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The dissolution rates of unirradiated UO, and unirradiated UO, doped with Gd,O3z were determined as a func-
tion of pH using flow-through experiments in the presence of O,(g) and bicarbonate. The dissolution rate of
non-doped UO, was very low under hyperalkaline conditions (pH 12-13) whereas it increased drastically as
the pH decreased to 9. The dissolution of non-doped UO, in the pH range of 9-13 was consistent with the
oxidative dissolution mechanism already described for UO, dissolution in the presence of bicarbonate and
oxygen. XPS analysis performed on the solid after dissolution experiments at pH 10 and 13 supported the
bicarbonate effect to complex UO,2* and accelerate dissolution. Moreover, UO, doped with Gd,Os (5 wt%
and 10 wt%) showed dissolution rates as low as non-doped UO, under hyperalkaline conditions, which were
maintained throughout the pH range studied (9-13). No substantial differences in the dissolution rates
between these two doping levels were found. XPS analysis evidenced a similar surface composition both at pH
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10 and 13, with U(v) being the dominant oxidation state. The low dissolution rates were assumed to be a con-
sequence of the gadolinium capacity to retard the oxidation of U(v) to U(vi). The slight increase in dissolution
rates observed in the hyperalkaline region was attributed to a shift in the oxidative dissolution mechanism, in
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Introduction

Modern nuclear power plants incorporate burnable neutron
absorbers in the nuclear fuel because they represent a key
improvement in the commercial operation of the plant. Burnable
neutron absorbers extend cycle lengths by reducing the excess
reactivity of fresh UO, fuel at the beginning of operation.
Gadolinia (Gd,0;) is the most widely used burnable
neutron absorber in both PWR and BWR fuels, due to the
large neutron absorption cross-section of the main isotopes of
natural gadolinium (*>Gd and "*’Gd, with 60.700 and 254.000
barns, respectively).” Their daughter nuclides formed as a
result of neutron absorption present significantly lower
absorption cross sections compared with parent nuclides
(***Gd and '**Gd, with only 1.71 and 2.01 barns respectively),
and therefore, they are less reactive and do not interfere in the
fission chain reaction.® Gd,0; has been mixed with UO, in the
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which the presence of OH™ promotes the formation of soluble uranyl hydroxo complexes.

range of 5-10 wt% for the production of neutron-absorbing
fuel (NAF) since the 1970s.*

Studies carried out on the consequences of the incorpor-
ation of gadolinium into the crystallographic structure of UO,
showed an interesting trend, and the presence of gadolinium
in the fuel had an important impact on the rate of oxidation of
U(wv) by oxygen: the oxidation of UO, to U;Og was found to be
slower in Gd,0;-doped UO, 56 because of changes in the
formal charge on U atoms due to the presence of Gd().

Park and Olander’ showed that when Gd(ur) ions substitute
for U(v) ions in solid solutions, Gd dopant-oxygen vacancy
clusters (Gd(m)-Ov) are formed in order to maintain electro-
neutrality, whose presence was evidenced by Raman experi-
ments.® Since Gd(m) repels nearby double charged interstitial
oxygen ions, the accommodation of excess of O*~ ions during
UO, oxidation would be restricted and hence, further oxidation
of the matrix may be limited.

The potential capacity of gadolinium to decrease the oxi-
dation of U(iv) might have important consequences when con-
sidering the final disposal of the spent UO, fuel, because its
dissolution follows an oxidative dissolution mechanism in the
presence of oxygen. In this mechanism, the dissolution occurs
because of the formation of U(vi) surface complexes on the
solid and their subsequent dissolution through reaction with
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bicarbonate from groundwater.”" Thus, blocking the oxi-
dation process could imply the decrease of the dissolution of
the spent nuclear fuel under the conditions expected in a
high-level nuclear waste repository and, consequently, the acti-
nides and fission products released.

Actually, electrochemical experiments carried out by
Razdan and Shoesmith'® determined that the oxidation/dis-
solution mechanism of Gd,0;-doped UO, is the same as that
of undoped UO,, but Gd,0; was able to reduce the reactivity of
the UO, surface. Casella et al.*® observed a decrease of the UO,
dissolution rate in oxygen when Gd,O; was added into the
UO, matrix. The authors performed experiments with five
different solids (with UO, doped with 0-4% Gd,O;) at different
oxygen partial pressures and a constant pH and found that the
dissolution rate decreased between 5 and 9 times compared to
non-doped UO,.

In the present work, the dissolution rates of UO,, a
common chemical analogue of the UO, nuclear fuel, and two
different Gd,0; doped UO, (5 wt% and 10 wt%) were deter-
mined. The study was carried out in the pH range of 9-13, in
order to also consider the high pH value of groundwater in
contact with concrete and cementitious materials, which are
being included in concepts for the disposal of different radio-
active wastes'*'® and no data on oxidative dissolution at high
PH are available in the literature.

Materials and methods
Synthesis of Gd,0;-UO, samples

UO, pellets provided by Empresa Nacional del Uranio S.A.
(ENUSA) were ground to a fine powder. Gd,O; with a purity of
99.9% (Sigma Aldrich) and a powder diameter less than 10 um
was dried in an oven (SEL-HORN “R-8 L”, Selecta) at 500 °C for
4 h and cooled down in a vacuum desiccator.

The synthesis of Gd,0;-UO, pellets was carried out follow-
ing the dry mechanical mixing method described by Baena
et al.'” Appropriate amounts of Gd,0; and UO, powder were
mixed and blended in an agate mortar to ensure a homo-
geneous mixture. To improve the gadolinium distribution,
powders were first mixed in a proportion of 1:1. Then,
additional UO, powder was added to the mixture to adjust the
Gd,0;-UQO, ratio. In addition, to obtain pellets with low poro-
sity, a small amount (0.2 wt%) of sintering aid Al(OH); (Sigma
Aldrich) was added to the mixture.”® The compaction of
powders into cylindrical pellets was carried out in a uniaxial
manual hydraulic press (Specac) with an applied pressure of
700 MPa. The sintering of the pellets was performed using a
horizontal tube furnace ST196030 HG from Hobersal. The
pellets were placed in an alumina crucible with a molybdenum
cover to prevent interactions between the pellets and the cruci-
ble. The pellets were sintered at 1740 °C for 8 h under a 5 vol%
H,-Ar reducing sintering atmosphere in order to avoid the oxi-
dation of U(w).

After the sintering process, the pellets were ground to
powder using an agate mortar and a pestle. The powder was
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sieved and the particles between 50 um and 75 pm were gath-
ered. The specific surface area was determined by BET
(Micromeritics ASAP 2020 surface area and porosity analyzer)
based on adsorption/desorption isotherms of nitrogen at room
temperature.

Characterization of Gd,0;-UO, samples

Sample imaging of the grain morphology on the surface of the
pellets after sintering was conducted by means of a Phenom
XL SEM from PhenomWorld, using an electron acceleration
voltage of 15 kV. The microscope was equipped with a second-
ary and backscattered electron detector and an energy disper-
sive X-ray detector (EDX) which allowed the semi-quantitative
determination of the elemental composition of a single spot
and of a specific area.

X-ray diffraction (XRD) analysis was performed to determine
the composition and homogeneity of the sintered pellets.”® A
Bruker D8 diffractometer with Cu Ko radiation (1 = 1.54056 A)
was used. The voltage was 45 kv and the tube current was
35 mA. Data were collected in the 26 range of 20°-120° with a
step size of 0.02° and a dwell time of 1 s per step. The obtained
XRD patterns were compared to the standard database using
EVA X-ray diffraction analysis software. The identification of
uranium oxide was based on PDF 00-041-1422.

XPS analysis was carried out to investigate the changes in
the surface oxidation state of the powders before and after dis-
solution experiments. XPS spectra were recorded at a pressure
below 10™® mbar using a SPECS system with a Phoibos MCD-9
detector and an Al anode XR50 source operating at 150 W. The
accuracy of the peak positions was +0.2 eV.

CasaXPS software (Casa Software Ltd, UK) version 2.3.25
was used for data analysis. The spectra were fitted using 30%
of the Lorentzian curve and 70% of the Gaussian curve with a
Shirley background correction. Energy values were referenced
to the C 1s peak located at 285 eV. The uranium oxidation
state (U(iv), U(v) and U(vi)) was calculated by the deconvolution
of the U4f,,, and U4f;, bands, based on their characteristic
binding energies and the distance among them.?°>* In
addition, the position of the satellite peaks was considered to
corroborate the fitting of the data.

Leaching solution

All the solutions were prepared using ultrapure water obtained
from a Milli-Q water purification system. An Orion pH meter,
model 720A, was used to determine the pH of the solution and
was calibrated with standard buffer solutions from Panreac
(pH 7, 9 and 13). The pH in the range of 9 to 13 was adjusted
by the addition of NaOH (Sigma Aldrich) when necessary. The
concentration of NaHCO; (Sigma Aldrich) was fixed to 5 x 1072
M to simulate groundwater composition in a granitic environ-
ment and the ionic strength was kept constant at 0.1 M by
using NaClO,. The leaching solution was constantly bubbled
with synthetic air (21% O,, 79% N,) with a purity greater than
99.99% and CO, < 1 ppm (supplied by Messer). Experiments
were conducted at room temperature.

This journal is © The Royal Society of Chemistry 2023
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Experimental setup (single pass flow-through equipment)

A continuous flow-through system based on a thin solid layer
reactor was used.”” 0.130 g of each solid (non-doped UO, and
UO, doped with 5 and 10 wt% Gd,0;) with the same particle
size was enclosed in three parallel reactors (Swinnex filter
holder 13 mm) between two 0.22 pm pore size filters made of
hydrophilic PTFE, which offered high resistance to alkaline
solutions.

The leaching solution was continuously pumped through
three different lines (one for each reactor) with flow rates that
prevented any secondary phase formation. Samples were col-
lected periodically at the outlet of every reactor, acidified with
concentrated HNO; and analysed by ICP-MS (7800 from
Agilent Technologies). Both uranium and gadolinium concen-
trations in the leachate were analysed. However, whereas the
uranium concentration could be accurately measured, the
gadolinium concentration was found to be below the detection
limit, probably due to its low dissolution under studied con-
ditions and the small amount present in the samples. Several
flow rates between 0.05 and 0.2 mL min~" were tested at pH
10, where the aqueous uranium concentration measured was
directly proportional to the inverse of the flow rate used. This
verified that the concentrations obtained corresponded to a
steady state rather than solubility equilibrium, and therefore a
flow rate of 0.07 mL min~' was selected for subsequent
experiments.

Results and discussion

Characterisation of Gd,03;-UO, samples

The surface morphology of the UO, doped with Gd,0; (5%
and 10%) pellets after the sintering process showed well-
defined grain boundaries and a low porosity microstructure
(ESI{). In addition, EDX performed at different points detected
U and Gd in all points of all measurements with a small vari-
ation in the gadolinium content, indicating that it was homo-
geneously distributed in the UO, matrix.

On the other hand, X-ray diffraction analysis of the samples
showed a unique crystalline phase (fluorite type) and no free
Gd,O03. The peaks corresponding to the Gd,0;-doped samples
were slightly shifted towards higher angles from the UO, refer-
ence sample (see Fig. 1), which was attributed to the lattice
contraction with increasing gadolinium concentration already
observed in previous studies.®'2%2°

The results obtained by SEM-EDX and XRD showed that
gadolinium was homogeneously distributed in the doped-UO,
samples and, hence, the methodology used in this work for
the synthesis of Gd,03-doped UO, pellets was adequate.

Furthermore, measurements of initial Gd,0s;-doped UO,
(5% and 10%) pellets by means of XPS showed the presence of
only U(wv) on the surface, as the U 4f XPS spectra showed the
characteristics associated with U(v).>* The peak U4f,, was
located at a binding energy of 379.7 + 0.1 eV and a single satel-
lite peak was observed at a distance of 6.7 eV from U4f;),

(EST).

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

10% - doped UO,

5% - dopedh
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Fig. 1 Close-up of the XRD spectra of non-doped UO, and the solids
synthesized to dope UO, with Gd,Os. For each peak, the highest 2 theta
value corresponded to 10% Gd,O3z doped UO, and the lowest to non-
doped UO,.

Non-doped UO, dissolution rates

From the uranium concentrations at the steady state, the dis-
solution rates were calculated considering the specific surface
area of the solid, measured by the BET methodology (0.0444 +
0.0005 m? g™1). The non-doped UO, dissolution rates are pre-
sented in Table 1 and plotted in Fig. 2 as a function of pH.
The main trend observed is the dependence of the dissolution
rate on pH, with very low rates at pH higher than 11 and
higher dissolution rates in a slightly alkaline region (between
pH 9 and 10). The dissolution rates in this pH range are com-
parable to that reported in the literature under similar con-
ditions using uranium dioxide® and spent nuclear fuel.*

De Pablo et al.® proposed a mechanism for the dissolution
of uranium dioxide in bicarbonate media and in the presence
of oxygen. The oxidative dissolution mechanism consisted of
three consecutive steps:

(1) Oxidation of the surface of the solid, with kinetic con-
stants k; and k_;.

1 k
> U0, +0, => U0, 1)

(2) Surface coordination of U(vi) by HCO;~, with kinetic
constant k,.

Table 1 Dissolution rates of UO, and UO, doped with Gd,Os (5% and
10%) at different pH values

TaissU X 10" (mol m™2 s71)

pH 0% Gd,03 5% Gd,0; 10% Gd,O0;
9 28.95 + 0.50 1.77 £ 0.50 1.38 £ 0.50
10 26.37 + 0.50 0.91 £ 0.50 0.84 £ 0.50
11 15.18 £ 0.50 0.45 £ 0.50 0.65 £ 0.50
11.5 4.86 = 0.50 0.24 + 0.50 0.37 £ 0.50
12 0.57 £0.50 0.32 £0.50 0.32 £ 0.50
12.5 0.51 £ 0.50 0.37 £0.50 0.47 £ 0.50
13 0.49 £ 0.50 0.54 £ 0.50 0.60 £ 0.50

Dalton Trans., 2023, 52, 9823-9830 | 9825
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Fig. 2 UO, and Gd,0O3-doped UO, dissolution rates determined in this
work as a function of pH (® non-doped UO,, B 5% Gd,O3z doped UO,; A
10%Gd,03 doped UO,) and fitting of the oxidative dissolution model
from eqgn (4) using the parameters from Table 2 (dashed and straight
lines for modelling non-doped and doped UO, dissolution rates,
respectively).

k;
> UO; +HCO;~ —> UO3; — HCO3™~ (2)

(3) Dissolution of the U(vi)-bicarbonate species formed
on the surface, with kinetic constant k;. This step was con-
sidered very fast, and consequently, the dissolution rate
depends only on k;, k_; and k, constants.

UO; — HCO; ™ % "U(VI)(aq)” (3)

Considering this mechanism, the dissolution rate could be

calculated using eqn (4) as a function of oxygen and bicarbon-

ate concentrations in solution as well as the number of U(v)

sites in the solid surface, {>UO,}, with a value of 107° mol

m?>.*! Details of how to determine eqn (4) from this mecha-
nism are provided by De Pablo et al.’

_ kikp{> U0, },[0,][HCO;"]

-2 -1
) k71 —+ k2 [HCO‘O,*} —+ kl [02]

TaissU(molm™ s (4)
In this work, where the pH of the solution is varied, it is
necessary to consider that the free bicarbonate concentration
in solution depends on pH. Considering the equations of the
total carbon concentration in the alkaline region (eqn (5)),

Totaleone, = [HCO37] + [CO327] (5)
and the equilibrium constant between carbonate and bicar-
bonate (eqn (6)).
2— H+
[HCO; ]

The free bicarbonate concentration in eqn (4) should be
substituted by the expression in eqn (7).

KZZ

Totalcone.

[HCO3_} =%
] +1

(7)

Fig. 2 shows the fitting of the oxidative dissolution model
to the dissolution rates determined in this work. The kinetic
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constant values are presented in Table 2, with the k, constant
being a bit higher than that obtained by de Pablo et al.’® at
25 °C. The good fitting of the model to the experimental data
indicates that the UQ, oxidative dissolution model is able to
reproduce the behaviour of the dissolution rates in a wide pH
range. In addition, the decrease of the dissolution rate at rela-
tively high pH values is a consequence of the absence of bicar-
bonate due to acid-base reactions.

At such pH values, uranium is oxidized to U(vi) through the
first step of the oxidative dissolution mechanism, and the
determinant step would be the formation of surface complexes
between U(vi) and bicarbonate (step 2 of the mechanism). The
results would confirm that carbonate (predominant species in
this pH range) is not able to substitute bicarbonate in the
detachment of U(vi) from the solid to the solution, as was pre-
viously suggested.”?> The critical dependence of the dis-
solution rate with free bicarbonate in solution can be seen in
Fig. 3, which shows that the main parameter that affects the
UO, dissolution rate in oxygen is the free bicarbonate in
solution.

The solid surface of UO, samples was analysed by XPS after
dissolution experiments at pH 10 and 13. Fig. 4(a) and (b)
show the deconvoluted spectra for the U 4f;,, and U 4f;,, peaks
and their corresponding satellites. The percentages of U(w),
U(v) and U(v1) are presented in Table 3. These results indicate

Table 2 Results of fitting eqn (4) to the experimental data

Sample kq k_1 ks

2.0+0.1

(1 4)x107*
0.05 + 0.01 (1.
(1

4
4)x107*
4)x107*

0.15 £ 0.02
0.15 + 0.02
0.15 £ 0.02

vo,
U0,-5% Gd,0;
U0,-10% Gd, 05

+ + H+

[=NeNe]

0.05 £ 0.01

9.5 -
-10 -

m-2-s-1)

-10.5 -

N
A 2 4
N (3] -
L 1

log(rgssU)( mol

-12.5 T f \
-4.5 -3.5 -2.5

log([HCO,])(mol-L-)

Fig. 3 UO; and Gd,0Os-doped UO, dissolution rates determined in this
work as a function of the bicarbonate concentration (® non-doped UO,,
W 5% Gd,05 doped UO,; A 10%Gd,03 doped UO,) and fitting of the oxi-
dative dissolution model from eqn (4) using the parameters from
Table 2, considering the variation of the free bicarbonate ion in solution
(dashed and straight lines for modelling non-doped and doped UO, dis-
solution rates, respectively).

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt01268a

Open Access Article. Published on 21 June 2023. Downloaded on 12/4/2025 2:04:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

that the higher the bicarbonate concentration in solution, the
lower the U(vi) amount on the surface. This finding correlates
dissolution with U(vi) on the surface, which is consistent with
the ability of HCO;~ to coordinate U(vi) species.*®*°

Gd,0;-doped UO,, dissolution rates

The oxidative dissolution of Gd,0;-UO, powders was com-
pared to UO, powder under the same experimental conditions.
Fig. 2 shows the dissolution rates of the doped samples as a
function of pH together with the non-doped UO, dissolution
rates. The main trend observed is that the doping of gadoli-
nium oxide showed a drastic decrease of the UO, dissolution
rate in the alkaline pH range. The dissolution rates of the
gadolinium-doped solids at pH 9 are as low as 2 x 107" mol
m™2 s7', more than 15 times lower than that of non-doped
UO, at the same pH. The obtained low dissolution rates make

View Article Online
Paper
Table 3 XPS results after dissolution experiments: FWHM and binding

energy values of the U4f,,, peak and the percentage of U(wv), U(v) and
U(vi) on the surface of the sample

%U
FWHM U4f,,, BE U4f,,
Sample pH (eV) (eV) U@v) U(v) Uw)
U0, 10 2.6 +0.2 380.3+0.2 47+5 49+5 4=+5
U0, 13 3.0+0.2 380.7+0.2 27+5 53+5 20+£5
UO0,-10% Gd,0; 10 2.5+0.2 380.5+0.2 19+5 72+£5 9%5
UO0,-10% Gd,0; 13 2.5+0.2 380.5+0.2 25+5 67+5 8+5

it difficult to ascertain if there is a dependency with the gadoli-
nium content of the solid, although it seems that similar rates
were obtained with both doped solids, and the main effect of
the presence of gadolinium on the dissolution rates would be
already at the solid doped with 5% Gd,Os;. A decrease of the

- =- Data

Fit envelope

— u(Iv)

— V)
— u(v1)
| L=

(a)

Arbitrary Units

-=-- Data
— Fit envelope
— u(Iv)
— U(V)
g — uv)
5
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-
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Fig. 4 UA4f XPS spectra resolved into U(iv), U(v) and U(vi) contributions recorded after dissolution experiments on (a) UO; at pH 10, (b) UO; at pH 13,

(c) UO,-10% Gd,0s at pH 10 and (d) UO,-10% Gd,Os at pH 13.

This journal is © The Royal Society of Chemistry 2023
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Table 4 Limiting steps of the oxidative dissolution mechanism considering the pH of the dissolution and the type of solid

pH Type of solid Oxidation step Dissolution step

10 Non-doped UO, Not limited: >U(iv) — >U(v) — >U(v1) Not limited: >U(vi) + HCO; — U(vi)(aq)
10 Gd,0;-doped UO, Limited: >U(wv) - >U(v)

13 Non-doped UO, Not limited: >U(wv) - >U(v) - >U(v1) Limited: >U(v)

13 Gd,0;-doped UO, Limited: >U(wv) - >U(v)

dissolution rate with the gadolinium content (0-4% Gd,O3
doped UO, solids) at different oxygen concentrations at pH
close to 8 in the presence of bicarbonate was already detected
by Casella et al.'® The authors determined an 8-times decrease
of the dissolution rate of 4% Gd,O; at the same oxygen con-
centration as in this work.

The model described in eqn (4) was applied to doped
samples, as can be seen in Fig. 3, where the dissolution rate
was plotted against the bicarbonate concentration. The best
fitting was obtained with a k; (the kinetic constant of the oxi-
dation step) forty times lower than the one obtained with non-
doped samples (see Table 2), indicating a slower oxidation
rate. Therefore, the decrease in the amount of uranium
released in the doped solids at alkaline pH would be related to
the influence of gadolinium on the oxidation of U(wv) to U(v) or
U(vi).

However, the deviation from the model at very low bicar-
bonate concentrations (high pH values) could be due to the
effect of OH™ ions and the change in the oxidative dissolution
mechanism. Under these conditions, a new mechanism can be
described considering the surface coordination of U(vi) by
OH™, with kinetic constant k,, followed by a detachment of
the surface complex, according to reaction (8).

> UO; + OH™ % U0, — OH — "U(VI)(aq)' ’ (8)

where U(vi)(aq) refers to uranyl hydroxo complexes, such as
UO,(OH),>". Considering this step, the dissolution rate is pro-
portional to [OH™] (r4issU  k, [OH™]. This could explain the
slight increase of the dissolution rate observed in the hyper-
alkaline region when pH increases.

XPS analysis performed on doped samples after dissolution
experiments at pH = 10 and pH = 13 (Fig. 4(c) and (d)) showed
similar uranium oxidation state compositions (see Table 3).
From the relatively high U(v) percentage of the two doped UO,
solids, it is possible to establish the oxidative dissolution
mechanism, as well as the limiting step, as a function of pH
and the type of solid (see Table 4).

+ At pH 10: The dissolution rates of non-doped UO, are
relatively high since U(w) is being oxidized to U(vi) by oxygen
and the U(vi) formed on the surface is being dissolved as there
is enough bicarbonate in solution. However, for Gd,0s-doped
UO,, the presence of gadolinia retards the oxidation step; U(v)
is not fully oxidized to U(vi), but to U(v), according to the XPS
data (Fig. 4), and the dissolution rates are much smaller in
spite of the presence of bicarbonate.

« At pH 13: The low dissolution rates determined for non-
doped UO, (compared to pH = 10) are due to the low bicarbon-

9828 | Dalton Trans., 2023, 52, 9823-9830

ate concentration in solution; U(wv) is being oxidized to U(vi)
but less dissolved by OH™. On the other hand, for Gd,Os;-
doped UO,, the dissolution process is limited by the oxidation
of the surface, U(v) oxidizes mainly to U(v) but not to U(vi).

As can be seen, the main influence of gadolinia would be
the retardation of UO, oxidation by oxygen, with a relatively
high U(v) — U(v) conversion, which would not go further. This
is consistent with the findings of Scheele et al® and Razdan
et al.,'* who reported that Gd doping leads to the stability of
the U;0,/U,404 cubic oxidation product and inhibits or delays
its further oxidation to U;Os.

Considering the increasing use of gadolinia as a burnable
neutron absorber in modern nuclear plants, its impact on the
final disposal of the spent nuclear fuel is of great importance
and should be investigated. From this point of view, doping
with gadolinium oxide points to a positive impact on the
release of uranium and other radionuclides to the biosphere
after the contact between the fuel and groundwater in a wide
pH range. The retardation of UO, matrix dissolution would
not only decrease the release of uranium to the near field of
the repository, but also the release of radionuclides contained
in the fuel matrix. As observed in Fig. 3, the “passivation” of
UO, would occur in the whole pH range expected for ground-
water that might come in contact with the nuclear fuel, from
bicarbonated water (pH 8-9) to water that was in contact with
cementitious materials used in the high-level nuclear waste
repository (pH 12-13.5).

Conclusions

In experiments where the formation of secondary solid phases
is avoided, UO, dissolution rates determined at alkaline to
hyperalkaline pH agree with the oxidative dissolution mecha-
nism described by de Pablo et al.® At pH > 10, the dissolution
rates were very low compared to alkaline pH, due to the predo-
minance of the carbonate ion instead of the bicarbonate ion.
XPS results evidenced that in the presence of bicarbonate (pH
10), the U(vi) amount on the surface was very low, denoting
that the UO,>" species were dissolved in solution, while at pH
13 and in the absence of bicarbonate, the amount of U(vi)
observed was higher.

The doping of UO, with gadolinium oxide resulted in rela-
tively low dissolution rates. In particular, at pH < 10, dis-
solution rates of Gd,Os;-doped UO, were about 15 times lower
than those of non-doped UO,. The lower dissolution rates
could be due to the capacity of gadolinium to prevent uranium

This journal is © The Royal Society of Chemistry 2023
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oxidation. Gd,O5-doped UO, dissolution rates were fitted with
the same model used previously with UO,. In this case, the
best fitting was obtained with the k; parameter forty times
lower than with undoped UO,, showing retardation of the oxi-
dation rate. The slight increase in dissolution rates observed at
high pH was attributed to a change in the oxidative dissolution
mechanism, where soluble uranyl hydroxo complexes may be
formed due to the effect of OH™ ions. XPS analysis performed
both at pH 10 and 13 pointed out that U(v) was the dominant
oxidation state present on the surface, which may indicate that
gadolinia enhances the stability of U(v), delaying the sub-
sequent oxidation to U(vi). A similar surface composition
obtained in both experiments was in agreement with the dis-
solution rates observed.

The decrease of UO, dissolution in the doped solids would
have a positive impact on the release of uranium and other
radionuclides to the groundwater expected to be in contact
with the spent nuclear fuel.
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