better understand
the influence of secondary phases on soluble U and As
concentrations in solution at acidic pH.
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Table 2. Thermochemical cycles for calculation of (AH,,)) and (AH.,) for NaUAs and KUAs'*%*~%®

Reaction
Nao,s(H3O)0.5[(U02) (ASO4)]'2-5H20 (s, 298 K) = O'ZSNaZO(Soln, 976 K) T
UO3somn, 976 x) + 0-5A8,05(s0ln, 976 k) + 3.25H20(& 976 K)

Ko o(H30)0.1[(UO,)(As0,)]-2.5H,0 y, 205 k) = 0-45K;0 on, 976 k) +
3(soln, 976 K) T 0-5A8,05(501n, 976 ¥) + 2-65Hzo(g, 976 K)

As;O5(x, 208 k) = AS305(s0ln, 976 K)
UO3(xl, 298 K) = UO3(solu, 298 K)
Nazo(s, 298 K) = Nazo(soln! 976 K)
KZO(S, 208 K) = Klo(soln, 976 K)
Hzo(l, 298 K) = HZO(g, 976 K)

0.25Na,O(y 208 k) + UO3(5 208 ) + 3:25H,0(g 205 k) + 0.5A8,05( 208 k) =
Nao.s(Hso)o.s[(Uoz) (ASO4)]'2'5HZO(;J, 298 K)

0~45K20(x1, 228 K) T UO3(X1’ 208 K) T 2.65 HZO(g’ 208 K) 0.5A5205 =
Ko,9(H30)0.1[(U02) (ASO4)].2‘5(HZO)(){], 298 K)

2A8(s 208 ) 2'502(g, 208 K) = A805(5 208 k)
U, 208 ) + 1.503(g, 208 k) = UO3(x, 208 1)
2Na 205 1) + O'SOZ(g, 208 K) = Na;O(g 208 1)
2K, 208 k) + 0-502(, 208 k) = KaOg, 208 1)
Hy(g 208 ©) + 05054 20 1) = HaO(g, 208 )

0.5Na(y, 298 Kﬁ + U, 208x) + AS(& 208 k) 4'502(g, 208 K) Z'SHZ(g 298 K) =
Na s(H;0)05[(UO,) (ASO4)]‘2~5H20(XI, 298 K)

0.9K (5, 208 KS + Uy, 208 ) + AS(x, 208 k) + 4'302(g, 208 K) 2-65H2(3298 K) =
K0.9(H3O 0.1[(U02) (ASO4)'2-5H20(x1, 298 K)

KUAs AH NaUAs AH
AH (kJ/mol) (kJ/mol)
AH, = AH,, 5231 + 217
AH, = AH,, 5239 +27.8
AH, = AH,, 767 + 0.8 767 + 0.8
AH, = AH,, 9.49 + 1.53 949 + 1.53
AH, = AH,, —217.56 + 425
AH, = AH,, ~3180 + 3.1
AH, = AH,, ) 69
AH, = AH,,, = —AH, + 0.5AH, + AH, —305.4 + 22.0
+025AH, + 325AH,
AHg = AHp,, = —AH, + 0.5AH, + AH, —436.4 + 28.0
+ 0.45AH, + 2.65AH;
AH, = AH; —926 —926
AH; = AH; —12238 + 08  —1223.8 + 0.8
AH, = AH; —4148 + 0.3
AH, = AH; ~3632 + 2.1
AH,, = AH; —2858 + 0.1  —2858 + 0.1
AH,, = AH,y = AH, + 0.5AH, + AH, + —3025 + 22
025AH, + 2.5AH,,
AH,, = AHp, = AH, + 0.SAH, + AHy +  —3000 + 28

0.4SAH, + 2.65AH,,

For both NaUAs and KUAs dissolution experiments at pH
3, the concentrations of U and As in solution were up to 93%
lower than observed in solutions at pH 2 (Figure 1a, c, e, and g
and Figures S4a, c and SSa, c). The aqueous solutions in
precipitation experiments at pH 3 contained from 65% to 97%
less soluble U and As than experiments at pH 2 (Figure 1b, d,
f, h and Figures S4b, d and SSb, d).

The changes in soluble U and As concentrations in solution
as a function of pH could be affected by the formation of
secondary phases. The secondary phase trogerite
(U02)3(ASO4)2'12H20(5)25'54 was present in the solids
recovered from dissolution and precipitation experiments
with NaUAs in solutions at pH 3. Thus, the soluble
concentrations of U and As are not only controlled by the
dissolution of NaUAs, but also by the secondary phase
trogerite in these pH conditions [Figure 2A(a—d), Figure S6].
X-ray diffraction analysis of residual solids from dissolution and
precipitation experiments in this pH confirmed that KUAs
were the only phase present (Figure S7). The presence of
(UO,)(H,As0,),(H,0)(,) was not detected by p-XRD in
these experiments. However, XRD is not a trace technique;
therefore, the presence of this phase at a concentration below
the detection of this instrument cannot be discarded.

Application of the species name trogerite is inconsistent in
the literature. The International Mineralogical Association
states its formula is (H;0)(UO,)(AsO,)-3H,0 and attributes
this to a publication from 1871.”> The same formula appears
several times in the literature associated with the name
trogerite over the years, and Locock and Burns listed trogerite
with this formula along with autunite group minerals, implying
that it has the autunite-type structure.’® Chernorukov et al.
referred to the compound (UO,);(AsO,),-12H,0 as trogerite
and argued that this composition likely corresponds to the
natural mineral.’* It is possible that the name trégerite has
been applied to more than one mineral species in the literature.
Herein, we equate trogerite with (UO,);(AsO,), 12H,0
according to Chernorukov et al.’* Although the crystal
structure of this phase has not been determined, it is clearly
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not an autunite group mineral as the different U:As ratio
mandates a different structural connectivity.

Solubility Product Measurements. The log K, obtained
using the concentrations at equilibrium from the solubility
experiments in speciation calculations using PFLOTRAN
ranged from —23.50 to —22.96 for NaUAs and from —23.87
to —23.38 for KUAs. We based our calculations on the
dissolution and precipitation experiments (Table 1 and Tables
S6 and S7). The obtained log K, values for NaUAs and KUAs
are within 1 order of magnitude and with a maximum
difference of 3.4% between dissolution and precipitation
experiments at pH 2 and 3. Thus, the log K, values for
NaUAs and KUAs are independent of pH within experimental
error by both dissolution and precipitation experiments (Table
1).

The solubility products obtained for NaUAs and KUAs at
pH 2 were within 1 order of magnitude compared to those at
pH 3 (Table 1). However, the soluble concentrations of U and
As in dissolution and precipitation experiments at pH 3 were
controlled by NaUAs and the secondary phase trogerite. We
estimated a log K, for trogerite of —47.97 at dissolution and at
pH 3, which is within 2 orders of magnitude of the value
reported in a previous study of —45.93> (Table 1). The log
K,, obtained for NaUAs was not sensitive to the deficiency of
Na in the stoichiometry of this solid. For example, we varied
the stoichiometry of Na to estimate the log K, for NaUAs
using the software PFLOTRAN with Na molarities of 0.25,
048, 0.7, and 1. The log K, values for varying Na
stoichiometries were within 2.8% using the equilibrium
concentrations in dissolution and precipitation experiments
at pH 2 and 3, which is within expected experimental error
(Table S6). The soluble concentrations of U and As in
precipitation experiments at pH 2 were controlled by KUAs
and the secondary phase (UO,)(H,AsO,),(H,0)). We also
estimated a log K, for (UO,)(H,As0,),(H,0) ) of —46.97
(Table 1) for precipitation at pH 2 which is within 1 order of
magni&lde of the log K, from trogerite reported in a previous
study.™
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The log K, obtained using thermodynamic modeling was
not sensitive to the considerations of uranyl arsenate
complexes obtained by Rutsch et al.”>> The log K, values
calculated with and without uranyl arsenate aqueous complexes
were 2.66% for NaUAs and KUAs for the dissolution
experiments at pH 2 and 3 (Table 1, Tables S6—S8). The
uranyl arsenate complexes predominant at acidic pH are
UOZ(H2A504)(H20)3+! (UO,);(As0,),-4H,0,
(U0,);(As0,),-12H,0, UO,H,AsO,*, UO,(HAsO,), and
UO,(H,As0,),.”>*"" We considered all of these uranyl
arsenate complexes in the PELOTRAN simulations to estimate
the log K, values reported in this study (Table 1 and Tables
S6 and S7). All the main input species considered for the
PFLOTRAN simulations conducted in this study are reported
in Table S4. The log K, values obtained without considering
the aqueous uranyl arsenate complexes in the PELOTRAN
simulations are reported in Table S8. Our log K, values are
within the range of those reported in previous studies in which
the log K, for NaAsUO43H,0 ranged from —21.86 to —23.5
and for KAsUO43H,0 ranged from —22.65 to
—24.00.°*%3%%% One of these studies considered aqueous
uranyl arsenate complexes for determining log K, values.”®
However, other studies did not consider aqueous uranyl
complexes in the determination of the log K, values.***%>
More research is needed to determine the relevance of uranyl
arsenate complexes in U and As aqueous speciation after
dissolution of uranyl arsenate solids.

Standard-State Enthalpy (AH;), Gibbs Free Energy
(AGg, and Entropy of formation (AS;). The measured
enthalpies of drop solution for each compound can be found in
Table S9, and the relevant calorimetric cycles for NaUAs and
KUAs are in Table 2. The calculated standard enthalpies of
formation from the oxides (AH;, ) are —305.4 + 22.0 and
—436.4 + 28.0 k] mol™ for NaUAs and KUAs, respectively.
Calculated AH¢, values are —3025 + 22 and —3000 =+ 28 kJ
mol™! for NaUAs and KUAs, respectively.

Dzik et al.'® provided high-temperature calorimetric
measurements for a series of uranyl arsenate phases with
alkali, alkali-earth, and transition metal cations present in the
interlayer. Their study suggested an overall stoichiometry for
the KUAs phase of K, g,[(UO,)(AsO,),0s)-3H,0 with AH;,
and AH values of —363.7 + 14.1 and —3089 + 14 kJ mol ™},
respectively.'® We note that in their study they assumed an
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overall formula K[(UO,)(AsO,),0s]-3H,0, and did not
include additional hydronium to charge balance the structure.
The previous work from Dzik et al., evaluated the relationship
between the AH;, and the acidity of the cation present
(derived from the acidity value of the metal oxide) and found it
to be linear (R? = 0.8571)."% With the data presented herein,
we observe a similar relationship between the AH, and the
acidity and an improved fit once additional hydronium is
included (R* = 0.9549) (Figure S8). These data indicate that
as the metal cation becomes more acidic, the enthalpy of
formation for the uranyl arsenates becomes less exothermic.
This relationship between the metal cation acidity and the
enthalpy of formation has also been reported™ for uranyl
oxyhydroxide and uranyl silicate phases (Figure 3). The slopes
for uranyl arsenates were steeper compared to the silicate and
oxyhydroxide phases (Figure 3), suggesting a larger interaction
between the uranyl arsenate sheet and the interstitial cations
compared to that of the silicate and oxyhydroxide phases.
The calculated values of AG; for KUAs are at least 100 kJ
mol™! more negative than those obtained for NaUAs,
indicating that the KUAs is more thermodynamically stable
than NaUAs. The calculated values for AG; NaUAs are
—2456.8 k] mol™" at pH 2 and —2455 kJ mol™* for pH 3. The
calculated values for AG; KUAs are —2582 kJ mol™ for pH 2
and —2581 kJ mol™! for pH 3 (Table 3). The calculated values

Table 3. Calculated Gibbs Free Energy (AG;) and Entropy
(AS;) for NaUAs and KUAs

Experimental pH Solid phase AG; AS;
2 NaUAs —245S —1907
3 NaUAs —245S —1913
2 KUAs —2582 —1401
3 KUAs —2581 —1407

of AS; for NaUAs are at least 500 J mol™" K™' more negative
than those obtained for KUAs. The AS; values for NaUAs are
—1907 J mol™' K" at pH 2 and —1913 J mol™! K" for pH 3.
The calculated values of AS; for KUAs are —1401 J mol™' K™
for pH 2 and —1407 J mol™ K™ for pH 3 (Table 3). Our
results are similar to those found in a previous study for uranyl
hydrogen phosphate.””
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Insights about Solubility of Uranyl Arsenate Solids.
The solubility product constants obtained at pH 2 and 3 in this
study for KUAs and NaUAs are within 1 order of magnitude,
which is within expected experimental error for soluble
measured concentrations. The substitution of cations are
known to impact the number of H,O molecules in the
interlayer of UAs.”® Uranium and As form anionic two-
dimensional layers of the type [P(As)UO4]"",, known by an
increased stability.”® For instance, the role of hydronium in the
UAs structure needs to be further understood.

The occurrence of hydronium (H;0)* in the interlayer
region of compounds containing uranyl phosphate and
arsenate sheets with the autunite topology is lacking an
understanding of the details of the substitution of hydronium
for other monovalent cations in the interlayers of autunite-
structure compounds. In the case of autunite-structure
compounds, the importance of hydronium is well established.
The structure of the hydronium end-member compound
(H;0)[(U0,)(PO,)](H,0), was reported by Morosin and is
a hydrogen ion solid electrolyte.”” The structure of (H;0)-
[(UO,)(AsO,)](H,0); was determined more recently,
including the location of the H atoms corresponding to the
hydronium ions.”’ Earlier determinations of the structures of
autunite compounds containing monovalent cations also noted
the presence of hydronium.”* However, we are missing more
information about the substitution of hydronium for
monovalent cations in the interlayers of autunite-structure
compounds, as hydronium is rare in mineral structures, and it
is challenging to identify it.

The presence of hydronium is difficult to directly
demonstrate by spectroscopy, and in the case of chemically
well-characterized materials, its presence can be demonstrated
by the electroneutrality principle. Locally, in the interlayer
region, hydronium could substitute for a H,O group or a
monovalent cation, or the H atom may be largely mobile,
which is consistent with the compound (H;0)[(UO,)(PO,)]-
(H,0); that exhibits rapid H* ion conductivity.”” In the
current case, the hydronium ion content was determined by
establishing the composition of the compounds by chemical
analyses, with hydronium assumed for charge balance.

The identification of trGgerite in the residual solids may
relate to the role of H;O" which is present with Na in the
interlayer region of the structure of NaUAs used in the
dissolution experiments; trogerite was also identified in
precipitation experiments with NaUAs at pH 3. Formation of
trogerite in this study caused a decrease in the final soluble U
and As concentrations in solution and with a resulting final
solution pH in the range of 3. The formation of this secondary
mineral is consistent with findings reported in other
studies.”**

The aqueous speciation of U, As, Na, and K influences the
dissolution and precipitation reactions for the determination of
the log K, values of NaUAs and KUAs solids. For example, the
formation of uranyl arsenate complexes has been reported in
the literature and cannot be ignored in the determination of
the solubility constants. According to the literature, at pH 2
and 3, U(VI) will be present as UO,>*, while As(V) could be
present as 50% to 75% of H;AsO, and H,AsO,'”, and Na
could be a free ion Na'*.®* However, we considered other
aqueous complexes in the dissolution reactions with the
PFLOTRAN modeling such as UO,H,AsO,"(,q),
UO,HAsO,(,y), and UO,(H,AsO,),,’"”" The log K,, was
not sensitive to these aqueous uranyl complexes as they
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differed only between 2.06% and 2.43%. Future research is
necessary to determine how aqueous uranyl arsenate
complexes influence aqueous speciation of U and As as a
function of pH.

Environmental Implications. The solubility and thermo-
dynamic data obtained for NaUAs and KUAs in this study
contribute new information that will underpin predictions of U
and As dissolutions using chemical equilibrium and reactive
transport models. The thermodynamic variables obtained can
be used in reactive transport models to interpret and predict
the solubilities of U and As. The findings from this study can
be useful for risk assessment and risk reduction studies where
anthropogenic activities such as mining and nuclear weapons
development have resulted in contamination.
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