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HIGHLIGHTS

e The presence of plutonium reduces the oxidative dissolution of the fuel despite a significant alpha activity.

e The drop in oxidative dissolution kinetics is due to a plutonium enrichment of the surface.

« Constant Pu concentration is consistent with a thermodynamic equilibrium in accordance with the amorphous Pu(OH)4am) phase.
e The plutonium-enriched surface has important catalytic properties for decomposing hydrogen peroxide.
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An homogeneous MOx fuel with 24 wt% of plutonium was leached in a carbonated water (10 2 M) under
argon ([0z2] < 1 vppm) for one year in order to assess the leaching behaviour of U—Pu oxide solid so-
lutions and more specifically to simulate the behaviour of Pu enriched agglomerates characteristic of
heterogeneous Mimas MOx fuel. The alpha activity of the pellets was 2.2 x 10° Bq. g . Two successive
dissolution regimes were observed: an initial dissolution with a uranium release rate of 1.2 x 104
moly.m 2 d 1, and then, a long-term dissolution regime with a rate of 7.6 x 10 6 moly.m 2 d ! The
H505 concentration was under the detection limit of 1 x 10°7 mol L. Pu concentration in the homo-
geneous solution was constant around 10 2 mol L ! throughout the duration of the experiment, in
accordance with a thermodynamic equilibrium controlled by an amorphous Pu(OH)4 phase. SEM — WDS
analysis confirmed a Pu-enriched layer at the surface of the pellets with Pu contents up to 39 wt%. This
Pu-enriched layer becomes more resistant against leaching than the pristine surface. Despite this Pu
enrichment, H,0, concentration remained very low in the homogeneous solution. Different mechanisms
of consumption can be considered, such as the oxidative dissolution of the pellet, the precipitation of U
or Pu peroxides or the catalytic disproportionation. As the precipitation of peroxides at the surface was
discarded by Raman spectroscopy and the oxidative dissolution was very limited, the low H0, con-
centration was likely due to a higher catalytic disproportionation of H;0, by the Pu-enriched layer. Mass
balance calculation showed that H;0, disproportionation represented 99% of the H,0; consumption for
the homogeneous MOX, against 86% for UO, pellets. These results shed new light on the Pu stabilizing
mechanisms against the oxidative dissolution that can be applied to model the behaviour of different

MOx fuels under long-term disposal conditions.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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geological repository, interactions between the fuel mainly
composed of UO, and its environment must be understood. The
dissolution rate of the spent fuel matrix, which depends on the
redox conditions on the fuel surface, will have a major impact on
the release of radionuclides into the environment. In the anoxic and
reductive environment found in the deep geological conditions, the
release rate is very low as well as the uranium concentrations
(around 10 ° mol L ). A thermodynamic control of the alteration
by U02:2H,0(am) [1] is classically considered without any change
in the oxidation state of uranium. However, when assessing the
long-term behaviour of spent nuclear fuels (irradiated MOx fuels or
irradiated UO, fuels), one needs to consider both alpha irradiation
(predominant on the long term) and beta/gamma irradiation of
long-lived actinides, activation and fission products. Emission of
strong alpha and beta/gamma radiation from spent nuclear fuels to
adjacent groundwater causes a radiolytical decomposition of the
aqueous solution. Radiolysis of water in the near field is accom-
panied by the formation of equimolar amounts of oxidizing and
reducing species. Due to the relatively high reactivity of oxidizing
radiolysis products, in particular H02, compared to the reactivity
of the main reducing radiolysis product Hy, essentially an oxidative
environment is expected to result from the radiolysis in the close
vicinity of spent nuclear fuels [2]. Uranium can therefore be
oxidized and form more soluble species leading to the dissolution
of the fuel and, ultimately, to the precipitation of uranium sec-
ondary phases [3]. This sequence of mechanisms is known as the
radiolytic dissolution of UO».

In carbonated water, strong uranyl carbonate complexes prevent
the precipitation of secondary species and uranium can be used as a
tracer of the alteration [4,5]. The dissolution rate of U(VI) from the
UO; surface is also enhanced by such carbonate complexes [6].
Therefore, the radiolytic dissolution mechanism is mostly
controlled by the oxidation of UO; by H20, and the uranium con-
centration can be used to determine the intrinsic kinetic rate con-
stant of UO; oxidation/dissolution. This kinetic has already been
extensively studied for simple UO, matrix, but there is still a lack of
information about the behaviour of MOx (U;_Pu,0) fuels. The Pu
content and microstructure are the two key parameters to be
considered to extend the knowledge from UO, to MOx matrices.
Moreover, it is worth noting that water radiolysis is a major dif-
ference between unirradiated UOx and MOx fuels. The Am/Pu-
content of MOx corresponds to an inherent radiolytic activity in
the aqueous solution in contact with the fuel pellets.

The French MOx fuel, manufactured with the MIMAS process
(MlIcronization of a MASter blend), is highly heterogeneous and its
microstructure can be characterized according to three poles: the
UO; matrix with up to 2.7 wt% of plutonium, the Pu-enriched ag-
glomerates with up to 20.2 wt% of plutonium, and an intermediate
phase with up to 7 wt% of Pu [7,8]. The surface covered by the Pu-
agglomerates represents approximately 10%, while the other two
phases represented roughly 45% each one. Odorowski et al. [8,9]
studied the leaching behaviour in carbonated water of this unir-
radiated heterogeneous MOX. Their results indicated a very fast
dissolution of the UO; grains, likely due to the high alpha-activity
induced by the surrounding plutonium agglomerates. On the con-
trary, the plutonium agglomerates were not altered over the
leaching experiment. This is consistent with the stabilizing effect of
the plutonium on the oxidation of the fluorite matrix [8,9]. Similar
alteration experiments with heterogeneous MOx of higher Pu
content (24%) were conducted by Bauhn et al. [10] in carbonated
water with Ar or H; atmospheres. The authors also concluded that
Pu led to a higher stability of the fluorite structure against oxidation
and therefore against dissolution.

To the best of our knowledge, no data are available in the liter-
ature on the kinetics of dissolution of homogeneous solid solution

with high plutonium content close to those of plutonium enriched
aggregate (>20 wt%) under environmental conditions. This is a key
point required for the safety assessment of eventual future disposal
of any kind of MOx fuels. More generally, data is also needed for a
better understanding of Pu—U oxide solid solutions chemistry in
water. For these purposes, a fresh homogeneous MOx (i.e. before
irradiation in a nuclear reactor) with 24 wt% of Pu was leached in
carbonated water under anoxic conditions over one year in order to
simulate the behaviour of the Pu-rich agglomerates of MIMAS MOx
fuels and to get kinetic data to model the radiolytic dissolution. The
uranium, plutonium and hydrogen peroxide concentrations were
measured over time, as well as the Eh and pH parameters. The mass
balance between aqueous, colloidal and precipitated/sorbed frac-
tions was quantitatively determined at the end of the experiment.
Surface characterization, involving SEM-WDS and Raman spec-
troscopy, was achieved on the homogeneous MOx pellets before
and after leaching. Solubility diagrams were calculated with CHESS
software and the ThermoChimie database to support the data
discussion.

2. Materials and methods
2.1. Materials

The homogeneous MOx pellets were manufactured in 1985 with
the co-milling Cadarache process (COCA process). The metal stoi-
chiometry in the oxide was Ug73Pug27 with an exact oxygen—to-
metal ratio (O/M) = 1.983 and a density of 10.421 g cm . The
polished pellets (around 1 mm thickness and 5.4 mm diameter)
were annealed at 1100 °C for 5 h in an Ar/H; 4% atmosphere before
the experiments in order to restore the stoichiometry (O/M = 2.00)
and a surface state free of potentially hydrated phases formed
during the storage of the pellets. The size and specific surface
(without roughness factor) of the cylindrical pellets are given in
Table 1. The uncertainties were estimated following the Eurachem
guide for analytical uncertainties [11].

The isotopic composition at the beginning of the leaching
experiment was derived from isotopic decay calculations consid-
ering the JEFF2.2 database (Table 2) with an uncertainty of 0.1%. The
a, B and y heat powers related to this isotopic composition were
1.94 x 1073,1.54 x 107 and 5.08 x 10~® W/gpox, respectively. The
g-activity of a pellet was 2.2 x 10° Bq. g~ 'mox, which corresponds to
an a-dose rate received by the solution of 9730 Gy h~! based on the
Sunder calculation method [12]. The B and y dose rates were
calculated at different distances from the pellet surface using the
Vaskin© 3.1.0 and the Mercurad© 1.04 codes respectively. The
dose rate was 0.52 mGy h™! at 100 pm from the surface and mainly
due to traces of 2**™Pa. This dose rate was too low and therefore not
considered. The y dose rate, mainly produced by the 4! Am, quickly
dropped, i.e. 110 mGy h™! at 100 um, 4 mGy h~! at 1 cm, and only
0.2 mGy h ! at 5 cm from the surface. The o dose rate is therefore 5
to 6 orders of magnitude higher than the B/y dose rates.

An average range of 40 pum was considered for o-particles,
leading to an irradiated volume of 4103 cm3, while the whole
volume was considered for vy radiations, i.e. 150 cm>. Considering
these irradiated volumes with their respective dose rates, the
deposited o energy into the solution remains two orders of
magnitude higher than the j/y energies. Therefore, « irradiation is
assumed to be the main source of H»0, production.

To finish, it is important to remember that this is a model ma-
terial that has advantages and limitations with respect to the spent
nuclear fuel. This model material has a major alpha activity that will
be well predominant for the spent fuel under geological disposal
conditions. Although this alpha activity is high it allows to specif-
ically study the oxidative dissolution under alpha radiolysis of the
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Table 1

Characteristics of the two MOx pellets used in the experiments (expanded uncertainties with a coverage factor k = 2 [11]).

Pellets Diameter (mm) Height (mm) Weight (g) Specific Surface x10~* (m?/g)
1 5.400 + 0.010 0.93 + 0.05 0.2129 + 0.0005 2.871 + 0.035
5.400 + 0.010 0.96 + 0.05 0.2227 + 0.0005
Table 2
Chemical and isotopic compositions of the homogeneous MOx after isotopic decay calculations (0.1% uncertainties considered).
U/(U + Pu) (wt.%) Pu/(U + Pu) (wt.%) X/Uor (Wt.%) X/[Pugor (Wt)
235() 2381 238py, 239p, 240py, 241py 242p 2414 m
73.02 26.98 0.75 99.25 0.17 69.98 24.42 0.88 1.08 347

fluorite structure. Regarding the chemistry evolution after irradia-
tion inside the reactor, the plutonium content will also decrease
and that of this model material remains quite high. The average
weight content of plutonium in the Pu-enriched agglomerates can
drop to 10% with significant local fluctuations after irradiation.
Indeed local plutonium contents of the order of 20% can be
observed in the center of the Pu-enriched agglomerates after irra-
diation. Irradiation will also induce the generation of fission prod-
ucts that can limit oxidation [13,14] and change the microstructure
of the fuel [15]. It is therefore by combining studies on model
materials and irradiated fuel that the mechanisms of dissolution
can be understood.

2.2. Leaching experiment

After annealing, pellets were transferred to an anoxic alpha-
glovebox (argon atmosphere, [Oz] < 2 vppm) for the leaching
experiment. The two MOx pellets were submitted to 10 pre-
leaching cycles in carbonated water ([NaHCO3] = 1073 mol L™!) in
order to remove the potential oxidized layer that could have been
formed on the surface. The two pellets were then inserted in a ti-
tanium dioxide sample holder and leached in 155 mL of carbonated
water ([NaHCO3] = 10 2 mol L 1). All the parts of the leaching
reactor in direct contact with solution were in titanium dioxide,
which is relatively chemically inert towards radiolytical species.
The leaching test lasted 342 days, and 9 solution samples were
taken at 1, 8, 15, 30, 78, 90, 155, 251 and 342 days. The last sample
was filtered at 0.45 pm (VWR cellulose acetate filter) and ultra-
filtered at 20 nm (Whatman Anodisc inorganic filter) to deter-
mine the presence of any colloids. At the end of the experiment,
pellets were dried (residual water absorption on a propylene wiper)
and stored under argon atmosphere until surface characterization.
The remaining volume of solution was collected and acidified at
1 mol L~ ! with nitric acid HNO3. Then, the reactor was rinsed three
times with 155 mL of ultrapure nitric acid (HNOs). The first rinsing
was done with a 2 M nitric acid solution and the last two rinsings
with a 1 M solution. The duration of each rinsing was 24 h. Finally,
three successive rinses with 180 mL ultra-pure water were per-
formed. Solution samples were taken and analysed for each acidi-
fication and rinse. These acid rinses permitted the total
quantification of colloids and species sorbed or precipitated on the
walls of the titanium oxide reactor.

2.3. Solution analysis

The uranium concentration was determined by laser-induced
kinetic phosphorescence with the Chemchek KPA11 Kinetic Phos-
phorescence Analyser, with a quantification limit of 0.1 pg L~ H,0,
concentration was measured by chemiluminescence with the

Turner BioSystems luminometer (TD 20/20) using the standard
addition method for concentrations ranging from 1 x 1077 to
1 x 10~° mol L™". The plutonium concentration was measured by
alpha-spectrometry with the Canberra Alpha Analyst spectrometer
and by alpha-counting with the Eurisys IN 20 alpha-beta multi-
detector counter. Eh and pH were regularly measured ex-situ dur-
ing the leaching experiment and in-situ at the end of the test by
using the WTW SenTix ORP electrode (for Eh) and the Mettler
Toledo LoT406-M6-DXK-S7/25 electrode (for pH).

2.4. Surface characterization

The initial state of the pellet surface was characterized by
Scanning Electron Microscopy (SEM) with a JEOL JSM 6300 mi-
croscope. The electron probe micro-analyser (EPMA) technique was
used to determine the distributions of Pu in the sample with a
spatial resolution of 1 pm>. CAMECA SX 50 EPMA (EPMA Cameca)
equipped with four X-ray spectrometers and thallium acid ptha-
late/polyethylene terephthalate crystals was operated under an
acceleration voltage of 20 kV and 20-nA stabilized beam. To
quantify the Pu content, the instrument was calibrated with
plutonium-bearing glasses (1.74 wt% Pu).

After leaching, one of the pellets was observed by SEM with a
ZEISS SUPRA 55. This apparatus is equipped with modified EDS X-
act and WDS Oxford Instrument detectors. An accelerating voltage
between 5 and 20 kV with a current of 39 nA was applied for im-
aging, and a voltage of 20 kV with a current of 39 nA for WDS an-
alyses. Technical details on the system can be found elsewhere [16].
The estimated depth of the analysis for this material is 600 nm, and
the standard used to calibrate the WDS was a 25 wt% Pu homo-
geneous MOx. Band Ma and Mf were used for uranium and
plutonium, respectively.

Raman spectra were acquired with a HORIBA LabRam-HR800
Raman spectrometer coupled with a nuclearized microscope
(Optique Peter) in a hot cell. An yttrium aluminium garnet laser
(532 nm) with adjustable output powers was used as excitation
source. The laser was focused through a x100 objective to a spot
size of around 1 pm? with an incident laser power weaker than
1 mW. Technical details on the system can be found in the paper of
Jégou et al. [9]. Approximately 40 Raman spectra were acquired
after leaching with five runs and an exposure duration of 180 s per
run.

2.5. Solubility diagrams and modelling

The CHESS software [17] and the ThermoChimie thermody-
namic database [18] were used to calculate the solubility diagrams
of U and Pu applicable to the long-term leaching of the MOx pellet.
UOs (crystallized), f-UO2(OH),, and PuO; (crystallized) have been
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discarded, as they are not expected to precipitate in such condi-
tions. The MOx dissolution was modelled using kinetic reactions,
which will be described later in the article.

3. Results and discussion
3.1. Initial state of the pellets

After annealing, the plutonium distribution was assessed using
EPMA and Raman Spectroscopy. Two EPMA linear profiles with
35 pum steps confirmed a constant Pu content at 24 + 0.5 wt% over
260 points (2 x 130 steps of 35 um) as presented in Fig. 1. The
weight percentages in oxide are fully consistent with the stoichi-
ometry (Up73Pug27)0>. Some fluctuations of the U and Pu contents
are observed on some analysis points. These fluctuations do not
exceed 10% in general and only two or three analyses with slightly
lower contents were observed (13—17% by weight of Pu).

The Raman spectra (see Fig. 8 in Sec. 3.3.2) showed a Ty¢ band
position at 455 cm~! in perfect agreement with the chemical
composition of the solid solution Up73Pup2702 studied. The posi-
tion of this band, associated to the vibration of the actinide-oxygen
bond, shifts towards the high wavenumbers with the plutonium
content as demonstrated by Elorrieta et al. [19]. The position is in
line with the data of Elorrieta and confirms the homogeneous na-
ture of the solid solution at the micron scale as already revealed by
EPMA. Moreover, no traces of oxidized phases were observed by
Raman spectroscopy. The intense 2LO band (around 1160 cm™!)
and the absence of a signal around 630 cm ! indicate the absence of
M4QOg type phase.

After the surface characterization, which confirmed the homo-
geneity of the pellets, the pellets were submitted to 10 pre-leaching
cycles in carbonated water (see section 2.2). Fig. 2 shows that the
uranium concentration was under 10 pg L~! and no initial release
peak was observed which demonstrates the absence of an oxidized
layer [20].

3.2. Solution analysis and global dissolution rate

The pH of the solution was slightly alkaline and constantly
buffered to 9.3 + 0.2 by the hydrogenocarbonate (HCO3) ions. The
redox potential was around 0.350 + 0.1 V/SHE, which corresponds
to mildly oxidizing conditions at this pH.
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Fig. 1. EPMA analysis of the sample (2 x 130 steps of 35 um). Weight percentages are
consistent with stoichiometry (Ug73Pug27)0, and do not vary beyond 10%.
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Fig. 3 shows the evolution over time of the uranium concen-
trations. Two successive dissolution regimes are observed: first, an
initial dissolution with a uranium release rate ry of 1.20 x 107% +
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0.12 x 10* moly.m 2. d ! (28.6 + 2.8 mgy.m 2. d ) over the first
30 days, and then, a long-term dissolution regime with a mean rate
ry of 7.6 x 107% + 0.8 x 107® moly.m™2 d~' (1.8 + 0.19 mgy.m2.
d™1) between 78 and 342 days. The alteration rates of the oxide
(MOX) are respectively 44 and 2.8 mgpoxm 2 d ', considering the
stoichiometry Ug73Pug2702. The initial rate is not due to the
leaching of any pre-oxidized layer, as discussed in Sec. 3.1. In the
present experiment, the long-term rate is not related to any pre-
cipitation of uranium secondary phases or strong sorption as
indicated by the speciation diagram of Fig. 5a. Indeed, the soluble
fraction of the total uranium release (190 + 10 pg) is dominant
(>95 wt%) (Fig. 4). The colloidal fraction is low (<1 wt%) and almost
no U is precipitated or sorbed (around 4 wt%) onto the TiO, surface.
It is consistent with the uranium solubility diagram of Fig. 5, where
uranium is stabilized in solution as the strong U(VI) complex
U0,(CO3)4™, in the range 107% — 107* mol L' (at pH 9 and Eh
around 0.35—0.40 V), well below the schoepite solubility limit.

The H;0, concentration over the duration of the leaching
experiment was under the limit of detection (around
1-2 x 107 mol L™ 1).

The plutonium concentration in solution is almost constant,
around 1072 mol L~ (Fig. 3) over the duration of the leaching test.
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iments in carbonated water ([NaHCO5] = 102 mol L) under anoxic conditions (argon
atmosphere, [O3] < 2 vppm).
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HCO3 of 1072 The red dots represent the experimental concentrations for the ho-
mogeneous MOx (this work), and the blue squares the heterogeneous MOx [7].

The solubility diagram of plutonium (Fig. 5) shows that the pre-
dominant species in solution is the carbonate complex
Pu(CO;)z(OH)%* at pH 9 and Eh around 0.35—0.40 V. Under such
chemical conditions, the plutonium concentration is compatible
with a thermodynamic control by the amorphous phase Pu(OH)4
[21]. The amorphous phase Pu0,:2H,0 [22] has the same stoichi-
ometry as Pu(OH)4 (am), but clearly it does not match with the
present experimental data. However, the system could be in a
metastable condition with respect to this phase. Eventually, the
hydrated colloidal phase PuO; equilibrium is not far from the
experimental data, but slightly too soluble. Contrary to the ura-
nium, the soluble plutonium fraction (2 wt%) was negligible, few
colloids were detected (<1 wt% with a cut-off at 20 nm). The ma-
jority of the released plutonium was precipitated (or maybe
partially sorbed) on the walls of the reactor (97 wt%) (Fig. 4). The
total plutonium release was 1.2 + 1.0 pg, which is much lower than
the 70 ug calculated considering a congruent dissolution with the
uranium.

3.3. Surface characterization after leaching

3.3.1. Quantitative SEM-WDS analysis

After leaching, one of the pellets was analysed by SEM-WDS.
Fig. 6 show SEM images of homogeneous MOx after one year of
leaching in carbonated water (1072 mol L™'). Globally, there is a
microstructural homogeneity of the surface and no particular
dissolution pattern was observed over the pellet surface. Only
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Fig. 6. SEM images of the homogeneous MOx after one year of leaching in carbonated water ([NaHCOs] = 1072 mol L) under anoxic conditions (argon atmosphere, [0,] < 2

vppm); the occurrence of corrosion pits is scarce (right).

scarce occurrence of dissolution pits was observed. On the contrary,
the surface of a heterogeneous MIMAS MOx pellet leached under
the same experimental conditions [7] was significantly altered with
a high occurrence of dissolution pits corresponding to former UO-
rich grains as indicated by the SEM-WDS analysis (Fig. 7). Other-
wise, the SEM images did not show any secondary phase precipi-
tation for both types of MOx.

The quantitative U and Pu analyses indicated a Pu enrichment of
the surface, with a homogeneous Pu content (Pu/(U + Pu)) of 39 wt
% (against 27 wt, initially) (Table 3). This enrichment is likely due
to the missing Pu fraction (70 pg). Such a behaviour was already
observed by Stroes-Gascoyne et al. [5] on UO; pellets doped with
0.6 Pu wt.%. They concluded that the uranium release was very fast
compared to the plutonium one, leading to a Pu enrichment of the
pellet surface.

3.3.2. Raman spectroscopy

The observed Pu-enrichment can have different origins, such as
a uranium depletion of the fluorite structure, the precipitation of
secondary phases like peroxides or either the formation of an
amorphous Pu(OH)4 layer as suggested by the solubility diagram of
plutonium (Fig. 5). Raman spectroscopy was used in order to bring
elements of understanding. The laser beam power was lower for
the analysis of the altered sample (<1 mW) than for the pristine
one (2.8 mW) to avoid disturbing the surface by oxidation or
dehydration. This explains the higher background noise of the
former spectra in Fig. 8. The spectra obtained before and after
leaching were basically the same despite the Pu enrichment of the
surface observed through WDS analysis. They can be interpreted as
follows:

T, =455¢cm’
——— Before leaching
——— After leaching

Intensity (a.u.)

" MW“ g

T T T T 1
400 600 800 1000 1200 1400

Raman shift (cm ™)

T
200

Fig. 8. Typical Raman spectra of the homogeneous MOx pellet before and after
leaching in carbonated water ([NaHCO3] — 102 mol L ') under anoxic conditions
(argon atmosphere, [02] < 2 vppm).

- In the case of a uranium depletion of the fluorite structure, the
Tog band was expected to shift from 455 cm! (for the initial
solid solution Up73Pup2702) to higher wavenumbers consid-
ering a strengthening of the Pu—O bound. For a hypothetic
Upg1Pup390> (as analysed by SEM-WDS), the wavenumber
should have increased to approximately 460 cm™! [19]. No sig-
nificant shift is observed experimentally.

Fig. 7. (Left) SEM image of a heterogeneous MIMAS MOXx fuel after one year of leaching in carbonated water ([NaHCOs] — 102 mol L") under anoxic conditions (argon atmosphere,
[03] < 2 vppm); the occurrence of corrosion pits is high and corresponds to the UO,-enriched zones (right, SEM-WDS analysis, U in green, Pu in orange) [7]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 3
Uranium and plutonium wt.% at the surface of the pellet after leaching in carbonated
water determined by SEM-WDS analysis.

57 spectra U/(U + Pu) (wt.%) Pu/(U + Pu) (wt.%)
Average 60.7 393

Min 55.0 348

Max 65.2 45.0

Standard deviation 22 22

- In the case of a uranium or plutonium peroxide precipitation, a
peak would be visible between 840 and 870 cm !, typical of
0—0 peroxide bond in plutonium peroxocarbonate [23] or
uranium peroxides like studtite or metastudtite [24,25]. The
peroxide bond does not appear on the Raman spectra.

- Uranyl bonds between 820 and 840 cm™! are not observed
indicating the absence of secondary phases such as schoepite
and confirming the complexing effect of carbonates.

- To the best of our knowledge, no Raman spectra of Pu(OH), (am)
are available in the literature. The OH groups have a signature at
high energies but unfortunately the acquisition range was
restricted to 1400 cm™!. Without presuming the formation
process of the plutonium hydroxide on the surface of the pellets
(precipitation from the solution or local plutonium hydrolysis
and recondensation on the surface), some structural data are
available on the colloids and hydroxides of plutonium IV in the
literature [26]. Anyway, no evolution of the Raman signal has
been observed in our study, which may disclose the formation of
an amorphous compound. This does not allow dismissing the
hypothesis of its formation. Indeed, it may not have a Raman
signature or its thickness could be too small in relation to the
spatial resolution of our Raman spectrometer (about 1 pm?>
[27]). Thickness would not exceed 150 nm assuming that the
plutonium enrichment observed is entirely due to the formation
of such a Pu(OH), (am) film with a density between 5 and
6g cm .

3.4. Influence of the Pu content and microstructure

3.4.1. Long-term catalytic disproportionation of H»0» on MOx

It is reasonable to assume that hydrogen peroxide is the main
contributor to the oxidative dissolution of the MOx matrix [28,29].
The H,0; concentration in solution is controlled by one production
term due to water radiolysis and two consumption terms related to
disproportionation and MOx oxidation. In addition, a blank exper-
iment on H;0, disproportionation in pure water inside a similar
TiO, reactor had shown that this process was very slow (<1% per
day). Therefore, the overall rate of H,0, concentration evolution
(due to both formation and consumption) can be quantitatively
estimated by the following equation assuming a first order law on
the dissolved H;0> for the disproportionation [30] as well as for the
oxidation:
d[Hz(;-i(ﬂfJ)] _ (kpmd _ disprop (H205(aq)] — k([)}xid [Hzoz(aq)]) A,

(1)

where A, = 8 x 1074 m? L7 is the volumetric surface of the MOx
pellet. For the sake of the discussion, the H;0, was considered
constant at the limit of quantification (LQ) of 1 x 107 mol L'}, i.e.
the potentially most oxidizing conditions, and therefore:

d[H,0; (ag)|
a0 2)

The combination of Eqs (1) and (2) leads to:

kProdA, — kdisProp [H, 0, (aq)]A, + k&9 [H, 0, (ag)|A, (3)

As explained in Sec. 2.1, the B}y dose rate was not considered.
The alpha dose rate was calculated to be 9730 Gy h! using the
Sunder’s method [12] and an alpha primary yield of 0.98 molecule/
100eV was considered for hydrogen peroxide production. The
corresponding H,0, production rate is 1.10 x 108 mol m 25! (i.e.
9.5 x 10~% mol m 2 d~!) assuming an average a-particle range of
40 um in water and the geometric surface of the pellets (Table 1).
With such a production rate, the concentration of H,0, would in-
crease by 8 x 1077 mol L™! d”, and thus be above the limit of
quantification already in the very first hours, if there was no con-
sumption by disproportionation and uranium oxidation.

In carbonated water, the dissolution of uranium VI phases is
often considered as instantaneous; the uranium oxidation of the
MOx surface by hydrogen peroxide is therefore directly linked to
the uranium release rate. The experimental dissolution rates of Sec.
3.2 can be used to determine the H20, consumption rate by the
uranium oxidation in the MOx. Furthermore, 1 mol of uranyl in
solution corresponds to 1 mol of H,0; consumption, thus the rate of
uranium dissolution is equal to the rate of H,0, consumption.

For the initial dissolution, the wuranium oxidation rate
(k2 « [H05(aq)]) was estimated at 1.4 x 10~ mol m 2 s (ie.
12 x 107* mol m=2 d~!). This indicates that 12.5% of the
radiolytically-produced H»0, was consumed by oxidation of the
MOx pellet during the initial dissolution step. Considering the
calculated H,02 production rate, the H20, concentration after 30
days should be two order of magnitude higher that the detection
limit, but was not observed in the experiment. Therefore, the
remaining 87.5% of radiolytically-produced H,0, were consumed
elsewhere and in particular by disproportionation. This is consis-
tent with the disproportionation estimated on UO, pellets [31,32].
Considering the catalytic disproportionation of H»O, as the main
mechanism, a disproportionation rate (k4P x [H,0,(aq)]) of
9.6 x 1072 mol m~2 s~! was estimated, and hence a rate constant
k%P 0f 9.6 x 1072 L m 2 s~ could be calculated.

The long-term dissolution rate (k'@ x [Hy0,(aq)]) was esti-
mated as 8.8 x 107 mol m 2 s ' (ie. 76 x 10 ® mol m 2 d 1),
indicating that less than 1% of the H,0, was consumed by the
oxidation of the MOx pellet during the long-term dissolution. The
H,0; concentration was under the limit of quantification, meaning
that 99% of the radiolytically-produced H,0, was consumed by the
catalytic disproportionation on the MOx pellet surface. Such a high
consumption is consistent with the values that have been experi-
mentally determined for Pu-doped UO; and SIMFUEL pellets
[31,32]. Considering the catalytic disproportionation of H,O; as the
main mechanism, a disproportionation rate (k4P x [H,0-(aq)]) of
11 x 1078 mol m2 s~ ! was estimated, and hence a rate constant
k%P of 1.1 x 1071 L m~2 s~ could be calculated.

The evolution of the catalytic properties (k%P) of the MOx
surface can be induced by the Pu enrichment. Different dispro-
portionation mechanisms involving different oxidation state of
plutonium can be considered. Korzhavyi et al. described a possible
surface-catalysed decomposition of H,O, on the PuO; surface by
the mean of the reactions 4 and 5 [33]:

4 PuO; + Hy05, — PuysO9 + H,0 (4)

PuyOg + Hy0y — 4 PuO, + H,0 + 0O, (5)

Similar mechanisms were already described in the literature for
uranium [34,35], however this mechanism is not likely to occur as
no evidence of plutonium oxidation was actually confirmed in the
solid. Another possible mechanism could be the reduction of Pu(IV)
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to Pu(IIl), followed by the oxidation of the latter [36]:

2Pu't + HyO,— 2P + 0, +2H"' (6)

2 Pu*t + Hy0, + 2 HY— 2 Pu*t + 2 H,0 (7)

In the absence of data on plutonium speciation at the surface it
is difficult to conclude, nevertheless these processes cannot be
discarded at this stage.

Finally, it is worth noticing that the Pu-enrichment of the sur-
face could have led to an a-dose rate increase at the solid/water
interface, which could increase the H,0, production term. Stroes-
Gascoyne et al. [5] observed a similar Pu enrichment and consid-
ered that the alpha dose rate is likely to stay relatively constant as
the altered layer of the pellets (0.1-0.4 pm) was much smaller than
the average alpha particles range in the matrix (~12 pm). Indeed,
the alpha emitters located at several microns in the pellet are the
main contributor to the energy deposit at the extreme surface
through the Bragg peak.

3.4.2. Effect of the Pu-enriched layer, passivation versus enhanced
disproportionation

Considering a constant H,0, concentration of 1 x 10" mol L !
(i.e. the limit of quantification), two kinetic rate constants for the
uranium dissolution (k%) may be calculated from the experi-
mental uranium data: an initial kinetic rate constant of
14x102Lm?s"'anda long term kinetic rate constant of
8.8 x 107*L m2 s~ (approximately 16 times lower).

Since the kinetics are determined following the uranium
release, the decrease in the rate constant could be due to the
depletion in uranium of the altered layer. On the other hand, the
decrease is probably linked to the formation of a Pu-enriched layer
at the surface of the pellets. It has been demonstrated in the liter-
ature that high Pu contents have a stabilizing effect on the fluorite
oxide matrix and decrease its reactivity towards oxidation [7,9,14].
However, in this case, the formation of the amorphous Pu(OH)4
layer has probably a stabilizing role and a H,0, disproportion role.
The deposition of amorphous hydroxide layers such as Pu(OH), is
quite consistent with the observation made on other actinides, such
as Th, U and Np, although no passivating role was mentioned [22].
Nevertheless, the mechanism of formation of this amorphous layer
remains unknown. A local reorganisation of the hydrated and
depleted fluorite structure could be considered, or a dissolution/
precipitation mechanism.

The overall consistency of the kinetic rate constants (Table 4)
obtained for the long-term leaching of Eq. (3) is illustrated in Fig. 9.
The model A was performed with CHESS software by introducing
the constants determined previously for H;O» production and
disproportionation and MOx oxidation. The MOx oxidation rate
constant was determined from the k7 considering the stoichi-
ometry Ug.73Pug2705. In the model, the amorphous Pu(OH)4 phase
was allowed to precipitate and the uranium concentration
measured after 30 days was added to the calculated ones.

Another hypothesis (model B) could be that the initial rate
constant k%' is applicable also for the long-term dissolution, but

Table 4
Kinetic rate constants used in the geochemical model (Eq. (3), Fig. 9).
Model A Model B
kPrd (mol.m2s~ 1) 1.1x10°8
kexidy (Lm2s7") 88 x 10 * 1.4 x 10 2
K yox (Lm 257" 12 x 1073 1.9 x 102
Kkdiserop (| 251 1.1 x 10! 17 x 107!
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Fig. 9. Modelling of the long-term kinetic leaching of the homogeneous MOx pellet in
carbonated water ([NaHCO3] = 102 mol L™ ') under anoxic conditions (argon atmo-
sphere, |0z] < 2 vppm). The model A considers the long-term rate constant of the MOx
oxidation, the model B considers the initial rate constant of the MOx oxidation (with
an enhanced long-term rate constant of disproportionation).

that the disproportionation of H,0, increases over time due to the
Pu-enrichment of the surface. Therefore, the H202 concentration
would decrease all along the experiment. As shown in Fig. 9, the
long-term steady-state concentration of H»0; would be around
6 x 102 mol L' in order to fit the long-term concentration of
uranium in solution. The corresponding disproportionation rate
constant k%P™P would be about one order of magnitude higher, as
detailed in Table 4. An accurate measurement of low H;0, con-
centrations would be necessary to discriminate among these two
processes. The mechanism occurring is likely in between the two
hypotheses, with both an increased disproportionation and a
decreased reactivity of the surface against oxidation.

3.4.3. Homogeneous versus heterogeneous MOx radiolytic
dissolution

Odorowski et al. [7] studied the radiolytic dissolution of a het-
erogeneous MIMAS MOx pellet with a 7 wt% Pu content. This
MIMAS fuel had plutonium-enriched agglomerates at concentra-
tions equivalent to those of the homogeneous MOx studied here. In
order to compare the behaviour of homogeneous and heteroge-
neous MOx, the normalized uranium mass losses were calculated
according to the following equation:



V. Kerleguer et al. / Journal of Nuclear Materials 529 (2020) 151920 9

(8)

with my the mass of dissolved uranium (g), Xsqiq the fraction of
uranium in the solid and S the area of the pellets (m?).

If the initial dissolution was very similar, the homogeneous MOx
dissolution significantly decreased after one month, while the
heterogeneous MOx kept dissolving at an almost constant rate
(Fig. 10). The average long-term dissolution rates of the pellets are
2.8 and 25 mg m 2 d~! for the homogeneous and heterogeneous
MOx, respectively. The calculated dissolution rates are apparent as
they did not take into account the surface evolution over time. This
evolution of the surface can be significant, especially for the het-
erogeneous MOx for which dissolution pits can be observed (Fig. 7.),
and therefore the calculated NL is probably overestimated. It is
interesting to note that the slope break observed for the homoge-
neous MOx occurs for a mass loss of about 1.7 g m 2 corresponding
to an alteration thickness of about 150 nm. This thickness remains
consistent with that discussed for the amorphous Pu(OH)4 layer in
the characterization part. The fact that the initial rates of alteration
are similar for the homogeneous and heterogeneous MOx does not
militate directly for a stabilization of the fluorite structure with
respect to oxidation with the plutonium content. The hypothesis of
the formation of a plutonium rich layer seems to be favoured to
explain the decrease of the NL(U) with time for these intense alpha
radiolysis conditions.

As shown in Fig. 7, the UO; grains in the heterogeneous MOx
were highly corroded, which explains the difference in uranium
release between heterogeneous and homogeneous MOx. Consid-
ering the mechanisms observed on the homogeneous MOx with
high plutonium content, these differences between UO, and Pu-
agglomerates for the MIMAS fuel are likely due to the formation
of an amorphous Pu(OH)4 layer on the Pu enriched agglomerates.

The evolution of H;0, concentrations was also different for both
types of MOx. For the heterogeneous MIMAS MOx fuel experiment,
H,0, concentration linearly increased from 0 to 1.4 x 10 8 mol L ™!
over one year (Fig. 11), which indicates that radiolytic production
was higher than consumption. The H;0; disproportionation rate
was estimated to be 3.9 x 10 ? mol m 2 d ! (70% of the produc-
tion), which is lower than the one measured for the present ho-
mogeneous MOx (9.4 x 10~% mol m 2 d~, 99% of the production).
The plutonium enrichment therefore seems to have a significant

14 -
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E g .
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= i ® 24 wt. % Pu homogeneous MOx
Z .
4
| |
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Fig. 10. Comparison of the evolution of the uranium normalized mass loss during the
leaching of homogeneous (this work) and heterogeneous MOx [7] in carbonated water
([NaHCO5] = 1072 mol L) under anoxic conditions (argon atmosphere, [05] < 2
vppm).
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Fig. 11. Comparison of the evolution of H;0; and plutonium concentrations in solution
during the leaching of homogeneous (this work) and heterogeneous MOx [7] in
carbonated water ([NaHCOs] = 10 2 mol L ') under anoxic conditions (argon atmo-
sphere, [0;] < 2 vppm).

effect on the consumption of hydrogen peroxide because despite a
more intense alpha radiolysis and a limited oxidative dissolution,
H;0, in solution is not measured for the homogeneous MOx
compared to the heterogeneous (Fig. 11).

Plutonium concentration quickly reached a steady state for both
MOx fuels (Fig. 11), probably due to the thermodynamic equilib-
rium with a solid phase. The Pu concentrations are low in both
cases but are slightly different: 10~° M against 10~ M for the ho-
mogeneous and heterogeneous MOX, respectively. As can be seen
on the solubility diagrams (Fig. 5), these concentrations correspond
to the solubility limits of Pu(OH)4 (am) for the homogeneous MOx
and the PuO; hydrated colloidal form for heterogeneous MOX.
However, no colloids were found and, considering the uncertainty
on Pu concentration in solution (80% on radiochemical measure-
ments), Pu might be controlled by the same phase in both
experiments.

4. Conclusion

Two successive dissolution regimes were observed during the
one-year leaching of the unirradiated homogeneous Ug73Pug2702
MOx pellet in a carbonated water under argon. Released uranium
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was predominantly found in solution, as it forms strong soluble
carbonate complexes. During the first 30 days, the release rate of
uranium (tracer of the pellet dissolution) is 1.2 x 10~ mol m—2d~".
The long-term uranium dissolution rate then decreases to
7.6 x 10 % mol m 2 d . The major fraction of plutonium was found
on the TiO; reactor walls, probably sorbed. The Pu-colloidal fraction
was low. The constant Pu concentration in solution (10~° mol L)
was consistent with a thermodynamic equilibrium in accordance
with the amorphous Pu(OH)4 phase. SEM — WDS analysis indicated
a Pu-enriched layer at the surface of the pellets with Pu contents up
to 39 wt%, which is more resistant against leaching than the pris-
tine surface.

The H,0, concentration was under the limit of quantification LQ
1 x 1077 mol L~ Since the precipitation of plutonium or uranium
peroxides at the surface was discarded by Raman spectroscopy, the
low H0; concentration was likely due to a higher catalytic
disproportionation of H,0, by the Pu-enriched layer. Mass balance
calculation for the long-term data showed that H;0, dispropor-
tionation represented 99% of the H,0, consumption for the ho-
mogeneous MOx, against 86% for UO; pellets. The mechanism of
catalytic decomposition that could involve different oxidation
states of plutonium remains to be clarified.

Whatever the hypothesis, passivation or enhanced dispropor-
tionation, the plutonium enrichment explains the two dissolution
regimes observed on the homogeneous MOx with high plutonium
content. It can also explain the different behaviours observed for
heterogeneous MIMAS MOx between UO; grains and plutonium
enriched zones.

These results are of clear interest for the behaviour of any type of
MOx fuel in storage pools or under environmental and radioactive
waste repository conditions, among others to support the reactive
transport modelling used in performance assessment [37], as well
as for the understanding of the mixed plutonium/uranium oxide
chemistry.
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