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Abstract :

Hydrothermal conversion of thorium oxalate, Th(C,04),.nH,0, into thorium dioxide
was explored through a multiparametric study, leading to some guidelines for the preparation
of crystallized samples with the minimum amount of impurities. As the formation of the oxide
appeared to be operated through the hydrolysis of Th*" after decomposition of oxalate
fractions, pH values typically above 1 must be considered to recover a solid phase. Also, due
to the high stability of the thorium oxalate precursor, hydrothermal treatments of more than 5
hours at a temperature above 220°C were required.

All the ThO,.nH,O samples prepared presented amounts of residual carbon and water
in the range of 0.2-0.3 wt.% and n ~ 0.5, respectively. Combined FTIR, PXRD and EXAFS
study showed that these impurities mainly consisted in carbonates trapped between
elementary nanosized crystallites, rather than substituted directly in the lattice, which
generated a tensile effect over the crystal lattice. The presence of carbonates at the surface of
the elementary crystallites could also explain their tendency to self-assembly, leading to the
formation of spherical aggregates. Hydrothermal conversion of oxalates could then find its
place in different processes of the nuclear fuel cycle, where it will provide an interesting
opportunity to set up dustless routes leading from ions in solution to dioxide powders in a
limited number of steps.



1. Introduction

Actinide dioxides, such as UO, or (U,Pu)O, MOX, are used as fuels in a large majority
of nuclear power plants worldwide. Their fabrication is mostly based on powder metallurgy
that can lead to heterogeneities cationic distribution in the case of mixed oxides . In order to
overcome potential limitations due to this drawback 2, especially during the reprocessing steps
during which insoluble PuO, aggregates can form * advanced fabrication schemes using wet
chemistry processes have been investigated. They generally start from the precipitation of
precursors in solution (e.g. hydroxides °, carbonates ®, or carboxylates 7), which are further

converted into oxides by the means of a heat treatment.

In this context, actinide oxalates have drawn strong interest in the last decades ® and
oxalic precipitation is already used in France to recover plutonium in the spent fuel
reprocessing process °. Indeed, the so-called oxalic conversion usually leads to the rapid and
quantitative precipitation of cations in solution. Moreover, the very rich crystal chemistry of
oxalate compounds allows the formation of mixed solid solution incorporating actinides under
various oxidation states *°. However, the oxide powders prepared through these methods can
contain significant amounts of residual carbon (typically up to 0.1 wt.%, i.e. 2.2 at.%) coming
from the decomposition of the organic fraction during the calcination step. It can even exceed

the required levels for fuel fabrication (i.e. around 100 ppm) *-*?

and impact the sintering
process. Also, powders frequently inherit the initial platelet morphology of the initial
precursor, which could hamper the flowability of the powder during shaping process leading
to green fuel pellets. As a consequence, less efficient densification and increased formation of

2

macroscopic defects could be observed after sintering 2. Considering these potential

drawbacks, several research groups recently investigated the possibility of operating the

“oxalate to oxide conversion” using mild hydrothermal conversion **°

. In this frame,
actinide dioxides (with An(IV) = Th, U, Np and Pu) were prepared, generally as
nanocrystalline powders, after heating oxalate counterparts in aqueous media under

hydrothermal conditions for several hours in the 200-250°C range.

However, even if the successful preparation of AnO, samples provided the proof of
concept for this method, the exact mechanism underlying the oxalate to oxide conversion in
hydrothermal conditions still requires accurate description. Our previous work dedicated to
uranium-based samples, showed that the conversion was first driven by the oxidative

decomposition of oxalate entities, then by the hydrothermal reduction of U(VI) into U(IV),



that allowed the precipitation of the oxide through hydrolysis and ageing *°. Redox processes
then appeared of primary importance in the reaction scheme, but also impacted the chemistry
of the oxide samples, the final O/U ratio being strongly dependent on the operating

conditions, especially in terms of heating time, temperature and acidity of the medium.

In order to go further with hydrothermal conversion of An(IV) oxalates, a new study
focused on thorium compounds was initiated. First, ThO, presents several physico-chemical
properties of interest, such as higher thermal conductivity and melting point than UO,, which
can enhance the thermal yield and increase the tolerance to accidental situations. For all these
reasons, ThO, could be envisaged as an alternative to UO, nuclear fuels. In this field,
advanced projects of ThO,-based fuel cycles are currently developed in several countries *7,
including India *® and China '°. Second, with Th(IV) as the only stable oxidation state, it
allows to avoid redox reactions and constitutes an interesting model for other actinide-based
compounds. Indeed, several actinides such as U or Pu are also stabilized in the (+I1V)
oxidation state and crystallise as UO, or PuO, with the same fluorite structure as ThO,. On
this basis, a multi-parametric study dedicated to the conversion of thorium oxalate
Th(C,04)2.nH,0 into ThO,.nH,O was undertaken, to unravel the impact of heating duration,
temperature and pH on the physico-chemical characteristics of the final oxide. Particular
attention was paid to the crystallographic structure of the samples, as well as to their
morphology and the impurity content. After determining the optimal conditions leading to
well-crystallized oxide, with the lowest level of impurities achievable, a detailed structural
study using EXAFS was undertaken, particularly with the aim to provide new information
regarding the location of residual carbon in the samples and to evaluate the impact of the

nanostructuration.

2. Experimental

Caution! %%

Th is a a-emitter radioelement and considered as a health risk. Experiments
involving thorium require appropriate facilities and trained persons in handling of

radioactive materials.

2.1. Preparation of the samples



All the reagents used were of analytical grade and supplied by Sigma-Aldrich, except
thorium nitrate pentahydrate, supplied by Ibilabs. The preparation of the thorium nitrate
solution was performed by dissolving thorium salt in concentrated nitric acid (2M). The
thorium concentration in the final solution was estimated to 0.170 + 0.002 M using ICP-AES
analyses.

The preparation of all the samples was based on the initial precipitation of thorium
oxalate Th(C;04),.nH,0, and its conversion into ThO,.nH,O under mild hydrothermal
conditions. The oxalic precipitation of thorium was operated by mixing about 1 mmol of
thorium in nitric solution with a 50 mol.% excess of 0.5 M oxalic acid. A white precipitate of
Th(C204),.6H,0O was immediately formed, then was magnetically stirred to reach an
homogeneous dispersion in solution. Afterward, the suspension was transferred in a 23 mL
Teflon-lined autoclave (Parr). The pH was generally found to be below 0.5, and was adjusted,
when needed, by adding diluted NH,OH (3.5 M) or 0.5 M hydrochloric acid. In any case, the
volume of the solution was maintained to 15 mL in order to avoid any bias due to
uncontrolled variations of autogenous pressure during the thermal treatment.

The reactor was heated between 130 and 250°C for 1 to 48 hours. The maximum
pressure reached at 250°C was estimated to 80 bars °. After heating, the autoclave was
cooled down to room temperature naturally. The final precipitate was first separated by
centrifugation at 14000 rpm, then washed twice with deionized water and finally with ethanol
prior final drying overnight at 90°C in an oven. At this temperature, previous studies already
showed that the hydration rate of MO,.nH,O (M = Th, U or Ce) samples was not modified,

thus allowing us to avoid any bias during further characterization >%'.

2.2. Characterization of the samples

PXRD. Powder X-Ray Diffraction (PXRD) diagrams were collected by the means of a
Bruker D8 diffractometer equipped with a Lynx-eye detector adopting the reflexion geometry
and using Cu Koy, radiation (A = 1.54184 A). PXRD patterns were recorded at room
temperature in the 5 — 100° range (20), a step size of A(20) = 0.01° and a total counting time
of about 3 hours per sample. In order to avoid any radioactive contamination, the powders
were placed in a special sample holder (dome-shaped container with anti-scattering blade)
that could generate additional large peak between 10 and 20° (26). Pure silicon was collected

as a standard and used to extract the instrumental function. All the PXRD patterns were



refined by the Rietveld method using the Cox-Hastings pseudo-Voigt profile function

implemented in the Fullprof_suite software . During the refinements, the conventional
profile/structure parameters (zero shift, unit cell parameters, scale factors, global thermal
displacement and asymmetric parameters) could vary. Moreover, the modelling of the
intrinsic microstructure parameters was performed by applying both an anisotropic size and

strain model in agreement with the m-3m Laue class.

SEM observations. Before their observation, the samples were systematically deposited on a
carbon adhesive tape. Scanning Electron Microscope (SEM) micrographs were then directly
recorded from the as-deposited powders without any additional preparation such as
metallization. A FEI Quanta 200 scanning electron microscope, equipped with an Everhart-
Thornley Detector (ETD) and a Back-Scattered Electron Detector (BSED) was used to record

images with an acceleration voltage of 30kV under high vacuum conditions (10° Pa).

TG-MS Analyses. Thermogravimetric analyses coupled with mass spectrometry were
undertaken using a Setaram Setsys Evolution equipped with a type S thermocouple (Pt / Pt-
10%Rh). After recording a baseline using an empty crucible (100 pL), weight loss was
measured during a heat treatment up to 1000°C with a rate of 5°C.min™ under air. Moreover,
the gaseous species emitted during the heat treatment were analyzed by the means of Hiden

Analytical QGA analyzer using mass spectrometry.

Carbon Analyses. The amount of residual carbon in the oxide powders was determined by
the means of a LECO CS230 Carbon/Sulfur apparatus. In order to remove all adsorbed
atmospheric CO,, the samples were first dried overnight at 90°C in an oven. The complete
combustion was then immediately performed under oxygen atmosphere and the concentration
of CO, was further determined by IR absorption. In order to recover quantitative values, a
blank and a series of standards (steels containing 0.0013 to 5.02 wt.% of carbon) were

analyzed prior our samples.

FTIR spectroscopy. Fourier-Transform Infrared spectra were recorded in the 380-4000 cm’™
range using a Perkin-Elmer FTIR Spectrum 100 device. Powdered samples were deposited at
the surface of an ATR crystal without any prior preparation. The spectra collected in such

operating conditions exhibited a resolution lower than 2 cm™.



X-ray Absorption Spectroscopy (XAS). X-ray absorption spectra (XAS) were measured at
the MARS beamline at the SOLEIL synchrotron (Saint-Aubin, France) **?°. The storage ring
was operating in top-up mode at an electron current of 450 mA, 2.5 GeV.
EXAFS was measured at the Th Lj;-edge (16.3 keV) using a double-crystal monochromator
(DCM) equipped with a pair of Si (220) crystals. Rejection of higher harmonics as well as
vertical focusing was achieved using two platinum-coated mirrors under total reflection at 3.1
mrad, inserted before and after the DCM. The beam size on sample was
300 um x 200 um FWHM (H x V). The incident energy was calibrated using a metallic
yttrium foil (K-edge at 17.038 keV). The EXAFS signal was measured in transmission mode
using intensity monitors. At least 3 scans were recorded for each sample and scans were
aligned in energy before a merge. After normalization, the fine structure oscillations were
extracted from absorption signal using Athena software 2°. The occurrence of a double-
electron excitation in the Th-L;;-edge EXAFS spectra was shown by Hennig and can affect
the EXAFS signal and influence the data analysis, especially for the first coordination shell ’.
To avoid this phenomenon, the double-electron excitation contribution was removed by using
the multi-electron excitation removal (MEE) of Athena software. The input parameters were
first optimized using the ThO, reference spectrum and the following values were obtained:
energy offset of 373 eV with 1 eV of broadening and 0.005 (relatively to the edge step) of
amplitude. These parameters were then applied to correct the data collected for all our
samples. The EXAFS spectra obtained before and after the correction are supplied as
supplementary material (Figure S1). The Artemis software 2° was used for EXAFS fitting
simultaneously in k', k* and k® using interatomic scattering path phases and amplitudes
calculated by FEFF 8.40 ab initio code %°. A fixed S0, value of 1.00, derived from ThO, fit,
was used. Data were fitted by introducing the contribution of the four main scattering paths
corresponding to the first three shells of atomic neighbors (Th-Oy, Th-Th, Th-O,) and one
multiple scattering (Th-O;-Th-O;-Th) in the simulation. The fit limits were taken from 3.5 to
13.7 A™.



3. Results and Discussion

3.1. Effect of Temperature

The effect of the hydrothermal treatment temperature on the physico-chemical
properties of the powders synthesized was first examined between 130 and 250°C. The
duration of the hydrothermal treatment was arbitrarily set to 24 hours while the pH of the
initial media was not modified and remained strongly acidic (i.e. pH < 0.5). Additionally, a
thorium oxalate sample was also synthesized without any further hydrothermal treatment to
act as a room temperature reference. It corresponds to the white precipitate initially formed
after the mixture of the reactants.

The powders synthesized under hydrothermal conditions between 130°C and 250°C as
well as the reference were first characterized by PXRD (Figure 1). Up to 170°C, all the
samples prepared adopted the monoclinic structure (C2/c space group) reported by Clavier et
al. for Th(C,04),.2H,0 %. Increasing the temperature in this domain only led to the narrowing
of PXRD lines, as a consequence of the improvement of the crystallization. Owing to the
drying conditions used in this work (i.e. T = 90°C, one night), it is important to underline that
the formation of the dihydrated form of the oxalate is in good agreement with the literature
that mentions the transition from Th(C,04),.6H,0 to Th(C20.)2.2H,0 at low temperature 2%,

From 180°C up to 250°C, no precipitate was observed after the 24-hour hydrothermal
treatment. The starting dihydrated thorium oxalate then completely decomposed under these
conditions, which probably also induced the decomposition of the oxalate moieties 3.
Nevertheless, the acidity of the reacting media did not allowed to form Th(OH), then
ThO,.nH,0 by aging, conversely to what we observed for uranium(IV) *°. This observation
was in good agreement with the hydrolysis constants which reach log:oK° = 46.7 and 54.5 for
Th* and U*, respectively 3%, Also, the fourth hydrolysis reaction, leading to the
precipitation of Th(OH), is usually reported to become prevailing only for pH > 3 at room
temperature **. The strongly acidic media resulting from the mixture of the reactants could
thus avoid the formation of such thorium tetrahydroxide precipitate, indicating that the pH
must be monitored to an upper value to succeed in the hydrothermal conversion of thorium

oxalate into thorium dioxide.
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Figure 1. PXRD diagrams obtained after hydrothermal treatment of Th(C,04),.nH,0 at
various temperatures (130-170°C) during 24h at pH < 0.5 and comparison with
the sample prepared at room temperature. Stick pattern (brown) of
Th(C204)2.2H,0 *. XRD lines associated to the sample holder are pointed out
by asterisk.

3.2. Effect of initial pH

The effect of the pH was then studied in order to proceed to the thorium hydrolysis
after the decomposition of the oxalate moieties. Based on the previous results obtained on
uranium(IV) *, the temperature of hydrothermal treatment was set to 250°C, which
corresponds to the optimal conditions to prepare anhydrous dioxide samples showing low
contents of carbon impurities. The duration of the hydrothermal treatment remained
unchanged (i.e. 24 hours) while the pH of the initial mixture was adjusted between pH = 1
and pH = 8.
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Figure 2. Variation of the PXRD patterns recorded for ThO,.nH,O samples prepared by
hydrothermal conversion of Th(C,04)..nH,O (T= 250°C, t = 24 h) as a
function of the starting pH value. Stick pattern (brown) of ThO, . XRD lines
associated to the sample holder are pointed out by asterisk..

The samples prepared were first characterized by PXRD (Figure 2). For all the
conditions investigated, the characteristic PXRD lines of the fluorite-type structure (Fm-3m
space group) of thorium dioxide were observed *. This indicated that ThO,.nH,O compounds
were obtained from the hydrothermal conversion of the oxalate precursor whatever the pH
value considered. Indeed, it is important to remind that the pH of the reacting media was
adjusted after the initial precipitation of thorium oxalate. This procedure ruled out any direct

formation of thorium oxide for the higher pH values tested.

Additionally, the formation of thorium oxide was also achieved for starting pH values
of 1 and 2, leading to a well crystallized sample, even if thorium hydrolysis was generally
reported to be a significant process only for pH > 3 at room temperature ***. Increasing
temperature and pressure through hydrothermal conditions here affected thermodynamics of
hydrolysis and offered the possibility to quantitatively form thorium dioxide at lower pH

values. The range of operating conditions allowing the hydrothermal conversion of thorium

-10 -



oxalate was then probably larger than that reported by Walter et al. who only worked in
distilled water **.

In addition, Rietveld refinements of the PXRD data were performed in order to
determine the unit cell volumes and average crystallite sizes and possible strain effect. The
modification of the initial pH value between 1 and 5 first had a negligible impact on the
variation of the unit cell volume (Figure 3a). Increasing pH to 8 also led to a very limited
variation of only 0.15 + 0.01 A®. However, for all the samples, the unit cell volume was about
1 A2 above the value usually reported for ThO, in the literature (175.43 + 0.03 A% . This
discrepancy could underline the presence of impurities in the powders such as water or
carbon, already mentioned during the direct preparation of thorium dioxide through

hydrothermal processes *

. It could also be associated to a small size of crystallites, as
nanostructured powders have been recently reported to present slightly higher unit cell
volumes *. Indeed, the average crystallite size was typically found between 9 and 11 nm for
our samples (Figure 3b). This range of values is almost four times lower than that reported by
Clavier et al. for thorium dioxide samples directly prepared through hydrothermal conversion
of thorium aspartate . This difference could come from the differences in the complexing
agent used (i.e. aspartate vs. oxalate) and the temperature applied for hydrothermal conversion
(200°C vs. 250°C) : both parameters probably led to slow down the decomposition of the
initial precipitate in the case of thorium aspartate, which further favored growth over
nucleation during the formation of the oxide. Nevertheless, the average crystallite size
determined in this study remains in the same order of magnitude than the 6nm-sized ThO,

obtained by hydrothermal conversion of thorium oxalate *

or than ThO, nanoparticles
obtained by Bonato et al. when firing thorium oxalate between 485°C and 600°C *°. On the
other hand, conventional routes used for the preparation of ThO, powders, frequently based
on the pyrolysis of thorium salts (e.g. nitrate, carbonate or hydroxide) at high temperature*,
are generally associated with microcrystalline powders, showing average crystallite size

typically exceeding 100 nm.
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Figure 3. Variation of the unit cell volume (a) and of the average crystallite size (b)

obtained for ThO,.nH,O samples as a function of starting pH (T = 250°C, t =
24h). Standard error deviation for the unit cell volume is + 0.01 A3,

The residual contents of carbon within ThO, samples were further evaluated for all the
samples (Table 1). For pH values ranging from 1 to 5, residual carbon content reached an
average value of 0.36 = 0.06 wt. %. This content was close to that obtained by Clavier et al.
(0.27 wt. %) when preparing ThO; from the hydrothermal conversion of thorium aspartate *
but higher than those usually mentioned after thermal conversion (0.005 wt. %) **. For
starting pH = 8, the residual carbon content was found to be even higher and reached 0.84 +
0.01 wt. %. This observation could be associated with that of Crossey, who reported a strong
slowdown of oxalate degradation when increasing the pH of the solution *:. Whatever the
amount of carbon measured, additional FTIR characterization (see Figure S1 in
supplementary information), showed that it remained in the samples as carbonates, most
likely as an amorphous solid phase. Indeed, all the spectra exhibited two bands at around 1520
and 1350 cm™, associated with the antisymmetric vibration of C-O bonds “®. The presence of
carbonates as a result of the hydrothermal decomposition of oxalate groups is not surprising,
owing to the carbonate or oxocarbonate reaction intermediates already reported during the
thermal decomposition of actinide oxalates *?***. Also, carbonate species probably exists in
solution, especially for the highest pH values considered, and could be co-precipitated during
the formation of hydroxides nuclei. However, one must note that despite important variations
in the carbon content between pH = 1 and pH = 8, the unit cell volume only appeared slightly
affected: if the presence of impurities seems to impact the structural characteristics of the

oxide samples, it is then mostly independent on their quantity in the 0.3-0.9 wt. % range.
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Table 1. Carbon contents determined in the samples prepared by hydrothermal
conversion of Th(C,04),.nH,0 (T = 250°C, t = 24 hours) for various starting
pH.

Starting pH 1 2 5 8
C(wt%) 040+0.02 0.32+£0.02 0.36+0.01 0.84+0.01

Besides achieving the formation of thorium dioxide samples, the increase of the initial
pH also led to the modification of the powders morphology. Indeed, as shown in Figure 4, the
precipitated thorium oxalate initially exhibited the classical platelet-like habit widely
described in the literature for An(IV) oxalates ***%. On the contrary, thorium dioxide samples
systematically adopted a nearly spherical shape. At pH = 1 and 2, the morphology could be
described as litchi-like aggregates, i.e. open hollow spheres, of less than 500 nm in diameter.
At higher pH values, bigger aggregates of 1 to 2.5 um in diameter, showing a spherical shape,
were formed. Higher magnification (see Figure S2 supplied as supplementary material)
allowed us to evidence the aggregates surface texture, which confirmed they are composed by
smaller crystallites, in good agreement with the results obtained from Rietveld refinement of
PXRD data.

Th-\oxalalt'p’ =2

Figure 4. SEM micrographs of the Th(C,0,),.2H,0 starting material prepared at room
temperature (left) and of thorium dioxide samples synthesized under
hydrothermal conditions from pH=1 to pH=8 (right).
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Several authors, among who Tyrpekl et al., already showed modifications in the
morphology of thorium oxalate when varying the precipitation conditions (cation
concentration, starting pH value, temperature...). They mentioned morphological changes
from platelet-like particles to cubes or spheroids, which further impacted the morphology of
the oxide formed after thermal conversion “>#“° Also, few authors have already stated the
one-step preparation of thorium dioxide samples with controlled morphology from the
hydrothermal conversion of carboxylate precursors. Particularly, Balice et al. reported the
formation of spherical aggregates of ThO, nanocrystallites of about 6-7 nm in size ***°. Such
a spherical habit was probably driven by residual organic molecules adsorbed onto the powder
surface. Similar processes were also reported recently by Clavier et al. when starting from

thorium aspartate * or from uranium(IV) precursors, including oxalates and aspartates ***°.

3.3. Effect of the duration of the hydrothermal treatment

The impact of the duration of the hydrothermal treatment on the physico-chemical
properties of thorium dioxide samples prepared by hydrothermal conversion of
Th(C204),.nH,0 was studied in a next step. In order to prepare well crystallized ThO,.nH,O
with a spherical morphology, the temperature was kept to 250°C and the initial pH value was
fixed to 5. The duration of the hydrothermal treatment was then varied from 1 to 48 hours.

All the powders obtained in such conditions were crystalline as illustrated by the PXRD
patterns reported in Figure 9. However, if only the PXRD lines characteristic of ThO, were
pointed out between 5 and 48 hours * the solid collected after 1 hour of hydrothermal
treatment still consisted of a thorium oxalate. Nevertheless, the initial Th(C,0,),.6H,0
evolved to the hexagonal (NH.),Th,(C204)s.1.5H,0 recently reported by Blanchard et al>’.
This transformation came from the use of NH,OH to raise the pH value to 5 within the
reacting media, and from further heating. Nevertheless, it is likely that the reactor did not
reach thermal equilibrium in such a short time, hence that the average temperature of the
reacting media was lower than 250°C. However, one must note that 1 hour of hydrothermal
treatment in similar operating conditions was already proved to be sufficient to achieve the
conversion of uranium (1V) oxalate into uranium oxide *°.

The one-pot conversion of thorium oxalates into thorium dioxide under hydrothermal
conditions then appeared to be slower than that of the uranium(l\V) compound. Considering
the work reported by Crossey on the activation energy of oxalic acid decomposition (Ea = 207

kJ mol™) and assuming a similar first-order reaction, the decomposition of the oxalate should
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be complete after 15 minutes at pH = 5 3% As such, the limiting parameter in the hydrothermal
conversion of thorium oxalate is probably the stability of the oxalate phase itself. Such a
stability, that is higher than that of its uranium(IV) counterpart *°, is probably inherited from
the redox chemistry of the cation. Indeed, while thorium (IV) is stable, uranium (IV) can be

easily oxidized to uranyl molecular ion.

JJL N A e 48N

24h

10 20 30 40 50 60 70 80

Figure 5. Evolution of the PXRD patterns obtained for samples prepared by
hydrothermal conversion of Th(C,04),.nH,O from 1 to 48 hours (T = 250°C,
pH = 5): (NH4)2Thy(C,04)5.1.5H,0 was obtained for 1 hour and ThO,.nH,O
after 5 - 48 hours. Stick patterns of (NH4),Th2(C20.)s.1.5H,0 (brown) ! and
ThO, (blue) 8.

Moreover, Rietveld refinements of the PXRD patterns revealed slight differences
between the thorium dioxide samples formed after 5 to 48 hours of hydrothermal treatment
(Figure 6). The largest unit cell volume was found to be 177.55 + 0.01 A® for 5 hours of
heating then decreased down to a minimum of 176.80 + 0.01 A® after 24 hours. More
generally, the samples prepared after 24 to 48 hours of hydrothermal treatment seemed to be
the closest to the reference value of 175.43 + 0.03 A® %, which could be linked to the

elimination of impurities and/or defects. Such a process occurred jointly with the crystallite
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Unit cell volume ['As]

growth, the average crystallite size being bigger for the powders prepared after 24 hours or 48
hours (10 — 14 nm) than those obtained after only 5 and 15 hours of hydrothermal treatment (6
— 8 nm). They still remained in good agreement with the results reported for a similar process
of hydrothermal conversion (6 — 7 nm) **%. Also, despite some differences in the average
crystallite size, the morphology of the oxide samples still consists in spherical aggregates, in
good agreement with the results reported in the previous section (see Figure S3 supplied as
supplementary material).
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Figure 6 Evolution of the unit cell volume (a) and of the average crystallite size (b)

obtained for ThO,.nH,O samples prepared by hydrothermal conversion of
Th(C204)2.nH,0 from 1 to 48 hours (T = 250°C, pH = 5). Standard error
deviation for the unit cell volume is +0.01 A3,

The presence of impurities within the powders was then checked in order to quantify
the amounts of residual carbon and water coming from the hydrothermal degradation of
Th(C304)2.nH;0. In agreement with the PXRD data which showed the formation of
ammonium-thorium oxalate, the sample obtained after 1 hour of hydrothermal treatment
presented a very high carbon content (Table 2). After 5 hours, it dropped down to 0.65 + 0.01
wt. %, which fitted with the formation of thorium dioxide. Nevertheless, complementary
FTIR analyses revealed that the characteristic vibration bands of oxalate groups could still be
detected in this sample (Figure 7). Indeed, the va(CO) mode around 1600 cm™, as well as the
vs(CO) doublet at 1310 and 1350 cm™, which are the most intense vibration bands observed
for the (NH4)2Thy(C204)s5.1.5H,0 sample formed after 1 hour of hydrothermal treatment, are
still visible, although less intense. These signals further vanished when increasing the duration
of the hydrothermal treatment, correlatively with the amount of residual carbon. This latter
reached 0.28 + 0.02 wt. % after 48 hours. At this stage, only carbonate species coming from
the oxalate decomposition remained trapped in the samples. Also, these amounts were in good
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agreement with those reported for ThO, samples prepared by hydrothermal conversion of
carboxylate precursors ** but remained more than 10 times higher than those reported for
oxides issued from thermal conversion of oxalate under oxidizing atmosphere ***’. They also
appeared to be significantly higher than the carbon contents reported in our previous work
regarding the uranium(1V) system (i.e. typically less than 0.1 wt.%, i.e. 2.2 at.%) °. This
difference might arise from the role played by the organic matter in the hydrothermal
conversion of uranium oxalate, where carbon species are thought to reduce U(V1) into U(IV)
prior to hydrolysis of the cation. As a consequence, their oxidation probably favor their

elimination from the solid phase.

Table 2. Carbon and water contents determined in the samples obtained by
hydrothermal conversion of Th(C;04),.nH,0 (T = 250°C, pH = 5) for various
holding times.

: H,0
Holding time Total weight H,O ? _
C (wt.%) (mol. per unit
(hours) loss at 1000°C (%) (Wt.%)

formula)

1 48.78 + 0.05 11.10£0.02 8.26 £ 0.05 4.7+0.01

4.83 £ 0.05 0.65+0.01 4.18+0.05 0.64 £0.01

15 4.00 £ 0.05 0.38+£0.02 3.62+0.05 0.55+0.01

24 2.66 £ 0.05 0.36+£0.02 2.30x£0.05 0.35+£0.01

48 3.17£0.05 0.28+£0.02 2.89+0.05 0.44 £ 0.01

Transmittance (a.u.)

W agh

2400 2000
v (cm?)
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Relative weight loss (%)

40

Figure 7. FTIR spectra of samples obtained from the hydrothermal conversion of
Th(C,04),.nH,0 at T = 250°C and pH =5, during 1 to 24 hours.

Furthermore, thermogravimetric experiments were undertaken in air in order to
determine the water content in the oxide samples and to monitor the elimination of residual
carbon (Figure 8). As expected, the thorium oxalate collected after 1 hour of hydrothermal
treatment exhibited the highest relative weight loss. Based on MS analyses and the literature
on the uranium counterpart (NH4),U2(C204)s5.0.7H,0 “°, the first weight loss starting at 25°C
and up to 200°C was assigned to the dehydration of the sample and the departure of ammonia.
It was followed by a second weight loss associated to the decomposition of the oxalate
moieties into a mixture of CO and CO, between 250°C and 600°C. The final weight loss
reached about 50%, which appears in good agreement with the complete decomposition of
(NH4)2Th2(C204)s5.nH,0, although the hydration rate determined herein (n =5), was found to

be higher than that reported in the literature®>*,

b)

48h
24h

Relative weight loss (%)

1h 96

co

25

95

125 225 325 425 525 625 725 25 125 225 325 425 525 625
Temperature (°C) Temperature (°C)

Figure 8. TG analyses of the samples formed through hydrothermal treatment of
Thy(C204).nH,0 (250°C, pH = 5) during 1h, 5h, 24h and 48h. Associated mass
spectroscopy analysis of emitted gases is presented for the sample prepared
after 1h (H,O : m/z = 18 - light blue dotted line; CO, : m/z = 44 - orange dotted
line; CO : m/z = 28 — purple dotted line) (a). Focus of the curves obtained for
5h, 24h and 48h (b).

For longer durations of hydrothermal treatment, the total weight loss observed was
much smaller and reached between 2.5 wt.% and 5 wt.%. However, the sample prepared after
5 hours presented the two-step behavior previously described for thorium oxalate, which

could indicate that even if they were not detected by PXRD, some oxalates could remain in
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this sample. Also, considering the amount of residual carbon in the sample and the weight loss
measured, the hydration rate was estimated to 0.64 = 0.01 H,O per mole of ThO, for this
sample. This value further decreased down to about 0.40 + 0.05 H,O per mole of ThO, when
extending the duration of the hydrothermal treatment to 24 to 48 hours. It is worth noting that
these values were in good agreement with the hydration rates generally reported in the
literature for thorium dioxide samples formed by ageing of hydroxides, which is the most
probable process driving the formation of ThO, consequently to the decomposition of thorium

oxalate >2.

3.4. Impact of temperature when operating at pH =5

Previous experiments led us to fix the starting pH and the duration of the hydrothermal
treatment to pH = 5 and t = 24h, respectively, which allowed to prepare crystallized
ThO,.nH,O powders with the lowest amounts of impurities (i.e. carbon and water). The last
set of experiments was then dedicated to the optimization of the synthesis temperature
required for the one-pot conversion of Th(C,04),.nH,0 into ThO,.nH,O. As previously
discussed, a particular attention was focused on the amount of residual carbon or water in the
samples and on the variation of the unit cell volume which was always found up to now
higher than the reference value of ThO,. With this objective, the hydrothermal conversion of
Th(C,04)..nH,0 was achieved for temperatures varying between 180°C and 250°C.

All the powders prepared in such conditions were found to be crystalline but presented
different structures (Figure 9). At 180°C, the powder exhibited the PXRD lines of
(NH4)2Th2(C204)5.1.5H,0 whereas at 200°C, additional peaks evidencing the formation of
ThO,.nH,O were found at 28°, 32°, 46° and 54° (26). Above 200°C, only the PXRD lines of
thorium dioxide were observed in such operating conditions (pH = 5 ; t = 24h). ThO,.nH,0
was then directly synthesized by hydrothermal conversion of Th(C,0,),.nH,O from 220°C to
250°C. One must note that this range of temperatures appeared to be slightly below that
reported by Popa et al. who only obtained ThO, at 250°C **.
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Figure 9. PXRD diagrams obtained after hydrothermal treatment of Th(C,04),.nH,0 at
various temperatures during 24 h and for pH = 5. Stick patterns of
(NH.)2Thy(C204)s.1.5H,0 (brown) °* and ThO, (blue) .

Then, the unit cell volume and the average crystallite size were determined by
Rietveld refinements (Figure 10). The unit cell volume was found to decrease with the
synthesis temperature down to 176.8 + 0.01 A3 at 250°C, which still remained higher than the
reference value reported for bulk ThO, *. Once again, the presence of impurities such as

3 as well as the nanosized

residual carbon or water molecule could explain this value
character of our samples, the average crystallite size remaining close to 10 nm. Indeed, based
on this value, the unit cell volume determined in this work appeared to be in very good

agreement with the data recently reported by Plakhova et al. *°.
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Figure 10.  Variation of the unit cell volume (a) and of the average crystallite size (b)
obtained from Th(C,04),.nH,O as a function of temperature of the
hydrothermal treatment (pH = 5, t = 24h). Standard error deviation for the unit
cell volume is +0.01 A°.

In parallel, carbon and water contents in the oxide samples were determined (Table 3).
The carbon content reached 0.8-1 wt. % for thorium dioxides prepared at 220°C and 230°C.
As it was evidenced previously for samples prepared for short hydrothermal treatment
durations, such high carbon amounts were associated to the presence of remaining oxalate
groups in the samples. These latter were evidenced on FTIR spectra by the large v,(CO)
band around 1600 cm™, and the vs(CO) doublet at 1310 and 1350 cm™ (Figure 11). The
carbon content was further divided by 2 when raising the temperature up to 240°C and 250°C
(0.40 = 0.02 wt. % and 0.36 + 0.02 wt. %, respectively). Simultaneously, the water content
reached a minimum value of 0.35 + 0.01 mole of H,O per ThO; unit at 250°C. Thus, the
amounts of carbon or water were found to be much higher (i.e. up to four times) in the
prepared thorium dioxide than in uranium oxide synthesized by the same hydrothermal
process *°. Carbon coming from the oxalate decomposition was then not fully eliminated by

the hydrothermal process whatever the temperature considered.
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Table 3.

Carbon and water contents determined

hydrothermal conversion of Th(C,04),.nH,O (t = 24h, pH = 5) for various
temperatures of synthesis.

Temperature Total weight
C (wt.%) H,0 (wt.%) .
(°C) loss at 1000°C (%) (mol. per unit formula)
220 0.80+0.01
230 0.95+0.01
240 3.38 +£0.05 0.40+0.02 2.98+0.05 0.45+0.01
250 2.66 + 0.05 0.36 £0.02 2.30+0.05 0.35+0.01

N.D. : not determined

Transmittance (a.u.)

Figure 11.

In order to evaluate the impact of these impurities on the structure of ThO,, and to get
further insight on the location of carbon in the sample, a complementary EXAFS study was

performed to characterize the local environment of the thorium cation for samples prepared at

---------

---------------------------

2400 2000

v (cm™)

FTIR spectra of samples obtained from the hydrothermal conversion of
Th(C,04),.nH,0 between 180 and 250°C (pH =5, t = 24 hours).

various temperatures (220°C, 240°C and 250°C).

A ThO, reference was taken from the thermal conversion of Th(C,0,4),.6H,0 at
1000°C for 2 hours under air. The Fourier Transform of the EXAFS data collected from the
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oxide samples prepared by hydrothermal conversion of oxalate precursor are compared with
ThO, in Figure 12. The first peak at about 2 A corresponds to the apparent distance of the
first shell Th-O; while the second peak at about 4 A is mainly due to the first Th-Th with a
small contribution of the second Th-O, shells. The main difference between the reference and
our samples appears to be the FT magnitude, which is linked to the coordination number
and/or disorder (Debye-Waller factor). The first peak of the Th-O; shell is close to that of the
ThO; reference whereas the second peak of the Th-Th and Th-O, shells appears to be more
impacted by the hydrothermal treatment with a higher difference between samples and

reference data. The fit results are given in Table 4.

——Fit ThO2
——Fit 220°C
——Fit 240°C
Fit 250°C
e ThO2
x 220°C
m 240°C
4 250°C

10 E CoTTTTTTTTETT © - -windows 4 > ‘,

FT Magnitude

1 1.5 2 25 3 3.5 4 4.5 5

3.5 5.5 7.5 9.5 11.5 135

k (A1)

Figure 12.  Thorium L, edge k*-weighted EXAFS data (b) and Fourier Transform (a) for
each sample at the thorium L,;; edge including best fits. The window indicates
the fit limits. The FT window was taken over the k-space range 3.5 and 13.7A™
and magnified by k°.

-23 -



Table 4. Best fit results for the first three coordination shells at the thorium L,;, edge.

First shell Second shell Third shell
Th-O, Th-Th Th-O,
o’ x 10° o’ x 10° o’ x 10°
R-factor  AE, (eV) N R (A) &) N R (A) & N R (A) A

XRD data - - 8 2.4263 - 12 3.9621 - 24 4.6459

ThO, reference  0.005 5.3(9) 8 2.429(4) 9(1) 12 3.959(3) 4.8(6) 24 465(2) 11(4)
220°C 0.008 5(1) 7.6(3) 2.429(4) 10(4) 9.6(6) 3.958(4) 5.4(9) 15(4) 4.67(3) 12(9)
240°C 0.008 3(1) 7.7(3) 2.430(5) 9(1) 9.9(6) 3.959(4) 5.2(9) 18(4) 4.67(3) 13(9)
250°C 0.007 5(1) 7.9(3) 2.429(5) 9(1) 10.8(6)  3.958(4) 5.5(8) 20(4) 4.66(2) 13(7)

No variation was observed for the Debye-Waller factor o° linked to the thermal
agitation of the structure and its value was found to be close to that of bulk ThO, >,
confirming the very good crystallinity of the samples and the lack of significant amounts of
structural defects. For the first shell Th-O,, the hydrothermal treatment or the temperature
used had no significant impact. Indeed, the coordination number N was systematically close
to 8, while the interatomic distance was found to be in very good agreement with that of the
ThO, reference. For the Th-Th shell, the interatomic distance measured remained also
consistent with that of the reference. However, the coordination number was impacted by the
temperature of the hydrothermal treatment. Indeed, the N value was found to about 10-11
instead of 12. This lower value was well explained by the nanometric size of our samples for
which the surface was predominant over the core, leading the average number of neighbors
lower than that observed in a bulk ThO, sample. As a matter of fact, a simple calculation
based on the average crystallite sizes (i.e. around 10 nm) showed that 50 to 60% of the
thorium atoms in the samples were located at the surface. A similar observation was made for
the Th-O, shell: all the N values determined were significantly lower than that of ThO,
reference (24), which confirmed once again the nanostructuration of the powdered samples.
Moreover, the N value was found to increase with the temperature of the hydrothermal
treatment, indicating that the size of nanoparticles increased. It was also in good agreement
with the variation of the crystallite size determined by Rietveld refinement of PXRD data and
with the decrease of the unit cell volume. This crystal growth still did not have any impact on
the crystallographic structure since the interatomic distances and Debye-Waller factors

remained close to their reference value in ThO,.
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The first shell Th-O; clearly fit with that of a crystalline ThO, without any modification
of the EXAFS signal. Owing to the contents measured in our samples (typically in the 0.5-1
wt.% range i.e. 3-7 at.%), residual carbon species then cannot be mainly located within the
crystal structure of ThO,, even if the insertion of very limited amounts of C in the fluorite-
type lattice cannot be ruled out. Correlatively, the residual carbon and water molecules are
more likely adsorbed onto the surface of the nanosized crystallites, where they could generate
a tensile effect over the crystal lattice, as recently proposed by Plakhova et al. **. Therefore,
the organic matter residue was probably present as an amorphous form without any specific
orientation, but with a huge disorder that did not affect the first neighbor coordination shell of
0.

4. Conclusion

The multi-parametric study of the hydrothermal conversion of thorium oxalate
Th(C,04)2.nH,0 into thorium dioxide allowed us to draw some guidelines for the preparation
of crystalline samples with minimum carbon and water contents. First, as the formation of
ThO, appeared to be operated through the hydrolysis of Th**, pH values typically above 1
must be considered in order to recover a solid phase. Also, the minimum hydrothermal
treatment duration was 5 hours, which showed the higher stability of the thorium oxalate
precursor compared to its uranium(lV) counterpart. This feature was also evidenced by the
temperature required to achieve the conversion, which reached 220°C (compared to only
180°C for uranium oxalate).

As a side effect, the important stability of thorium oxalate precursor led to higher
amounts of residual carbon, present as carbonates and water in the oxide-based phases, i.e.
typically in the range of 0.2-0.3 wt.% and around 0.5 mole per ThO,, respectively. Although
these contents were significantly higher than those reported during the conversion of
U(C,04)2.nH,0, they did not modify the structural features of the final oxides. Indeed, in-
depth analysis using EXAFS spectroscopy systematically showed that the average Th-O and
Th-Th distances were not modified for all the conditions of conversion tested, i.e.
independently of the carbon amount. In the same time, the decrease of the coordination
number in the second shell for low temperatures of conversion highlighted the nanocrystalline
character of the powdered samples. Residual carbon then appeared to be trapped between

nanosized crystallites rather than substituted directly in the lattice. As a result, it probably
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generated a tensile effect over the lattice, which can explain the unit cell volume determined
by PXRD, slightly above the values usually reported in the literature for bulk ThO,. The
presence of carbon at the surface of the elementary crystallites could also explain their
tendency to form spherical aggregates, as adsorbed organic matter generally promotes self-
assembly. Comparison with platelets ThO, nanoparticles prepared from a thermal calcination
of oxalate shows that hydrothermal process allowed to stabilize in one-step better crystalline
spherical ThO; nanoparticles at lower temperature.

The general behavior of actinide oxalates during hydrothermal conversion into
actinide dioxide then appeared to be driven both by the stability of the precursor and by the
tendency of the cation towards hydrolysis. In this sense, it should be significantly enhanced
for tetravalent actinides presenting a smaller ionic radius than 1.05A for Th**, e.g. Np**
(0.98A) and Pu** (0.96A) *°. Hydrothermal conversion of oxalates then could find its place in
different processes of the nuclear fuel cycle, where it could provide an interesting opportunity
to set up dustless routes leading from ions in solution to dioxide-based powders in a limited
number of steps. Additional experiments are now under progress to extend this hydrothermal

process to other systems of interest, including uranium-based mixed oxides.
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Hydrothermal conversion of thorium oxalate into ThO, was explored. Treatments of more
than 5 hours above 220°C are required to decompose oxalates, while pH >1 must be
considered to recover a precipitate. All the oxide samples presented residual carbon and water
in the range of 0.2-0.3 wt.% and n ~ 0.5, respectively. From PXRD and EXAFS, these
impurities were trapped between elementary nanosized crystallites which could explain their

tendency to self-assemble as spherical aggregates.
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