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The preparation of synthetic (Zr,U)SiO4 solid solution is challenging, as the conventional high-temperature
solid-state method limits the solubility of uranium (4 + 1 mol%) in the orthosilicate phase due to its
thermodynamic instability. However, these compounds are of great interest as a result of (Zr,U)SiO4 solid
solutions, with uranium contents exceeding this concentration, being observed as corium phases formed
during nuclear accidents. It has been identified that hydrothermal synthesis pathways can be used for the
formation of the metastable phase, such as USiO,4. The investigation carried out in this study has indeed
led to the confirmation of metastable (Zr,U)SiO4 compounds with high uranium contents being formed. It
was found that (Zr,U)SiO,4 forms a close-to-ideal solid solution with uranium loading of up to 60 mol% by
means of hydrothermal treatment for 7 days at 250 °C, at pH = 3 and starting from an equimolar reactant
concentration equal to 0.2 mol L%, A purification procedure was developed to obtain pure silicate com-
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pounds. After purification, these compounds were found to be stable up to 1000 °C under an inert atmo-
sphere (argon). The characterisation methods used to explore the synthesis and thermal stability included
powder X-ray diffraction (PXRD), Fourier transform infrared (FTIR) and Raman spectroscopies, scanning
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1. Introduction

Zircon, ZrSiO4 is a key mineral phase in geochronology
because it is known to allow partial substitution of tetravalent
zirconium (Zr**) by tetravalent uranium (U*"), resulting in
uranium contents typically ranging from 100 to 5000 ppm (ref.
1-5) and up to 11 mol% under very specific conditions.®” This
phenomenon allows the use of U-Pb age determinations for
zircon crystals, with ages that can exceed 4 billion years,® ™
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electron microscopy (SEM) and thermogravimetric analysis (TGA).

providing key information about the geological history of the
Earth. Self-irradiation of zircon phases due to uranium decay
causes metamictization,>'*>™*® and the recovery of this radi-
ation damage also provides key information about the history
of metamorphic rocks.’®* Both phenomena have been exten-
sively studied because of their importance in geological and
environmental sciences.

(zr,U)SiO, phases are also of vital interest to nuclear
science, as this species was identified as one of the predomi-
nant radioactive phases formed in corium during the
Chernobyl nuclear accident.”* Indeed, the accident that
occurred in unit 4 of the Chernobyl nuclear power plant
resulted in the melting of the nuclear fuel assemblies, which
consisted of UO, and the zircaloy cladding material present in
the reactor.>>® The molten nuclear fuel assemblies then inter-
acted with structural materials, consisting of concrete and
stainless steel.****7*® In addition, materials were air dropped
during the early stages of the accident including the silicate
mineral serpentine and siliciclastic sand, lead boric acid, and
dolomite, which in turn also interacted with the melted
fuel.>>*2¢ All this led to the formation of complex silicate
melts, known as “Chernobyl lavas”, which penetrated and soli-
dified in many areas under the reactor.***® The main
uranium-bearing phases identified in these lavas are mixed

This journal is © The Royal Society of Chemistry 2024
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uranium-zirconium oxide (U,Zr)O, and silicate (Zr,U)SiO,
phases.”® The (Zr,U)SiO, phases, sometimes referred to as
“Chernobylite”,”® have been observed to contain up to
12 mol% uranium.****?%?8733 gimilar (Zr,U)SiO, phases are
expected for the Fukushima Daiichi accident due to similar
phenomena of melted fuel interactions with structural
materials.*** In addition, experiments simulating corium for-
mation are also successful in forming (Zr,U)SiO, solutions.***’

From a chemical point of view, the formation of these
phases is a result of the crystal chemistry of zircon-type silicate
compounds.®® In fact, it is known that tetravalent zirconium,
hafnium, cerium and actinide (An) silicates (more precisely
Th, Pa, U, Np, Pu and Am) crystallise in the same I4,/amd
crystal structure with the chemical formula MSi0,.>*"** This
behaviour allows the partial substitution of zirconium, at the A
site of the zircon structure, with other tetravalent metal
cations, such as uranium, in ZrSiO,. In addition, zircon-type
phases are very resistant to leaching under weathering
conditions.**™*° These properties of long-term stability, very
low leachability, and affinity for actinide has led to the propo-
sal of (Zr,An)SiO, phases as potential actinide-specific solid
waste forms for the long-term disposal of spent nuclear
fuel.>*%°

However, attempts to synthesise (Zr,U)SiO, by conventional
high-temperature solid-state methods have yielded very limited
results, with the highest uranium concentration synthesized
by this method being limited to 4 mol%.%” In addition, the
synthesis of pure silicate samples by this route is difficult and
the samples obtained are usually mixtures of silicates and
oxides. This solubility limitation can be explained by the ionic
size difference between the Zr(iv) and U(wv) cations in octa-
hedral coordination, 0.84 A and 1.00 A, respectively,*® which
induces important structural strains.’®’® Calculations per-
formed on this system also predicted the thermodynamic
instability of these solid solutions.”* Nevertheless, the exist-
ence of environmental and accidental samples above the solu-
bility limit demonstrated the possibility of forming zircon with
a higher uranium content due to specific stability conditions
or kinetic pathways, and at least suggested the existence of
metastable states allowing their observation. In this context,
the preparation of representative and chemically pure
uranium-doped zircon above the currently observed synthetic
solubility limit of 4 mol% uranium is a challenge to evaluate
its thermodynamic and chemical properties and long-term
behaviour, both for the environmental aspect (actinide behav-
iour in silicate-rich geological conditions) and for the under-
standing of actinide-containing zircon-type solid nuclear
wastes.

Hydrothermal synthesis has been considered as a potential
method to circumvent this experimental lock, as hydrothermal
synthesis routes have been demonstrated to obtain pure meta-
stable silicate phases such as USiO, or CeSi0,.**”>7° In
addition, the literature on the hydrothermal synthesis of the
(zr,U)Si0, solid solution has already reported the formation of
metastable uranium-rich zircon compounds with up to
20 mol%°®*8%% and 27 wt% (i.e. 25 mol%) uranium according
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to Toudintsev et al.®”> Based on recent progress in the synthesis
of ZrSiO, and (Zr,Ce)SiO, phases,® the aim of this work is to
revisit the solubility of uranium in ZrSiO, using the soft hydro-
thermal synthesis method.

2. Materials and methods

2.1. Syntheses

2.1.1. Preparation of (Zr,U)SiO,. Natural uranium is an
alpha particle emitter and is considered a health hazard.
Experiments involving actinides require appropriate facilities
and personnel trained in the handling of radioactive
materials.

A 6 mol L™ HCI solution was prepared via dilution of
12 mol L™" HCI (37%) stock solution of ACS grade from Sigma-
Aldrich. The uranium(wv) chloride mother solution used was
prepared by dissolving metallic uranium chips in the 6 mol
L~! HCI solution.®* The concentration of the uranium(iv) solu-
tion was determined by inductively coupled-atomic emission
spectroscopy (ICP-AES) to be Cy = 0.62 + 0.01 mol L™". All
other reagents used were supplied by Sigma-Aldrich.
Na,Si0;-5H,0 (>95%) and ZrOCl,-8H,0 (>99%) were used to
produce aqueous silicate and zirconium precursors, respect-
ively. An 8 mol L™' NaOH solution was freshly prepared from
Sigma-Aldrich ACS grade NaOH (98%) prior to the
experiments.

Syntheses of (Zr,U)SiO, solid solutions were carried out
under an air atmosphere based on the conditions identified in
the previous work for the synthesis of ZrSiO, ** and the acidity
conditions were expected to favour the formation of metal sili-
cate gels with tetravalent metal ions®* (i.e. to promote nuclea-
tion). Aqueous zirconium, uranium and silicate solutions were
prepared by dissolving ZrOCl,-8H,O and Na,SiO;-5H,O in
aqueous HCI and then adding uranium solution to obtain a
reacting mixture in 1 mol L' HCI with a silicate excess of
5 mol%. A global cation concentration [CZr(W) + CU(,V)) at
0.2 mol L™ was considered, with different zirconium and
uranium concentrations depending on the desired compo-
sition (Table SI 1t). The pH of the mixture was then adjusted
to approximately pH = 3 using 8 mol L™* NaOH.

All prepared mixtures were placed in 23 mL Teflon-lined
containers (Parr 4749). The hydrothermal treatment conditions
were set to ¢t = 7 days and T = 250 °C, under autogenous
pressure. Final cooling to room temperature was carried out
within one hour. The precipitates were then separated from
the supernatants by centrifugation at 12 000 rpm for 12 min,
washed twice with deionised water and once with ethanol, and
finally dried overnight in an oven at 60 °C.

2.1.2. Purification procedure. Since most of the (Zr,U)SiO,
syntheses resulted in a mixture of silicate and oxide, we
further purified the zircon-type phase from the oxide phase
based on the procedures already carried out for coffinite,*’
USiO,, and uranothorite,®® (U,Th)SiO,. Dissolution of UQ,.,
and/or (Zr,U)O,., was achieved by washing the synthesized
mixtures with nitric acid, resulting in uranium oxidation. To
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limit the dissolution of the silicate phase, the dissolution con-
ditions were adapted to the mixture under consideration,
using a stepwise approach that progressively acidified the
media at each dissolution cycle and characterised the samples
at each stage. This led to the selection of [HNO;] = 0.1 mol L™"
for washing at 70 °C for 24 hours in the case of (Zr,U)SiO, with
U/(Zr + U) = 60 mol%, [HNO;] = 0.25 mol L™" for washing at
70 °C for 24 hours in the case of (Zr,U)SiO, with U/(Zr + U) =
50 mol%, and [HNO;] = 1 mol L™ for washing at 70 °C for
24 hours in the case of (Zr,U)SiO, with U/(Zr + U) < 40 mol%.
40 mg of the sample was added to 2 mL of the selected media
and kept at 70 °C for one day under agitation on an IKA VXR
Basic Vibrax shaker (2000 rpm) equipped with a heating
device. The samples were then washed twice with water and
once with ethanol and dried overnight in an oven at 60 °C.

2.2. Characterisation of the prepared samples

PXRD data were collected using a Bruker D8 Advance diffract-
ometer equipped with a LynxEye detector and using Cu Ko
radiation (1 = 1.54184 A) in reflection geometry (parallel beam)
mode. Patterns were recorded between 5° and 90° (26) with
0.019° steps and a total counting time of 2.5 to 3 hours per
sample. Pure silicon was used as the standard material to
extract the instrumental function. The collected data were
refined by the Rietveld method using the Fullprof suite
package.®” During refinement, various profiles and structural
parameters were allowed to vary, such as zero shift, unit cell
parameters, scale factor, and total displacement factor.
However, the occupancy of each site was fixed to the calculated
values.

Raman spectra were recorded using a Horiba-Jobin Yvon
Aramis instrument equipped with an edge filter and a Nd:YAG
laser (532 nm) delivering a 60 mW beam at the sample
surface. The laser beam was then focused onto the sample
using an Olympus BX 41 microscope with a x50LMP objective,
resulting in a spot area of ~1 pm® For each spectrum, the
measurements were performed in the 100-1600 cm™" range
with a dwell time of 300 s. Three scans were recorded for each
analysed area to minimise instrumental error. Fourier trans-
form infrared (FTIR) spectra were recorded with a PerkinElmer
FTIR Spectrum 100 instrument in the range of 550-4000 cm™".
Powdered samples were deposited on the surface of an ATR
crystal without prior preparation. Spectra collected under
these operating conditions had a resolution of less than
4 cm™. Five scans were conducted for each sample to average
the instrumental error.

Scanning electron microscopy (SEM) observations,
implemented with energy dispersive X-ray spectroscopy (EDS),
were made using an FEI Quanta 200 electronic microscope on
small powder samples without any prior preparation. The elec-
tron microscope was equipped with either an Everhart-
Thornley detector (ETD) or a back-scattered electron detector
(BSED) under high vacuum conditions with a low accelerating
voltage (2 kV). These conditions were chosen to produce a
beam deceleration effect that allowed the acquisition of high-
resolution images. Analyses by EDS coupled with SEM (Bruker
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XFlash® 5010 SDD detector) were carried out on samples de-
posited directly onto an aluminium support. Elemental distri-
bution maps and semi-quantitative determination of phase
compositions were recorded at 15 kV, without any supplemen-
tary preparation. The particles observed were isolated from
each other, and their size was small enough for no charging
effect to occur.

Image analysis was performed using Image]/Fiji software.®®
To facilitate the segmentation of objects of interest, SEM
images were optimized for high contrast between the back-
ground and particles. A Gaussian blur filter was applied to
reduce high-frequency noise and improve the signal-to-noise
ratio. Counting and morphological analyses were performed
semi-automatically. Isolated and agglomerated particles were
segmented, counted and analysed automatically and manually,
respectively.

Thermogravimetric analysis (TGA) was performed to deter-
mine the hydration content of the samples prepared at the end
of the syntheses and the thermal stability of the (Zr,U)SiO,
solid solutions. All these analyses were performed between
room temperature and 1000 °C at a heating rate of 5 °C min™*
under an argon atmosphere using a SETSYS evolution TG/DTG
analyser.

3. Results and discussion

3.1. Hydrothermal synthesis of (Zr,U)SiO, with different
uranium contents

Attempts were made to synthesise (Zr,U)SiO, solid solutions
based on the conditions identified in previous work for the
synthesis of ZrSi0,.** Since 7 days of hydrothermal treatment
at 250 °C were found to be sufficient to prepare synthetic
zircon with a concentration of reactants (silicate and Zr + U) of
0.2 mol L™, these conditions were chosen as the reference for
the study of (Zr,U)SiO, solid solutions. In an effort to promote
Zr substitution by U in the ZrSiO, lattice, the acidity of the
reactive media was chosen to be pH = 3. On the one hand,
these conditions allow favourable interactions between the sili-
cate (Si(OH)4) and the tetravalent metal ions according to the
work of Iler®® and to promote the nucleation of metal silicate
phases. On the other hand, these conditions appeared to be a
compromise to limit the formation of large amounts of oxide
as a secondary phase, which could be expected at higher pH
values. The zirconium and uranium reactants were in the +4
oxidation state and all experiments were carried out in hydro-
chloric acid reactive media to limit the U(v) oxidation to U(vi).
All experiments were carried out under an air atmosphere.

The syntheses were carried out with U/(Zr + U) molar frac-
tions ranging from 0 to 90 mol% (i.e. Zr:U molar ratios
ranging from 100:0 to 10:90). The results of the PXRD ana-
lyses showed the formation of a zircon-type silicate phase from
up to 60 mol% (Fig. 1), with the presence of XRD lines corres-
ponding to the tetragonal I4,/amd structure. A progressive
shift towards lower angles was observed with increasing
uranium content, corresponding to uranium incorporation

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 PXRD patterns recorded for pristine (Zr,U)SiO4 solid solutions of different chemical compositions prepared under hydrothermal conditions
without purification (T = 250 °C, 7 days, pH = 3.0) from Zr + U and silicate concentrations of 0.2 mol L= for Zr: U = 100: 0 (1), 90:10 (2), 80: 20 (3),
70:30 (4), 60:40 (5), 50:50 (6), 40: 60 (7), 30:70 (8), 20: 80 (9) and 10 : 90 (10). The presence of (Zr,U)O,., (fluorite-type) is indicated by diamond
symbols in the PXRD patterns. The Bragg positions of the characteristic peaks of ZrSiO, and USiO4 have been extracted from ref. 89 and 90,

respectively.

into the ZrSiO, lattice. Above 20 mol% uranium content, the
hydrothermal syntheses resulted in multiple phases with the
formation of secondary oxide phases. Well-crystallised cubic
UO,., (space group Fm3m) and poorly crystallized nanometric
cubic (Zr,U)O,., (space group Fm3m) were simultaneously
obtained. For uranium contents above 70 mol%, the silicate
phase was no longer obtained, resulting only in the formation
of a mixture of cubic UO,., and cubic (Zr,U)O,..

Rietveld refinements were performed on all pristine (prior
to any purification or annealing) solid solutions. Irrespective
of the potential hydration rate of the zircon-type phases, the
(Zr,U)Si0, unit cell parameters were found to approximately
follow Vegard’s (regarding linear variation over the lattice para-
meters) and Retger’s (regarding pseudo-linear volume vari-
ation over the lattice volume) laws that assume a close-to-ideal
solid solution (Fig. 2 and Table SI 2%). This result is in very
good agreement with progressive substitution of zirconium by
uranium in the zircon-type structure with maximum insertion
molar ratios of up to 50-60 mol%, which are far above the
maximum insertion rates reported in the literature (i.e.
25 mol% (ref. 82)). This also demonstrates that, despite the
thermodynamic instability of these compounds,”* the (Zr,U)
SiO, solid solution exhibits close-to-ideal solubility behaviour
from a structural point of view.

Rietveld refinements were carried out on the secondary
oxide phases (Fig. SI 1 and Table SI 3%). This allowed the
identification of the two phases to be confirmed:

This journal is © The Royal Society of Chemistry 2024

- The first phase, fairly well-crystallised, obtained for U/(Zr
+ U) molar fractions ranging from 20 to 90 mol%, corres-
ponding to UO,., (or to (U,Zr)O,., with a very small amount of
zirconium inserted in the UO, lattice).

- The second phase, poorly crystallised or nanometric, was
obtained for a U/(Zr + U) molar fraction between 50 and
90 mol%, corresponding to (Zr,U)O,.,. The zirconium inser-
tion in the UO, lattice could be estimated to correspond to a
Zr/(Zr + U) molar fraction as high as 25-30 mol%.

From an experimental point of view, the formation of the
(Zr,U)O,., phase could correspond to a kinetically formed by-
product due to the difficulty of obtaining the (Zr,U)SiO,
species under the experimental conditions considered. On the
other hand, the UO,,, phases could originate from a dis-
solution and reprecipitation process involving (Zr,U)SiO, or
(Zr,U)O,., species and as a thermodynamic product under the
synthesis conditions. This interpretation could be supported
by the fact that the observed (Zr,U)SiO, and (Zr,U)O,., species
have U/(Zr + U) molar ratios very close to the experimentally
expected values.

Infrared spectroscopy characterisation was performed for
all samples (Fig. 3), and the characteristic features of SiO,
modes were observed in the spectra for molar fraction U/(Zr +
U) values, ranging from 0 to 60 mol%, allowing the formation
of the (Zr,U)SiO, phase to be confirmed under these con-
ditions. The symmetric v, and antisymmetric v; stretching
modes located close to 860-850 ' and

were cm

Dalton Trans., 2024, 53,13782-13794 | 13785


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt01604a

Open Access Article. Published on 25 July 2024. Downloaded on 6/9/2026 6:18:10 AM.

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

(cc)

Paper

(2)

7.00 ;
- ¢ Experimental raw i
L6954 ---- Vegard's law s
T 6.90 4 o
—
< 6857 -
€ 6.80
©
—

@ 6.751
o

@ 6.701 =
2

£665] .-
@ ’
—te60d

6.55 T
0.0 O.

Of2 0i3 0i4 Oi5 OTG Oi7 0i8 Oi9 1f0
Molar fraction U/(Zr+U)

View Article Online

Dalton Transactions

(b)

(©)

¢ Experimental raw -
—~6.25 . o5
< ---- Vegard's law
© 6.201
ko)
D 6157
% ///
R
@ 6.10 - e
. R
.*
86051 .-
£
—16.004-"",
®
00 01 02 03 04 05 06 07 08 09 10
Molar fraction U/(Zr+U)
raw -
e
g

310+
5~3054 ¢ Experimental
L300 ---- Retger'slaw
> 295
S
3 2904
1)
£ 285
®©
§280— . Y
2759 .-
) * .
S 270
© 2657 -4
260 ¥
0.0 01 02 03 04

05 06 07 08 09 10

Molar fraction U/(Zr+U)

Fig. 2 Unit cell parameters a (a) and c (b) and volume V (c) of the zircon-type phase obtained by Rietveld refinements performed on PXRD patterns
of pristine (Zr,U)SiO, solid solutions prepared under hydrothermal conditions without purification (T = 250 °C, 7 days, pH = 3.0) starting with Zr + U
and silicate concentrations of 0.2 mol L™ with different chemical compositions. Reference lattice parameters for the Vegard's and the Retger's laws

have been obtained from ref. 70 and 74.

1050-980 cm™', respectively. The antisymmetric bending

mode v, was identified around 620-590 cm™' and the sym-
metric bending mode v, at around 430 cm™". In addition, the
antisymmetric and symmetric bending modes of SiO, were
clearly observed at 1070 and 800 cm™", respectively, for the
samples with U/(Zr + U) molar fractions above 60 mol%.

As the v, vibrational mode shows significant variation and
is easily identifiable in infrared spectroscopy (Fig. 4), it could
be used to assess the incorporation rate of U into (Zr,U)SiO,.
Comparison with the v, band position for a reference USiO,
sample (v, = 569 cm™') and reported in the literature for
ZrSi0, (v4 = 620 cm™')°" allows a linear relationship of the
band position with the molar fraction U/(Zr + U) from 0 to
60 mol% (Fig. 4 and Fig. SI 2t). These results support the
hypothesis of a progressive substitution of zirconium by
uranium in the zircon-type structure with a maximum inserted
molar fraction of up to 50-60 mol%.

In addition, the infrared spectra allowed the presence of
residual water and/or hydroxyl groups in the pristine samples
to be observed through the observation of associated weak
bands in the 3700-2800 cm™" region, with either being indi-

13786 | Dalton Trans., 2024, 53,13782-13794

cated by the water bending mode at 1638 cm™" (Fig. 3), as was
previously observed for ZrSiO,, CeSiOy4, and USi04.5*°

Raman characterisation was carried out on the samples
showing the presence of the (Zr,U)SiO, phase (Fig. 5). It allows
the features of the SiO, modes to be observed, with the sym-
metric v; and antisymmetric v; stretching modes located at
970-900 cm~" and 1010-960 cm™', respectively, and the v,
symmetric bending mode around 440-420 cm™". However, the
vz mode was difficult to identify as this weak band is masked
by the intense v, band. The v, antisymmetric mode is located
close to 610 cm™" but was difficult to observe due to its very
low intensity. In addition, the internal modes of zircon silicate
(below 400 cm™") were also observed. Apart from these bands,
a signal of very variable intensity was observed around
700 ecm™, as reported by Clavier et al.®® This band could be
correlated to the optical emission of U(w) in the zircon-type
matrix with the laser radiation used (Nd:YAG at 532 nm).

In addition, since the position of the v; band can be easily
determined and shows a strong variation from ZrSiO, to
USiO,, these positions were compared for all samples and
allowed a linear relationship of the band position with the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Infrared spectra recorded for pristine (Zr,U)SiO4 solid solutions
of different chemical compositions prepared under hydrothermal con-
ditions without purification (T = 250 °C, 7 days, pH = 3.0) from Zr + U
and silicate concentrations of 0.2 mol L™ for Zr: U = 100: 0 (1), 90:10
(2), 80:20 (3), 70:30 (4), 60:40 (5), 50:50 (6), 40:60 (7), 30:70 (8),
20:80 (9) and 10:90 (10). The positions of the characteristic bands of
the silicate group have been given for ZrSiO,4.

molar fraction U/(Zr + U) varying from 0 to 60 mol% to be
observed (Fig. 6 and Fig. SI 3t). A similar behaviour was also
observed for the position of the v, band (Fig. SI 4 and SI 57).
All these results support the hypothesis of uranium incorpor-
ation into the zircon structure.

In order to obtain information on the morphology resulting
from the synthesis, ZrysU,,Si04 (3), Zro.Uo4Si04 (5) and
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Fig. 5 Raman spectra recorded for pristine (Zr,U)SiO,4 solid solutions
with different chemical compositions prepared under hydrothermal
conditions without purification (T = 250 °C, 7 days, pH = 3.0) starting
with Zr + U and silicate concentrations of 0.2 mol L™ for Zr: U = 100: 0
(1), 90:10 (2), 80:20 (3), 70 : 30 (4), 60 : 40 (5), 50:50 (6) and 40 : 60 (7).
The positions of the characteristic bands of the silicate group have been
given for ZrSiO,4. They are indicated by the broken lines.

Z19.4U 6510, (7) pristine samples were observed by SEM
(Fig. 7). It can be seen that the sample is composed of sub-
micron particles (Fig. 7), with the samples doped with
20 mol% and 40 mol% uranium having a particle size below
100 nm with a fairly homogeneous size distribution (Fig. 7a
and b). These particles have an angular shape, which may
correspond to the characteristic square-based bipyramidal
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(a) Infrared spectra of the SiO4 group v4 band recorded for pristine (Zr,U)SiO4 solid solutions with different chemical compositions prepared

under hydrothermal conditions without purification (T = 250 °C, 7 days, pH = 3.0) from Zr + U and silicate concentrations of 0.2 mol L™ for Zr: U =
100:0 (1), 90:10 (2), 80:20 (3), 70:30 (4), 60:40 (5), 50:50 (6), 40:60 (7), 30:70 (8), 20:80 (9) and 10: 90 (10). (b) Position of the v4 band as a
function of the expected U/(Zr + U) molar fraction. The reference ZrSiO4 v4 band position has been taken from ref. 91. The shaded area corresponds
to the expected linear variation of the v, band of the SiO,4 group in IR spectroscopy, based on reference values reported in the literature, with a

confidence interval of 5 cm™.
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Fig. 6 (a) Raman spectra of the SiO4 group v3 band recorded for pristine (Zr,U)SiO4 solid solutions of different chemical compositions prepared

under hydrothermal conditions without purification (T = 250 °C, 7 days, pH = 3.0) starting with Zr + U and silicate concentrations of 0.2 mol L™ for
Zr:U =100:0 (1), 90:10 (2), 80:20 (3), 70: 30 (4), 60 : 40 (5), 50:50 (6) and 40 : 60 (7). (b) Position of the v3 band as a function of the expected U/
(Zr + U) molar fraction. Reference vz band positions for ZrSiO4 and USiO4 have been taken from ref. 93. The shaded area corresponds to the
expected linear variation of the vz band of the SiO4 group in Raman spectroscopy, based on reference values reported in the literature, with a confi-

dence interval of 5 cm™.

Fig. 7 SEM micrographs of pristine (Zr,U)SiO4 solid solutions prepared under hydrothermal conditions (T = 250 °C, 7 days, pH = 3.0) starting from
Zr + U and silicate concentrations of 0.2 mol L™ for Zr: U = 80 : 20 (3) (a), 60 : 40 (5) (b) and 40: 60 (7) ().

morphology of the silicate group compounds, although the
very small particle size makes it difficult to confirm this result.
On the other hand, the sample doped with 60 mol% uranium
shows a spheroidal morphology with polycrystalline particles
of about 500 nm (Fig. 7c). In addition, a halo, probably related
to the presence of nanometric particles of uranium and zirco-
nium-uranium oxides, can be observed for the 40 mol% and
60 mol% samples (Fig. 7b and c).

3.2. Purification procedure

In order to purify the samples from the secondary oxide
phases, a dissolution procedure was developed based on that
used for USiO, and (Th,U)SiO, solid solutions.***® All samples
containing (Zr,U)SiO, were washed by oxidative dissolution in
weakly concentrated nitric acid reactive media using a gradual
approach, depending on the chemical composition of the
sample. This led to the selection of [HNO;] = 0.1 mol L7,
[HNO;] = 0.25 mol L™ and [HNO;] = 1 mol L™" washing media
for Zry4Uy6Si04, Zrys5Uy 5510, and Zr;_,U,SiO, (x < 0.40),

13788 | Dalton Trans., 2024, 53,13782-13794

respectively. The washing process was stopped when the oxide
phase was below the detection limit. This procedure allowed
the dissolution of the oxide phases with fairly good selectivity,
resulting in pure (Zr,U)SiO, samples (Fig. 8). The unit cell
parameters of the purified (Zr,U)SiO, phases were determined
again by the Rietveld refinement method (Table SI 21) and
showed no significant differences with respect to previously
measured parameters. Infrared spectroscopic characterisation
also showed no significant differences (Fig. SI 67 and Fig. 14).
In order to evaluate the effect of nitric acid washing on the
morphology of the silicate phase, complementary SEM obser-
vations were carried out on the purified samples (Fig. 9). It was
observed that there was no particular alteration feature or mor-
phology changes on the largest particles compared to that
observed in SEM on the pristine samples (Fig. 7). However,
this seems difficult to confirm with certainty, given both the
very small size of the particles observed and the magnification
used in the observation. Nevertheless, the smallest particles
previously observed on the uranium and zirconium-uranium

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 PXRD patterns recorded for purified (Zr,U)SiO,4 solid solutions of different chemical compositions prepared under hydrothermal conditions
(T = 250 °C, 7 days, pH = 3.0) starting with Zr + U and silicate concentrations of 0.2 mol L™ for Zr: U = 90:10 (2), 80: 20 (3), 70:30 (4), 60: 40 (5),
50:50 (6), and 40 : 60 (7), and washed in nitric acid media. Bragg positions of the characteristic peaks of ZrSiO4 and UO, have been extracted from

ref. 89 and 94, respectively.

Fig. 9 SEM micrographs of purified (Zr,U)SiO4 solid solutions prepared under hydrothermal conditions (T = 250 °C, 7 days, pH = 3.0) starting with
Zr + U and silicate concentrations of 0.2 mol L™ for Zr:U = 80:20 (3) (a), 60:40 (5) (b) and 40:60 (7) (c) and washed in nitric acid media.

Observations at different magnifications are available in Fig. SI 7.}

oxide samples (and attributed to the oxide phases) were no
longer observed in the purified samples, in agreement with
the PXRD results.

Elemental mapping was the
Zry.4Ug 6510, sample (Fig. 10) using EDS. These measurements
confirmed that the particles observed correspond to the
zircon-type silicate phase and that zirconium and uranium are
homogeneously distributed throughout the sample. EDS
quantification performed on Zr, U, ,Si04, Zry6U4SiO, and
Zry.4U, 6510, samples gave experimental molar ratios U/(Zr +
U) of 29 + 8 mol%, 47 + 13 mol% and 60 + 4 mol%, respect-
ively. These results reflect the increase in uranium content in
the sample. The experimental values are in the right order of
magnitude (considering the uncertainties) but may vary sig-
nificantly from the target values. These results and the associ-
ated uncertainties could be explained with synthesis para-

also carried out on

This journal is © The Royal Society of Chemistry 2024

meters but they also reflect the limitations of such semi-quan-
titative analysis on nanometric samples. On the other hand,
the EDS data treatment may also lead to an underestimation of
the amount of uranium compared to zirconium.

In addition, the particle size distribution was verified from
SEM observations in the BSE (back scattering electron) mode
and data treatment (based on 1734 identified particles) by
computer processing using Image]/Fiji software. This con-
firmed that the (Zr,U)SiO, sample has a relatively homo-
geneous particle size distribution with a mean size (volume
ponderation) of 310 nm (Fig. 11).

3.3. Annealing of (Zr,U)SiO,

In order to assess the presence of water/hydroxyl groups in
these compounds and to obtain anhydrous samples, the puri-
fied (Zr,U)SiO, samples were characterised by TGA under an

Dalton Trans., 2024, 53,13782-13794 | 13789
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Fig. 10 SEM micrographs in BSE mode (a) of purified (Zr,U)SiO4 solid solution prepared under hydrothermal conditions (T = 250 °C, 7 days, pH =
3.0) starting with Zr + U and silicate concentrations of 0.2 mol L™ for Zr: U = 40 : 60 (7) washed in 0.1 mol L™* nitric acid media. Corresponding EDS

maps for uranium (b), zirconium (c) and silicon (d).
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Fig. 11 Particle size distribution, based on SEM observation data treat-
ment with volume ponderation, for purified (Zr,U)SiO4 solid solution
prepared under hydrothermal conditions (T = 250 °C, 7 days, pH = 3.0)
starting with Zr + U and silicate concentrations of 0.2 mol L™ for Zr: U
= 40:60 (7) washed in 0.1 mol L™ nitric acid media.

argon atmosphere up to 1000 °C (Fig. SI 8t). The argon atmo-
sphere was chosen to prevent uranium(iv) oxidation, which
could occur under an air atmosphere at high temperature.
These analyses show that the dehydration/dehydroxylation
process occurred in several steps for temperatures up to

13790 | Dalton Trans., 2024, 53,13782-13794

700-800 °C for all samples with the water/hydroxo content
corresponding to 2-3% of the initial sample mass. This pro-
gressive mass loss is in agreement with the previous studies
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Fig. 12 PXRD patterns recorded for purified (Zr,U)SiO4 solid solutions
calcined at 1200 °C under an Ar—H; atmosphere with different chemical
compositions prepared under hydrothermal conditions (T = 250 °C, 7
days, pH = 3.0) starting with Zr + U and silicate concentrations of
0.2 mol L™ for Zr:U = 90:10 (2), 80:20 (3), 70:30 (4), 60:40 (5),
50:50 (6), and 40:60 (7). The Bragg positions of the characteristic
peaks of ZrSiO, and UO, have been taken from ref. 89 and 94,
respectively.
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which identified high-temperature water losses for the zircon-
type systems due to the water/hydroxo content trapped in the
[001] channels of the silicate phase.’” The presence of hydroxyl
species has also been identified for USiO, and is likely to
occur for (Zr,U)SiO, systems. Furthermore, it appears that the
weight loss is negatively correlated with the expected uranium
incorporation content.

The thermally treated TGA residues were characterised by
PXRD analyses; these analyses confirmed that the zircon-type
phase was preserved under these conditions, both from
uranium oxidation and from the degradation of the silicate
structure to an oxide mixture (Fig. SI 9%). In order to obtain
more information on the thermal stability of these phases at
higher temperatures, (Zr,U)SiO, samples were heated at
1200 °C under an argon-hydrogen atmosphere (Ar + H, 4%)
with an isothermal step of 1 hour at the target temperature.
No strong evidence of decomposition of the silicate phase into
SiO, and (Zr,U)O, was observed from PXRD (Fig. 12), the pres-
ence of (Zr,U)O, oxide as a minor phase for Zr, ;U, 3510, being
attributed to residual oxide remaining after an insufficient
purification step.

(a)

View Article Online

Paper

Furthermore, Rietveld refinements carried out on heated
samples showed a decrease in the unit cell parameter, which
is characteristic of dehydration/dehydroxylation of zircon-type
samples, but the data remained consistent with the results of
uranium insertion into the ZrSiO, structure. The uranium
content in the (Zr,U)SiO, solid solution does not seem to be
significantly affected by the purification process or by heating
treatment up to 1200 °C (Fig. 13).

In addition, the samples calcinated at 1200 °C were charac-
terised using vibrational spectroscopy techniques. Both infra-
red (Fig. 14) and Raman (Fig. 15) spectra were in agreement
with the results of PXRD. Both sets of spectra show the charac-
teristic bands of the silicate groups in the (Zr,U)SiO, structure
without any significant shift with respect to the position deter-
mined for the pristine samples (which could have indicated
changes in the phase composition) (Fig. SI 10-SI 127).
Furthermore, the characteristic T,, band of the cubic uranium
oxide is not observed in the Raman spectra, suggesting an
amount below the detection limit of potential oxide phases.
Finally, the infrared spectra show dehydration/dehydroxylation
of the samples as the characteristic bands of water/hydroxyl
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Fig. 13 Unit cell parameters a (a) and c (b) and volume V (c) of the zircon-type phase obtained by Rietveld refinements performed on PXRD patterns
of pristine, purified and calcined at 1200 °C (Zr,U)SiO4 solid solutions prepared under hydrothermal conditions (T = 250 °C, 7 days, pH = 3.0) starting
with Zr + U and silicate concentrations of 0.2 mol L™ with different chemical compositions. Reference lattice parameters for Vegard's and the

Retger’s laws have been obtained from ref. 70 and 74.
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Fig. 14 Infrared spectra recorded for purified (Zr,U)SiO4 solid solutions
then calcinated at 1200 °C under an Ar—H, atmosphere with different
chemical compositions prepared under hydrothermal conditions (T =
250 °C, 7 days, pH = 3.0) starting with Zr + U and silicate concentrations
of 0.2 mol L™ for Zr:U = 90:10 (2), 80:20 (3), 70:30 (4), 60:40 (5),
50:50 (6), and 40: 60 (7).
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Fig. 15 Raman spectra recorded for purified (Zr,U)SiO,4 solid solutions
then calcinated at 1200 °C under an Ar—H, atmosphere with different
chemical compositions prepared under hydrothermal conditions (T =
250 °C, 7 days, pH = 3.0) starting with Zr + U and silicate concentrations
of 0.2 mol L™ for Zr:U = 90:10 (2), 80:20 (3), 70:30 (4), 60:40 (5),
50:50 (6), and 40: 60 (7).

groups (weak bands in the 3700-2800 cm™*

longer observed.

region) are no

4. Conclusion

Based on the results previously reported in the literature,® the
synthesis of (Zr,U)SiO, solid solutions was studied under soft
hydrothermal conditions (T = 250 °C, 7 days holding time,
Czeiu = 0.2 mol L7, PH = 3.0). These conditions allowed the

13792 | Dalton Trans., 2024, 53,13782-13794
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formation of (Zr,U)SiO, samples with uranium contents up to
60 mol%, well above the previously reported maximum inser-
tion rate (i.e. 25 mol%)® and the calculated thermodynamic
stability limit for this solid solution.”* This result was con-
firmed by PXRD, infrared spectroscopy and Raman
spectroscopy.

Furthermore, since the as-prepared samples contained sec-
ondary oxide phases, a purification procedure based on nitric
acid washes was established, which allowed the preparation of
oxide-free (Zr,U)SiO, samples. These purified samples were
then characterised by thermogravimetric analysis. On the one
hand, it was observed that the total water content of the hydro-
thermally synthesised (Zr,U)SiO, samples decreases with an
increasing uranium insertion rate. On the other hand, it has
been shown that uranium-rich zircon-type phases, with up to
60 mol% uranium, remain stable up to 1200 °C under a redu-
cing atmosphere (Ar-H,), allowing dehydrated samples to be
obtained.

These results represent major steps forward in the study of
(Zr,An)SiO, solid solutions, which are known to form under
accidental conditions, and will allow direct evaluation of the
properties of these solid solutions. In this perspective, a comp-
lementary calorimetric study is underway to learn more about
the thermodynamic parameters of (Zr,U)SiO,, such as enthalpy
of formation and enthalpy of mixing.
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