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ABSTRACT: The thermodynamic properties of schoepite and metaschoepite were obtained by means of theoretical solid-state
methods as a function of temperature. Since the values of these properties for schoepite have not been measured experimentally,
they were predicted. The computed thermodynamic functions of metaschoepite were in excellent agreement with the
experimental information. These functions were used to obtain the thermodynamic properties of formation of these materials
from the corresponding elements. The calculated Gibbs free energy of formation of metaschoepite was shown to be very reliable
and differ from the experimental value at 800 K by only 2.0%. Besides, it extends the range of temperature in which this
property is known to 0—1000 K. Then, these properties were combined with those of other important uranyl-containing
materials to study the reactions of formation of schoepite and metaschoepite from uranium trioxide and the reactions of
transformation of these materials into dehydrated schoepite, rutherfordine, and soddyite. Schoepite becomes unstable with
respect to uranium trioxide for temperatures higher than 110 °C (383 + 27 K) and its dehydration occurs at 64 °C (337 + 44
K). The corresponding values of these temperatures for metaschoepite are 82 °C (355 = 6 K) and S °C (278 + 9 K),
respectively. Under hydrogen peroxide free conditions, schoepite and metaschoepite were found to be less stable than
rutherfordine and soddyite. The thermodynamic stability of schoepite with respect to metastudtite and studtite was then studied
under different conditions of temperature and concentrations of hydrogen peroxide. Schoepite and metaschoepite have very
similar thermodynamic stabilities, the first being slightly more stable than the second one. The availability of the
thermodynamic properties of these minerals allowed to determine their relative thermodynamic stability with respect to a rich
subset of the most relevant secondary phases resulting from corrosion of spent nuclear fuel. Schoepite and metaschoepite were
found to be the first and second most stable phases under intermediate hydrogen peroxide concentrations and the second and
third most stable phases under high concentrations of hydrogen peroxide, respectively.
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I. INTRODUCTION

Schoepite, [(UO,)30,(0OH),]-12 H,0, and metaschoepite,
[(UO,)s0,(0OH),,]-10 H,0'™? (also referred to as UO;-2.25
H,0 and UO;2 H,0, respectively), have been identified as
basic components of the paragenetic sequence of secondary
phases arising from the alteration of natural uraninites and
corrosion of spent nuclear fuel (SNF) under final geological
disposal (FGD) conditions.'’~"” Although the formation of
these mineral phases should occur in a radioactive nuclear
waste repository (RNWR) placed in an oxidizing environ-
ment,' >~ these phases are also relevant even in the case of
RNWRs placed in reducing environments. While the ground-
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water conditions in a nuclear radioactive waste disposal will be
generally reducing, an oxidative environment has been
hypothesized in a 50 um-layer near the fuel surface.'® These
oxidant conditions are a consequence of the radiolysis of water
due to the action of intense ionizing radiation linked to the
spent fuel'””® leading to the generation of oxidants as
hydrogen peroxide, H,0,.”" The formation of uranyl peroxide
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and oxyhydroxide phases will follow from the contact of these
oxidants with uranium dioxide.””** Schoepite and metaschoe-
pite phases have been identified on the “lava” formed after the
Chernobyl nuclear accident’ and as corrosion products of
SNF in the cooling basins at the Hanford nuclear facility.*>~>’
In this Article, the fundamental thermodynamic properties
(TP) of schoepite and metaschoepite minerals, including their
temperature dependence, have been obtained by using
theoretical solid-state methods based on density functional
theory using plane waves and pseudopotentials.”® Once the
TPs of these materials were known, they were employed in
order to derive the thermodynamic properties of formation
(TPF) of these uranyl-containing materials (UCM) in terms of
the elements using the methods developed in recent works.””*
These TPFs were then combined with those of dehydrated
schoepite (UO,(OH),), soddyite ((UO,),(SiO,)-2H,0),
rutherfordine (UO,CO;), and gamma uranium trioxide (y-
UO,), reported in a previous paper29 to study eight reactions
involving schoepite and metaschoepite and these materials:

UO,(cr) + 9/4H,0(1)

— 1/8[(U0,);0,(0H),,]-12H,0(cr) (A)
UO,(OH), (cr) + 5/4H,0(1)
- 1/8[(U0,),0,(0H),,]-12H,0(cr) (B)
UO,CO;(cr) + 9/4H,0(1)
— 1/8[(U0,);0,(0H),,1-12H,0(cr) + CO,(g)  (C)
1/2(U0,),(Si0,)-2H,0(cr) + 5/4H,0(1)
— 1/8[(U0,)30,(0H),,]-12H,0(cr) + 1/28i0,
(D)
UO;(cr) + 2H,0(1)
— 1/8[(U0,);0,(OH);,]1-10H,0(cr) (E)
U0,-H,0(cr) + H,0(1)
- 1/8[(U0,),0,(0H),,]-10H,0(cr) (F)
UO,CO4(cr) + 2H,0(1)
— 1/8[(U0,);0,(0H),,1-10H,0(cr) + CO,(g) “
G

1/2(U0,),(Si0,)-2H,0(cr) + H,0(1)

— 1/8[(U0,);0,(OH);,]-10H,0(cr) + 1/28i0O,(cr)

(H)

The reactions (A) to (D) describe the formation of
schoepite in terms of the uranium trioxide and the trans-
formations of dehydrated schoepite, rutherfordine, and
soddyite minerals into schoepite, respectively. Reactions (E)
to (H) are analogous to the previous reactions but for
metaschoepite. Because, with the exception of reaction (E), the
experimental values of the TPs of these important reactions are
not known, our theoretical calculations have allowed to predict
the corresponding enthalpies and Gibbs free energies of
reaction (EOR and GFEOR) and associated reaction constants
(RC) for an extended range of temperature. The relative
thermodynamic stability (TS) of schoepite with respect to the
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uranyl peroxide hydrates, metastudtite ((UO,)0,-2H,0) and
studtite ((UO,)0,-4H,0), in the presence of H,0O, and water
and under high H,0, concentrations, respectively, were then
analyzed by studying the following reactions:

1/8[(U0,)0,(0OH),,1-12H,0(cr) + 9/160,(g)

- (UO,)0,-2H,0(cr) + 1/8H,0(1) + 1/8H,0,(1)
@

1/8[(U0,)50,(0H),,]-12H,0(cr) + 7/4H,0,(1)

— (UO,)0,-4H,0(cr) + 3/80,(g) )

Similarly, the relative TSs of metaschoepite with respect to
schoepite in the presence of H,0, and water and under high
H,0, concentrations, respectively, were determined by
studying the following transformation reactions:

1/8[(UO,),0,(0OH),,]-12H,0(cr) + 1/160,(g)
— 1/8[(U0,);0,(0OH),,]-10H,0(cr) + 1/8H,0(1)
+ 1/8H,0,(1) ®)

1/8[(U0,)50,(0H),,]-12H,0(cr) + 1/80,(g)

— 1/8[(U0,);0,(0OH);,]-10H,O(er) + 1/4H,0,(1)
(L)

These results extend a previous work™ in which the TPs of a
large set of reactions including other UCMs were obtained.
These TP functions are important inputs for the performance
assessment (PA) calculations of RNWRs because the relative
TS of the secondary phases of SNF under FGD conditions is
highly temperature dependent.’® Furthermore, combining the
thermodynamic data obtained with those achieved in the
previous paper,”’ the relative stability of schoepite and
metaschoepite with respect to a subset of the most important
secondary phases appearing in the surface of SNF under FGD
conditions has been investigated.

This Article is organized in the following manner. The
theoretical methodology employed is described in Section II
The main results of this Article are given and discussed in
Section III. Subsection II.1 provides the TPs of schoepite and
metaschoepite mineral phases obtained by means of periodic
density functional theory employing plane waves and
pseudopotentials.”® The calculated TPFs of schoepite and
metaschoepite are reported in Subsection IIL.2. Subsections
IIL.3.a and II1.3.b contain the results for the EOR and GFEOR
of reactions (A) to (D) and (E) to (H), respectively. The
thermodynamic properties of the reaction (TPRs) of
dehydration of schoepite into metaschoepite are reported in
Subsection IIL.3.c, and those of reactions (I) to (L) are given in
Subsection IIL.3.d. The results allowed to determine the
relative TS of schoepite and metaschoepite with respect to a
series of the most important secondary phases of the SNF
under different conditions.”® Hence, the TS of schoepite and
metaschoepite phases is discussed in Subsection IIL.4. The
solubility products of schoepite and metaschoepite are studied
in Subsection IILS. Finally, the main conclusions of this Article
are presented in the Section IV.

Il. METHODS

II.1. Thermodynamic Properties. The crystal structures
of schoepite and metaschoepite mineral phases were modeled
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Figure 1. Computed heat capacity (A), entropy (B), and Gibbs free energy (C) functions of schoepite.

using the CASTEP code,®! included in the Materials Studio
package of programs.’” The DFT-D2 approach,™ that is, the
PBE density functional®* supplemented with the Grimme
empirical dispersion correction, was employed. The inclusion
of dispersion corrections improved significantly the description
of the dense hydrogen bond network present in the unit cell
structures of these materials. The pseudopotentials employed
for O and H atoms were standard norm-conserving
pseudopotentials® included in CASTEP program. For
uranium atom a new norm-conserving relativistic pseudopo-
tential >**” used extensively in the research of UCMs, >~ #29:30
was employed in the calculations. The thermodynamic
properties of some uranyl containing materials such as
dehydrated schoepite, studtite, and metastudtite have also
been determined using theoretical solid-state methods by
Weck and Kim**** and Sassani et al.** The reaction enthalpies
of some reactions involving some uranium fluorides and oxides
were determined theoretically by Beridze and Kowalski."’

The details of the computational treatment of schoepite
were described in a previous article,” and those corresponding
to metaschoepite are given in an Appendix of the Supporting
Information. The calculations were carried out with two
different values of the kinetic cutoff, 750 and 950 €V, to study
the variation of the computed properties with respect to the
increase of this calculation parameter. Since the variation was
small, the calculations performed with the cutoft value of 950
eV were considered to be well converged, and the
corresponding results were reported here. The structural
results and the X-ray diffraction pattern obtained for schoepite
in the previous work™ and provided in the Appendix of the
Supporting Information for metaschoepite are in very good
agreement with their experimental counterparts. The linear
response density functional perturbation theory (DFPT)*~>
implemented in the CASTEP code was also used in order to
determine the Raman spectra of schoepite. The computed
Raman spectrum of schoepite was in very good agreement with
the one recorded experimentally.*’

In order to determine the TPs of these materials, phonon
calculations were carried out at the optimized structures of
schoepite and metaschoepite. The phonon spectrum at the
different points of Brillouin zone were obtained employing the
density functional perturbation theory (DFPT) technique as
second order derivatives of the total energy.”” The phonon
dispersion curves and density of states were computed from
the phonon spectra, and from them, several important TPs in
the quasi-harmonic approximation, such as Gibbs free energies,
enthalpies, entropies, specific heats and Debye temperatures
were evaluated.””**

II.2. Thermodynamic Properties of Formation. The
enthalpies and Gibbs free-energies of formation (EOF and
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GFEOF) of schoepite and metaschoepite were determined,
from the computed enthalpy and entropy functions, (H;—
Hygs)™ and S5, by means of the relationships:*”>*

AH(T) = AgH + (Hy — Hyge)™
elements

- Z "i(HT _H29s)iexP
i (1)

elements

n(S )pr}
2 s @)

i

AG(T) = AH(T) - T{s;alc -

In these equations, AfHo is the EOF at the standard state (at
the temperature of 298.15 K and a pressure of 1 bar) of the
material being considered, and (Hy—H,og){® and (S7)f® are
the enthalpy and entropy functions of the elements forming
part of this material with stoichiometric coefficients n,
respectively. The precise values used for AfHO will be given
below. The thermodynamic functions for hydrogen and oxygen
were obtained from JANAF (Joint Army-Navy-Air Force)
thermochemical tables,”* and those for uranium were obtained
from Barin.”> The RCs of the formation reactions were
calculated from the corresponding Gibbs free energies of
formation employing the relationship:>*

AG(T) = —RT InK 3)

II.3. Thermodynamic Properties of Reaction. The
EORs and GFEORs at different temperatures were obtained
using our computed EOF and GFEOF functions,* AfG(T)“‘lC
and A/S(T)®", by means of the expressions:”"

products reactants

AG(T) = Y nAG(T) - Y nAG(T)

i j (4)
AH(T) = A,G(T) + T-A,S(T) (3)
where,
products ) reactants )
AS(T) = Y nAS(T) - ) nAS(T)
i j (6)

In these relations, AfGi(T) and AfSi(T), are the GFEOF and
entropy of formation at temperature T of compound i
participating in the reaction with stoichiometric coeflicient ;.
The precise values used of the TP functions for dehydrated
schoepite, metastudtite, studtite, soddyite, rutherfordine, and
7-UQO, were obtained in a previous paper.”” The TP functions
for SiO,(cr), H,O(1), O,(g), and CO, (g) were obtained from
JANAF thermochemical_tables,’4 and those for H,0,(1) were
obtained from Barin.>® The RCs were obtained, as in

DOI: 10.1021/acsearthspacechem.8b00109
ACS Earth Space Chem. 2019, 3, 17-28


http://dx.doi.org/10.1021/acsearthspacechem.8b00109

ACS Earth and Space Chemistry

_ P

—+— 8" (Barin)

—""g\ 150+ 4 0
< & 200
f 1004 £ - C;"k 4 150
o P4 —+=C," (Tasker eral) <
504 7 7_7(:,.., (Barin) 100

s — 8" (Tasker eral)

150 calc
—~(GH,)

—+—(G-H,)™ (Barin)

-200 4

@K' mol")

208
n

G-H

-250 4

400 600 800

Temperature (K)

1000 N 200

Temperature (K)

v 275 T
1000 200

400 600 800 1000
Temperature (K)

800

Figure 2. Computed heat capacity (A), entropy (B), and Gibbs free energy (C) functions of metaschoepite. The experimental values were reported

by Tasker et al.*° (in red) and Barin> (in violet).

Table 1. Comparison of the Calculated TPs of Schoegpite and Metaschoepite at the Temperature of 298.15 K and the

Corresponding Experimental Data for Metaschoepite’ 564

property CI,
schoepite calc. 150.62
metaschoepite calc. 142.01
exp.>® 172.07 + 0.34
exp.” 154.40

“All the values of the TPs are given in units of J-K™'-mol™".

N HT - H298 GT - H298
168.75 0 —168.75
166.24 0 —166.24
188.54 + 0.38 0 —188.54 + 0.38
167.00 0 167.00

Subsection 112, from the GFEORs by means of the well-
known eq 3.

lll. RESULTS AND DISCUSSION

lll.1. Thermodynamic Properties of Schoepite and
Metaschoepite. /ll.1.a. Schoepite. Phonon calculations were
performed at the optimized structure of schoepite. The TPs
were evaluated from the computed phonon spectra. Figure
1A—C display the computed isobaric heat capacity (C,),
entropy, enthalpy, and Gibbs free energy functions, respec-
tively. The values of enthalpy and Gibbs free energy were
divided by the temperature to express these properties using
the same units as for C, and § (J-K™"mol™"). The values of the
computed TPs over the temperature range 0—1000 K are given
in Tables S.1 to S.4 of the Supporting Information.

Since the TPs of schoepite have not been measured
experimentally, their values were predicted. The calculated
values of the isobaric specific heat and entropy at 298.15 K are
C, = 150.62 J-K"mol™" and § = 168.75 J-K "mol™". The
calculated values of the TPs of schoepite at selected
temperatures are given in Tables S.9 and S.10 of the
Supporting Information. The calculated isobaric specific heat
at the last temperature considered in the present work (1000
K), C,=2232 JK ' mol™, is 16.7% below the corresponding
Dulong—Petit asymptotic limit (Cp =268.1 J- K "mol ™).

Il.1.b. Metaschoepite. From the corresponding phonon
calculations for metaschoepite, performed at its optimized
equilibrium structure, the TPs were evaluated. Figures 2A—C
display the computed isobaric heat capacities, entropies, and
Gibbs free energies, respectively. The precise values of these
TPs over the temperature range 0—1000 K are provided in
Tables S.5 to S.8 of the Supporting Information.

Although the range of thermal stability of metaschoepite
appears to be from 0 to 425 K,* it will be shown below that
the thermal stability of metaschoepite in the presence of H,O,
is much larger. For this reason, the values of the TPs of this
material are provided in Tables S.5 to S.8 of the Supporting
Information and shown in Figure 2 for the extended range of
temperatures from 0 to 1000 K. The calculated isobaric specific
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heat at the last temperature considered in the present work
(1000 K), C, = 207.1 J-K™"-mol ™" is 17.1% below the Dulong—
Petit asymptotic value (C, = 249.9 J-K™"mol ™).

The results for the TPs of metaschoepite at 298.15 K are
compared with the corresponding experimental data reported
by Tasker et al.°® and Barin>* in Table 1. While the agreement
with the experimental data of Tasker*® is only reasonable, the
agreement with those of Barin® is very good. The calculated
isobaric specific heat of metaschoepite is, as expected, lower
than the corresponding calculated specific heat of schoepite by
about 6.1%. The values measured by Tasker et al.’® may be
inaccurate probably due to impure starting materials with
water content that is intermediate between that of schoepite
and metaschoepite.

It must be emphasized that Tasker et al.’® used, even in the
title of their article, the name “schoepite” to refer to a material
with formula, UO,(OH),-H20 = UO;2H,0 (metaschoe-
pite). As may be seen in their article, the lattice parameters
associated with their sample (a = 13.977 A; b = 16.696 A; ¢ =
14.672 A) agree with those of metaschoepite (after a change of
the names of the axes). Besides, the authors state that the X-ray
diffraction pattern of their sample was identical to that of
Debets and Loopstra,”” which corresponds again to
metaschoepite, not schoepite.

A comparison of the calculated TPs of schoepite and
metaschoepite with the corresponding experimental data for
metaschoepite measured by Tasker et al.*° in the range of
temperatures from 0 to 360 K is provided in Tables S.9 and
S.10 (see Supporting Information). Similarly, the experimental
values of the heat capacity, entropy, enthalpy and Gibbs free
energy for metaschoepite reported by Barin® in the range of
temperatures from 298.15 to 800 K are compared with the
calculated data in Tables S.11 and S.12 (see Supporting
Information). The last experimental value of the isobaric
specific heat reported by Tasker et al.*® at T = 360 K (C, =
199.9 J- K 'mol™") is about 20.0% below the Dulong—Petit
asymptotic value. Likewise, the experimental value of the
isobaric specific heat reported by Barin>® at T = 800 K (C, =
208.84 J- K ":mol™") is 16.4% below the asymptotic limit. As
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Table 2. Experimental, Assessed, and Estimated Values of the GFEOF of Schoepite and Metaschoepite at the Standard State”

material ref

Metaschoepite Langmuir58
Hemingway59
Finch®
O’Hare et al.*
Barin®®
Tasker et al.>°

Grenthe et al.**
Guillaumont et al.%
Kubatko et al.**
Gorman-Lewis et al.®%¢

Schoepite Finch®

type of data AfGo
assessed —1633.4
experimental —1632.0 + 4.0
estimated —1636.50 + 5.0
assessed —1637.0 + 1.7
experimental —1630.662
experimental —1636.51 + 1.7
assessed

assessed

derived” —1601.4 + 3.1
experimental —1632.2 £ 74
estimated —1697.1S + 5.0

“The GFEOF values are given in units of kJ-mol™". ®Obtained from the value of the EOF at the standard state measured by Kubatko et al.%* and the
experimental value of the metaschoepite entropy reported by Tasker et al.>

can be seen, the difference between the experimental results of
Tasker et al.”® with respect to the experimental ones of Barin®*
and the calculated results increase as the temperature increases.
The same is not true for the experimental TPs reported by
Barin,>® which agree well with the calculated properties even at
temperatures of the order of 800 K. The percent differences of
the calculated specific heat, entropy, and Gibbs free energy
with the experimental results of Barin® are 8.0%, 4.6%, and
4.6% at 298.15 K and become 5.4%. 3.2%, and 2.0% at 800 K,
respectively (see Tables S.11 and S.12 of the Supporting
Information). Whereas the TPs reported by Barin>® seems to
be accurate, the TPs computed in this work are recommended
because they expand the temperature range in which they are
known from 298.15—-800 K to 0—1000 K.

lll.2. Thermodynamic Properties of Formation.
Ill.2.a. Standard State EOF and GFEOF of Schoepite and
Metaschoepite. The experimental values of the standard state
GFEOF and EOF of metaschoepite are summarized in Tables
2 and 3,°°%°% respectively. There are not experimental
values for the standard state EOF of schoepite, a quantity
required to evaluate the temperature dependence of the
GFEOFs and EOFs.””?° Nevertheless, an estimate of AfH0

Table 3. Experimental, Assessed, and Estimated Values of
the EOF of Schoepite and Metaschoepite at the Standard
State”

material ref type of data AfHO
Metaschoepite ~ Cordfunke®’ experimental ~ —1829.7
Langmuir®® assessed —1825.9
Hemingway59 experimental —1826.0 + 4.0
O’Hare et al.®' assessed —1826.4 + 2.1
Barin®® experimental ~ —1826.701
Tasker et al.*® experimental ~ —1826.1 + 1.7
Grenthe et al.” assessed
Guillaumont et al.*®  assessed
Kubatko et al.** experimental ~ —1791.0 + 3.2
G:lrggan—Lewis et derived” —1825.8 + 7.4
Schoepite This work estimated® —1910.05 + 5.0

“The EOF values are given in units of kJ-mol™". YObtained from the
value of the GFEOF at the standard state measured by Gorman-Lewis
et al% and the experimental value of the metaschoepite entropy
reported by Tasker et al.>® “Obtained by using the GEEOF estimated
by Finch® and our calculated value of the schoepite entropy at 298.15
K.

21

may be obtained from the value reported by Finch® for the
standard state GFEOF of schoepite (see Table 2). From this
value and our calculated value of the entropy of schoepite at
298.15 K (Table 1), we obtained the final value A;H(UO;-
2.25 H,0 (er)) = —1910.05 + S kJ-mol ™/, which is the value
used in the present work. Since the method of estimation of
Finch®”***? was also applied to the metaschoepite mineral, we
could evaluate its accuracy by comparing the result for the
A(G’ of metaschoepite with the corresponding experimental
values. As observed in Table 2, the value differs from the
experimental metaschoepite standard state GFEOF values by
at most +5 kJ-mol™". This error estimation seems to be too
small if we consider the experimental standard state EOF of
metaschoepite reported by Kubatko et al.®* However, as
discussed in the next paragraph, this value seems to be
inconsistent with respect to the value of the standard state
GFEOF measured by Gorman-Lewis et al.*®

The assessed value of AfG0 for metaschoepite of Kubatko et
al.% given in Table 2, corresponding to the value AfH0 =
—1791.0 + 3.2 kJ'mol™' measured experimentally by these
authors® (see Table 3), was calculated from this AH? value
and the standard state entropy reported by Tasker et al.>®
(Table 1). This yields a value A(G® = —1601.4 + 3.1 kJ-mol’,
which is very different from the rest of the values given in
Table 2. Similarly, the value AfH0 = —1825.8 + 7.4 kJ-mol ™!
given in Table 3, corresponding to the value AfGO = —1632.2
+ 7.4 kJ'mol ™' measured experimentally by Gorman-Lewis et
al,*® was calculated from this AfGO value and the experimental
value of the standard state entropy of metaschoepite. While the
value obtained, AfHO = —1825.8 + 7.4 kJ-mol ™!, is similar to
that reported in most of the other experimental works, it is
inconsistent with the standard state EOF measured by
Kubatko et al.®* Therefore, it is not possible that the values
measured by Kubatko et al®* and Gorman-Lewis et al.>® for
the standard state EOF and GFEOF of metaschoepite be
simultaneously correct. This would imply a value for the
standard state entropy of formation of the order of A/S’ =
5§32.6 kJ-mol ™!, and a metaschoepite standard state entropy of
about §° = 293 J-K "mol™!, which is higher than the value
measured by Tasker et al.’® by more than 100 J-K™'-mol™".
The theoretical calculations for metaschoepite confirm that its
standard state entropy must be much smaller than 200 J-K™"-
mol™". Our calculated value at 298.15 K is S = —166.24 J-K™*-
mol™! (see Table 1). Based on this discussion, the
experimental value of Kubatko et al.®* of the EOF of
metaschoepite was not used. Instead, the value used was that
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reported by Barin,”> A:H® = —1826.70 + 1.0 kJ-mol™". This
value is very close to the experimental values reported by
Cordfunke,”’ Hemingway,59 and Tasker et al.>® and to the
value evaluated from the measured value of the Gibbs free
energy of Gorman-Lewis et al.® An error of +1.0 kJ-mol ™! was
included in order to estimate the influence of variations in
AfHO in metaschoepite dehydration temperature.

The estimated value®® of AfHO = —1910.0S + S kJ-mol™" for
schoepite and the experimental value AfH0 = —1826.1 + 1.7
kJ-mol™" for metaschoepite®> were used in order to obtain the
temperature dependence of their GFEOFs in terms of the
elements and corresponding reaction constants in the Sections
III.2.b and IIl.2.c. Additionally, these GFEOF values were
used, in turn, in Section IIL.3, to obtain the GFEORs and
associated temperature dependence of a series of reactions
involving schoepite and metaschoepite and other UCMs,
which are among the most important secondary phases
appearing in the surface of the SNF under FGD conditions
and, in Section IIL.4, to evaluate its TS with respect to these

22

phases. In the case that the standard state EOF of schoepite is
accurately measured experimentally in the future, the
corresponding temperature-dependent GFEOF of formation
may be obtained by subtracting the value used for AfHO and
adding the new value to the results reported in Table S.13 of
the Supporting Information (see next section IIL.2.b).

I.2.b. EOF and GFEOF of Schoepite. By using the
computed values of the TPs of schoepite, the GFEOF at the
standard state reported by Finch® and the experimental values
of the experimental TPs of the elements,””>> we obtained the
EOFs and GFEOFs and the associated RCs of schoepite as a
function of temperature, reported in Table S.13 of the
Supporting Information and displayed in Figure 3.

Il.2.c. EOF and GFEOF of Metaschoepite. From the
computed values of the TPs of schoepite, the experimental
EOF at the standard state reported by Barin,” and the
experimental values of the experimental TPs of the
elements,”™*° we obtained the EOF and GFEOF functions
of metaschoepite and the corresponding RCs, which are given
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in Table S.13 of the Supporting Information and shown in
Figure 3. In Table S.13 and Figure 3B, the calculated results for
metaschoepite are compared with the experimental values
reported by Barin.>> As may be seen the agreement of the
theoretical and experimental data is excellent even at high
temperatures. The calculated and experimental values at 800 K
differ by only 2.0%. However, the calculated results cover a
much larger range of temperatures from 0 to 1000 K.

ll.3. Thermodynamic Properties of Reaction as a
Function of Temperature. /ll.3.a. EORs and GFEORs of
Reactions (A) to (D). The calculated TPFs of schoepite, given
in Section IIl.2.b, were combined with those of other
important UCMs (y-UOQ;, rutherfordine, dehydrated schoepite,
and soddyite) reported in the previous work™ to study the
reactions (A) to (D) of the Introduction Section involving
schoepite and these materials. These reactions represent the
formation of schoepite in terms of the oxides and the
transformations of dehydrated schoepite, rutherfordine, and
soddyite minerals into schoepite, respectively. The methods
and the experimental data used in order to determine the
EORs and GFEORs, and associated RCs of these reactions
were described in Section IL.3. The results are given in Table
S.14 (Supporting Information) and displayed in Figure 4.

As can be seen in Figure 4A, schoepite mineral becomes
unstable with respect to the corresponding oxides at a
temperature of 383 + 27 K. The error estimate in this
temperature is due to the error margin in the estimate of the
standard state EOF of schoepite mineral, —1910.05 + 5.0 (see
Section II1.2.a). Similarly, as can be appreciated in Figure 4B,
the temperature of dehydration of schoepite mineral into
dehydrated schoepite is 337 + 44 K. The error estimates for
the temperatures at which these two changes of the stability of
schoepite are found were of the same order as those found in
our previous work.>

23

Finally, as shown in Figure 4C,D, the GFEORs of reactions
(D) and (E) are positive within the entire range of
temperatures considered (from 280 to 500 K), and therefore,
both rutherfordine and soddyite do not transform into
schoepite under normal (H,O, free) conditions.

111.3.b. EORs and GFEORs of Reactions (E) to (H). As in the
previous section, the calculated TPFs of metaschoepite, given
in Section IIl.2.c, were combined with those of uranium
trioxide, dehydrated schoepite, rutherfordine and soddyite® to
study the reactions (E) to (H) of the Introduction Section.
These reactions represent the formation of metaschoepite in
terms of the oxides and the transformations of dehydrated
schoepite, rutherfordine, and soddyite minerals into meta-
schoepite, respectively. The results are given in Table S.15 of
the Supporting Information and displayed in Figure S.

Figure SA shows that metaschoepite becomes unstable with
respect to the corresponding oxides at a temperature 355 + 6
K. Similarly, as can be appreciated in Figure 5B, the
temperature of dehydration of metaschoepite mineral into
dehydrated schoepite is 278 + 9 K.

As shown below, at H,O, free conditions, schoepite has a TS
that is very similar to that of metaschoepite (see Section IIL.3.c
for the precise values of the EOR and GFEOR values for the
corresponding dehydration reaction). Schoepite is shown to be
only slightly more stable than metaschoepite. This was
expected since the distinction between schoepite and
metaschoepite both at laboratory and natural settings is
complicated, and the samples usually involve a mixture of both
phases.

Heating schoepite, metaschoepite, and dehydrated schoepite
(UO;aH,0; 0.75 < x < 1) are formed by a stepwise loss of
water. The TGA studies of Dawson et al.’”’ showed that
metaschoepite loses water in two stages, being converted into
U0;-0.80 H,O between 293 and 413 K and into UOj; at 633
K. The DTA and TGA measurements of Lindval and
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Kuznetsova’"®! showed that, in fact, the initial decomposition

product is UO;:0.75 H,O and that subsequent heating leads to
the formation of UO; and finally to U;Og. The TGA results of
Perez-Bustamante et al.”>®' showed that UO;-0.75 H,O was
formed up to 452 K. Most of these observations have been
confirmed by several studies as those of Hoekstra and Siegel.”
Our results show that metaschoepite decomposes into UO,
from 355 K since the GFEOR of reaction (E) becomes positive
at this temperature. However, according to reaction (F)
metaschoepite converts into dehydrated schoepite (UO;-1
H,0) at 278 K. Since dehydrated schoepite is more stable than
UO;" and dehydrates to UOj; at about 463 K, metaschoepite
must dehydrate first at 278 K becoming dehydrated schoepite,
and then, this compound dehydrates to UO; at about 463 K.
This final temperature of dehydration to UO; is in very good
agreement with the experimental value of 452 K. According to
our previous work,®’ further heating leads to U;Og, the
transformation beginning at a temperature of 488 K. The
conversion rate reaches a maximum at about 759 K.

ll.3.c. Thermodynamics of the Reaction of Dehydration
of Schoepite into Metaschoepite. The reaction of dehy-
dration of schoepite into metaschoepite may be written as

1/8[(UO,);0,(OH),,]-12H,0(cr)

- 1/8[(UO,);0,(0H),,]-10H,0(cr) + 1/4H,0(1)
7)
The calculated TPFs of schoepite and metaschoepite, given
in Sections IIL.2.b and IIL.2.c, were combined with the
experimental ones of H,O form JANAF tables™ to study this
dehydration reaction. The results are given in Table S.17 of the
Supporting Information and displayed in Figure 6. As was

87 TTAG, - 0.2
. —v—Log K - I
7__ \ v/v// 1-04

6 \\ v ]
] S 4-06

r

|
_. /><'\ — 0.8 S

AG /kJ mol

4
/ 1.0
.
3
] / \.\. —-1.2
24V \.
1 4-1.4
1 T T T T T
300 350 400 450 500

Temperature / K

Figure 6. Calculated GFEORs of the reaction 7 of dehydration of
schoepite into metaschoepite.

already mentioned in the previous section, schoepite has a TS
that is very similar to that of metaschoepite at H,O, free
conditions. Schoepite is found to be only slightly more stable
than metaschoepite.

lll.3.d. EORs and GFEORs of Reactions () to (L). The
calculated TPFs of schoepite and metaschoepite were
combined with those of metastudtite and studtite reported in
our previous work™ to study the reactions (I) to (L) of the
Introduction Section. Reactions (I) and (J) represent the
transformation of schoepite into metastudtite and studtite in
the presence of water and H,0, and in the presence of H,O,
and absence of water, respectively. Reactions (K) and (L)
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represent the transformations of metaschoepite into schoepite
under the same conditions. The last situation is very important
since it is the one expected under high radiation fields, which
cause the radiolysis of the water reaching the surface of the
SNEF. The experimental data used in order to determine the
EORS and GFEORs and associated RCs of these reactions
were described in Section II.3. The results are given in Table
S.16 (see Supporting Information) and displayed in Figure 7.

Since the GFEORs of reaction (1) are positive everywhere
(see Figure 7A), schoepite will not transform spontaneously
into metastudtite in the presence of water and H,O,.
Therefore, schoepite is highly stabilized under the presence
water and H,O,, becoming more stable than metastudtite. The
opposite behavior is observed for reaction (J). In this case the
GFEORs are negative within the full range of temperature
considered (see Figure 7B), and consequently, schoepite will
be converted into studtite under high H,0, concentrations.
This means that the stabilization of schoepite is not as large as
that of studtite phase, which, as shown in the next section, is
the most stable secondary phase of the spent nuclear fuel at
these conditions among those considered in this work. Because
the GFEORSs of reactions (K) and (L) are positive everywhere
(see Figures 7C and 7D), metaschoepite is less stable than
schoepite not only under H,O, free conditions but also under
the presence of H,0,. In fact, the difference in the stabilities of
these phases increase as the amount of H,O, increases. At 298
K, the free energies of the transformation of schoepite into
metaschoepite increases from 8.0 kJ-mol™' at H,0, free
conditions to 37.2 kJ-mol™" at high H,0, conditions (see
Table S.16 and S.17 in the Supporting Information).

Dehydrated schoepite and soddyite readily transform into
studtite under high H,0, concentrations as shown by Forbes
et al.”* Similarly, Kubatko et al.”> showed that becquerelite
transforms completely into studtite in the presence of high
concentrations of H,O, in only 8 h. The transformation of
uranium trioxide, rutherfordine, and metastudtite into studtite
was also predicted in our previous work.”” The same should
also occur for schoepite and metaschoepite.

lll.4. Relative TS of Schoepite with Respect to Other
Secondary Phases of the SNF. Using the results obtained in
this Article and those reported previously,’® the order of
stability of schoepite, metaschoepite, dehydrated schoepite,
studtite, metastudtite, soddyite, rutherfordine, and y-UO; may
be evaluated: (A) in the absence of H,0,; (B) in the presence
of water and H,0,; and (C) in the presence of high H,0,
concentrations. The relative TS of these phases at these
conditions is displayed in Figure 8. In Figures 8A—C, the
relative TSs are measured with respect to y-UQO;, metastudite,
and studtite, respectively.

As shown in Figure 84, in the absence of H,0,, soddyite is
the most stable phase and rutherfordine is also more stable
than schoepite and metaschoepite. Thus, at H,O, free
conditions, in the presence of silicate or carbonate ions,
schoepite and metaschoepite should be replaced by other
mineral phases. In the presence of water and H,0,, as shown
in Figure 8B, schoepite and metaschoepite are very highly
stabilized and become the first and second most stable phases,
respectively. Finally, as can be seen in Figure 8C, and it also
occurs to studtite phase,”” the TS of these phases also increases
under high H,0, concentrations. However, the stabilization of
schoepite and metaschoepite is not as large as that of the
studtite phase, and they become the second and third most
stable phases at these conditions among those considered in
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this work. Schoepite phase is less stable than studtite by about
90 and 60 kJ-mol™" at 298.1S and S00 K, respectively, and
more stable than metastudtite by about 230 and 207 kJ-mol ™
at 298.15 and 500 K, respectively.

Studtite TS decreases largely with the decrease of H,O,
concentration and the increase of temperature. When the
concentration of H,O, diminishes with time, as expected from
the decrease of the intensity of radiation fields over time in a
RNWR,”® the stability of this hydrated uranyl peroxide phase
will decrease, and other secondary phases will be formed.
However, in order to evaluate the TS of the secondary phases
of the SNF in a precise way, an extended study must be carried
out including a more significant number of secondary phases.
The full evaluation of the relative amounts of secondary phases
of SNF at FGD conditions over time requires the realization of
complete thermodynamic calculations using thermochemical
data for an appreciable number of materials including aqueous
species, the most important secondary phases, and amorphous
phases at different temperature and pressure conditions.”

lI.5. Solubility Reaction Constants of Schoepite and
Metaschoepite. The solubility reactions of schoepite and
metaschoepite are, respectively

1/8[(U0,);0,(0H),,]-12H,0(cr) + 2H*(aq)

- U0,**(aq) + 13/4H,0(1) (8)
and
1/8[(U0,);0,(0H),,1-10H,0(cr) + 2H*(aq)
- UO0,**(aq) + 3H,0(1) (9)

Using the computed values of the GFEOF of schoepite and
metaschoepite and the GFEOF of aqueous uranyl ion,
UO,**(aq), and water at 298.15 K,”” one obtains the GEEORs
and associated RCs of reactions 8 and 9 given in Table 4. As
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can be seen, the calculated solubility product of metaschoepite,
log K§;lc = 5.98, is in excellent agreement with the experimental
value reported by Gorman-Lewis et al.”* (log K$P = 5.60 +
0.2). Schoepite is shown to be more insoluble than
metaschoepite.

IV. CONCLUSIONS

The TPs of schoepite and metaschoepite minerals were
determined by using theoretical solid-state methods based on
density functional theory using plane waves and pseudopoten-
tials. Since these properties have not been measured
experimentally for schoepite, their values were predicted.
The results obtained of metaschoepite were found to be in very
good agreement with the experimental values from Barin.>
The calculated TPs of these materials were used in order to
obtain their EOF and GFEOF as a function of temperature.
The calculated GFEOFs of metaschoepite are in excellent
agreement with the experimental data even at high temper-
atures.” Then, these TPFs were combined with those of other
important UCMs (rutherfordine, y-uranium trioxide, dehy-
drated schoepite, and soddyite) to study eight reactions
involving schoepite and metaschoepite and these materials.
The results showed that schoepite becomes unstable with
respect to the corresponding oxides at temperatures higher
than 110 °C (383 + 27 K) and that the dehydration of
schoepite occurs at 64 °C (337 + 44 K). The corresponding
values of these temperatures for metaschoepite are 79 °C (355
+ 6 K) and S °C (278 + 9 K), respectively. Under H,O, free
conditions and within the full range of temperatures
considered, from 280 to 500 K, schoepite is less stable than
rutherfordine and soddyite.

The relative TS of schoepite with respect to the uranyl
peroxide hydrates metastudtite and studtite was studied under
different conditions of temperature and concentrations of
H,0, by considering the corresponding reactions. Besides, the
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Figure 8. Relative TS of schoepite and metaschoepite with respect to
other secondary phases of SNF: (A) under the absence of H,0,; (B)
under the presence of water and H,0, and (C) under high
concentrations of H,0,.

Table 4. Calculated GFEORs (A,G) and Associated RCs
(Log K) of the Reactions of Solubility of Schoepite and
Metaschoepite (Reactions 8 and 9), respectively)”

mineral A, G log K¢ log K3 (ref 65)
schoepite —26.11 4.57
metaschoepite —34.14 5.98 5.60 + 0.2

“The values of A,G are in units of kJ-mol™".

relative stability of metaschoepite with respect to schoepite at
these conditions was evaluated from the TPs of the
corresponding transformation reactions. Schoepite and meta-
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schoepite are shown to have very similar TSs, the first being
slightly more stable than the second one. From these
computations, we have been able to determine the EORs
and GFEORs and the associated RCs of these reactions for a
wide range of temperatures. These results obtained in this
work allowed to determine the relative TS of schoepite and
metaschoepite with respect to a series of the most important
SNF secondary phases under different conditions. These
results show that, among the mineral phases considered in this
study, schoepite and metaschoepite are the first and second
most stable phases under intermediate H,0, concentrations.
Besides, they are, after studtite, the second and third most
stable phases under high H,O, concentrations. This situation is
important since it is the one expected under high radiation
fields producing the radiolysis of water on the surface of the
spent nuclear fuel. Finally, the solubility reaction constants of
schoepite and metaschoepite were determined. The calculated
solubility product of metaschoepite was in excellent agreement
with the experimental value. Schoepite is shown to be more
insoluble than metaschoepite.
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