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Danwen Qin?, Adel Mesbah® ", Nicolas Clavier®”, Stéphanie Szenknect?, Nicolas Dacheux®

?ICSM, CNRS, CEA, ENSCM, Univ Montpellier, Site de Marcoule, BP 17171, 30207 Bagnols/Céze,
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Abstract

The synthesis and thermal behavior of Nd;.,Th,Ca,PO4;n H,O (x = 0 — 0.15) solid solutions
crystallizing in the rhabdophane structure type was studied by combining the in situ high temperature
PXRD, TGA and dilatometry techniques. The samples prepared under hydrothermal conditions (T =
110°C, t = 4 days) were found to follow the same dehydration process than the NdPO,-0.667 H,0 end-
member. The temperature of maximum dehydration rate slightly increased from 210 + 3 °C to 214 +
3 °C with the Ca-Th coupled substitution rate. In parallel, the evolution of the unit cell parameters was
also monitored by collecting in situ HT-PXRD data. The phase transition into the monazite-type
structure occurred at higher temperature (from 650°C to 850°C) and was correlated to a temperature of
maximum linear shrinkage rate increasing from 693 + 1°C to 762 + 1°C with the Ca-Th content.
Therefore, the process of conversion leading the stabilization of Nd, . Th,Ca,PO, was successfully

achieved.



1. Introduction

The management of radioactive waste coming from the reprocessing of nuclear spent fuel represents
one of the major challenges in the nuclear power industry.! In this frame, a tremendous number of
studies have been dedicated to the conditioning and storage of high level radioactive wastes (HLW).
Particularly, glass, glass-ceramics and ceramics have been proposed as sustainable wasteforms **. In
this frame, France, with the “Bataille” act, adopted in 1991, set out the legislative framework of the
radioactive waste management, especially underground repository to host actinides and fission
products by considering different solutions as cited above. In order to meet the requirements of this
law, a particular attention was paid to the specific conditioning of actinides in tailored ceramic
wasteforms, such as phosphate based materials including apatites (Ca;o(PO4)sF>), >" monazites (LnPO,)
and associated cheralites (M"M"(PO,),) "2 or thorium phosphate—diphosphate **. Monazite LnPO,
with Ln = Lato Gd and its related solid solutions, fulfill several requirements such as the capability to

contain large amounts of actinides within its structure (up to 29 wt. % ThO, and 16 wt. % UQO, in

14,15 17,18

, good sintering capabilities *°, high chemical durability
19, 20

monazite ores) and good resistance to

radiation damage

The mechanism of actinides incorporation into the monazite structure depends on their oxidation state.
For trivalent actinides (e.g. Pu, Am), the direct incorporation was already reported in respect of the
Ln.,An" PO, formula® %. On the contrary, a coupled substitution is always required to incorporate
tetravalent actinides (An(IV) = Th, U, Np). Two substitution schemes were reported in literature: the
first one consists of a simultaneous incorporation of a divalent element such as an alkaline earth metal
and tetravalent actinide to form Ln,,,An'Y,M", PO, monazite-cheralite solid solution. The second one
consists of the replacement of the phosphate groups by silicate entities to form Ln;,An,(PO4)1.x(SiO4)x
monazite-huttonite solid solutions **?*#*, The first mechanism is by far the most documented *° and
the actinide-based monazite-cheralite solid-solutions were usually synthesized through solid-state
reactions **?°. However, there is a growing interest in the preparation of monazites by wet chemistry
routes in order to improve the homogeneity and sintering properties of the powders '* 3% 3
Consequently, we investigated the incorporation of tetravalent thorium into PrPO, through the 2 Pr**
— Th* + Ca®* cationic substitution *. A series of rhabdophane-type precursors with the general
formulae Pry,,Th,CaPO4-n H,O were firstly prepared by hydrothermal synthesis (110°C, 4 days),
then associated monazite-cheralite solid solutions Pr;.,Th,Ca,PO, were obtained after heat treatment
at 1100 °C for 6 hours. As the powder crystallizing in the rhabdophane structure type is considered as
the stable hydrated form for light lanthanide phosphates (Ln = La-Gd) at low temperature *!, the
protocol mentioned above might be suitable for other light lanthanide monazite-cheralites having the

general formulae Ln;.,Th,CaPO,.



Nevertheless, the dehydration process and the steps associated to the thermal conversion of Lny.
1 hCa,PO4.nH,O compounds were never assessed while there are only few reports on the thermal
behavior of rhabdophane LnPO,-nH,O. Indeed, Jonasson and Vance have investigated the
transformation of rhabdophane to monazite for Ln = La — Dy using thermogravimetric analysis (TGA)
and differential thermal analyses (DTA). They have reported dehydration temperatures ranging from
100 to 400°C while the temperature mentioned for the irreversible transformation into monazite was
found between 500 and 900°C. Moreover, the conversion temperature increased with decreasing ionic
radius **. A similar study has been done by Kijkowska®* who reported a double endothermic effect
below 300°C assigned to a two-step dehydration. Furthermore, the temperature of rhabdophane to
monazite transformation was found to increase with the atomic number from below 750°C (La, Ce) to
above 900°C (Tb, Dy).**

From the structural point of view, Mesbah et al. reported the dehydration process and related crystal
structure changes from monoclinic LnPO,-0.667 H,O to trigonal LnPO, with Lh = Nd, Sm, Gd, Eu
and Dy *. The initial crystal structure (monoclinic C2, Z = 24) has six independent positions for the
cations. One third of them is coordinated to 8 oxygen atoms from the phosphate groups to form an
infinite chain (called chl) while the other two thirds are coordinated by 9 oxygen atoms with the ninth
represented by a water molecule to form a second different chain (Ch2) leading to a channeled
structure oriented along [101] direction (Figure 1), where the water molecules fill those channels.
During the dehydration of the rhabdophane samples, which involves a two-step process, the lanthanide
phosphate first turns into the hemihydrate compound (LnPQO4-0.5 H,O, monoclinic C2). Within this
structure, there is one kind of chains formed by half of the lanthanide atoms in 8-fold coordinated
while the others are 9-fold coordinated. This leads to the disappearance of the anhydrous chains and
the reconstruction of the water network. However, all the chains are oriented along the [101] direction
and water molecules also stay within the structure channels (Figure 1). The full dehydration towards
anhydrous rhabdophane (trigonal, P3,21) takes place between 190°C and 240°C. Finally, the

irreversible transformation into monazite occurs for temperatures above 500°C.
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Figure 1. Representation of the chains and channels present in LnPO,-0.667 H,O (top) and
LnPO,-0.5 H,0 (bottom).*

In this study, single phase samples of Nd;.»Th,Ca,PO,-n H,O (x = 0 to 0.15) were prepared by wet

chemistry route then their thermal conversion into the final monazite-cheralite compounds was first

followed by in situ HT-PXRD to determine the conversion temperature range and to investigate the

variation of the unit cell volume. Moreover, a coupled TGA/dilatometry study was undertaken to get

better understanding of the dehydration and conversion processes.

2. Experimental

2.1. Synthesis

Following the synthesis procedure described in our previous work ¥, the metal nitrate salts used
(Sigma-Aldrich) were of analytical grade: NdCl;-6 H,O, CaCl,-n H,0O, Th(NOs);-4-5 H,O; while acid
solutions were diluted from concentrated HsPO, (85% Sigma-Aldrich), HCI (37% Carlo-Erba), and
HNO; (69.5% Carlo-Erba). In order to avoid any problem of stoichiometry due to the hygroscopic
character of the salts and thus to prevent potential lack of accuracy in weighing the amount of
reactants, NdCl; and CaCl, were dissolved in 0.1M HCI and Th(NO3)4-4-5 H,0O in 4M HNOs. The
final concentrations were typically ranging from 0.5 to 1.5 M. They were further determined by ICP-
AES. As already described, the synthesis proceeded through mixing stoichiometric amounts of
neodymium and thorium into a 30 mL Teflon® container, with ten times the stoichiometric amount of
calcium compared to thorium. Afterwards, 5M H3PO,was added dropwise with a 3 mol.% excess with

regards to Nd and Th amounts. The mixture was stirred for 15 minutes then the Teflon® container was
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sealed and placed in an oven at 110°C for 4 days. The obtained precipitate was washed (twice with
water and once with ethanol) by going through three centrifugation cycles (at 14500 rpm for 5
minutes). Finally, the product was dried in an oven at 90°C overnight.

2.2. Powder X-Ray Diffraction (PXRD) & in situ High Temperature-PXRD (HT-PXRD)

PXRD analyses were realized on a Bruker D8 advance diffractometer, equipped with Cu Ka radiation
(L =1.54184 A). Data collection was performed using reflection geometry with 260 ranging from 5 to
100° with steps of A6 = 0.019° and a step time of t = 3.68 s. In addition, a PXRD pattern of pure
silicon was collected in similar conditions to be used as an external standard to extract the instrumental
function. The collected powder patterns were refined by the Rietveld method with the use of the

Fullprof_Suite package *.

Moreover, in order to identify the successive dehydration steps and phase transformation, in situ HT-
PXRD experiments were performed on the same instrument for temperatures ranging from room
temperature (RT) to 1100°C with a rate of 5°C.min™". During each experiment, the PXRD patterns
were collected on a set of 30 temperature set points. For each measurement, the system was held at the
target temperature for 15 minutes prior the beginning of the scan from 5 to 100° (26, angular step of
0.014° and time step of 1.10 s). Table S1 gathers the crystal data and the refinement parameters for the
Nd;.oTh,CaPO,4-n H,O series (x =0, 0.05 and 0.1) at 30°C, 100°C, 300°C (rhabdophane) and at 30°C
(monazite-cheralite) after thermal treatment at 1100°C.

2.3. Thermo-Gravimetric Analyses (TGA) and dilatometric study

TG analyses were undertaken thanks to a Setaram Setsys Evolution apparatus equipped with a type-S
thermocouple (Pt/Pt-10%Rh). After the blank was recorded using an empty alumina crucible (30 pL),
about 15 mg of powder were heated in air with a rate of 5°C.min™ from RT to 1000°C in order to
follow the dehydration steps then the transition from rhabdophane to monazite.

Accordingly, the dilatometric measurements were conducted with a similar apparatus with thermo-
mechanical analysis (TMA) configuration. Approximately 200 mg of powder were first shaped by
uniaxial pressing (500 MPa) in a tungsten carbide die, resulting in a 5 mm diameter cylindrical pellet
of about 1 mm in height. The linear shrinkage of the pellet was then followed as a function of
temperature from RT to 1000°C with a heating rate of 1°C.min™. Thermal dilatation of alumina

sample holder was measured under the same conditions and was subtracted from the resulting signal.

2.4. X-EDS
FEI Quanta 200 electron microscope equipped with X-EDS analyzer (BRUKER XFlash® 5010 SDD)

was used for quantitative chemical analyses with an acceleration voltage of 15 kV and a chamber

pressure below 2 x 10 Pa. The powdered samples were first embedded in an epoxy resin, polished to
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mirror grade and then metalized. For each sample, 30 spots were analyzed and average values led to

deduce the chemical composition of the samples.
2.5. Chemical compositions analyses with ICP-AES

In order to determine the composition of the synthesized rhabdophane samples, about 20 mg of the
obtained powder was firstly dissolved completely in 2.5 mL aqua regia then diluted in 0.16 M HNO;
solution. These solutions were analyzed through ICP-AES (Spectro Arcos EOP) after the application
of SPEX standard solutions to calibrate the elementary concentrations of Ca, Th, Nd and P. The
recommended emission wavelengths were taken into account in the calculation of elementary

concentration leading to the evaluation of the atomic ratios.

3. Results

3.1. Synthesis of Nd; ., Th,Ca,PO,-n H,O

According to the preparation method reported recently *, thorium-bearing rhabdophane samples Nd;.
» T hCa,PO4-n H,O with x = 0 to 0.15 were obtained by precipitation at 110°C during 4 days. PXRD
analysis was performed to examine the crystal structure and showed that the powders were single
phase rhabdophane (Figure 2). The chemical composition of the powders was then determined by ICP-

AES after total dissolution of the samples in aqua regia (Table 1).

Table 1. Chemical composition of Nd,.,,Th,Ca,PO,4-n H,O rhabdophane-type compounds obtained by
ICP-AES analysis after complete dissolution of the powdered samples

X (target value) Nd (1-2x) Th (X) Ca(x) P/(Nd+Ca+Th)
0.00 1.00 £ 0.01 1.04 £0.01
0.05 0.90+0.01 0.05+0.01 0.05+0.01 1.0+£0.1

0.10 0.80+0.03 0.11+£0.01 0.10+0.01 1.0+£0.1

0.15 0.71+0.03 0.17 £0.02 0.11£0.02 1.1+£0.2

From these data, the prepared powders exhibited the expected stoichiometry for x = 0.05 and 0.1.
However, the precipitation of thorium and calcium appeared to be slightly different from the expected
values for x = 0.15. This problem was already described during the synthesis of Pr;_,,Th,Ca,PO4-nH,0
solid solutions, the precipitation becoming non-stoichiometric for x > 0.20 *. Consequently, the
coupled substitution might exhibit a limit under these synthesis conditions. For Nd-based rhabdophane,
the maximum Ca, Th incorporation might be between x = 0.10 and 0.15. Nevertheless, for x = 0.15,
the charge balance seemed to be respected. Indeed, the total positive charge, i.e. 3 (Nd*") + 4 (Th*") +
2 (Ca®™) equals 3.03 + 0.21 while the total negative charge, i.e. 3 (PO,%), reaches 3.21 + 0.51. Both



values are thus not significantly different considering the associated uncertainties. One explanation of
the slight difference between Th and Ca contents could result from the formation of the presence of
vacancies in the structure. Additionally, it is worth noting that during the synthesis of Pr;.
»1hCaPOsn H,O samples, XRD analysis revealed the formation of crystallized
Thy(PO4),(HPO,)-H,0 (TPHPH) * as a secondary phase for x > 0.20. Such an additional thorium-
enriched phase was not detected by PXRD in this work which also argue in favor of a non-

stoichiometric substitution.®’
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Figure 2. PXRD patterns obtained for Nd;.,,Th,Ca,PO,-nH,O samples (with 0 < x < 0.15)

3.2. Thermal conversion of Nd;.,,Th,Ca,PO,-n H,O into Nd;.,, Th,Ca,PO,

In order to achieve the conversion of rhabdophane into monazite, the synthesized precursors were first
directly heated at 1100°C for 6 hours in air. According to the PXRD patterns collected on the resulting
powders (Figure 3), the samples obtained from x = 0 to x = 0.10 were single phase monazite-cheralite
solid solutions. Conversely, the presence of the XRD lines of a-ThP,0O; as secondary phase was

evidenced for x = 0.15.%

In a previous work, Podor ** prepared the monazite under hydrothermal conditions (780°C, 200 MPa)
and reported that the direct substitution of thorium in the structure of LaPO, (4 La* « 3 Th* + o)
was limited to only 7.45 + 1.12 wt.% of ThO; (i.e. to 6.40 £ 0.99 mol.% of thorium ). Above this value,
thorium diphosphate (a-ThP,0-) always appeared as a secondary phase.* Therefore, for x = 0.15, the
initial rhabdophane type structure, with a certain amount of vacancies and excess of Th, is no longer
stable during its conversion into monazite-cheralite, leading to segregation of Th and thus to the

formation of a-ThP,0-.



Since the monazite-cheralite solid solutions exhibited very high chemical durability, which resulted in

only partial dissolution in fresh aqua regia under the application of the protocol developed for

rhabdophane analysis (~ 0.020 mg sample in 2.5 mL aqua regia), the evaluation of their chemical

composition was undertaken by X-EDS (Table 2). It is worth noting that the results obtained for

monazite-cheralite solid solutions were not significantly different compared to that obtained for the

starting rhabdophane samples, indicating the absence of phosphate elimination through decomposition

during the heating treatment at high temperature.
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Figure 3. PXRD patterns obtained after conversion of Nd,.,Th,Ca,PO,-n H,O rhabdophanes at
1100°C for 6 hours (air atmosphere). PXRD patterns reported for monazite NdPO, (black
vertical bars) *° and for a-ThP,0- (red vertical bars) **.

Table 2. Results of X-EDS analysis obtained on Nd;,,Th,Ca,PO,; monazite-cheralite solid
solution samples prepared after thermal conversion of rhabdophanes

X (target value) Nd Th Ca P/(Nd+Ca+Th)
0.05 0.86 £ 0.02 0.06 £0.01 0.07+£0.01 0.92 £0.05
0.10 0.76 £0.01 0.12+0.01 0.11+0.01 1.05+0.03
0.15 0.67 £0.02 0.19+£0.02 0.14+£0.01 1.01+0.05

3.3. Structural evolution followed by in situ HT-PXRD.

In order to get a better understanding of dehydration and conversion processes of Nd;.cTh,Ca,PO4-n

H,O (x = 0.0 — 0.10), in situ HT-PXRD experiments were performed. The collected powder patterns

recorded for NdygThy1Cag1PO4-n H,O are viewed in Figure 4. This experiment underlined two phase



transitions: the first one took place at 200 °C while the second began at 700 °C and ended at 850 °C.
The transition leading to the formation of the hemihydrate form reported previously by Mesbah et al.*
was not detected on the basis of the quality of the data collected using a laboratory diffractometer.
Therefore, in these experiments, the first transition observed led to the formation of anhydrous
rhabdophane while the second one was assigned to the irreversible conversion into monazite-cheralite
solid solution.

The in situ HT-PXRD patterns were then refined using the Rietveld method by considering the
appropriate crystal structure depending on the temperature of the data collection, i.e.:

- i) at 30°C, the hydrated form Nd;.,,Th,Ca,P0,-0.667 H,O (monoclinic C2, Z = 24);

- i) between 100 and 200°C, the hemihydrate form Nd,,,Th,Ca,PO,4-0.5 H,O (monoclinic
C2 space group, Z = 12);

- iii) above 200°C, the trigonal form associated to anhydrous rhabdophane Nd,.,,Th,Ca,PO4
(P3:21 space group, Z = 3).

- iv) above 700°C, the monoclinic form associated to the irreversible formation of monazite
Nd;.oTh,CaPO, (P2:/n space group, Z = 4).

Therefore, the unit cell volumes were systematically normalized to three formula units for each phase,
underlining the variation of unit cell volume of Nd,.,,Th,Ca,PO,4-n H,O by direct comparison (Figure
5).

All the studied samples showed similar behavior. The structure change corresponding to the
dehydration led to a volume swelling of about 1 % around 200°C. After a slight swelling due to the
increase of temperature, the irreversible phase transition from anhydrous rhabdophane to monazite-
cheralite solid solution occurred between 650°C and 850°C which agrees well with the transition
temperature reported by Jonasson and Vance for NdPO,:0.667 H,O (i.e. 680-790°C) *. Finally, the
shrinkage of the unit cell volume reached 18.5%, confirming that the monazite-cheralite solid

solutions have a far more compact structure than their rhabdophane counterparts.
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Figure 4. In situ HT-PXRD patterns of NdqgThg1Cag:1PO4-nH,0: initial rhabdophane (black line),
hemihydrate rhabdophane (red line), anhydrous rhabdophane (blue line), mixture of
rhabdophane and monazite-cheralite (yellow line) and single phase monazite-cheralite

(green line).
L L L L U
Anhydrous Rhabdophane : u
280 - e mom - | A
[a I _
1 |
Rhabdophane-nH,0O ! !
o 260 I 1 -
u.g: 1 1
o 1 1
2 1 | |
= 1 1
= 1 1
=) 1 1
= 240 - ! ! .
1
I .
: . Monazite -
1 1 - m u
22 :ﬂ .: .-
220 - , | =
|, 1
L L B L B T ' L LR L
0 200 400 600 800 1000

Temperature (°C)

Figure 5. Variation of refined unit cell volume of NdygThy1Cag:PO4-NH,O versus heating
temperature, the volume of each phase was normalized to three formula units per cell for
better understanding.
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3.4. Thermo-Gravimetric Analysis

Even though in situ HT-PXRD experiment argued for a direct dehydration process is completed
around 200 °C, it might go through several steps as in the case of lanthanide end-members *. Also, the
amount of water molecules per unit formula has not been determined yet. TGA experiments were then
performed to accurately follow the dehydration process of Nd;,,Th,Ca,PO4-nH,O (0 < x < 0.10)
(Figure 6).
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Figure 6. TGA curves obtained for Nd,.,,Th,Ca,PO,4-nH,0 samples.

All the prepared samples exhibited similar dehydration process according to the TGA curves. Their
water contents ranged from 0.68 + 0.01 to 0.88 £ 0.01, which agrees with that proposed by Mesbah et
al. (i.e. 0.667 H,0 per formula unit) * 2. The DTG curves (Figure S1) showed that dehydration of
Nd;.oTh,CaPO,-n H,O went through two successive steps leading to anhydrous rhabdophane
structure type. In all cases, whatever the initial amount of water, the first dehydration led to the stable
hemihydrate form, i.e. Nd;.xThCa,P04:0.5 H,O, then to the anhydrous rhabdophane, i.e. Nd.
» 1 hCa,PO4. While the temperature associated to the first dehydration was difficult to determine, that
corresponding to the full dehydration was extracted from the derivative of the relative weight. The
obtained results are in agreement with those reported for the lanthanide rhabdophane end-members
(LnPO,4-0.667H,0, with Ln = La to Dy) *.

Table 3. Results of TGA obtained on Nd;.,,Th,Ca,PO4-n H,O solid solutions

11



T min derivative H,0O per unit formula H,O per unit formula

(°C) (2" step) (total amount)
0.00 210+£3 0.46 £ 0.01 0.68 £0.01
0.05 213+3 0.47+0.01 0.88 +0.01
0.10 214+ 3 0.46 +0.01 0.79 +0.01

The incorporation of thorium and calcium within the structure has few impact on the temperature
associated to the dehydration of the rhabdophane. Even though, the temperature of transition might
increase very slightly with the incorporation rate of thorium and calcium in the structure as reported in
Table 3.

3.5 Dilatometric study

The relative linear shrinkage of Nd;.»Th,Ca,PO4-n H,O was analyzed by dilatometric measurements
(Figure 7) and revealed a three-step variation. The first dehydration step leading to the stabilization of
the hemihydrate form was not observed. However, a slight swelling of about 1% took place around
200°C and was assigned to the complete dehydration of the rhabdophane compounds. Then a
transition was observed from 600°C to 850°C and corresponds to the irreversible transformation from
rhabdophane-type structure into monazite-cheralite which appears in good agreement with the results
obtained from in situ HT-PXRD. The final step occurred at higher temperatures (i.e. for T > 850°C)

and was correlated to the sintering of the samples.

The temperature of the phase transition, deduced from the maximum shrinkage rate, was found to
increase with the Ca-Th coupled substitution rate from 693 £ 1°C (x = 0) to 762 £ 1°C (x = 0.1). It
agreed well with the temperatures reported by Jonasson and Vance (500 — 900°C) and by Kijkowska
(717 — 910°C) regarding to the formation of monazite endmembers®* *. Moreover, both studies
showed an increase of the transformation temperature with the atomic number. Reviewing the reported
data and the results of this work, it might have an interest to investigate the variation of this
temperature versus ionic radius. Indeed, as shown in Figure 8, such temperature of transformation was

found to increase with the shrinkage of ionic radius.**
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Figure 7.  Dilatometric curves obtained during the sintering of Nd;,,Th,Ca,PO,-n H,O samples.
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3.5. Influence of coupled substitution on crystal structures

According to the TGA results, the first three temperature set points of the in situ HT-PXRD study, i.e.
30°C, 100°C and 300°C, were corresponding to three distinct phases, i.e. Nd;.,Th,Ca,PO4-n H,0O
(0.68 £ 0.01 to 0.88 + 0.01), Nd;.,Th,Ca,P0,-0.5 H,O and Nd;.,Th,CaPO,, respectively. Based on
such structural models, these collected PXRD patterns were refined by the Rietveld method. The

variation of the unit cell volume of the Nd;.,,Th,Ca,PO4-nH,O compounds are reported in Figure 9.

At 30°C, the rhabdophane crystallizes in the monoclinic system in C2 space group in the LnP0,.0.667
H,O structure type. The refined volume of the unit cell was found to increase when the thorium and
calcium contents increase within the structure. If we consider the ionic radius of Nd**, Th* and Ca?
reported in the Shannon tables (Table 4), the refined volume of the rhabdophane structure should
decrease when smaller atoms are inserted. Such behavior could be explained by the preference of
thorium and calcium to be coordinated by the water molecules leading to a 9-fold coordination. In this
case, the volume of the unit cell should increase because the average r Ca-Th (CN =9) value is larger
than the ionic radius of Nd (CN = 8), on the one hand, and because of the impact of larger amounts of
water molecules within the channels, on the other hand. This assumption is justified also by the water
content measured by TGA. Moreover, theoretically, if we consider that all the cationic sites are

coordinated by water molecules, the structure should have 1.5 water molecule per formula unit.

Table4.  Selected Crystal Radius reported for Ca*, Nd**and Th*in the eight and nine fold
coordination numbers **

Coordination r‘j&z+ rT/g:H l'ca-Th Mg A(rNd(VHI) “Leom (IX))
INd(VIID)
VI 1.26 1.19 1.225 1.249
-2.1%
IX 1.32 1.23 1.275 1.303

Despite the difficulties to determine the exact temperature of the first structural transition leading to
the hemihydrate form, we can suggest that its stabilization occurs below 100°C. Therefore, the
difference of the relative weight between 100°C and over 250 °C is corresponding to about 0.5 H,O
(TGA results, Table 3). According to the data viewed in Figure 9, after the first dehydration step, the
unit cell volume seemed to decrease in agreement with the ionic radius of Th*", Ca** and Nd** reported
in literature **. Regarding the structural features of the hemihydrate form (Figure 1), we could assume
that there is no ordering of thorium and calcium on a specific site (i.e. specific coordination number),
and thus the distribution of water molecules respects the crystal structure properties published

previously by Mesbah et al. *. Moreover, the same observation was made for the structure refined at
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300°C when considering the anhydrous form of the rhabdophane structure. It is worth noting that the
unit cell volume variations at 100°C and 300°C were consistent with that expected. Therefore, there is
more reason to believe that the increase of the unit cell volume of Nd, ,,Th,Ca,PO4-n H,O compounds
collected at 30°C could be associated to the increase of water amounts within the channels.

Nd,_,,Th,Ca,PO,nH,0 (30 °C, rhabdophane) Nd, ,, Th Ca_PO,-0.5H,0 (100 °C, rhabdophane)
21720
217154 . 1087.5 4
- -
i“ 2171.0 a
e "T:J 1087.0+
£ 2170.54
5 e .
5 G
> 21700 = .
10086.5 4
- -
2169.5 4
1086.0 T T T v
2169.0+——— - . =, ’ 0:00 04 0.08 ol
Xy, (ICP-AES) Xy (ICP-AES)
Nd,.,,Th,Ca, PO, (300 °C, rhabdophane) Nd,,, Th,Ca,PO, (monazite)
e =  This work
292.04 . = Cag sThy PO, (Montel ef al')
277.6
* -
& a4 ~ 2915 .
=< T o
‘; —— -\;
£ 277.24 £ 2910
=2 2
> 20 = 2905
276.8-
290.0 -
276.6 - . . . . . . .
0.00 0.04 0.08 0.12 0.0 01 0.2 03 0.4 0.5
X, (ICP-AES) Xpy (ICP-AES)

Figure 9. Refined unit cell volume obtained for Nd,.,,Th,Ca,PO,4-n H,O samples prepared at 30°C,
100°C, 300°C and those corresponding to the monazite-cheralite samples collected at
30°C after thermal treatment at 1100°C.

At higher temperatures, anhydrous rhabdophane underwent an irreversible transition into the
monazite-cheralite structure type crystallizing in the monoclinic system (P2./n space group). Hereby,
XRD patterns were recorded back at RT to avoid any bias due to high-temperature collection. The unit
cell volume of CagsThysPO, end-member * was introduced to compare with those of the Nd.
x« T hyCaPO, series. The unit cell volume decreased linearly with the incorporation rate following the

Vegard’s law. Such a variation thus suggests the formation of an ideal Nd;.,,Th,Ca,PO, solid solution

(Figure 9). *
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4. Conclusions

In this study, rhabdophane-type precursors with general formula Nd,,,Th,Ca,PO4-n H,O (x = 0 to
0.15) were prepared by hydrothermal synthesis. Single phase monazite-cheralite Nd,,,Th,CaPQO,
solid solutions were obtained by direct heating of such precursors from x = 0 to x = 0.1. For x > 0.1,
the composition of the rhabdophane precursor appeared to be non-stoichiometric and a-ThP,0; was
found as a secondary phase in the final product. The combination of TGA analyses, HT-PXRD and
dilatometry experiments allowed the description of the thermal conversion of rhabdophane-type
precursor to the final monazite-cheralite wasteform. The temperatures associated to the dehydration
and to the rhabdophane to monazite conversion were determined. The Ca-Th coupled substitution rate
seemed to affect these transformation temperatures as the change of ion radii would influence the
structure stability. In the case of the as-synthesized powders, the refined unit cell volume was found to
increase when smaller atoms are incorporated within the structure. This unexpected trend is impacted
by the insertion of extra water molecules in a slightly variable amounts within the channels. Accurate
determination of the temperature associated to the stabilization of the hemihydrate form was not
possible. However, above 100°C, we assume all the samples prepared to be under the form Nd;.
x«ThyCaP0,-0.5 H,O (x = 0 to 0.10). Under these circumstances, the unit cell volume decreases
linearly in agreement with the average size of Ca-Th incorporated in the structure. At higher
temperature (> 210°C), the anhydrous form is observed and above 650°C the monazite-cheralite
structure is irreversibly stabilized. In agreement with the previous studies, the temperature of transition
rhabdophane-monazite was found to increase with the average ionic size of cations. Based on this
thermal behavior and aiming at the use of such ceramics for the long-term conditioning of radioactive
waste, further experiments will be focused on the sintering properties as well as on the chemical

durability of the prepared materials.
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Synopsis. Nd; »Th,CaPO,4-n HO (x = 0 — 0.15) solid solutions were prepared under hydrothermal
conditions (110°C, t = 4 days). The combined in situ high temperature PXRD, TGA and dilatometry
investigations showed that the dehydration process follows the same trend than the NdPO,-0.667 H,O
end-member. The incorporation of Ca/Th was found to increase slightly the dehydration temperature
(210+3°C to 214+3°C) as well as that corresponding to the irreversible conversion into monazite at
higher temperature (693+£1°C to 762+1°C).
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