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To assess the long-term leaching behaviour of UO,, the main constituent of spent nuclear fuel, the oxi-
dative dissolution of UO, pellets was studied at high H,O, exposures ranging from 0.33 mol m~ to
1.36 mol m~2. The experiments were performed in aqueous media containing 10 mM HCO3~ where the
pellets were exposed to H,O, three consecutive times. The results indicate that the dissolution yield
(amount of dissolved uranium per consumed H,O,) at high H,O, exposures is significantly lower com-
pared to previous studies of both pellets and powders and decreases for each H,O, addition for a given
pellet. This implies a change in redox reactivity, which is attributed to irreversible alteration of the pellet
surface. Surface characterization after the exposure to H,O,, by SEM, XRD and Raman spectroscopy
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Introduction

After its use in a reactor, nuclear fuel is planned to be stored
in deep geological repositories in many countries." A deep
repository must be designed to prevent groundwater intrusion
in order to remain intact for long time spans.” Predictive mod-
elling as well as studies of natural analogues are crucial for its
safety assessment.*® Under the reducing groundwater con-
ditions prevailing at deep repository sites, the UO, matrix,
which makes up most of the spent nuclear fuel, has very low
solubility.® At the time when water intrusion can be expected
to occur, the predominant radiation from the spent nuclear
fuel will be alpha-radiation.”® The radiation will induce radi-
olysis of water in close proximity to the fuel. This can generate
oxidizing conditions at the fuel surface under which UO, is
considerably more soluble® thereby facilitating the migration
of U and other radionuclides in the environment.” Among the
radiolysis products, H,0, has been demonstrated to be the
main oxidant responsible for uranium dissolution in systems
exposed to alpha-radiation."®

H,0, can react in two different ways on the surface of UO,,
via catalytic decomposition producing water and molecular
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shows, that the surface of all pellets is significantly oxidized.

oxygen ((1)-(3))"" and by oxidizing U(v) ((4) and (5))'*"
respectively.

H,0, — 20H, (1)

HO,,, + H,0, — H,0 + HO; (2)
HO; + HO}, — H,0, + O, (3)
H,0; + UOy5) — UO, 445> + 20H (4)
U0, ags™" — UO; gissolved” (5)

It is important to note that the hydroxyl radicals formed in
reaction (1) are stabilized by adsorption to the UO, surface,
adsorption being a prerequisite for this reaction to occur spon-
taneously. Under certain conditions, reaction (5) can be rate
limiting but in the presence of the common groundwater con-
stituent HCO;™, dissolution of U(wi) is facilitated by the for-
mation of soluble complexes.'*™*°

To quantify the competition between oxidation of UO, by
H,0, and catalytic decomposition of H,0, on the UO, surface,
the term dissolution yield has been introduced."” It is defined
as the ratio between the amount of U(vi) dissolved from a
pellet or a given amount of powder and the amount of H,0,
A[U(w)]diss ) . As the
A[Hzoz]cons
surface area from which the uranium is dissolved is identical
to the surface area on which H,O, is consumed, the dis-
solution yield can be regarded as independent of the UO,
surface area that was exposed to the solution. This entity offers
a straightforward way to compare experiments on specimens

consumed on the same solid specimen (
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with different surface areas or where surface areas are difficult
to determine experimentally.

It was recently shown that the dissolution yield for UO,
powder ranges from 44% to 100% depending on the initial
H,0, concentration.'® For UO, pellets the dissolution yield
was reported to be around 15%."°">" The range of dissolution
yields observed for UO, powder was rationalized from the
mechanism for catalytic decomposition of H,0,. Hydrogen
peroxide acts as radical scavenger for surface bound hydroxyl
radicals (reaction (2)) and the higher the concentration of
H,0,, the larger is the fraction of H,0, consumed through
catalytic decomposition. In fact, the key-competing reactions

involving the surface-bound hydroxyl radical (OH;,,) can be
described as follows ((6) and (7)):'®

U0, — OH" — UO," + OH~ (6)

UOZ - OH. + HzOZ — U02 + Hzo + HO.Z (7)

From this mechanism a kinetic definition of the dis-
solution yield accounting for the H,0,-concentration depen-
dence can be derived (8):

. . . . ks
Dissolutionyield (kin) = ke + % [H,05] (8)

It should be noted that the U(v) species formed in reaction (6)
must be oxidized one step further before dissolution takes
place.

It was recently observed, that the reaction between H,O,
and UO, powder does not follow strict first order kinetics.'®*
Instead, it turned out that the rate for H,O, consumption at a
given H,0, concentration depends on the initial H,O, concen-
tration. In other words, the overall kinetics changes with turn-
over of H,0,. This change in surface reactivity can only be
attributed to a surface alteration process, possibly due to passi-
vation of reactive sites by oxidized uranium or surface bound
hydroxyl radicals. In the experiments mentioned above, the
surface area to solution volume ratios were between 2700 m™*
to 10800 m™" for powder experiments'® while they were
around 22 m™" for pellets."®*° This means that the UO, sur-
faces are exposed to very different amounts of H,0, in powder
experiments as compared to pellet experiments. In the powder
experiments the H,O, exposure ranges from 1.8 x 10™° mol
m~2 to 7.4 x 10~* mol m~? while in the pellet experiments the
H,0, exposure is around 0.08 mol m™>. In view of the time
spans relevant for a deep repository, the very low exposures of
the powder experiments correspond to an extremely short
leaching time and the results may therefore not be relevant for
a long-term safety assessment. To explore the possible change
in surface reactivity of spent nuclear fuel, considerably higher
exposures are needed.

In this work, we have studied the oxidative dissolution of
U0, pellets at H,0, exposures ranging from 0.33 mol m~? to
1.36 mol m™>. Based on the experimental results of this and
previous studies,'®?%?? the effect of H,0, exposure on the UO,
surface reactivity is analysed and discussed.
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Material and methods
Pellet fabrication and characterisation

Caution! Although natural uranium was used in this study and
the radioactivity of the material is low due to its long half-life,
safety precautions regarding the work with radioactive
materials should be followed. The work with radioactive
materials should only be conducted by trained staff and take
place in appropriate facilities. Precursor powders for the
pellets were produced by co-precipitation, where ammonium
di-uranate (ADU) is precipitated from an aqueous solution con-
taining 16.5 M ammonia and 2 M uranyl-nitrate. The
[UO,(NO3),-6H,0] > 99% was supplied by Merck. After precipi-
tation the powder was washed four times with high purity
water to remove NH,OH residuals. During the last washing
step water was replaced with ethanol and the powder was left
to dry. It was then calcined in air at 600 °C for 5 h for de-
nitration, de-hydration, and transformation to U;Og. In a
second step, the U;O0g powder was reduced to stoichiometric
UO, during thermal treatment for 5 h at 600 °C in a tube
furnace flushed with a 4% H,-96% Ar mixture (HYTEC).
Afterwards, the calcined powder was compacted (for pressures
see ESI S17) to disk shaped green bodies (10 mm diameter)
and pellets were sintered at 1700 °C for 10 h in a 4% H, in Ar
atmosphere to stoichiometric UO, according to ref. 23. After
sintering, the pellets were polished in several steps, the last
step with a 0.04 pm colloidal SiO, paste, and then thermally
treated at 1350 °C for 180 min in reducing atmosphere
(HYTEC). Total densities (Table 1) of the pellets were deter-
mined by a modified Archimedes method as described in ref.
24, where paraffin is used to cover all surfaces including open
porosity and to avoid an uptake of water into the ceramic
during the measurement. Additionally, the porosity of the
pellets was determined from SEM observations via image ana-
lyses (Image]). A comparison of the two measurement
methods shows coherent results, i.e. the porosity observed at
the surface is representative for the volume of the pellets (SEM
images see ESI S27). Grain sizes were determined by measur-
ing and averaging the length of the long and short axes of at
least 100 grains per pellet. The average grain size of all
samples was 12 + 1 pm and the average weight of the pellets is
0.97 + 0.03 g. The surface areas of the pellets were determined
geometrically and amounts (1.53 + 0.05) x 10~* m>,

Changes to the microstructure during the exposure to H,O,
where analysed using a Quanta 200 FEG SEM (Thermo Fisher/

Table 1 Overview of pellets used in this study

Density/theoretical density x 100%

Pellet ID Archimedes SEM
P1 92.9 92.2
P2 93.5 n.d.
P3 94.0 n.d.
P4 94.6 n.d.
P5 95.0 95.7

This journal is © The Royal Society of Chemistry 2020
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FEI). Images were recorded before and after dissolution using
both secondary electron (SE) and backscatter electron (BSE) detec-
tors at an acceleration voltage of 20 kV in low vacuum mode.

XRD patterns of the pellets were recorded on a Bruker D4
Endeavor diffractometer, 40 kV and 40 mA, in Bragg-Brentano
geometry. The diffractometer is equipped with a copper X-ray
tube and a primary nickel filter producing graphite monochro-
mized CuKal radiation (A = 1.54187 A). A linear silicon strip
LynxEye detector (Bruker - AXS) was used. The patterns were
recorded in the range of 26 = 5-130° with a 0.02° increment
and a scan speed of 2 s per step. The aperture of the fixed
divergence slit was set to 0.2 mm and the receiving slit to
8.0 mm respectively. To determine the reaction products that
form on the surface of the pellets during the exposure to H,0,,
non-polarized Raman spectra were recorded after three con-
secutive exposures to H,O, on a Horiba LabRAM HR spectro-
meter using a Peltier cooled multichannel CCD detector. An
objective lens with a 50x magnification was linked to the
spectrometer, allowing the analysis of samples as small as
2 pm in diameter. The incident radiation was produced by a
He-Ne laser at a power of 17 mW (41 = 632.8 nm). The focal
length of the spectrometer was 800 mm and a 1800 gr mm ™"
grating was used. The spectral resolution was approximately
1 ecm™! with a slit of 100 pm. All spectra were recorded in the
range between 200-2000 cm™'. For each pellet three spectra
were recorded at three different locations.

Dissolution experiments

Prior to the dissolution experiments each pellet was washed in
de-aerated 10 mM bicarbonate solution to remove pre-oxidized
uranium from the surface, as pre-oxidized uranium might
appear during production and handling of the pellet. The
washing was carried out with the following procedure: first,
each pellet was immersed in de-aerated bicarbonate solution
for 10 min. In a second step, the bicarbonate solution was
replaced several times after 10 min, 12 h and again after
10 min. After washing, the bicarbonate solution was replaced
once more and H,0, was added immediately to a concen-
tration of 2.25 mM and a total sample volume of 40 ml. Blank
experiments without UO, pellets were carried out in parallel to
the pellet experiments to correct for H,O, consumption on the
reaction vessels. The dissolution experiments were carried out
at room temperature and the pH of the leaching solution was
approximately 8.2.

H,0, and U(vi) concentrations were measured using a
Lambda 19 PerkinElmer UV/VIS/NIR spectrophotometer. H,O,
was measured at 360 nm using the Ghormley triiodide
method®® whereas U(vi) was measured at 653 nm using the
Arsenazo Il method.”® The samples were purged with Ar
(=299.999%, Air Liquide) throughout the experiments.

Chemicals used in all experiments were of reagent grade or
higher unless otherwise stated. Purified water (18.2 MQ cm,
Merck MilliQ) was used throughout. Between individual H,0,
exposures each pellet was rinsed with water and sonicated to
remove reaction products (i.e. U(vi)) from the previous experi-
ment. It was then repeatedly washed with 10 mM de-aerated

This journal is © The Royal Society of Chemistry 2020
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bicarbonate solution using the same procedure as stated
above.

After the last experiment the pellet was washed with de-
aerated MilliQ water and then left to dry in an Ar atmosphere.

Results and discussion
Dissolution experiments

Fig. 1 shows the results of dissolution experiments for pellet
P5 during three consecutive H,O, exposures. For pellets P1 to
P4 the trends are similar (see ESI S3f). From the figure it
becomes clear that the amount of uranium released decreases
in every consecutive exposure to H,O,. In contrast, the con-
sumption of H,O, is almost identical for each exposure. It
should be noted that the data in Fig. 1 is not corrected for the
background consumption of H,0, on the glass surfaces of the
reaction vessels. Data corrected for the background consump-
tion can be found in Table 2 along with the corresponding dis-
solution yields. It is clear that the dissolution yields are quite
low compared to previous studies and that for a given pellet, it
decreases for every new exposure to H,0,. As mentioned
above, previously reported dissolution yields for UO, pellets
are around 15% (ref. 19-21) while for powders the dissolution
yield is even higher.'®
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Fig. 1 Uranium release (A) and H,O, consumption (B) from pellet P5
during three consecutive exposures to H,O,.
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Table 2 H,0, consumption and dissolution yields for each H,O,
exposure and pellet

Sample H,O0, H,O0, consumed Dissolution
ID exposure no. on UO, (mM) yield (%)
P1 #1 1.20 1.51
#2 1.74 1.08
#3 1.63 0.53
P2 #1 1.72 1.98
#2 1.80 0.77
#3 1.71 0.31
P3 #1 1.54 2.33
#2 1.28 0.79
#3 1.77 0.25
P4 #1 1.72 1.97
#2 1.76 0.91
#3 1.56 0.26
P5 #t1 1.74 1.62
#2 1.60 0.76
#3 1.47 0.28

The results of the consecutive H,O, exposures presented
here provide some new insights since the systematic decrease
in dissolution yield strongly indicates that the pellet surface is
being altered, even in the presence of 10 mM bicarbonate and
thorough washing with HCO;~ solution between the
exposures. This behaviour has, to the best of our knowledge,
not been reported previously.

It was previously suggested that the dissolution yield
depends on the initial H,O, concentration and that this could
be explained by the mechanism for catalytic H,O, decompo-
sition.'® The results presented here do not support the pre-
vious conclusion. Instead, the dissolution yield appears to
depend on the total exposure to H,0, expressed in mol m~? of
UO, surface.

As already pointed out, there is a significant difference in
the solid surface area to solution volume ratio between pellet
experiments and powder experiments. In the current experi-
ments, the surface area to volume ratio is around 3.5-4.0 m™*
while in powder experiments the corresponding ratio is often
around 5000 m~' or higher. This means that a pellet is
exposed to about three orders of magnitude more H,0, per
surface area of material compared to the powder at the same
initial H,O, concentration. To analyse the possible correlation
between the dissolution yield and H,O,-exposure per surface
area, we have plotted the dissolution yields reported above as
function of total H,0,-exposure per surface area (Fig. 2). For
the second and third exposures, the accumulated H,O,
exposure is used.

The results indicate a clear trend where the dissolution
yield decreases with increasing H,O,-exposure per surface
area. Again, this implies that the surface is continuously being
altered in what seems to be an irreversible way. Although the
overall reactivity of H,O, towards the pellets is the same in all
three exposures, the change in dissolution yield is a direct con-
sequence of a change in the redox reactivity by as much as a
factor of 3 to 4. This is in line with the change in kinetics
observed in the powder experiments discussed above.'®*?
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Fig. 2 Dissolution yield vs. accumulated H,O, consumption per m? of
exposed UO, for pellets in this study.

Since the dissolution yields are considerably higher for
powders, a change in the redox reactivity also has a significant
impact on the overall reactivity.

Compared to the results from pellet experiments (Fig. 2),
powder experiments represent the other extreme in terms of
solid surface area to solution volume ratio. In recently pub-
lished powder experiments'® the same general trend was
observed, despite the quite obvious H,0, concentration depen-
dence for high surface area experiments. In order to connect
the low and high solid surface area to solution volume experi-
ments, we plot the results from powder experiments'® and
results from the pellet experiments in this study in the same
graph (Fig. 3a). In addition, the result of a previously pub-
lished pellet experiment is included.>”

As can be seen, the data from the previously published
pellet experiment performed at a slightly higher surface to
volume ratio than in the present study connects the data from
this work with the data for powder experiments. Given the
wide range in H,0,-exposure per surface area, we have also
made the same plot with logarithmic axes (Fig. 3b).

Again, we observe a more or less continuous trend that
clearly shows how the pellet becomes increasingly resistant to
oxidative dissolution induced by H,0,. It is interesting to
compare the present results to the expected exposure conditions
in a deep repository. The rate of H,O, consumption on a 1000
years old fuel with a burn-up of 55 MWd/kgU has been calculated
to be 1.21 x 107" mol m™ s according to ref. 27.
Consequently, a total H,O, exposure of 1.36 mol m™>, as in the
present work, corresponds to 356 years of exposure for the 1000
year old fuel. This is a fairly short time span compared to the
time span that has to be considered for a deep geological reposi-
tory. For the same fuel at 100000 years age the time span to
reach the same H,0, exposure is slightly above 14 000 years.

For lab experiments aiming at elucidating the kinetics of
spent nuclear fuel dissolution, the results presented above
demonstrate the importance of the history of the specimens
used in leaching experiments.

It should be noted that under the conditions used in the
experiments presented here (10 mM HCO;™), studtite for-

This journal is © The Royal Society of Chemistry 2020
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logarithmic axes.

mation is thermodynamically favourable.”® However, when
considering the equilibrium constants for uranyl carbonate-
and uranyl peroxo carbonate complexes,>®?° the solubility
under the present conditions is still significant and therefore
Studtite precipitation is not to be expected. Studtite formation
is usually confirmed in systems where UO, has been exposed
to H,0, in the absence of HCO;™.*"*? In a previous study,
UO, powder, a UO, pellet and a SIMFUEL pellet (UO, doped
with 11 nonradioactive isotopes of fission products to mimic
real spent nuclear fuel) were exposed to high concentrations of
H,0, in aqueous solutions not containing HCO;~. High H,0,
concentrations were used to favour studtite formation. Post
exposure investigation of the pellet surfaces with Raman spec-
troscopy confirmed the formation of studtite/metastudtite on
UO, powder and on the UO, pellet. Interestingly, studtite/
metastudtite formation was not observed on SIMFUEL. For
SIMFUEL, the dissolution yield is very low and the reactivity of
H,0, is dominated by catalytic decomposition.

It has been reported that the presence of HCO;™ efficiently
removes oxidized uranium from the surface in oxidative dis-
solution experiments.***> However, post exposure surface
characterization showing an unaltered surface, have only been

This journal is © The Royal Society of Chemistry 2020
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reported for HCO;~ containing systems where the oxidant is
molecular oxygen. H,O, containing systems still remain to be
explored.

To shed some light on the nature of the solid phase altera-
tion caused by the exposure of UO, to H,0, in this study,
surface characterization of the pellets was performed using
SEM, XRD, and Raman spectroscopy.

Scanning electron microscopy

BSE-SEM images of pellet P3 before (A) and after (B) three con-
secutive exposures to H,O, are shown in Fig. 4. A significant
change in the surface morphology is visible after the exposure
to H,0,, mainly at the grain boundaries, but also at the grain
surfaces. Already before the experiments, the grain boundaries
are slightly etched due to the thermal treatment. When
looking at the grains themselves, small square shaped struc-
tures appear after thermal etching. We ascribe them to a
surface relaxation feature that appears at elevated tempera-
tures. After the exposure to H,O, these features become more
pronounced, indicating dissolution, even from the grains
themselves. After the dissolution experiment, some grains are
liberated due to etching of the complete grain boundary.

A closer view of P3 after dissolution is provided in Fig. 5 to
reveal the details of individual grains. A significant surface
roughness of the grain surfaces appears after the dissolution
experiments (SE-image, Fig. 5A), which coincides with a new
contrast appearing in the BSE image (Fig. 5B). The increased
contrast and surface roughness may be due to differences in
reactivity of the surface, leading to the preferential dissolution

Fig. 4 BSE-SEM images of P3, (A) before the exposure to H,O, and (B)
after the third exposure to H,O,.

Fig. 5 (A) SE-SEM of P3 after the third exposure to H,O, and (B)
BSE-SEM of the same area.

Dalton Trans., 2020, 49, 1241-1248 | 1245
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of parts of the surface. These irregularities may be a result of
orientational or stoichiometrical effects. The latter will be dis-
cussed in the Raman spectroscopy section.

It becomes obvious that dissolution mainly occurs on
certain grain boundaries while other grain boundaries remain
intact. Also grain boundaries from just under the pellet
surface dissolve, opening up small crack-like structures
throughout different grains. Additionally, individual grains are
loosened up from the matrix during the exposure to H,O,
leaving holes behind.

X-ray diffractometry

XRD patterns recorded prior to the dissolution experiments
(Fig. 6a) confirm the stoichiometry of UO, in a single cubic
phase.®® The lattice parameters for samples P1 and P5 were
calculated to be 5.477 + 0.002 A and 5.479 + 0.003 A based on
the Debye-Scherrer method, which is in good agreement with
literature.”® XRD results from after the exposure to H,O,
(Fig. 6b) reveal, that hyper-stoichiometric UO, was formed
which remains on the surface during the experiments; i.e. a
smaller secondary peak appears at higher 26 angles next to
the primary UO, peak. Broadening of this secondary peak can
be due to both, a decrease in crystallinity based on the for-
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Fig. 6 (A) Diffractograms before the first H,O, exposure and (B) after
the third H,O, exposure. Y-Axis offset is added for clarity. Indices for
UO, are shown as gray lines>® and for U4Oy as purple dashed lines.”
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mation of interstitial oxygen defects as well as a range of
different oxidation states. Assuming that different states of oxi-
dized uranium form during the reaction with H,0,, the range
of hyper-stoichiometry can be narrowed down to x < 0.25 in
UO,.,. The highest oxidation state therefore matches the U,04
phase as indexed in purple.®” It should be noted that no signs
of studtite formation can be observed.

Raman spectroscopy

The Raman spectrum of a sintered pellet which is a twin of the
pellets which were used in the H,O, experiments, revealed the
stoichiometric UO, bands at 445 cm™* and 1150 cm ™ *.%% Also a
small band at 918 cm™" was observed.?® Spectra of samples P1
and P5 after the third exposure to H,O, are shown in Fig. 7.

New bands appear for all samples after they were exposed
to H,0,. These bands can be ascribed to various oxidation
states of hyper-stoichiometric UO, as shown in Table 3. Their
intensities vary for each pellet and location where they were
recorded. Even oxidation states up to Uz;Og were found. As
expected, no signs of studtite formation were observed using
this technique either. It should be pointed out that studtite
formation was previously observed using Raman on UO, speci-
mens exposed to radiation in solutions without HCO;~ ****

As compared to the hyper-stoichiometry found by XRD, the
Raman results reveal higher oxidation states. Since the XRD is
insensitive to distortions in the anion sub lattice, transitional
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Fig. 7 Raman spectra recorded at three different locations after the
dissolution experiments for P1 (A) and P5 (B).
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Table 3 Raman band for hyper-stoichiometric UO, found on samples
P1-P5 after the exposure to H,O,

U0, %% 445 cm™, 918 em™, 1150 cm™*

UO,5°% 445 cm™, 562 cm™, 623 cm™, 1150 em™
UO,,,%® 459 cem™, 547 em™, 637 cm ™, 1150 cm™"

a-U;04 %0 343 cm’i, 351 cm ', 412 cm ™Y, 483 cm ™Y, 738 em Y,
811 cm™

1

phenomena regarding distortions to the oxygen sub lattice
remain unnoticed with XRD when cubic UO, is gradually oxi-
dized to tetragonal U;O,. Based on the attenuation length of
photons penetrating UO,, the 8 keV X-rays penetrate the
surface of the pellet much deeper as compared to the 1.95 eV
Raman laser. Therefore one can assume, that the oxidation
gradually decreases from the surface towards the center of the
pellet as higher oxidation states than U,O, were only measured
by Raman spectroscopy.

Low frequency vibrations (below 343 cm™'), which only
occur very locally, could not be identified in detail. However,
we assume that they are an indication of distortion to the cat-
ionic sub lattice.

Conclusions

The experimental results presented in this work show that the
redox reactivity of UO, decreases quite dramatically with
exposure to H,O, in HCO;~ containing aqueous solutions.
Surface alteration to which this change in redox reactivity is
attributed appears to be permanent and cannot be reverted
merely by exposure to bicarbonate. The nature of this altera-
tion is an increase in oxidation state; however, the degree of
oxidation is not straightforward to assess. Surface characteriz-
ation techniques indicate that an oxidation state gradient
evolves upon high exposure to H,0,.

These finding demonstrate the importance of keeping track
of and reporting the H,O, exposure history when performing
lab experiments on oxidative dissolution of UO, specimens in
general and in particular when extrapolating these results to
repository conditions.

In case of groundwater intrusion into a deep repository for
spent nuclear fuel, the observed change in redox reactivity
would lead to a fairly drastic inhibition of radiation induced
fuel matrix dissolution and thereby also limit the radionuclide
release. In fact, by numerically integrating the curve presented
in Fig. 3 we can estimate the fraction of dissolved fuel matrix
before reaching complete inhibition of oxidative matrix dis-
solution to less than 0.1% of the total inventory. This would
have a tremendous impact on the safety assessment of a repo-
sitory for spent nuclear fuel.
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