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ABSTRACT: More than 50 uranyl minerals, phases containing U

as the uranyl UO,>" cation, and hydroxide, carbonate,

phosphate, and silicate anions, H,O, and alkali and alkaline earth cations, occur in nature and as corrosion products of spent nuclear
fuel. Despite their importance and the need to understand their thermodynamics to predict uranium solubility, fate, and transport in
the environment, reliable thermodynamic data have only been available recently. This paper summarizes recent studies of enthalpies
of formation using high temperature oxide melt solution calorimetry and Gibbs free energies from solubility experiments. Standard
state thermochemical parameters (at 25 °C and 1 bar) are tabulated and the stability and transformation sequences of these phases
are discussed. The enthalpies of formation from oxides are discussed in terms of crystal structure and Lewis acid—base interactions.

B INTRODUCTION

As nuclear power becomes an increasing source of world
energy, the environmental fate of actinides must be unambigu-
ously predicted. Because, in the long term, spent nuclear fuel is not
stable under moist oxidizing conditions, oxidative dissolution of
radionuclides in groundwater with consequent formation of uranyl
minerals is a likely alteration pathway.'~ With uraninite (UO,)
being the major component of nuclear fuel, the most crucial
studies are focused on uranyl-based phases in which uranium is
oxidized to the +6 state and is present as the UO,>" cation.
Numerous tests of natural analogs"*~® and synthesized samples
(for example 2,7,8) on alteration of UO, reveal uranyl oxide
hydrate minerals and uranyl silicates as major products. Also,
uranyl phosphates and carbonates can be formed under some
groundwater compositions.” Mineral stabilities and solubilities
determine which solid phases form, and the distribution of
uranium between solid and aqueous phases. Recently, it was also
shown that some uranyl minerals can incorporate Pu and Np into
their structures, serving as host phases and thereby reducing heavy
actinide mobility.” "> Thus, the knowledge of thermodynamic
parameters for environmental actinide phases is critical for control,
prevention, and remediation of radioactive contamination.

Despite such obvious need for reliable thermodynamic data
for uranyl minerals, previously reported data are incomplete
and somewhat contradictory. Grenthe et al.,'* followed by
Guillaumont et al,"* compiled and reviewed the chemical
thermodynamics of actinide materials and only very few values
have been accepted as reliable for hydrated crystalline uranyl
oxides, carbonates, phosphates, and silicates. These uranyl
minerals are complex, structurally and chemically, with more
than 50 phases known,® and the synthesis of pure materials
and their detailed characterization are not straightforward.
Due to nonstoichiometry, their hydrous nature and complex
oxidation—reduction behavior, the best choice of thermody-
namic measurement methods is a challenge.
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For example, Santalova et al.' reported enthalpy of formation
of dihydrated (meta)schoepite UO3+2H,0O from solution calo-
rimetry in dilute HF as —1840.6 kJ/mol. Later, Tasker et al.'”
determined the enthalpy of formation of UO3-2H,0 as —1825.4 &
2.1 kJ/mol by calorimetry in more concentrated HF. There were
extensive solubility measurements with different techniques on
meta-schoepite that resulted in solubility products varying from
4.68 to 6.23."% ! Other uranyl oxide hydrates, becquerelite
Ca[(U0,);0,(0H);], - 8H,0, clarkeite Na(UO,)O(OH), and
compregnacite Na,[(UO,);0,(OH);z],+7H,0, have not been
studied directly by solution calorimetric methods. The solubility
data strongly depend on the crystalhmty of samples and had not
been accurately determined.**

Thermodynamic properties of uranyl carbonates are also poorly
constrained. There are several reliable solubility measurements for
rutherfordine UO,CO; reported,'”?***~*° but the enthalpy of
formation, —1689.6 % 1.8 kJ/mol, accepted by Guillaumont et al.,,**
has been calculated from averaged solubility data and an experi-
mentally determined standard entropy S° value,” and not measured
directly. Alwan and Williams™® reported enthalpy and Gibbs free
energy of formation for andersonite Na,Ca[ (UO,)(CO3)3] - SH,O
but did not report experimental conditions or details of measure-
ments. Data on other uranyl carbonates are very limited and are
restricted only to solubility estimates.'>"*

Cordfunke et al.*” measured the enthalpy of formation of
(UO,)3(PO,), by solution calorimetry in concentrated H,SO,
as —5491.3 £ 3.5 kJ/mol. With entropy values measured by
Barten,”® the Gibbs free energy of formation of (UQ,);(PO,),,
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Table 1. Thermodynamic Functions for Formation from Oxides and Elements of Uranyl Minerals, under Standard Temperature

and Pressure

formula per one AHjg o AG; o AS o %
phase, formula uranyl cation AHj oy, kJ/mol kJ/mol kJ/mol J/mol.K J/mol.K
uranyl oxides hydrates and peroxides
metaschoepite UO3-2H,0 UO5(H,0), 44+31  —1791.0+32  —16322+74 —532.5+81 —1356.6=+8.1
B-UO,(OH), B-UO,(OH), —266+28  —15362+28
bequerelite Ca[(UO,);0,(0H);3],-8H,0 Cag,7(UO,) Ogs,(OH) (H,0),3 —446+22  —18982+23  —1717.6+44 —605.8£50 —1407.8+5.0
clarkeite Na(UO,)O(OH) Na(UO,)O(OH) —150.6 £ 4.9 —1724.7 £ 5.1 —1635.1 234 —300.5 £239 —891.0+ 239
Na-compreignacite Nag_34(U0,)0067,(OH)(H,0),,  —S53.5+24 —1822.7 24 —16743 41  —4979+50 —12869 £ 5.0
Na,[(U0,);0,(0H)s],- 7H,0

curite Pb3(UO,)s05(OH)s- 92H,0 Pbg33(UO,) O (OH)76(H,0)05 —161.5£43  —16454 £4.3
studtite (UO,)0,-4H,0, oxide + H,O (U0,)0,(H,0), 223 +£39 —2344.7 + 4.0
studtite (UO,)0,-4H,0, oxide + H,0, —75.7 £ 4.1

uranyl carbonates
rutherfordine UO,CO; UO,CO;3 —99.1 £ 4.2 —17164 + 42
andersonite Na,Ca[(UO,)(COs);]-SH,0 Na,Ca[(UO,)(CO5);](H,0)s —7104 £ 9.1 —5593.6 9.1
grimselite KyNaUO,(CO3);-H,0 K3NaU0,(C0;)3(H,0) —989.3 £ 140 —4431.6 £ 153

uranyl phosphates
UO,HPO,-3H,0 UO,HPO,(H,0); —241.0 £39  —32232+40  —3072.3 £48 —13023+212 —27741 £212
(U0,)3(PO,), -4H,0 UO,(PO,),/3(H,0) 43 —2272+£23 —2333.7 + 4.6 —2046.3 + 122 —9643 £ 62 —1831.6 £ 20.6

uranyl silicates

soddyite (UO,),(Si0,)-2H,0 (U0,)(8i04)1,2(H,0) —117.8 £43  —20227 £2.5  —1826.1 +£21 —6354+109 —13384 + 109
K-boltwoodite K(UO,)(SiO;0H)-1.3H,0 K(UO,)(Si0;0H)(H,0) —238.5 £ 6.0 —2768.1 + 6.5 —2758.6 £ 3.5 —27.5+73 —1075.0 £ 7.3
Na-boltwoodite Na(UO,)(SiO30H) -H,O Na(UO,)(SiO30H)(H,0) —2159 £ 6.5 —2947.2 + 4.0 —27252+26 —352.5+72 —1386.6+72
uranophane Ca(UO,),(SiO;0H)-SH,O  Cag5(UO,) (SiO30H,5)(H,0),5 —150.0 & 4.3 —3399.7 + 4.0 —3099.3 + 5.6 —1007.6 + 12.0 —2321.0 + 12.2

—5116.0 £ 5.5 kJ/mol, was established. However for hydrated
forms that crystallize environmentally, (UO,);(PO,),4H,0
and (UO,)5(PO,),+6H,0, only solubility was evaluated.'*'*
Another important uranyl phosphate, autunite, in its H" and
Ca** forms (as HUO,PO, - xH,0 and Ca(UO,),(PO,),-xH,0,
respectively), also has several crystalline hydrated forms for which
some solubility measurements are reported,'* however, they are
not well constrained.””

The uranyl silicate group is one of the most important of the
uranyl mineral family; however, it is the least studied thermo-
dynamically. Only sparse solubility data could be found'* and
no K, values were accepted for soddyite (U0,),Si0,4+4H,0,
uranophane Ca(UO,),(HSiO,4),*SH,0, or boltwoodite
K(UOQ,)(HSi040) - H,0 by Guillaumont et al."*

Finch®® proposed a database of calculated thermodynamic
properties of uranyl minerals based on Gibbs free energies of
formation estimated as a simple arithmetic sum of energetic
contributions from constituent oxides. Chen et al.** suggested a
method of summarizing molar contributions from structural
components of the crystalline material. Using an assumption
that particular coordination polyhedra make similar energetic
contributions to all minerals, Chen et al. created a database
for minerals whose structures had been explicitly determined.
However materials with unusual or distorted structures, as well as
with structures with abnormally strong or weak bonding between
structural units, were not included.

Thus, there is an urgent need to develop a comprehensive
thermodynamic database for uranyl minerals that is consistent
with the experimental data. Recently, high temperature oxide melt
solution calorimetry combined with solubility measurements
approaching equilibrium from both supersaturated and under-
saturated conditions have been employed for thermodynamic
characterization of uranyl species.”’ >* Summary of measured

data (Table 1) leads to systematics and comparison with predicted
values for uranyl oxide hydrates, carbonates, phosphates, and
silicates, and is the primary focus of the current review.

H DISCUSSION

Enthalpy of Formation from Oxides and Elements. High
temperature oxide melt solution calorimetry is advantageous
over other techniques for enthalpy measurements of uranyl
minerals. The high temperature of the solvent (700 °C) facil-
itates complete dissolution of uranyl materials regardless of their
structure and composition. Drop mode of experiments, in which
the sample is dropped from room temperature directly into the
solvent, eliminates any sample decomposition at high tempera-
ture prior to the reaction in the calorimeter. The measured heat
effect is the sum of heat capacity and enthalpy of solution in the
calorimetric solvent.*>*® Enthalpy of formation at room tem-
perature can be calculated from these data through well-defined
thermodynamic cycles referred to the corresponding binary oxides
and elements. Table 2 represents an example of a thermody-
namic cycle used to calculate enthalpies of formation of soddyite
(U0,),(8i0,) -2H,0.**

A custom-built Calvet microcalorimeter with twin design has
been used for enthalpy measurements.>>>® The high sensitivity
of this instrument permits measurements on exceptionally small
amounts of sample (S mg per drop), so not more than S0 mg is
needed to collect a complete data set. A version of this calori-
meter is now commercially available.

The calorimeter is calibrated against the well-known heat content
of AL, Os. Prior to each experiment, the complete dissolution of the
mineral in 3Na,O+4MoOj3 has been confirmed by experiments in a
furnace. For calorimetry on uranyl silicates, the final state of silica
was experimentally identified as cristobalite.*®
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Table 2. Thermodynamic Cycle for the Formation of Soddyite (UO,),(SiO,) - 2H,O from Oxides and Elements

soddyite (UO,),(SiO,) -2H,0

(UO,)5(8i04) - 2H,0 y, 25 =c = 2UO341n,702 c + SiO3 siner, 702 °c + 2H20 ¢ 702 =c

U03 xl, 25 °C = U03 sln,702 °C

SiO3 x, er, 25 °c = SiO4 ¢in702 °C

Hzo 1,25°C = Hzo g 702 °C

2UO3 4, 25 oc + Si05 4, 25 °c + 2 Hy0 | 25 oc = (U0,),(8i04) - 2H,0 25 oc
Uy, 25 °c +3/2 03 g 25 °c =UO5 y, 25 °c

Siyg, s °ct Oagas°c =502, e, 25 °C

Hygas°c+ 1/207.&25 oc =HyO 25 °c

2U y, 25 °c + Siw, 25 °c + 2Ha g 25 °c + 501 g, 25 °c = (U0,)2(8104) - 2H,0 y, 25 °c

AHI1 = AHg, soadyite

AH2 = AHy,(UO;)

AH3 = AHy,(SiO,)

AH4 = AH4(H,0)

AHS = AHg o = —AH1 +2AH2 + AH3 + 2AH4
AH6 = AH; UO;

AH7 = AH; SiO,

AHS8 = AH; H,0

AH9 = AH;, o = AHS + 2AH6 + AH7 + 2AHS8

To facilitate dissolution of materials and also maintain the
oxidative atmosphere, oxygen gas is constantly bubbled through
the solvent. Change of the solvent color to bright yellow indicates
that the uranium and molybdenum remain in their initial +6
oxidation state during the measurements. Structural water and
carbonate anions vaporize and are expelled from the calorimeter
by the flowing gas. The final state is well-defined: dissolved U®* and
other cationic and anionic species, with evolved H,O and CO,. The
solutes are present at low concentration so dilution effects need not
be considered, and the solution enthalpy does not depend on the
amount dissolved or the presence of other solutes.

Table 1 summarizes formation enthalpies for uranyl minerals at
room tem};erature collected via high temperature solution
calorimetry.® ~** We report enthalpies of formation from elements
and from corresponding oxides. The latter better illustrate energetic
trends among the different minerals, since the enthalpies of forma-
tion of constituent oxides, which obscure any small differences in
energetics, are not included in calculations. All values are normalized
per one uranyl unit per formula for easier comparison.

The general structural motif of most uranyl minerals is two-
dimensional uranyl polyhedra-based sheets with cations and/or water
molecules separating the layers (Figure 1)."* However for each class
of materials, layers have different topology. A few minerals deviate
from this trend and possess one- or three-dimensional structures.
Therefore energetics of uranyl oxides, carbonates, phosphates, and
silicates are difficult to compare directly based only on structural
considerations. However, we are able to evaluate the contribution of
acid—base interactions to the energetics within each class of materials.

Two types of Lewis acid—base interactions can be separated.
First, minerals become more stable relative to oxides as acidity of
anions increases in the order OH™ < SiO,*™ < CO3*™ < PO,
and interaction between uranyl cations and those anions be-
comes more exothermic. Reactions 1 —4 demonstrate the relative
energetic trend of Lewis interactions for the case of CaO.

CaO + H,O = Ca(OH), AH = —97.2 £ 1.6 kJ/mol
1)

CaO + 0.5 SiOz = O.SCaZSiO4

AH = —102.1 £ 2.0 k_]/mol (2)

CaO + CO, = CaCO; AH = —210.8 £ 1.9 kJ/mol
3)

CaO + 1/3P205 == 1/3Ca3(PO4)2
AH = —268.9 + 5.1kJ/mol (4)

609

Figure 1. Polyhedral representation of the layered crystal structure of
uranophane along the projection of uranyl silicate layers separated by
Ca®™ cations and water molecules."" Lighter polyhedra correspond to
uranyl units, darker correspond to silicates; spheres between the layers
are Ca”* cations (larger) and water molecules (smaller). Copied from
ref 11 with permission.

Due to the higher acidity of UO3 compared to CaO, energetics
of interaction of UOj; with the same acidic oxides as in eqs 1 —4 is
significantly less exothermic but should follow a similar trend:
uranyl phosphates would be the most stable minerals, followed
by carbonates, silicates, and then oxides. However, within each
class of uranyl materials, enthalpy of formation from oxides is
additionally influenced by the interactions between a particular
acidic oxide and basic oxide related to cations located between
the uranyl sheets.

The most energetically favorable phases are grimselite K;NaUO,-
(C0O3)3(H,0) and andersonite Na,Ca[(UO,)(COs)5](H,0)s,
both with zero-dimensional structures consisting of isolated
uranyl clusters surrounded by carbonate triangles.”* The strong
interaction between four basic interlayer cations K* and Na*
(the highest alkali content among all studied materials) with a
relatively strong acid, CO;5>7, leads to strongly negative for-
mation enthalpies from oxides equal to —989.3 & 14.0 kJ/mol.
Andersonite Na,Ca[(UO,)(CO3);](H,0)s contains two Na*
and one less basic Ca>, thus its enthalpy of formation, —710.4 +
9.1 kJ/mol, is more positive than that of grimselite. Enthalpy of
formation of rutherfordine UO,COj5 with layered structure of
uranyl hexagons and carbonate triangles, where no interlayer
cations are involved, —99.1 & 4.2 kJ/mol, reflects only the
uranyl—carbonate acid—base energetic contribution, and is less
exothermic than values for grimselite and andersonite.>!

Uranyl phosphate, UO,(PO,),,3(H,0),4/3, also consists of
only electro-neutral layers. However, the different topology of
the layers, stronger uranyl—phosphate interactions compared
to uranyl—carbonate, and the exothermic contribution of water
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incorporation result in a more exothermic enthalpy of forma-
tion, —227.2 & 2.3 kJ/mol, compared to rutherfordine.**
Another reported uranyl phosphate UO,HPO,(H,0); also
does not incorporate any cations into the structure and thus has
a smaller Lewis contribution to the formation enthalpy. Its
uranyl phosphate layers have the same autunite topology as in
UO,(POy,),/3(H,0),,3, but are in turn connected by uranyl
pentagonal bipyramids into a framework structure. The forma-
tion of this more rigid structure is the reason for more
exothermic formation enthalpy, —241.0 & 3.9 kJ/mol, com-
pared to layered UO,HPO, (H,0),;.**

The formation of uranyl silicates from oxides is less favorable
than for phosphates despite the presence of one alkaline (or 0.5
alkaline earth) cation per formula unit. Also partial protonation
of the terminal oxygen in the silicate group makes HSiO,* " less
acidic compared to PO,*>" and CO5™".

Na—boltwoodite Na(UO,)(HSiO,)(H,0), boltwoodite
K(UO,)(HSiO,)(H,0), and uranophane Ca, ,,(UO,)(HSiO,) -
2.5H,0 are layered materials. Their negatively charged uranyl
silicate sheets, consisting of edge-sharing uranyl pentagonal
bipyramids and silicate tetrahedra, are counter-balanced by
interlayer K, Na*, or Ca®" cations.”” Water molecules are
located between the layers. Thus, acid—base interactions be-
tween cation oxides, CaO, Na,O, or K,O, and silicate anions
become more exothermic with decreasing acidity of cation
oxides. Le et al.***” have shown that the enthalpies of formation
from constituent oxides for cobalt phosphate salts (where Na”,
K", and Rb" are also present as interlayer cations) change linearly
with acidity of alkali oxides. These linear relationships are shown in
Figure 2 where oxide acidity is expressed in the Smith scale.*
Enthalpies of formation of boltwoodite, Na-boltwoodite, and urano-
phane from oxides are also plotted in Figure 2 as a function of oxide
acidity and show linear trends with the strongest contribution from
K,0.*" The different slopes of the fitting lines for cobalt phosphate
and uranyl silicate salts reflect much more exothermic interactions in
the CoO—P,05 group compared to UO3;—SiO, oxides. This
observation is consistent with the energetic trends we found.

The structure of soddyite (UO,)(SiO4);,2(H,0), the least
energetically favorable uranyl silicate, is based on chains of the
same topology as in boltwoodites and uranophane, except that
these chains in turn are joined into the three-dimensional
structure by uranyl pentagonal bipyramids.*> Apparently, the
formation of denser framework structure does not lend an
special stability to the mineral compared to layered materials.®

Uranyl oxide hydrates have the least exothermic enthalpies of
formation from oxides. Isostructural Na—compregnacite Nag _34-
(U0,)0y.¢7(OH)(H,0), , and becquerelite Cag ;7(UO,) Og.67-
(OH) (H,0) 5 consist of uranyl hydroxide chains with the same
structural motif as in boltwoodite and uranophane."> Similar
chains are connected to layers by silicate tetrahedra in boltwoo-
dite and uranophane or by uranyl pentagonal bipyramids in
compregnacite and becquerelite. Negatively charged layers are
separated by Na* and Ca" cations. Such structural arrangement
rules out any other than Lewis interactions between basic cations
and adjacent layers. Based on this observation, we suggest
similar linear trend for formation enthalpies of isostructural
uranyl oxides hydrates as function of acidity of interlayer cations as
for uranyl silicates. The data are shown in Figure 2. Extrapolating
linear enthalpy trend to the K', as shown by the dashed line, we
predict enthalpy of formation for the compregnacite Nag 34,(UO,)-
Oos7(OH)(H,0),, from UO; H,0 and K,0 as —58 kJ/mol
(or —348 kJ/mol for Na,[(UO,);0,(0H);], - 7H,0).

Nag, 34(U0,)04 67(0H)(H,0), , Cag17(U0,) Og¢7(OH) (H,0), 5
-50 | PR 00 OHIHOhy 24722
-100 )
Predicted for

-t50  K0.34(U021 0057 (OH)H O Cags(UO,) (HSI0,)-2.5H,0
S -200
E Na(U0,)(HSiO,)-H,0
2 .250

g K(UO,)(HSiO,)H,0
T 300
NaCoPO,

-3804  KCoPO,

-400-{ RbCoPO,

-450 : . : , I

-16 -14 12 10 5 %

acidity of oxides, Smith scale

Figure 2. Enthalpies of formation from oxides for uranyl silicate, uranyl
oxide hydrate, and cobalt phosphate salts as a function of acidity of alkali
and alkali-earth oxides.*’

Enthalpies of formation from oxides permit calculations of
formation enthalpies from elements under standard condi-
tions (temperature 25 °C and pressure 1 bar) for all materials
(Table 2). Combined with solubility results and hence standard
Gibbs free energies of formation, these data directly yield
entropies of each phase of interest. Therefore, the combination
of calorimetry and solubility measurements represents a power-
ful approach for fully characterizing the thermodynamic proper-
ties of uranyl minerals.

Solubility Measurements. In our solubility studies,
measurements were conducted primarily under the low pH con-
ditions at which UO,>" is the dominant aqueous uranyl species.
This approach eliminates the need to rely on knowledge of the
thermodynamic properties of the aqueous uranyl species that exist
under higher pH conditions, and thereby improves the accuracy of
the thermodynamic calculations. Successful extraction of thermo-
dynamic data from solubility measurements requires a range of
measurements or controls on the experimental systems: (1) rigor-
ous demonstration of the attainment of equilibrium through
solubility reversals; (2) measurements of the equilibrium pH and
the total aqueous equilibrium concentrations of all mineral-forming
cations in the system, allowing for the calculation of the speciation
of all of the cations in solution; (3) ionic strength control or mea-
surement; and (4) determination that secondary mineral phases do
not form during experimentation.

In a typical solubility experiment, synthesized uranyl mineral
powder was placed in contact with a fixed ionic strength solution,
and the pH of the suspension was adjusted to a desired value
using concentrated acid or base. Ionic strength was buffered
using NaClO,. Shorter dissolution times or oversaturation of the
experimental solutions were achieved by spiking the initial aque-
ous phase with dissolved uranium and other mineral-forming
cations. Solubility experiments of uranyl silicates involved intro-
duction of silica gel into the experimental systems to buffer
aqueous Si concentrations and to ensure rapid attainment of
equilibrium with respect to dissolved Si. The experimental
solutions were agitated, and the aqueous phase was sampled
repeatedly as a function of time until steady-state conditions were
attained. These samples were then analyzed for dissolved total
metal concentrations, using inductively coupled plasma optical
emission spectroscopy (ICP-OES). The solid phases were

33,34,41
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characterized by powder X-ray diffraction and by FTIR-ATR
spectrometry both before and after the experiments to check for
phase stability under the experimental conditions. The ATR
permitted collection of IR spectra for sample areas as small as
12 um,” and was used to systematically search for impurity
phases that may not have been detected by XRD.

As an example, the equilibrium constant for the dissolution
reaction of soddyite

4H" + (UOZ)Z(SiO4)(HZO)z(soddyite)

= 2U0,*" + H,Si0, + 2H,0 (3)

can be expressed as

a*U0, **ay,sio
Ko="guw ©
,where a represents the activity of the subscripted aqueous
species. For experiments conducted below pH 5 where UO,**
and H,;SiO, species dominate the total dissolved uranium and
silica budgets, respectively, the value of K(;) can be directly
measured by determining the equilibrium pH and concentrations
of UO,** and H,SiO,. Standard states for minerals and for H,O
are defined to be the pure phases at the pressure and temperature
of interest, and the standard state for aqueous species is defined
to be a hypothetical one molal solution that behaves as if it is
infinitely dilute. Because we buffer the ionic strength with a
relatively inert background electrolyte such as NaClO,, we can
convert the measured molality of UO,** to an activity using the
extended Debye—Hiickel equation.® The activity of H' is
directly determined through pH measurements.

The equilibrium constant directly yields a value for the change
in standard state Gibbs free energy for the reaction, AG® coction
0

_AGreaction (7)

log Ky = =03k

where R and T represent the gas constant and absolute tempera-
ture, respectively.

The parameter AG®coction is defined as follows:

AGD = ZAG}’(U02+2) + AGJ‘?(H4SiO4>

reaction
+ ZAG})(HZO) - 4AGf0(H') - AG})(Soddyite)
(8)

where AG°; represents the standard Gibbs free energy of
formation at room temperature for the species in the parenthe-
ses. Because the values of AG%;) are well-established for
liquid H,O and for all of the major aqueous species, the experi-
mental determination of AG°,.,cion €nables us to calculate
AG® (sodayie) directly. Standard Gibbs free energies of for-
mation for other uranyl minerals, obtained in an approach
similar to that described for soddyite, under standard state, are
summarized in Table 1.

Although in theory only one solubility measurement, con-
ducted at a single ionic strength, is sufficient to determine the
value of K(;), significant improvement in the uncertainty asso-
ciated with these values is obtained by conducting the solubility
measurements both as a function of pH and as a function of
ionic strength. The measurements conducted as a function of pH

not only provide additional constraints on the thermodynamic
values, but they also constrain the stoichiometry of the dissolu-
tion reaction. Because reaction S depends on pH, a fixed
relationship exists between the extent of dissolution in terms of
the uranyl concentration and solution pH. Thus, the solubility
measurements conducted as a function of pH enable us to
determine whether such a relationship exists.

Although the direct determination of uranyl mineral solubil-
ities is of use, the extraction of standard Gibbs free energies of
formation from solubilities is perhaps of greater importance in
modeling uranyl mineral stabilities and solubilities under con-
ditions not directly studied in the laboratory. The calculated
Gibbs free energy values can be used to determine relative
stabilities of uranyl minerals under a wide range of conditions of
environmental and geological interest. The Gibbs free energy
values can also be used to calculate equilibrium constant values
for any reaction involving the studied uranyl mineral phases,
enabling estimation of the solubility of any mineral assemblage
for different conditions. Because it is impossible to measure
uranium concentrations in equilibrium with all uranyl phases
under all conditions in the laboratory, it is crucial to be able
to estimate these concentrations in order to assess the mobility
of uranium in systems not directly studied in the laboratory.
The thermodynamic properties that we determined enable such
extrapolation.

Environmental Applications. Groundwater, where uranyl
minerals precipitate, is typically rich in silica, carbonate, and
Ca®*,® thus the stability diagram for CaO—SiO,—UO5;—H,0
system is of great importance. A number of diagrams have been
previously reported. Finch and Ewing' calculated an activity—
activity diagram based on the data from solubility measurements
at undersaturated conditions with the stability field of becquer-
elite suggested from petrographic results. Prikryl* developed the
three-dimensional Log [UO,>/(H")?] vs Log [(Ca*)/(H)?]
vs Log [SiO,(aq)] diagram for uranophane using measured
solubility data. Also Murphy** have shown the stability of
uranoghane over the range of different conditions. Diagrams of
Finch®® and Chen et al.” are based exclusively on predicted
Gibbs free energies of formation. The thermodynamic data set
in this manuscript allows the calculation of stability fields for
selected uranyl minerals and it enables us to determine the
accuracy of previously predicted values. Figure 3 shows the log
(a(Ca®")/[a(H")? — log a(H,Si0,]) diagram for uranyl oxides
and silicates. Stability fields recommended by Finch and Ewing1
as well as predicted by Chen et al.>° are also shown. Predicted
values from Finch® are analyzed in detail by Chen et al.** and
therefore are not marked.

The diagram (Figure 3) confirms the conclusions of Chen
et al.*® and mineral stability relationships observed in nature.
Metaschoepite is a metastable phase that is replaced by uranyl
silicates if silica is dissolved in groundwater in any significant
amount. Stability of metaschoepite is limited to lower Si con-
centrations compared to that calculated by Chen et al,*® thus
explaining the favorable formation of soddyite for all ground-
water compositions at the low Ca®" contents assumed by Chen
et al. Soddyite and uranophane are the most abundant minerals
that form in contact with groundwater of almost any composi-
tion. Becquerelite is stable under more acidic conditions and
low silica concentration, but can coexist with soddyite and
uranophane; there are certain, but rare reports of 5ground—
water with chemistry favorable for such formations.* A few
other uranyl silicates, such as weeksite, are known to occur
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Figure 3. Stability fields of minerals in the CaO—SiO,—~UO;—H,0
system. Stability fields based on experimental results are indicated by
blue lines. Stability fields predicted by Chen et al.** are shown as solid
lines. Stability fields derived by Finch and Ewing' are shown in dashed
lines with stability of becquerelite (dotted line) estimated from petro-
graphic data." Black points and red point are composition of ground-
water; émd the composition of J-13 water, respectively, taken from Chen
et al.

naturally and thermodynamic data for these minerals need to be
determined.

There are not enough solubility data for uranyl carbonates to
revise their stability diagram. However, relationships between
metaschoepite and becquerelite found for the CaO—SiO,—
UO3;—H,0 system will also extend to CaO—CO,—UO;—H,0.
Given that metaschoepite stability is limited to log (a(Ca*)/
a(H")?) = 7.2, becquerelite formation becomes favorable for
almost all groundwater compositions shown by Chen et al.*

Uranyl phosphates have the lowest solubilities of the uranyl
minerals studied and thus their stability and favorable formation
conditions are critical. UO,HPO,+3H,0O can be formed accord-
ing to:

H™ + (UO,),(PO,), 4H,0 = UO,HPO,3H,0 + 2U0,**

+P0O,* + H,0 9)

and therefore its formation depends on pH, UO,*", and PO,
activities. At pH values lower than 4, (UO,);(PO,), 4H,0 is
stable at any uranyl cation activities above 10~ . If pH values are
above 5, UO,HPO,*3H,0 can become the more stable phase
due to formation of uranyl aqueous complexes and, as a result,
significant decrease of U0, activity. When Ca™ is present,
Ca(U0,),(PO,4),*3H,0 can form according to the reaction

(U0,),(PO,), 4H,0 + Ca**
= UO,*" + H,0 + Ca(U0,),(POy),-3H,0  (10)

but only if the activity of Ca®" is considerably larger (more
than an order of magnitude) than the activity of UO,**. Thus,
(U0,)5(PO,),+4H,0 is more stable than Ca(UO,),(PO,),"
3H,0 in Ca**-rich waters only if they are highly contaminated
with uranium.

Bl CONCLUSIONS

The experimental data summarized here yield an internally
consistent set of thermodynamic properties for a wide range of
environmentally important uranyl minerals. Although the ther-
modynamic properties of only some of the most geologically and
environmentally important and abundant uranyl phases have
been determined, the creation of this database represents a
crucial first step toward quantitative assessment of uranium
mobility in oxidized geologic systems. These thermodynamic
data can be used not only to determine the concentration of
uranium that exists in equilibrium with secondary uranyl miner-
als in groundwater, or ore-weathering, or spent nuclear fuel
repository systems, but also to determine which of these phases
are the most stable under a wide range of conditions of geologic
and environmental interest. The quality and extent of the
thermodynamic data set for uranyl phases have significantly
improved over the past few years, but much experimental work
remains to be done. In particular, experimental studies of uranyl
silicates need to be expanded, and solubilities of uranyl carbo-
nates must be included in the data set as well. All studies to date
have involved pure end-member uranyl phases, but incorpora-
tion of other elements into these phases may lead to nonideal
behavior that affects mineral stabilities and solubilities, and these
effects must be quantified as well. In general, the accuracy of
models of the fate and transport of uranium in environmental and
geologic systems is only as good as the thermodynamic data set
that forms its foundation. This data set has vastly grown over the
past decade but still is incomplete, and more research is needed
to yield a complete understanding of the behavior of uranium in
oxidizing systems.
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