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Metastudtite, (UO,)O,(H,0),, is one of two known natural perox-
ide minerals, but little is established about its thermodynamic sta-
bility. In this work, its standard enthalpy of formation, —1,779.6 +
1.9 kJ/mol, was obtained by high temperature oxide melt drop so-
lution calorimetry. Decomposition of synthetic metastudtite was char-
acterized by thermogravimetry and differential scanning calorimetry
(DSC) with ex situ X-ray diffraction analysis. Four decomposition steps
were observed in oxygen atmosphere: water loss around 220 °C
associated with an endothermic heat effect accompanied by amorph-
ization; another water loss from 400 °C to 530 °C; oxygen loss from
amorphous UOs to crystallize orthorhombic a-UO, g; and reduction
to crystalline U3Og. This detailed characterization allowed calcula-
tion of formation enthalpy from heat effects on decomposition
measured by DSC and by transposed temperature drop calorime-
try, and both these values agree with that from drop solution
calorimetry. The data explain the irreversible transformation from
studtite to metastudtite, the conditions under which metastudtite
may form, and its significant role in the oxidation, corrosion, and
dissolution of nuclear fuel in contact with water.

uranium | metastudtite | enthalpy of formation | stability |
nuclear fuel alteration

M etastudtite, (UOZ)OZ(HZO)Z, and studtite, (UO2)02(H20)4,
are the two only known minerals containing peroxide.
Metastudtite is the main natural peroxide mineral (1) due to the ir-
reversible dehydration of studtite (2). Both these phases may be found
in spent nuclear fuel exposed to water (3-5). Burns et al. (6), by
single crystal diffraction of a natural sample, determined the crystal
structure of studtite to be monoclinic with space group C2/c. The
structure consists of edge-sharing UOg-polyhedra chains. The water
molecules are located on two different positions between these
chains. Although there are different, yet very similar, models for
metastudtite, thus far no structure has been determined (7, 8). It
is highly probable that metastudtite, like studtite, consists of chains
of edge-sharing UOg polyhedra with the water molecules located
between the chains. To better depict the bonding situation and the
different oxygen atoms, it is proposed to write the sum formulas as
(UOz)(Oz)(HzO)zszo for studtite and (UO2)(02)(H20)2 for
metastudtite [in analogy to Burns et al. (6)].

Studtite and other polyoxouranylates have a potentially im-
portant role as alteration phases in geological repositories for
nuclear waste, specifically regarding the interactions of nuclear
waste with the aqueous environment (9, 10). They have also been
proposed as corrosion products in sea water after the Fukushima-—
Daiichi nuclear plant accident (10-12).

In a nuclear waste repository, the high alpha dosage will be the
dominant factor after the first thousand years of storage (13). In
combination with groundwater, the alpha radiation will lead to
formation of H,O, (3, 4, 9, 14). These very localized oxidative
conditions could trigger the genesis of studtite or metastudtite
even if the overall conditions are reducing (14). The formation of
metastudtite on UO, samples as a direct effect of alpha radiol-
ysis of water was observed by Sattonay et al. (3). Studtite and
metastudtite were identified by Hanson et al. (5) as the only
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secondary phases left in a 2-y corrosion experiment on spent nuclear
fuel. Also UO;xH,O (x < 2), metaschoepite, was found to form as
an oxidation product on the surface of UO, samples. On leaching
with aqueous H,O, solution, however, it was completely replaced
by studtite. The mechanisms by which either phase forms are still
unknown. Most safety assessments of nuclear waste repositories
regarding the uranium component emphasize the role of the sili-
cates, oxides, and oxyhydroxides. However, Forbes et al. (15) were
able to demonstrate that some of these earlier formed phases are
susceptible to alteration to studtite.

The decomposition of studtite was first thoroughly studied in
1961 (16-18). Cordfunke and van der Giessen (18) conducted a
transmission electron microscopy study of the decomposition in
1963. They found that minor impurities have an influence on the
dehydration process, i.e., uranium peroxide synthesized from
uranyl nitrate solution behaved differently than uranium peroxide
synthesized from uranyl acetate solution during dehydration.
Stepwise decomposition of studtite was observed on heating (17,
19). Dehydration of studtite to metastudtite is irreversible (2).
Thus far, no mechanism for dehydration has been proposed. The
intermediate amorphous phase forming during the first transition
(studtite — metastudtite), observed in previous studies (2, 19-24),
has not been well investigated. Its identity and following in-
termediate phases, especially regarding structure, remain unclear.
Therefore, decomposition of metastudetite is studied carefully and
in depth in this work.

Thermodynamic investigations conducted by Kubatko et al.
(14) in 2003 provided the standard enthalpy of formation of
studtite to be —2344.7 + 4.0 kJ/mol. The study also confirmed the
stability of studtite, even at low H,O, concentrations in a per-
oxide-bearing environment, from a thermodynamic point of view.
For the first time, to our knowledge, by integrating the differential
scanning calorimetry (DSC) trace and using thermogravimetry
(TG) results and other thermodynamic data, we were able to
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accurately derive the enthalpy of formation of metastudtite, which
was also obtained by high temperature oxide melt solution ca-
lorimetric measurements and was found in good agreement with
that from the DSC experiment. These data enabled evaluation of
its stability in the natural environment.

Results

X-ray diffraction (XRD) patterns shown in Fig. 1C were taken
on samples covered with kapton foil. This foil protects the
samples from air but produces a significant background signal.
No additional phases could be observed. Rietveld refinement
based on the structure model provided by Weck et al. (8) re-
sulted in the lattice parameters a = 8.4184(4) A, b = 8.7671(4) A,
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Fig. 1. Metastudtite sample characterization. (A) IR spectrum; (B) Raman
spectrum; and (C) Rietveld refinement of XRD pattern of metastudtite (Cu Ka).
See text for details.
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Fig. 2. TG trace in red curve and DSC trace in black curve on metastudtite
heating in oxygen.

and ¢ = 6.4943(3) A, with wRp = 9.19%, Rp = 7.04%; space group
Pnma, 7 = 4, O3-O3 - distance was constrained. Certain re-
flection intensities still deviate from the fit. The sample shows
strong preferred orientation of the crystallites. Infrared trans-
mission (IR) spectra of metastudtite (Fig. 14) features the typical
VY(OH)*™ adsorption band at 3,153 cm™, which is weaker than in
studtite, yet the structures are much sharper. The sharper struc-
tures were already observed by Sato (17) in synthetic and by
Bastians et al. (25) in natural samples. It is assumed that mainly
the crystal water contributes to this signal in the spectrum of
studtite. In the Raman spectra (Fig. 1B), v(U = O)*™™ is slightly
shifted 10 cm™ to higher wave numbers from 921 cm™ in studtite
to 933 cm™! in metastudtite. Splitting of this band occurs in the
spectrum of metastudtite, which is in accordance with two differ-
ent U = O bond lengths as proposed by the Weck et al. (8) model.
In the Raman spectrum, the symmetric uranyl v(U = O)™" stretch
appears as the strongest band, followed by the symmetric
V(O-Operoxo)- The region of ~750 cm™!, typical for U-O and (U-O-
U-O) long-range modes of UO; (26), shows no signal. The pres-
ence of amorphous UQ; in the sample can therefore be excluded.
The DSC trace shows two endothermic and one exothermic
heat effects on heating metastudtite to 1,000 °C (Fig. 2). The first
endotherm at 180-240 °C is associated with the decomposition of
metastudtite to an amorphous phase with evolution of H,O
detected by mass spectrometry. A sample quenched from 300 °C
shows no crystalline peaks (Fig. 3), indicating an amorphous
phase. This or a similar amorphous phase was identified as dif-
ferent compounds from various studies (2, 19-23). Using both
evolved gas and TG analysis (Table 1), we determined it to be
amorphous UO5;-nH,0 (am-UO;nH,0), which is consistent with
previous thermal decomposition experiments (19-21, 23). From
240 °C to 500 °C, TG and DSC indicate loss of water from am-
UO;5nH,0 to amorphous UO; (am-UQO;3) composition before
crystallization, as can be seen in the XRD pattern of sample re-
trieved at 530 °C (Fig. 3) just before the first exothermic peak. The
subsequent exothermic peak reveals the energy released during
the crystallization, which is accompanied by loss of oxygen and
generating UO, ¢, an orthorhombic phase (20) that resembles the
structure of U3Og. The sample retrieved from 580 °C was a-UQO, o
(Fig. 3). Continued heating leads to the complete decomposition
to U3Og, which was identified by XRD on the sample retrieved
from 800 °C (Fig. 3). According to DSC analysis, the integrals of
first and second endothermic peaks yield 52.3 and 19.9 kJ/mol,
respectively, and that of the exothermic peak is —3.5 kJ/mol.
Adding these heat effects together gives AH gecom = 68.7 kJ/mol for
the decomposition of metastudtite to UzOg in O, atmosphere.

Guo et al.
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Fig. 3. XRD patterns of metastudtite samples quenched in DSC from in-
dicated temperatures. Pattern above 580 °C corresponds to a-UO, o (PDF 18-
1427) and above 800 °C to UsOg (PDF 61-2801).

Measured drop solution enthalpies from high temperature
drop solution calorimetry were used in thermochemical cycles in
Table 2 to determine the enthalpy of formation of metastudtite
from its oxides. For the reaction

y-UO3525 «c) +2H20(1 25 «c) +1/2054 25 )

1]
- (UOZ)OZ(HZO)z(s,zs °C)*
The enthalpy of formation of metastudtite from y-UO;, H,0, O,
is determined to be 15.8 + 1.7 kJ/mol. For analyzing the stability
of metastudtite in an environment where H,O5 is constantly pro-
duced, the following reaction is applied:

¥-UO3(525 °c) + H2O(1 25 «c) + HaO2125 )

2
- (UOZ)OZ(HZO)z(s,zs °C) =
This enthalpy of formation is AHy oy peroxide = —82.3 = 1.7 kJ/mol.
Because there are no gases evolved, AS is near zero in this
reaction; thus, AG¢ o peroxide 18 almost equal to AH oy peroxide-
The negative value indicates that the metastudtite phase is
stable with respect to y-UO3, H,O, and neat H,O,. In addi-
tion, U3Og instead of y-UQOj; as reference material is valuable
for discussion of the long-term stability of metastudtite be-
cause U3Og was found to be the final product in both trans-
posed temperature drop (TTD) calorimetry and DSC experiment
on decomposition of metastudtite in oxygen. Thus, consider
the following reaction based on metastudtite, U3;Og, H,O,
and O,

1/3 U30gs25 °c) +2 HaO(125 °c) +2/3 Osg25 <)

3
- (UOZ)OZ(HZO)z(s,zs °C) sl
The enthalpy of formation obtained for this reaction is —16.5 +
2.0 kJ/mol.

Similarly, in the TTD experiment, the final state of meta-
studtite was well defined (U3Og). The thermochemical cycles can
thus be easily constructed. Table S1 shows both measured
enthalpies and thermochemical cycles associated with the TTD
experiment. The enthalpy of formation of metastudtite from
U305, H,0O, and O, was therefore obtained to be —12.0 + 6.8 kJ/mol.
This direct measurement agrees, within experimental error, with that
done by drop solution calorimetry.

The standard enthalpy of formation, AH;=-1,779.6+
1.9 kJ/mol, was also calculated through thermochemical cycles
in Table 2. This result is consistent with data, —1,784.0 + 4.2 kJ/mol,
obtained by combining references (19, 27). All enthalpy of for-
mation results can be found in Table 3.

Discussion

Clearly seen in Fig. 2, the thermal decomposition of metastudtite
takes place in different temperature ranges in four steps: (a)
metastudtite — am-UO3;-nH,0, (b) am-UO5;-nH,0 — am-UQOs;,
(¢) am-UO3; — a-UO,,, and (d) a-UO, 9 — U30g. These steps
are elaborated schematically in Fig. 4. Step a occurs before 300 °C
with an endothermic peak centered at 220 °C, including removal
of water and collapse of the peroxide. This decomposition leads
to an amorphous phase, which exists around 400 °C (Fig. 4). It is
difficult to differentiate this amorphous phase from the am-UQs3,
which, however, can be easily identified by its composition from
TG analysis in Table 1 and its amorphous state from the XRD
pattern in Fig. 3. This amorphous form and am-UQ; are bridged
by a slow yet noticeable weight loss (removal of water) from 300 °C
to 530 °C. Also in this temperature range, the DSC trace suggests
that it is loss of water instead of oxygen that leads to the for-
mation of am-UQj3, which otherwise would have been observed
as obvious and strong DSC signal in that temperature range due
to structural change.

Because the compounds formed in those four steps are clear,
the weight losses from metastudtite to am-UQO3;-nH,0, am-UQOs3,
a-UQO, 4, and U3Og are clearly determined and can be compared
with their theoretical values (Table 1). The consistency between
the experimental and theoretical results is good, with an average
difference 8* = 0.35% weight loss for reactions in steps b, ¢, and
d. Thus, 8* = 0.35% as the difference for experimental-theoretical
values was applied to the step a reaction: metastudtite — am-
UO;5nH,0. It is then possible to calculate the theoretical value of
weight loss of step a from subtraction of &* from experimental
value. The chemical composition of product from the step a re-
action was therefore found to be am-UO;nH,0 (n = 0.35), cor-
responding to the plateau of the TG trace around 400 °C.

Immediately after the second dehydration (step b reaction),
am-UQj begins to recrystallize to a-UQO, o with loss of oxygen at
550 °C (step c reaction). This crystalline a-UO, g is identified by

Table 1. TG analysis in O, correlating experimental and theoretical weight loss (%)
Experimental weight Theoretical weight Difference
Step loss (%) loss (%) 5 (%)
(U0,)0,(H,0); — am-U03:nH,0 13.90 13.53* 0.35"
(UO3)05(H,0), - am-UO3 15.74 15.39 0.35
(UO2)0,(H20); — UOy9 16.14 15.86 0.28
(UO,)05(H,0), — U30g 17.38 16.70 0.41

*Calculated by subtracting 5* = 0.35 (and in turn determine the value of n).

TAveraging over & from the following steps.

Guo et al.
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Table 2. Thermochemical cycles for the calculation of the enthalpies of formation of
metastudtite from binary oxides at 25 °C (based on drop solution calorimetry)

Reaction AH (kJ/mol)

(1) (UO2)02(H20)2s, 25 °c) = UO3sin,702 °c) + 2 H20(g,702 c) + 1/2 Ozg,702 ¢ 142.7* + 0.7"

(2) y-UO3¢, 25 o) = UO3¢sin, 702 =0 9.5 + 1.5 (28)
(3) 1/3 U308(5, 25 °c) + 1/6 OZ(g, 25 °C) = 'Y-UO3(5' 25 °Q) -32.2 + 1.1 (29)
(4) HyOq, 25 °c) = H20(g, 702 <) 69.0 (30)

(5) H205(, 25 c) = H20q, 25 o) + 1/2 Ox(g, 25 °c) —-98.0 (30, 31)
(6) Oz(g, 25 °c) = Ox(g, 702 ) 21.8 (30)

(7) Ugs, 25 °c) + 3/2 Oy(g, 25 °c) = 1-UO3(, 25 ¢
(8) Ha(g, 25 °c) + 172 O3(g, 25 *c) = H20¢, 25 *)

—-1,223.8 + 0.8 (29)
—285.8 + 0.1 (31)

(9) y-UO3(s, 25 «c) + 2 H20y, 25 °c) + 1/2 Oy(g, 25 oc) = (UO2)02(H20) s, 25 <0y

AHgox = - AHy + AH> + 2 AHy + 1/2 AHg

158 + 1.7

(10) y-UO3(5, 25 °) + H20q, 25 °) + H202(, 25 °c) = (UO2)02(H20) s, 25 <c)

AH1g = AHs ox peroxide = - AHq + AH + 2 AHy + AHs + 1/2 AHg

-823+ 1.7

(11) 1/3 U30ss, 25 o) + 2 H0q, 25 ) + 2/3 O(g, 25 o) = (UO2)05(H20) s, 25 <c)

AHg o = - AHy + AHy + AH3 + 2 AHg + 1/2 AHg

-16.5 + 2.0

(12) U, 25 °c) + 2 Ha(g, 25 °c) + 3 Ox(g, 25 °c) = (UO2)02(H20)z, 25 =)

AH% = AHg + AH; + 2AHg

-1,779.6 + 1.9

*Average.
"Two SDs of the average value.

the XRD (Fig. 3). TG analysis shows a 0.40% weight loss com-
pared with theoretical loss of 0.47%. Continued heating leads to
the final decomposition to U;Og (step d reaction), supported
both by the TG analysis (Table 1) and by the XRD (Fig. 3) of the
retrieved sample.

Thermodynamic data based on the DSC can be used to cal-
culate the formation enthalpy of metastudtite, AH; opsc), from
well-defined reference materials (U30g, H,O, and O,) at room
temperature. Table S2 shows the DSC integral results, heat con-
tent of compounds necessary for calculation, and selected ther-
mochemical cycles, from which the value of AH; qypsc) at room
temperature were derived.

However, the heat content of metastudtite at 220 °C (that is
essential for conversion of enthalpy of formation of metastudtite
from 220 °C to 25 °C) is not readily known. Therefore, we used
the enthalpy of the step a reaction by the integral of the first
peak at 220 °C and heat capacity of am-UQOj3 (29), H,O (30), and
0O, (30), to estimate the heat content of metastudtite from 25 °C
to 220 °C to be 70.2 + 4.4 kJ/mol. This result along with the
thermochemical cycles for calculation are shown in Table S3. To
be noticed, AHf of metastudtite used for calculation is our derived
data, —1,779.6 + 1.9 kJ/mol, from drop solution calorimetry,
which, however, can be replaced by the reference data, —1,784.0 +
4.2 kJ/mol (19, 27). Based on the thermochemical cycles and data
presented (Table S1), AH;pscy = —12.6 + 4.4 kJ/mol was
obtained, which is comparable to —16.5 + 2.0 and —12.0 + 6.8 kJ/mol,
derived from high temperature drop solution and TTD calorimetry,
respectively.

Metastudtite has a positive enthalpy of formation (AHx =
15.8 = 1.7 kJ/mol) with respect to UO3, O,, and H,O (Eq. 1).
Even though the change of entropy is unknown, we can be as-
sured of this value being negative (due to the consumption of O,
in the reaction that decreases entropy by 205.15 J/mol-K per
mole of O, reacted) (30). Thus, at ambient temperature, meta-
studtite is not a stable phase, relative to UOs;, O,, and H,0; i.e.,
UO; will not spontaneously oxidize to a peroxide-bearing phase by
absorbing oxygen.

On the other hand, compared with U;0g, O,, and H,O (Eq. 3),
the formation enthalpy (AH; o = —16.5 + 2.0 kJ/mol) is negative,
mainly due to the exothermic oxidation of uranium to be com-
pletely hexavalent in metastudtite. However, because of TAS jyygen
due to the consumption of O,, the TAS term at ambient con-
ditions is as negative as —41.4 kJ/mol (30), and the Gibbs free

17740 | www.pnas.org/cgi/doi/10.1073/pnas.1421144111

energy of formation of metastudtite, AGyox = AHf oy — TASoxygens
is 24.9 + 2.0 kJ/mol. This positive Gibbs free energy still indi-
cates the unfavorable formation of metastudtite, even as a meta-
stable phase.

The stability of metastudtite is improved under a condition
without the consumption of oxygen gas. Previous studies (3, 5, 14)
on studtite found its stability was strongly improved when H,O,,
generated and replenished by radiolysis of water, is present (14).
With the presence of H,0O,, this locally oxidizing condition is also
expected to stabilize the metastudtite phase. The formation re-
action involving hydrogen peroxide is Eq. 2. The change of en-
tropy for this reaction should be small because no gas is evolved or
consumed. Then the free energy of metastudtite with respect to
UO;, H,0, and H,0O, is mainly dependent on its enthalpy of
formation. The strongly negative value of AHy,ox peroxide = —82.3 +
1.7 kJ/mol indicates that the formation of metastudtite in presence
of hydrogen peroxide and in an oxidizing environment is quite
favorable.

Furthermore, both studtite and metastudtite have been sug-
gested to be alteration products of spent nuclear fuel (3, 9, 14).
The transformation from studtite to metastudtite or vice versa is
important for predicting the long-term products in a geological
repository. The reaction from studtite to metastudtite at room
temperature is

(UO2)02(H20) 5 55 +c) = (UO2)O2(H20) 4 5 <

[4]
+2H20(125 “c)-

The enthalpy of reaction was obtained, AH .y, = —7.5 + 3.6 kJ/mol,
by using AHy of studtite under the same calorimetric condition,

Table 3. Enthalpies of formation of metastudtite at 25 °C from
oxides
Reactants AHs ox(kJ/mol)? Reference
y-UO3, H,0, and O, 158 + 1.7 Drop solution calorimetry
y-UO3, H,0, and H,0, -823+ 1.7 Drop solution calorimetry
U30g, H,0, and O, -16.5 + 2.0 Drop solution calorimetry
-12.0 + 6.8 TTD calorimetry
-12.6 + 44 DSC
-20.8 +4.3 Cordfunke et al. (19, 27)

Guo et al.
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Fig. 4. TG traces on metastudtite heated in oxygen and XRD pattern for
each intermediate products from decomposition steps a to d. Decomposition
products were identified from XRD analysis of quenched samples (Fig. 3) and
weight loss analysis (Table 1).

273.20 + 3.6 kJ/mol (14), plus that of metastudtite and water. This
exothermic enthalpy of the transformation of a supposed low tem-
perature phase (studtite) to its less hydrous high temperature phase
assemblage (metastudtite plus water) confirms that studtite is a
metastable phase. Thus, studtite is unlikely to have a thermodynamic
stability field and its dehydration to metastudtite is irreversible, as
has been generally observed (2, 17, 19-24). The temperature at
which studtite is observed to dehydrate is thus controlled by kinetics.

Because the temperature in the repository near field is around
100 °C (3), we can deduce that metastudtite is the most probable
phase to persist under repository conditions as long as H,O, con-
tinues being produced by radiolysis. Such environmental conditions
are found to be crucial in stabilizing peroxide-containing uranyl
phases (3, 14). The solubility experiment done by Kubatko et al.
(14) on studtite demonstrated the formation of studtite from a
solution at 25 °C, pH 3.1, that contains 25 pM of (UOz)2+ and
3.4 mM of H,0,. Using AH ox peroxide for both compounds from
assemblage (H,O,, H,O, and y-UO;), —82.3 + 1.7 kJ/mol for
metastudtite and —75.7 + 4.1 kJ/mol (14) for studtite, we can esti-
mate in equilibrium concentration of H,O, for forming meta-
studtite from that of H,O, for studtite based on the following
equation: [HZOZ]melastudtite ~ e(AG(metastudtite) - AG(studtite))/RT,
[H202]studtit67 where e(AG(metastudtite) - AG(studtite))/RT _ 0.997.
The concentration of H,O, necessary for forming metastudtite
is slightly lower than that for studtite. This concentration of
H,0O; can be easily accumulated in as short as 4 y from radi-
olysis of water (14), and such alpha particle radiation can be
provided by uraninite and its daughter products in U-rich rocks
or spent nuclear fuels. Such conditions are rare in natural settings
but common at the surface of spent nuclear fuel (14). Thus, meta-
studtite decomposed from studtite under that condition is also
expected based on previous discussion.

The whole pathway of forming metastudtite from spent fuel
starts from UO, as a main part of spent nuclear fuel, through
dissolved uranyl with the presence of aqueous peroxide, to meta-
studtite as a final product

UOZ(S) + H20(1> +H202(1) + 1/2 OZ(g) - (UOz)Oz(H20)2(5>.
[5]

Using the enthalpy of drop solution (AHs) of UO,, —136.3 + 2.3
kJ/mol (32), and those of metastudtite, H,O, neat H,O,, and O,
we obtained the enthalpy of reaction from UO, to metastudtite:
—217.1 + 2.4 kJ/mol. The corrosion (Eq. 5) was found to be
energetically favorable. Taking into account the lower concentration
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of peroxide in solution and the various entropy terms in the reaction
will make the free energy of reaction less negative than the enthalpy
above but is unlikely to change its sign. The thermodynamic analysis
above supports the conclusion that uranyl peroxide phases are im-
portant in spent fuel corrosion. Once they are formed, they can
decompose to soluble species (including both dissolved uranyl spe-
cies and uranyl peroxide clusters) (10), providing pathways for the
transport of uranium away from the corroding fuel surface and
regenerating additional fresh surface for continuing corrosion.

Conclusions

We studied the thermal behavior of metastudtite in oxygen from
room temperature to 1,000 °C, observed stepwise decomposition
of metastudtite, and reported reaction enthalpies corresponding
to each stage of decomposition. Through carefully using those
DSC data and other thermodynamic data from references, we
are able to estimate the enthalpy of formation of metastudtite
with good accuracy. High temperature oxide melt solution cal-
orimetry yielded an enthalpy of formation consistent with TTD
calorimetry- and DSC-derived results. These thermodynamic
data further indicate the irreversibility of the transformation of
studtite to metastudtite. Metastudetite is stable and persistent in
the presence of hydrogen peroxide generated by water radiolysis
at the surface of spent nuclear fuel in storage or in a repository.

Materials and Methods

All reagents, unless otherwise mentioned, were analytical grade and ob-
tained from Merck KGaA Darmstadt. Studtite was synthesized from an acidic
(HCI, pH ~ 3) aqueous UO; suspension by slowly adding a 30% (wt/wt) H,0,
solution to the mixture. The H,O, solution is added one drop per minute.
After the desired amount has been added, the mixture was stirred for an
additional 24 h at room temperature. The obtained light yellow precipitate
was filtered, washed with demineralized water, and then dried at ambient
temperature. Finally, metastudtite was obtained by dehydrating the pre-
pared studtite at 90 °C for 48 h. Synthesis and initial characterization were
performed in Julich, Germany, after which the sample was shipped to Uni-
versity of California, Davis for calorimetry.

XRD measurements were performed with Bruker D4 and D8 diffractometers
with Bragg-Brentano geometry (Cu Kay, radiation, A, = 1.5056 A, A, = 1.54441 A,
40 kV, 40 mA), equipped with a LynxEye linear position-sensitive detector
and fixed divergence slit, a step size of 0.022°, with an exposure time of 1s
in the range 26 = 10-130°.

IR measurements were performed with a Bruker Equinox 55 TGA-IR in-
strument using a sample embedded in a KBr pellet. Raman spectra was taken
with a Renishaw Raman spectrometer (RM-100) equipped with a Leica DMLM
optical microscope with a grating with 1,800 grooves/mm and a Peltier-cooled
charge-coupled device (CCD). For excitation, the > = 532-nm line of a Nd:YAG
laser with a maximum power of 20 mW was used.

Thermal analysis to 1,000 °C was performed with a Netzsch 449 TG/DSC in
O, flow 40 mU/min with 10 °C/min heating rate using samples 14.5 mg in
weight. The sensitivity was calibrated by the heat capacity method with an
Al,O3 standard. Gases evolved on sample decomposition were analyzed with
the quadrupole mass spectrometer MKS Cirrus 2. For unambiguous identi-
fication of phase transformations observed with thermal analysis, multiple
experiments were performed to different temperatures followed by XRD
analysis of recovered samples.

A custom-built Tian-Calvet twin microcalorimeter (33, 34) operated at 702 °C
was used for measurements of AHys of metastudtite in molten sodium
molybdate (3NaO-4Mo03) solvent and for TTD calorimetry in empty platinum
crucibles. For drop experiments, metastudtite powder was hand pressed in
pellets ~5 mg in weight and weighed on a microbalance. The sample chamber
was flushed with O, at ~50 mL/min. In drop solution experiments, O, was also
bubbled through the melt to maintain oxidizing condition and facilitate disso-
lution of samples by preventing local saturation (35). The calorimeter was cali-
brated by transposed temperature drop of ~5 mg Al,O3 against its heat content
(33, 34). Four drop solution experiments and five transposed temperature
drop experiments were performed to evaluate reproducibility of measurements.
Uncertainties are reported as 2 SDs of the mean. The equipment, calibration,
and experimental method have been described in detail elsewhere (33, 34).

To calculate enthalpies of formation from drop calorimetry experiments,
the final state of the dropped sample must be known. The dissolution of
metastudtite sample in molten 3NaO-4MoOs3 solvent was confirmed by a
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furnace test conducted at 700 °C, where ~5 mg of sample was dropped
into molten 3Na0O-4MoOs, and a clear solution was observed after ~25 min.
The ready and complete dissolution of U(VI) compounds in molten 3NaO-4Mo0O3
was described previously and hexavalent U in dilute solution in sodium
molybdate melt was confirmed (32). Samples after the TTD calorimetry ex-
periment were retrieved and analyzed by XRD, and the product of decom-
position was identified as U3Os.
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