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Chapter I

Table I.1. Normalized dissolution rates reported for several monazite/cheralite solid solutions in various acid media at 363 K and comparison with data reported for several monazite samples 38,62,92,[126][127][128][129][130][131] Currently, the nuclear waste storage in deep geological repository is based on a multibarrier concept by evaluating simultaneously the performance of the conditioning matrix, the container, the engineered barrier and the selected site in various scenarios. Therefore, it is of primary importance that conditioning matrices show a remarkable chemical flexibility in order to be able to incorporate sufficient amount of selected radionuclides, a remarkable chemical durability in order to prevent the release of radionuclides in the environment and a high resistance to radiation damages. Up to now, radwaste coming from the reprocessing of spent nuclear fuels, except uranium and plutonium which are recycled, are incorporated into borosilicate glasses "R7T7". This glass matrix is considered as "universal" since it can incorporate all the radionuclides derived from nuclear waste solutions. However, in the context of advanced reprocessing of spent nuclear fuels, it appeared necessary to consider the specific conditioning of several long-life radionuclides coming from high level radioactive wastes (HLW). From the last forty years, the development of specific conditioning of radionuclides was performed worldwide.

In France, the nuclear waste management was ruled by the Bataille's law 1 . In this framework, one of the fields of research developed was the selection of several materials, suitable as specific matrices for the specific conditioning of long-lived radionuclides (typically minor actinides, long life fission products, and eventually excess plutonium coming from dismantled nuclear weapons). In this context, four materials were finally selected in France as promising candidates for the specific conditioning of minor actinides, namely: zirconolite (Ca 1-x An x 3+ )(Zr 1-y An y 4+ )Ti with β-TPD/monazite associations.

The selection process of such materials was based on a two-step process: the first one was called "scientific feasibility". It involved the design of materials that could incorporate surrogate elements of either trivalent or tetravalent actinides in their crystalline structure. Then, the evaluation of their capability to sinter and of their chemical durability was undertaken in order to select the most promising matrices. The second step was called "technical feasibility".

It consisted not only of the preparation, characterization and sintering of actinide-based materials, but also of the study of their chemical durability through the development of longterm leaching tests (in the presence or absence of environmental materials) and the structural stability under irradiation. In this aim, the behavior of samples under external irradiation using heavy ions or particles, or doped with highly radioactive radionuclides, such as 238 Pu, were studied 2,3 .

In parallel, the long-term stability of the selected matrices was evaluated through the comparison with natural analogues and the development of predictive models 4 . For several selected matrices, such analogues were found to remain crystallized (absence of metamictization, i.e. amorphization due to radiation damages) despite the high doses they received. This important property was explained, as instance, by a low temperature annealing of crystals defects caused by irradiation 5 . The high chemical durability of such natural analogues was also demonstrated by determining the pressure-temperature-time conditions associated to their formation and by studying their alteration under various geochemical conditions [5][6][7][8] . Additionally, natural analogues also contributed to the better understanding of the possible substitutions allowing to the incorporation of large amounts of minor actinides or long life fission products [9][10][11][12][13][14][15] .

Even if the research efforts dedicated to such ceramic materials slowed down since the end of the Bataille's act in 2006 in France, it is not the case at the international level with the development of several national programs worldwide. As instance, the German Joint Research

Project "Fundamental studies on conditioning of long-lived radionuclides in ceramic waste forms" was selected by the Federal Ministry of Education and Research (BMBF) in 2013. The Institute of Energy and Climate Research -IEK6 of the Jülich Forchungszentrum was in charge of this project and contributed to all work packages that included the development and optimization of synthesis routes, the structural and microstructural characterization of the prepared materials, the study of the thermodynamic stability and reactivity under conditions relevant to geological disposal and finally the studies dedicated to the resistance of the ceramics to radiation damages. In this project, five materials were selected: monazites (LnPO4; Ln = La-Gd), pyrochlores (Ln,An)2(Zr,Hf)2O7, apatite Me10(XO4)6Y6, layered double hydroxides In this context, this PhD-work was dedicated to the preparation of several monazites LnPO4 (Ln = La → Gd) and to the better understanding of the chemical durability of these materials with the help of a combined approach based on the kinetics and thermodynamics of dissolution. The manuscript is thus divided in six chapters describing:

[M 1-y II L y III (OH) 2 ] y+ [X n-]y n [H 2
-the different matrices selected in France as "promising candidates" and more precisely, an overview of the state of the art on monazites and associated monazite/ cheralite solid solutions. This first chapter also includes the description of the different crystal structures, the ability of these matrices to incorporate tri-and tetravalent elements, the different chemical routes reported in literature, their sintering capability and finally the study of their long-term behavior;

-the crystal structure of rhabdophane LnPO4•0.667H2O (Ln = La → Dy) which was selected as the low-temperature precursor of monazite in this work. This chapter especially includes the reexamination of the crystal structure of the rhabdophane thanks to synchrotron radiation and of the hydration rate. Moreover, the thermal conversion of rhabdophane into monazite was performed;

-the chemical durability of monazites LnPO4 (Ln = La → Gd) with the help of the expression of the normalized dissolution rate far from equilibrium. The influence of several parameters including acidity and temperature on the normalized dissolution rates was investigated under dynamic conditions. The impact of the saturation processes of the solution on the normalized dissolution rate was also examined through the development of static experiments. These results allowed the determination of the partial order of the reaction related to the proton activity as well as the apparent activation energy and underlined the important role of rhabdophane during the establishment of saturation processes;

-the solubility of rhabdophane through the determination of the solubility product as well as the thermodynamic data associated to the formation rhabdophane. Therefore, solubility experiments were conducted for LnPO4•0.667H2O (Ln = La → Dy) using over-saturated and under-saturated conditions at different temperatures (298 K to 393 K). The structure of the neoformed phases was carefully controlled in the entire range of temperatures in order to attribute unambiguously the solubility products (𝐾 𝑠,0 𝑜 ) and the derived thermodynamic data (ΔrG°, ΔrH°, ΔrS°, ΔfG°, ΔfH°and Sm°)

to the rhabdophane phases.

-the monitoring of the structural and microstructural evolution of LnPO4 monazite pellets during dissolution by combining surface analyses such as ESEM, AFM, GI-XRR and GI-XRD. The different results obtained were then combined in order to gain a thorough understanding of the dissolution mechanism and to evaluate the chemical durability of the probed material;

-the synthesis of Th-rhabdophane type compounds having a general formula of Nd1-2xCaxThxPO4•0.667H2O obtained by wet chemistry route. Therefore, the conditions favorable to the synthesis of these compounds were determined. The prepared solids were characterized in order to evaluate the structural modifications associated with the substitution of Nd 3+ by Th 4+ and Ca 2+ . Preliminary solubility experiments were also performed in order to evaluate the thermodynamic stability of such hydrated phases.

Finally, the main conclusions arising from this work as well as research perspectives are discussed at the end of the manuscript. à basse température des défauts cristallins générés par l'irradiation 5 . La grande durabilité chimique des analogues naturels a également été démontrée en analysant les conditions associées à leur formation (pression-température-temps) ainsi que les processus conduisant à leur altération [5][6][7][8] . L'analyse chimique de tels analogues naturels a également contribué à une meilleure compréhension des substitutions autorisant l'incorporation de grandes quantités d'actinides mineurs ou de produits de fission de longue période [9][10][11][12][13][14][15] .

Bien que l'intensité des recherches dans le domaine des matériaux céramiques pour le conditionnement spécifiques des actinides ait diminué en France depuis la fin de la loi Bataille Enfin, la conversion thermique de la rhabdophane en monazite LnPO4 a été suivie par des expériences DRX in situ.

l'étude cinétique multiparamétrique de dissolution de la monazite LnPO4

(Ln = La → Gd). L'influence de plusieurs paramètres dont l'acidité, la température et la nature de l'élément lanthanide a été évaluée en conditions dynamiques.

L'impact de phénomènes de saturation liés à la précipitation de la rhabdophane sur la vitesse de dissolution normalisée a également été quantifié au moyen d'expériences réalisées en conditions statiques. Ces résultats ont permis d'établir l'expression multiparamétrique de la dissolution et d'appréhender le comportement à long-terme des céramiques de type monazites ;

-la solubilité des rhabdophanes de formule LnPO4 , 0,667H2O (Ln = La  Dy) ainsi que la détermination des données thermodynamiques associées à leur formation.

Pour mener à bien ce travail, des expériences de solubilité ont été menées à différentes températures (298 K -363 K) en conditions de sur-et de sous-saturation l'optimisation du protocole de synthèse de rhabdophanes dopées avec du thorium, de formule générale Nd1-2xCaxThxPO4 , 0,667H2O, en tant que précurseur à basse température des solutions solides de type monazite/chéralite. Des études préliminaires visant à évaluer la stabilité thermodynamique de cette phase ont également été réalisées.

(

I Chapter I. Review on radwaste ceramics for the specific immobilization of actinides

The first chapter of this manuscript is dedicated to an overview of the different matrices selected in France as "promising ceramics", including the description of their crystal structure, their ability of incorporate tri-and tetravalent elements, the different chemical routes developed, their sintering capability and finally the study of their long-term behavior.

Le premier chapitre de ce manuscrit vise à décrire les différentes matrices de conditionnement spécifique des actinides sélectionnées en France, leur structure cristallographique, leur capacité à incorporer des éléments tri-et tétravalents, les différentes voies de synthèse répertoriées, leur aptitude au frittage et enfin leur durabilité chimique. ) but its structure is between zirconolite 2M and pyrochlore (it occurs when zirconolite is doped with 0.5 to 0.8 Nd atom per formula unit) 6 .

I.1. Zirconolite

The crystal structures are described as TiO6 octahedrons sheets alternating with planes of Ca and Zr atoms. The octahedrons layers can be rotated and replaced to derive different symmetries 3 . White et al. 7 suggested that the monoclinic system is the simplest structure from which the other systems can be derived, as its crystal structure has only two layers. The crystal structure of zirconolite-2M is presented in In order to prepare samples containing significant amounts of actinides or lanthanides, two syntheses routes have been studied. The first one, developed by ANSTO, is a sol-gel synthesis 9,10 . It consisted of the mixing of calcium, lanthanide or actinide solutions with zirconium, titanium and aluminum alkoxides in nitric acid medium. The mixture was dried and calcined at 1023 K. Then, the solid was milled, pressed at room temperature and sintered at 1673 K for 4 to 96 hours. Zirconolite-2M was obtained as the major phase (98 wt.%) with about 2 wt.% of secondary phases (ZrTiO4 and CaTiO3). The process has been optimized and led to a single phase Ln-doped ceramic, where ZrTiO4 was the only minor phase 2,11 . Moreover, those samples exhibited good sintering capability with a relative density of 90-95 % compare to the calculated value 12 .

The second synthesis route involved a high temperature melting process in cold crucible. A mixture of oxides was introduced in stoichiometric proportions in the cold crucible and melted at 1723-2073 K. The obtained liquid was then cooled in order to obtain zirconolite in glass-ceramic or ceramic form 2,13 . This melting process led, however, to polyphased systems composed by zirconolite, perovskite, rutile, and zirconia (ZrO2). In Moreover, this initial normalized dissolution rates decreased quickly down to the detection limits, which revealed the "absence" of leaching (in fact its strong deceleration).

This phenomenon was due to the formation of neoformed phases (titanium, zirconium and aluminum hydroxides) at the sample surface that acted as protective layer 11 . Natural metamict zirconolites bearing up to 20 wt.% of thorium presented similar normalized dissolution rates than synthetic crystallized zirconolite 14 . However, Ewing et al. 15 showed that the normalized leaching rates were 15 times higher for amorphous zirconolite than for the crystallized zirconolite.

The resistance of zirconolite to radiation damages was also studied. The helium diffusion coefficient (implantation of He 3+ ) has been determined between 573 and 1103 K (D0 = 5 ×10 -7 cm -2 .s -1 and EA = 1.05 eV) and indicated that to cross 10µm at 323 K, helium needs 10 millions of years. Deschanels et al. 16 doped zirconolite samples with 10 wt.% of plutonium then studied their amorphization. A swelling of about 0.4 % /10 18 α.cm -3 was observed. While it generated micro-cracks in the sample, it did not seem to modify the conditioning properties of zirconolite as well as the associated chemical durability (which can be rather surprising considering the associated increase of the reactive surface area due to the presence of micro-cracks).

I.2. Britholite

Britholite, Ca 9 An 1-x 3+ An x 4+ (PO 4 ) 5-x (SiO 4 ) 1+x F 2 , belongs to the apatite family 17 .

The general chemical formula of apatites can be written as Me10(XO4)6Y6 where Me stands for divalent cation (Ca 2+ , Sr 2+ , Ba 2+ , Pb 2+ etc.), XO4 is an trivalent anionic tetrahedron when X = P, V or As, that can be replaced by tetravalent (SiO 4 4-) or divalent (CO 3 2-) entities, and Y represents monovalent anion like F -, Cl -, and OH -and can be replaced by divalent anion such as O 2-or by oxygen vacancies.

The incorporation of monovalent (Na + , K + , Cs + ), trivalent (Ln 3+ , Al 3+ , An 3+ ) and tetravalent (Th 4+ , U 4+ , Pu 4+ ) ions are usually performed via substitution in the Me sites. The formation of britholites, which allows the incorporation of actinides, is obtained by coupled substitution [Ca 2+ , PO 4 3-] ↔ [Ln 3+ , SiO 4 4-] in order to satisfy the electronegativity in the apatite structure.

The apatite family crystallizes in hexagonal system with a space group P63/m) 18 Boyer et al. 18 showed that Nd-britholite crystallizes in the same system than apatite with the same space group. The coupled substitution of calcium atom by neodymium and simultaneously of phosphate group by silicate group does not create a huge distortion within the structure. The variations of unit cell parameters are only due to the distortion of the polyhedrons surrounding the cationic sites. They also determined that lanthanides ions were preferentially present in the MeII site 20 . In the same way, modeling of the Pu(III) incorporation led to the same conclusions with 75% of plutonium and neodymium present in the MeII sites 21,22 .

Natural apatites were found to contain significant amounts of tetravalent actinides, especially in that coming from the Oklo site where uranium and fission products were incorporated as inclusions or directly in the structure. Up to 100 ppm of thorium and from 10 to 1000 ppm of uranium were found in the apatite structure 23 .

Neodymium-bearing britholite Ca9Nd(PO4)5(SiO4)F2 was chosen as conditioning matrix due to studies realized on natural analogues. The low calcium substitution, the molar ratio SiO4/PO4 around 1/5 and the presence of fluor corresponded to a compromise between the chemical durability of the materials and their resistance to radiation damages [24][25][26] .

Neodymium was incorporated thanks to the coupled substitution: [Ca 2+ , PO 8,27,28 .

The preparation of britholite was always performed by dry chemistry routes. It consisted in the heating of a mixture of reagents (oxides and phosphates) around 1673 K for several hours 8,26,27,29,30 . The substitution of neodymium by thorium was obtained up to 20 wt.% of thorium in the structure provided that successive grinding/re-heating cycles were performed 8,31 . On the contrary, the incorporation of uranium appeared to be more complicated leading usually to polyphased systems 27,30 and only to small amount of uranium within the structure (0.48 of uranium atom per formula unit) 32,33 . Terra et al. 27 succeeded in the incorporation of 10 wt.% of uranium by performing several milling cycles and heating at 1673 K for 6 hours. The simultaneous incorporation of thorium and uranium allowed the improvement of the incorporation rate. The plutonium incorporation was performed in a full silicated britholite, and under reductive conditions, plutonium (III) was incorporated up to 80 wt% in Ca2Gd8-xPux(SiO4)6O2. 30 The densification of Nd-britholite was performed at 1748 K during 6 hours, leading to a relative density of about 97 % 34 . The samples prepared from NdF3 instead of Nd2O3 allowed the decrease of the sintering temperature around 1573 K 24 . Residual CaF2 favored the densification of the material. On this basis, Audubert et al. 34 determined optimal sintering conditions at 1373 K for 4 hours by adding CaF2 and Nd2O3 as reactants. Densification of Th-britholites was performed at 1748 K for 6 hours and led to 94-97% of relative density, however, U-britholites presented only 80-85 % of relative density 8,28 .

The chemical durability of such britholite based phases was examined at various acidities and temperatures. The experiments showed an incongruent dissolution with a significant release of fluorine compared to the other elements. The normalized dissolution rates of Nd-britholite were found to be between 2 ×10 -3 g.m -2 .d -1 and 0.5 g.m -2 .d -1 for pH between 4 and 7 2,35 . Moreover, the precipitation of neodymium as a neoformed phase in the Nd-rhabdophane, NdPO4•0.5H2O, was observed during leaching tests performed in closed system 36 . However, it does not seem to affect the normalized leaching rate of the others constitutive elements. Leaching tests of (Th,U)-britholites revealed normalized dissolution rates higher than for monazite/cheralite solid solutions and β-TPD. As an example, the calcium release was found to about 21.6 g.m -2 .d -1 in 10 -1 M HNO3 at 363 K 37 . Whatever the media considered, preferential calcium and phosphorus elements releases were observed, as

Chapter I. Review on radwaste ceramics for the specific immobilization of actinides 21 well as the thorium precipitation leading to diffusion phenomena for uranium. Sulfuric acid appeared to have a stronger influence on the chemical durability than nitric or hydrochloric acid. Modelling permitted to highlight the weakness of the energy of cohesion of one calcium site which was surely responsible for the lower chemical durability of this phase, compared the the monazite-cheralite solid solution. 38 The resistance of britholites to radiation damages was the main property considered for the selection of this phase as a potential conditioning matrix of actinides. Indeed, external irradiation with lead ions (320 keV) and helium particles (160 keV) were performed on Ndbritholite and fluoroapatite samples. These studies highlighted similar results than that observed on natural britholites: the phosphate groups present in the structure are favorable to the annealing of the structure while it does not seem to be the case for silicate groups 39- 41 .

I.3. Thorium phosphate diphosphate: β-TPD

The reexamination of the chemistry of tetravalent actinide phosphates, in the 90s, led to the reformulation of several phases, among which Th3(PO4)4 and ThO2-0.8P2O5 42,43 . In this context, thorium phosphate diphosphate β-Th4(PO4)4P2O7, noted β-TPD, was proposed instead of both proposed formulations 44,45 . This phase was also considered as a specific conditioning matrix for tetravalent actinides. β-TPD crystallized in orthorhombic system (space group Pbcm, Z = 2) 46 β-TPD was prepared either by dry or wet chemistry routes 45,[47][48][49] . Whatever the chemical route considered, the starting thorium-based reagent (chloride, nitrate,…) and the phosphating agent (phosphoric acid, ammonium dihydrogenphosphate…), heating step at T = 1323 -1573 K in air or under inert atmosphere, always led to pure and single phase β-TPD (provided that an initial mole ratio Th/PO4 = 2/3 was considered).

The substitution of thorium by tetravalent actinides such as U(IV), Np(IV) and Pu(IV) led to the formation of β -Th 4-x An x IV (PO 4 ) 4 P 2 O 7 solid solutions also written β-TAnPD. Moreover, the incorporation rate for those actinides was important: up to 47.6 wt.% for U(IV), 33.2 wt.% for Np(IV) and 26.1 wt.% for Pu(IV). [50][51][52] . Such β-TAnPD solid solution was obtained after heat treatment at 1373 K. A more original protocol developed for the β-TAnPD synthesis consisted in the precipitation of a "lowtemperature" precursor of β-TAnPD: thorium phosphate hydrogenphosphate hydrate (TPHPH) Th2(PO4)2(HPO4)•H2O, at 433 K for several hours 53 . The TPHPH obtained was then converted to β-TAnPD after heating at 1173-1223 K 46 . A solid solution between TPHPH and TAn IV PHPH (An IV = U, Np and Pu) was highlighted for x = 4 for U(IV) and up to x = 0.8 for Np(IV) and x = 1.6 for Pu(IV) 54 . More recently, Dacheux et al. 54 also developed new synthesis routes from actinide oxalate precipitation.

The densification of β-TPD and β-TUPD involved a preliminary treatment at 673 K before pelletizing. Thus, pellets were sintered at 1523 K for 5 to 30 hours and the holding time was adjusted depending on the synthesis route used : for example, 30 hours were considered for samples obtained by "direct evaporation" of the starting solutions while 5 to 10 hours were required for samples prepared from TPHPH 55,56 . 92-95 % of relative density was obtained for the dense pellets. Moreover, a long extension of the holding time at this temperature sometimes led to decomposition of β-TPD at the extreme surface of the pellets to form phosphate-depleted phases compared to the starting stoichiometry.

The chemical durability of β-TPD and associated solid solutions underlined very high resistance under leaching even in very aggressive media [57][58][59] . As an example, in acidic medium, the normalized dissolution rates ranged from (1.2 ± 0.1) ×10 -5 g.m -2 .d -1 to It is important to note that the formation of rhabdophane-type samples (Ln,An)PO4•xH2O, as a neoformed phase incorporating trivalent elements was once again observed in the back-end of the ceramics dissolution. More generally, the precipitation of these neoformed phases significantly influences the elements release in the leachate and then strengthens the very good resistance of such phosphate-based ceramics to alteration.

The determination of the resistance under irradiation of β-TPD and β-TAn IV PD were coupled with leaching tests. Most of the experiments were performed with external irradiation using heavy ions (Au, 4 MeV). Depending on the value of the linear energy transfert (LET), amorphization of β-TPD could be partial or full 60 . However, as observed for britholites, an efficient annealing of the structure at low temperature was demonstrated leading to the full recovery of the initial crystallization state. The leaching of β-TPD irradiated samples showed an increase of the normalized dissolution rates by 10 to 100 compared to the raw materials, which remains highly durable. However, neither the apparent activation energy, nor the partial order of the reaction relative to the proton, nor the nature of neoformed phases were influenced by the amorphous rate in the materials 60,61 . Moreover, the saturation processes were involved more rapidly, leading to low concentrations in solution, as already observed for the raw material. Additionally, the evolution of the normalized dissolution rates of β-TPuPD over 10 years was also studied. All the results confirmed the very good stability of the crystal structure (no significant modification of the unit cell parameters) as well as the resistance of the materials to dissolution even for such long leaching times 62 .

I.4. Monazite and related monazite/cheralite solid solutions I.4.1. The structural flexibility of monazite

Monazite LnPO4 (Ln = La to Tb) is well-known as the one of the main source of lanthanide elements in Earth 63,64 . This mineral is often found in alluvial deposits and beach sands resulting from the weathering of host rocks such as granites, gneisses and pegmatites 63, 65 . In addition to the lanthanide elements, most of the natural monazite samples contain large amounts of uranium and thorium [66][67][START_REF] Overstreet | The geologic occurrence of monazite[END_REF] . Monazite is considered as the main source of thorium on Earth: as an example, samples from Rutherford #2 pegmatite (Virginia, USA) can reach up to 29 wt.% of ThO2 [START_REF] Lumpkin | [END_REF] . Individual samples coming from Germany or Italy 64,70 , can incorporate up to 50 wt.% ThO2. These samples are often in monazite/huttonite (LnPO4/ThSiO4) forms. Förster et al. 70 reported the known occurrences of monazite/huttonite in Poland, Germany, SW Norway, NW England, Sri Lanka and Italy with contents between 23 wt.% and 56.4-69.9 wt.% ThO2. Gramaccioli et al. 71 also reported the incorporation of uranium as high as 16 wt.% UO2 in a south alpine pegmatite at Piona in Italy. These values show that monazite presents a remarkable chemical flexibility that permits accommodation of high concentrations of actinides.

The monazite-type compounds crystallize in a monoclinic structure with space group P21/n (Z=4). This structure was first solved by Mooney for CePO4 and reported in the framework of the Manhattan Project and latter published in 1948 72 . The structural arrangement is based on the nine-fold coordination of the metallic cation and is usually described as an equatorial pentagon interpenetrated by tetrahedron formed by the oxygen atoms coming from the phosphate groups (Figure I.6) 65,73,74 . The structure is described as a chain, along the c axis ([001] direction), formed by an alternation of LnO9 polyhedra and phosphate tetrahedra (so-called polyhedron-tetrahedron chains). In the monazite structure, two distinct Ln-P distances exist along the chains which induce a distortion of the LnO9 polyhedron, and a set of nine distinct bond distances between lanthanide and oxygen atoms.

This kind of distortion was observed in the structure of cheralite (Ca 0.5 An 0.5 IV PO 4 ) 75 which means that the incorporation of large variety of cations is possible. On this basis, several substitution mechanisms can occur depending on the nature of the element (mono-, di-, tri-or tetravalent) to be incorporated 76 . The incorporation of trivalent elements (lanthanide or actinide) in the monazite structure is performed via the direct substitution of one trivalent element by another in the structure.

By this direct substitution, solid solutions were obtained from lanthanum to gadolinium though wet or dry chemical routes. Historically, the first synthesis consists in a precipitation of a mixed salt of cerium, lanthanum praseodymium and neodymium with an excess of ammonium phosphate which is then calcined. The fusion of the obtained cerium phosphate in the presence of an excess of CeCl3 led to the formation of crystals about 2 cm 77 .

Then, Karkhanavala et al. 78 prepared a poorly crystallized Ce-monazite by heating a mixture of Ce(III) nitrate and diammonium phosphate at 473 K, and by heating the resulting samples up to 973 K. By this way, they obtained a well crystallized sample. Anthony 79 and Feigelson 80 synthesized also monazite by fusing CeO2 with an excess of KH2PO4 or PbP2O7 at 1273 K for several days. Several authors [81][82][83][84] proposed a general solid state route which involved the heating treatment at 473-1273 K for several hours of mixtures of LnCl3, Ln2O3 or Ln(NO3)3 with different phosphating reagents (with a starting mole ratio P/Ln equal to 1).

Depending on the temperature considered, a second heating step was sometimes required in order to obtain pure and single-phase monazite samples.

The preparation of monazites by precipitation routes involves the synthesis of crystallized or amorphous precursors 85 . The most often used was rhabdophane LnPO4•0.5H2O 86 . A calcination step above 973 K was then required to obtain pure monazite 87 . Several authors described this synthesis as the direct precipitation of lanthanide phosphate from a mixture of LnCl3, Ln2O3 or Ln(NO3)3 solution with phosphoric acid or diammonium phosphate with a range of temperature between 323 and 423 K, followed by a hightemperature treatment that led to the formation of monazite 81,[88][89][90][91][92] . Another synthesis consists in the addition of urea to an aqueous mixture of lanthanide element and ammonium phosphate. This route leads to monodisperse powders with grain size depending on the amount of urea added in the starting mixture 65,93 .

Otherwise, some authors described the use of hydrothermal conditions for the onestep preparation of monazite LnPO4. The first one was Anthony 94 who mixed cerium(IV) hydroxide gel with an excess of phosphoric acid at 573 K for 48 hours. More generally, equimolar solutions of lanthanide nitrates (or chlorides) and phosphoric acid (or diammonium phosphate) were mixed and poured into autoclaves (or digestion bombs) and heated around 423-473 K for several days 92,[95][96][97][98] .

The formation of monazite-type compounds by wet chemistry was also reported for trivalent actinides phosphates. For example, the preparation of PuPO4 involved the precipitation of rhabdophane PuPO4•0.5H2O by mixing plutonium(III) solution and phosphoric acid in sulfuric media 99 , or plutonium chloride and diammonium phosphate 100 .

After heating at 1223 K, the blue precipitate leads to the formation of PuPO4 monazite. Small amounts of actinide-bearing monazites were also obtained for americium, curium, berkelium, californium and even einsteinium 101,102 . The preparation of UPO4 was also reported but it remains doubtful due to the difficulty to stabilize the oxidation state (III) in phosphoric medium 103 .

Solid state reactions were usually based on powdered mixtures of actinides and divalent oxides and ammonium dihydrogen phosphate, which were ground and heated at high temperature (above 973 K) 104 The incorporation of tetravalent actinides can be done according to two possibilities.

The first is the direct substitution of trivalent elements by tetravalent ones. This substitution is reported in natural and synthetic monazites by the following mechanism 105 : 4Ln 3+ ↔ 3(Th, U) 4+ + vacancy (I.1.)

However, this direct substitution appears to be strongly limited to only few weight percent of thorium or uranium in natural monazites 106,107 .

A second mechanism involving the formation of vacancies in the structure involved the simultaneous incorporation of divalent cations:

(1 -x)Ln 3+ PO 4 + x 6 ⁄ M 2+ + 2x 3 ⁄ An 4+ + xPO 4 3-+ x 6 ⁄ □ ↔ (Ln 1-x III M x/6 II An 2x/3 IV □ x/6 )PO 4 (I.2.)
This mechanism corresponds to the M 0.5 II An 2 IV (PO 4 ) 3 family with An = Np and Pu 108 . These compounds were never considered for the immobilization of actinides because of the presence of vacancies in the structure which could decrease significantly the chemical durability of the prepared materials.

The second important way to incorporate large amounts of tetravalent actinides involves a coupled substitution. This method seems to avoid the formation of vacancies 71 . It is based on the coupled incorporation of divalent elements and tetravalent actinides thanks to the following equation:

Ln III PO 4 + xM 2+ + xM 4+ ↔ (Ln 1-2x III M x II M x IV )PO 4 + 2xLn 3+ (I.3.)
The full substitution leads to the formation of the cheralite end-members 75 , formerly called brabantite 109 , Ca 0.5 An 0.5 IV PO 4 . The monazite structure is adopted for tetravalent actinides including cerium(IV) 76 . The preparation of this phase was first performed by dry chemistry routes. It started from powdered mixtures of AnO2, M II O and NH4H2PO4 which were mechanically ground and heated twice leading to single phase monazite-cheralite solid solutions. By this way, Terra et al. 8 showed the preparation of homogeneous and pure Ca0.5Th0.5PO4. However, several cycles of grinding and heating were necessary to improve the distribution of cations in the samples and to avoid the presence of residual secondary phases. The incorporation of thorium and uranium was also possible via the formation of intermediates reactants like Ca(PO3)2 and α-AnP2O7. The existence of a solid solution Ca0.5Th0.5-xUxPO4 with 0 ≤ x ≤ 0.5 was confirmed 110,111 . Finally, this method was also applied with success for the preparation of homogeneous and single phase monazite- The variation of both parameters allows drawing the domain of existence of monazite/cheralite solid solutions. Indeed, the coupled substitution is possible provided that both following relations are respected: Finally, the last way to incorporate tetravalent actinide in the monazite structure is based on the coupled mixed substitution where lanthanide element and phosphate group are simultaneously replaced by tetravalent elements and silicate groups, respectively, leading to:

(1 -x)Ln III PO 4 + xAn 4+ + xSiO 4 4-↔ Ln 1-x III An x IV (PO 4 ) 1-x (SiO 4 ) x (I.6.)

This substitution leads to the formation of monazite/huttonite solid solutions.

However, Montel et al. 17 reported that uranium was preferentially found in a monazite/cheralite type solid solution whereas thorium was involved in the formation of a monazite/huttonite solid solution.

I.4.2. Densification through sintering

As it was observed for other phosphate-based ceramics, the sintering of lanthanide phosphates appeared to be limited by the phosphate decomposition at high temperature and/or by the presence of impurities 120 . In particular the presence of residual polytrioxophosphate species Ln(PO3)3 in the samples was found to induce the formation of a glassy phase surrounding the grains 121 as well as to promote abnormal grain growth leading to the formation of intragranular pores 122 .

The preparation of dense monazite pellets was performed by sintering with temperature usually ranging from 1623 to 1773 K. After one hour of holding time, it led to a relative density of about 95 % 122-124 . It was not possible to decrease the residual closed porosity (~5 %) even by increasing the sintering temperature or by extending the holding time. However, the modification of both parameters allowed increase of the grain size from 0.4 to 1.2 µm. In these conditions, the grain growth may be controlled to tailor the final average grain size in the samples. As instance, slow heating rates could be used to reach higher density values and to avoid the inhibition of grain growth by porosity 125 .

Recently, the capability of monazite to sinter was also studied as a function of the sintering process. As instance, sintered samples were prepared by Hot Pressing Sintering (HPS) at 1423 K and 30 MPa for 2 hours. The pellets presented a relative density about 98 % with a grain size of about 2µm [126][127][128][129][130][131] . These authors also performed a comparison with the use of conventional sintering. Those specimens needed to be sintered at 1673-1773 K for The sintering capability of monazite/cheralite solid solutions revealed a similar behavior than pure monazite samples. However, due to the elaboration of the samples by dry chemistry routes, a mechanical grinding was required before pressing in order to avoid the presence of large amounts of porosity. Densification rates of 90-95 % were obtained for thorium-bearing samples while it reached only 80 % for uranium-bearing solid solutions 8 . 

I.4.3. Long-term behavior: chemical durability and saturation processes during leaching tests

I.4.3.1. Chemical durability: kinetic aspect

The leaching of lanthanides-bearing monazite structure appears to be faintly reported in the literature. Only few publications are dedicated to the behavior of natural and synthetic samples [135][136][137] .

From a geochemical point of view, the dissolution of monazite was studied in extreme conditions such as 973-1273 K and 1-2 GPa 138-140 . However, monazite still appears to be strongly durable. Indeed, Rapp et al. 141 showed that a time of 50,000 years was required to dissolve 5µm of monazite crystal (100,000 years for a 10 µm crystal) in hydrous granitic melt (1-6 wt.%) at 8 kbar over the temperature range 1273-1673 K. The normalized dissolution rates reported for monazites reached also a minimum value at neutral pH around 5 ×10 -8 g.m -2 .d -1 .

The data concerning the study of the chemical durability of synthetic cheralite or monazite-cheralite solid solutions is not so well-documented. Only few data are reported (Table I.1). The dissolution of homogeneous and single phase sintered samples of Ca 0.5 Th 0.4 IV U 0.1 IV PO 4 conducted at 363 K, in 10 -1 M HNO3 and under static conditions, showed, during the first 10 days, a limited preferential calcium release and the rapid precipitation of thorium at the solid/liquid interface and the uranium release. This latter was probably due to the oxidation of uranium (IV) into uranium (VI) at the surface of the ceramic 38,92,157 . After 10 days of leaching, the normalized dissolution rate associated to the uranium release RL,0 decreases from 4 ×10 -4 g.m -2 .d -1 to 3 ×10 -5 g.m -2 .d -1 due to the existence of saturation processes involving thorium precipitation at the solid/liquid interface 158 . Finally, literature [161][162][163][164][165][166] agreed that the normalized dissolution rates determined for monazite-like samples increased systematically with the proton concentration in 10 -1 to 10 -4 M HNO3. However, the influence of the proton concentration on the normalized dissolution rates of monazite-cheralite solid solutions was found to be moderate since the RL,0 values were only doubled between pH = 1 and 4.

LaPO4 𝑅 𝐿,0 - - (1.4 ± 0.1) ×10 -3 - - - - - 𝑅 𝐿,𝑡 - - (1.2 ± 0.2) ×10 -4 - - - - - CePO4 𝑅 𝐿,0 - - - (1.8 ± 0.2) ×10 -3 - - - - 𝑅 𝐿,𝑡 - - - (5.0 ± 0.5) ×10 -4 - - - - NdPO4 𝑅 𝐿,0 - - - - - (1.0 ± 0.1) ×10 -3 - - 𝑅 𝐿,𝑡 - - - - - (1.2 ± 0.1) ×10 -4 - - EuPO4 𝑅 𝐿,0 - - - - - - (1.6 ± 0.2) ×10 -4 - 𝑅 𝐿,𝑡 - - - - - - (6.8 ± 0.7) ×10 -4 - GdPO4 𝑅 𝐿,0 - - - - - - - (1.0 ± 0.2) ×10 -3 𝑅 𝐿,𝑡 - - - - - - - (4.0 ± 0.7) ×10 -4 Natural monazite (Ln = Ce) 𝑅 𝐿,0 - - - 2-3.2 ×10 -5 - - - - 𝑅 𝐿,0 2.6 - - - 7 ×10 -6 - - - - 𝑅 𝐿,0 - - - 8 ×10 -7 - - - - GdPO4 𝑅 𝐿,0 - - - - - - - (3.8 ± 0.8) ×10 -4 𝑅 𝐿,0 - - - - - - - ( 4 

I.4.3.2. Saturation processes

The study of the surface of leached sintered monazite, cheralite and monazitecheralite solid solutions were performed in order to confirm the good properties of these ceramics. It appears that no preferential dissolution at grain boundaries or formation of corrosion pits was detected 158 . This was also observed for other phosphates ceramics such as β-TPD and associated solid solutions. However, a gelatinous, probably amorphous phase, was formed onto the surface of the samples, which could avoid the migration of radionuclides in the biosphere. Du Fou de Kerdaniel 62 performed a 3-year dissolution in nitric acid 0.1 M at 363 K on sintered Ca0.5Th0.5PO4. Two phases were observed including initial phase and TPHPH. The formation of such phase is not surprising regarding its very low solubility (log 𝐾 𝑠,0 𝑜 = -66.6 ± 1.1) 167 . However, due to the high-chemical durability of the sintered samples, the formation of such phases onto the surface of leached pellets is not easy to observe for the leaching times considered. Several authors 54,99 described the precipitation of tetravalent thorium, plutonium and uranium as An2(PO4)2HPO4•H2O or previously identified as An3(PO4)4•xH2O or HAn2(PO4)3•yH2O. In oxidizing conditions, tetravalent uranium is oxidized in uranyl UO 2 2+ which is precipitated in (UO2)3(PO4)2•5H2O. 57,157,168 . Moreover, the dissolution of monazite-cheralite solid solutions may be also influenced by the incorporation of divalent elements. In presence of large amounts of calcium, an original rhabdophane-type solid of formula Nd0.8Ca0.1Th0.1PO4•0.5H2O was rapidly precipitated. However, this phase is metastable over time, thorium and calcium being released leading to the formation of an additional phase TPHPH 158 .

The nature of the precipitated phase depends on temperature, saturation index and also ionic radius in the case of lanthanide elements. Indeed, Du Fou de Kerdaniel et al. 157 determined the nature of the neoformed phase as a function of the heating temperature and the ionic radius. As instance, they showed that, at 423 K, monazite (monoclinic system) was formed for light lanthanide elements (La-Ce, 0.116 nm ≤ r ≤ 0.114 nm), rhabdophane structure (hexagonal system 72,171 ) from neodymium to dysprosium (0.111 nm ≤ r ≤ 0.103 nm) and xenotime structure (quadratic system) for heavy lanthanide elements (Ho-Lu, 0.102 nm ≤ r ≤ 0.098 nm). When extending the study to other temperatures (Figure I.10), monazite appears to be stabilized at higher temperature (usually above 423 K) while rhabdophane can be obtained at low temperature, constituting thus a low-temperature stabilized form compared to the monazite. Pr) at T < 573 K was 1.5 orders of magnitude higher (up to < 10 -6 mol.kg -1 ) than the medium lanthanides (Nd and Gd) concentration (10 -7 mol.kg -1 ). At T > 573 K, the leaching of light lanthanides in acid fluid occurred more quickly (10 -7 -10 -8 mol.kg -1 ) than in alkaline media (< 10 -8 mol.kg -1 ), suggesting residual monazite is enriched in medium lanthanides owing the leaching of light lanthanides. Europium presented a different behavior. Its concentration sharply decreased by 473 K in acid (below 10 -8 mol.kg -1 ) and especially in alkaline fluids (up to 10 -9 mol.kg -1 ), allowing its reprecipitation with late monazite generations.

The study of monazite dissolution (natural, undoped, or doped with actinides)

confirmed the geochemical observations made on natural systems. Indeed, the chemical durability of the material remains very high whatever the dissolution conditions when normalized dissolution rates are compared (10 -6 g.m -2 .d -1 < RL(i) < 10 -3 g.m -2 .d -1 ), and they are 103 to 106 times slower than those reported for other ceramics such as britholite. The high resistance of pure monazite to aqueous alteration was maintained when tetravalent actinides are incorporated via the monazite/cheralite solid solution.

I.4.3.3. Resistance of the materials to radiation damages

The resistance of the materials to radiation damage is also an important point to consider in the field of long-term waste conditioning. Natural monazite were never found in the metamict state, which is probably due to self-annealing of the structure that leads to irradiated crystallized samples 63,181 . The critical amorphization temperature (temperature where amorphization does not occur and only atomic scale defects are produced) ranged from 473 to 573 K, but monazite presents the same tendency for recovery and recrystallization than apatite 182 . Consequently, the irradiation is expected to induce very small impact on the chemical durability of the samples. In this field, normalized dissolution rates lower than 2.6 ×10 -3 g.m -2 .d -1 were obtained for samples irradiated with heavy ions bombardments, which appeared almost consistent with the values obtained for unirradiated samples (RL < 10 -3 g.m -2 .d -1 ) 150 .

Meldrum et al. 183 showed that monazite annealed at 448 K and can not be amorphized above this temperature, while zircon is not restored up to 1013 K. These are in favor of a higher flexibility of the monazite structure compared to the zircon structure.

Karioris et al. 184 showed metamict monazite recrystallized at 503 K. The amorphization limit under α-irradiation was around 7 ×10 18 α.g -1 and the amorphization flow by Ar 3 MeV was 4 ×10 14 ions.cm -2 . Moreover, a study with La -monazite and 239 Pu-monazite doped with 238 Pu were investigated and showed that the absence of lanthanide inside the structure seems to reduce the self-irradiation. Indeed, Pu-monazite appeared completely amorphous at 8.6 ×10 17 α.g -1 whereas La-monazite was still crystallized at 2 ×10 18 α.g -1 .

Moreover, the dissolution of sintered La-monazite doped with 241 Am was examined in distilled water at 363 K. These experiments showed that the normalized dissolution rates were of the same order of magnitude than those obtained for raw ceramics 135 . Boatner et al.

106 also performed the dissolution of monazite samples doped with 0.5 wt.% of 241 Am in distilled water at 573 K and 1.7 MPa. They found normalized dissolution rates 300 times lower than that reported for borosilicates glasses.

Summary

Among the four matrices selected for a deep geological repository, we have zirconolite

(Ca 1-x An x 3+ )(Zr 1-y An y 4+ )Ti 2-x Al x O 7 , britholite Ca 9 An 1-x 3+ An x 4+ (PO 4 ) 5-x (SiO 4 ) 1+x F 2 , thorium phosphate-diphosphate (β - Th 4-x An x 4+ (PO 4 )P 2 O 7
) and β-TPD/monazite associations, and finally monazite LnPO4 and associated monazite/cheralite (Ln 1-x-2y An x 3+ Ca y An y 4+ PO 4 ) solid solutions.

Monazite is the well-known mineral phase to be the main source of rare earth elements on Earth. Moreover, most of natural monazites present large amounts of thorium and uranium. Consequently, several studies were aimed at incorporate significant amounts of actinides in the crystalline structure. Several synthesis processes are reported for the incorporation of tri-and tetravalent elements using different ways (dry, wet or hydrothermal). Trivalent actinides led to, from plutonium to einsteinium, monazite and/or rhabdophanes compounds, while tetravalent actinides led to, thanks to coupled substitution, monazite/cheralite solid solutions. The incorporation of tetravalent actinides was mainly based on dry chemistry routes. The development of wet chemistry routes led to conditions close to geological media. The synthesis of these monazite/cheralite solid solutions in the same synthesis conditions as for trivalent elements could be interesting.

Monazite and monazite/cheralite solid solutions present a good ability to sintering with about 95 % of densification rates for monazites and Th-doped samples, and only 80 % for U-doped samples.

The normalized dissolution rates values of the dissolution of monazite previously determined correspond to various protocols, solid compositions, temperatures, and various dissolution media, it is actually very difficult to make a clear comparison between the published data and thus to propose a multi-parametric expression of the dissolution rates of LnPO4. Moreover, saturation phenomena leading to the formation of neoformed phases, such as rhabdophane or TPHPH, have been observed. The study of the chemical durability of synthetic pure end-member monazite will allow us to derive comparable data along the lanthanide series.

Parmi les quatre matrices envisagées pour un stockage en formation géologique profonde, nous retrouvons la zirconolite (Ca 1-x An x 3+ )(Zr 1-y An y 4+ )Ti Les études réalisées montrent que la monazite et les solutions solides monazite/chéralite présentent une bonne aptitude au frittage avec des taux de densification proches de 95% pour la monazite et les échantillons dopés en thorium, et de seulement 80

% pour les échantillons contenant de l'uranium.

Les vitesses de dissolution normalisées de la monazite ont été déterminées selon divers protocoles, différentes compositions du solide, différentes températures et des milieux de dissolutions variés, ce qui rend difficile actuellement la comparaison des données publiées, et ne permet finalement pas de proposer une expression multiparamétrique de la vitesse de dissolution de LnPO4. De plus, des phénomènes de saturation conduisant à la formation de phases néoformées, telle que la rhabdophane LnPO4 , 0,667H2O ou encore le PHPTH (Th2(PO4)2(HPO4) , H2O), ont souvent été observées lors de la dissolution de la monazite, perturbant les mesures de vitesse de dissolution. Une étude plus systématique de la durabilité chimique d'échantillons de monazites synthétiques purs LnPO4 permettrait d'obtenir des données comparables le long de la série des lanthanides et de quantifier l'impact des paramètres tels que le pH, la température, l'état de saturation de la solution sur la vitesse de dissolution.

Regarding to their structural properties, the REEPO4•nH2O (REE = Ln series, Sc and Y) compounds display a rich variety of crystallographic structures depending on the nature of the rare earth element. The structure of hydrated REEPO4•nH2O (La to Dy) was reported previously to be hexagonal (P6222 or P3121) by Mooney 1, 2 , whereas the high-temperature form (monazite) crystallizes in the monoclinic P21/n structure [3][4][5] . For the heavy elements (Tb to Lu and Sc, Y), the hydrated REEPO4•2H2O compounds are called churchite or weinschenkite and crystallize in the monoclinic system in the C2/c space group. The hightemperature form crystallizes in the tetragonal (I41/amd) zircon structure type which is adopted by the corresponding anhydrous materials, namely xenotime 6,7 . The hydrated phosphate of heavy elements contains two molecules of interstitial water per formula unit.

Moreover, Assaaoudi et al. 8,9 synthesized a new gadolinium phosphate, the weinschenkite type or churchite, belonging to the space group C2/c which adopts the gypsum structure-type (CaSO4. 2H2O). The dehydration of the weinschenkite around 573 K leads directly to the formation of the xenotime structures. Finally, it is worth noting that Donaldson et al. 10 reported that the HoPO4•2H2O and DyPO4•1.5H2O crystallize in an orthorhombic cell with P222 space group. However, in the case of DyPO4•1.5H2O, because of the presence of extra peaks, Assaaoudi et al. 8 noted "extra" lines corresponding to a mixture of rhabdophane and xenotime over a combined study using Raman and IR spectroscopy and X-Ray powder diffraction techniques.

In this chapter, the focus is turned to the crystal structure of the rhabdophane. In fact, it has been suggested by Mooney to crystallize in the hexagonal system from powder XRD data for the compounds LnPO4•0.5H2O (Ln = La, Ce and Nd). Therefore two close models have been proposed in the P3121 1 and P6222 2 space groups, but without any accurate location of the water molecules despite the confirmation of their presence in the zeolitic channels according to Mooney 2 . Almost all the studies on rhabdophane structure type based materials have been dedicated to the impact of the crystal shape, composition on their luminescence properties [11][12][13][14][15][16][17][18] and have taken the hexagonal model as structure, despite that the crystallographic positions of the water molecules remain unknown. Recently, our attempts to perform a Rietveld refinement in the hexagonal system of the PXRD data collected from well-crystallized powder collected using the synchrotron radiation led to unsatisfactory results.

Therefore, in this chapter, a particular attention was paid to the rhabdophane structure. The structure of the SmPO4•0.667H2O was solved from powder XRD data

Chapter II. Reconsideration of the rhabdophane structure and conversion into monazite 58 recorded by the use of synchrotron radiation (Soleil, France). This structure was also verified for the lanthanides series with Ln = La  Dy. Then, a thermal study combining PXRD (Powder X-Ray Diffraction), TGA (Thermogravimetric analyses) and dilatometry was performed.

Les composés de type REEPO4 , nH2O (REE = Ln, Sc et Y) présentent en fonction de la nature de l'élément terre rare, différentes structures cristallographiques. La structure de la forme hydratée REEPO4 , nH2O (du La au Dy) a été reportée précédemment comme étant hexagonale (groupe d'espace P6222 ou P3121) par Mooney 

II.1. Preparation of the rhabdophane type samples

The following reactants were used as starting materials: LaCl3 Moreover, for the synchrotron powder diffraction experiments, the pattern of SmPO4•0.667H2O was collected on the "Cristal" beamline at synchrotron Soleil in high angular resolution mode using the 2 circles diffractometer equipped with its 21 Si(111) perfect crystals rear analyzer. Data were recorded at room temperature with the powder inside a glass capillary (diameter of 0.3mm) mounted on a spinner in order to assure a random exposition of the grains to the beam which improves the statistics and decreases significantly the preferred orientation. 20 A wavelength of 0.6967 Å was selected and calibrated using LaB6 standard NIST powder. With this setup a diagram was collected up to 2 = 60° in about two hours. 

II.2. Resolution and description of the

Configuration of the water molecules within the rhabdophane structure

Regarding to the structural properties of SmPO4•0.667H2O, the stabilization of the monoclinic form rather than the hexagonal structure is certainly caused by the arrangement of the water molecules inside the channels which led to a super structure derived from the hexagonal model initially reported by Mooney 1, 2 . In the structure published by Mooney, the water molecules were detected experimentally by TGA, but since, their position whithin the structure remain unknown.

The difficulties related to the determination of the true space group and consequently, the accurate crystal structure in these kind of inorganic materials have been already reported in the literature 26,27 . We can cite the example of the CaSO4•nH2O compounds, which were subject to controversial discussions in the past years. In fact many works were focused on the crystal structure (hexagonal or not) and the role of the water amount inside the channels.

It was finally shown that CaSO4•0.5H2O [26][27][28] crystallizes in a C2 space group, while CaSO4•0.625H2O 26,27 crystallizes in a P3221 space group by doubling the original hexagonal unit cell parameters. However, both structures derivate from the original hexagonal model, 1, 2 but differ markedly in terms of the water molecules arrangement. For comparison purposes, the distribution of the water molecules within the channels in the SmPO4•0.667H2O, CaSO4•0.625H2O and CaSO4•0.5H2O structures is viewed in As expected from the ionic radii of lanthanide elements, the unit cell parameters vary linearly with the average ionic radius along the lanthanide element series La  Dy (Table .II.2). Regarding the quality of the PXRD data, the meaning of the obtained values should be examined cautiously since the exact number of water molecules was not refined with high accuracy. Therefore, the values of the volume could deviate slightly for each compound. 

Characterization of the prepared powders

In order to complete the characterization of the prepared rhabdophanes, The specific surface area of the powders was determined by nitrogen adsorption/desorption at 77 K using a Micrometrics TRISTAR 3020 apparatus using the multipoint BET method. It is based on an adsorption/desorption isotherm, which consists to measure the amount of gas adsorbed, or removed, across a wide range of relative pressure at constant temperature (typically liquid N2, 77 K) 33 . The samples were outgassed at 473 K for twelve hours before the analysis. In order to get a better accuracy of the obtained values, about 200 mg of sample were required. The obtained results (Table .II.3) show the significant decrease of the specific surface area along the lanthanide series, which can be correlated to the increase of average grain size. The combined results of specific surface area and the SEM observations could suggest the existence of differences in the precipitation kinetics of the rhabdophanes: lighter lanthanides being precipitated faster than heavier lanthanides, which is known to be unfavorable to the crystal growth. According to our results, all the rhabdophane powders were found to be hydrated with n value ranging from 0.6 to 1. Moreover, the water molecules were eliminated in two steps.

LaPO4•0.667H2O 37 ± 1 CePO4•0.667H2O 40 ± 1 PrPO4•0.667H2O 12 ± 1 NdPO4•0.667H2O 27 ± 1 SmPO4•0.667H2O 12 ± 1 EuPO4•0.667H2O 12 ± 1 GdPO4•0.667H2O 16 ± 1 TbPO4•0.667H2O 5 ± 1 DyPO4•0.667H2O < 1
Indeed, 0.1 to 0.3 water molecule was first removed between RT and 423 K, leaving in the channels ~ 0.5 H2O. Then, the remaining water was eliminated between 423 K and 513 K depending on the nature of the lanthanide element. These two-step dehydration process were already observed in the literature for the hydrated rhabdophane phases [34][35][36][37] . However, the first weight loss associated to water molecules was mainly assigned to the water adsorbed onto the powders' surface due to the storage conditions 37 . Anyhow, given the consistency of the dehydration process in all the rhabdophane series, the existence of a subhydrated structure could not be discarded (n > 0.5 H2O). Thus, the two-step dehydration of the powders could be assigned to the successive transformations of a subhydrate structure (0.5

≤ n ≤ 0.8) to a hemihydrate form (n = 0.5) then finally to the anhydrous compound. These observations are in good agreement with the proposed structural model with 0.667 water molecule. Given the results obtained from TGA experiments in air, the rehydration of the Smrhabdophane reached a rate of 1.5 10 -3 mole.min -1 . However, the quantity of the water reabsorbed did not reach the initial amount of 0.667H2O per formula unit and was still lower than 0.5 water molecule. On this basis, regarding the quality of the PXRD data and based on the behavior of the CaSO4•nH2O compounds, we cannot exclude that the rehydration led to the stabilization of a hemihydrated rhabdophane different from that of SmPO4•0.667H2O.

Although, the rehydration step showed that the sample rehydration did not reach the starting Å 3 . An initial model of SmPO4 was proposed by EXPO 2004 22 (direct methods) and the final one was then refined successfully by Fullprof_suite program 21 . However, although the refinement of the anhydrous form in a monoclinic system was consistent. We should keep in mind the possibility of another superstructure due to the quality of the data collected.

Thus, the use of synchrotron data will be very helpful. Finally, as expected, heating the sample up to 1273 K led to the irreversible transformation of rhabdophane to monazite structure (P21/n).

The crystallographic structure of the anhydrous SmPO4 compounds contains two Sm, two P and four oxygen atoms (Figure .II.11). Each Sm atom is coordinated to eight oxygen atoms provided by the phosphate groups by the share of edges down the c axis leading to two independent and infinite chains. The overall structure consists of channels formed by the connection of those chains by the share of oxygen corners. These channels were found to be totally free from water molecules in agreement with the TGA results which showed the full elimination of water molecules above 433 K. The set of unit cell parameters found in the anhydrous rhabdophane was already observed in the case of the anhydrous CaSO4 compound with a = 12.0777(7) Å, b = 6.9723(4) Å, c = 6.3040(2) Å from neutron powder diffraction data. 38 In fact Bezou et al. 38 showed that this latter compound crystallizes in the orthorhombic C222 space group with two independent chains forming infinite channels. ), which showed a swelling of about 1% between 473 K and 673 K. 31 However, regarding these data, the transition from the subhydrated (SmPO4•0.667H2O) to the hemihydrate (SmPO4•0.5H2O) could not be detected. 

Transformation from the rhabdophane to the monazite and characterization of the monazite samples

In general, the transformation of the rhabdophane to the monazite form over thermal treatment follows different steps with the transition from SmPO4•0.667H2O to SmPO4•5H2O then to the anhydrous SmPO4 before the irreversible conversion to the monazite structure.

The rhabdophane phases were mainly synthesized in aqueous solution, which explain the presence of water molecules inside the channels. However, from the synthesis point of a view, the control of the total amount of the water molecules inside the channels seems to be difficult to guarantee. Nevertheless, it could be possible to control this amount of water molecules during the hydration step or even by varying the relative humidity as showed by Schmidt et al. 26,27 in the case of the CaSO4•0.5H2O.

Thanks to Jonasson et al. 36 investigations, it was possible to determine the transition temperature required to convert the rhabdophane into the monazite. The dehydration of rhabdophane first appeared between 298 and 423 K depending on the lanthanide element considered and the transformation to the monazite is accomplished from 773 K for La and between 873 and 1173 K for the rest of lanthanides. Thus, the heating was performed at 1173 K for 6 hours for the lanthanides (La to Gd). All the synthesized powders were analyzed by PXRD (Figure .II.14), the seven different compounds LnPO4 being refined in the monoclinic P21/n space group [3][4][5] . From the XRD refinement results, it appeared that all these seven compounds were considered pure. The determination of the specific surface area by the BET method (Table.II.5)

showed significant decrease by comparison to the corresponding rhabdophane-type samples.

Moreover, the obtained values were almost the same, whatever the lanthanide element considered, taking into account the uncertainties associated to each determination. As it has been already described in Chapter I, the physicochemical properties of the monazite argue in favor of its use as a specific long-term radwaste matrix. However, in order to guarantee the immobilization of actinides, its chemical durability must be evaluated.

Extreme chemical conditions are always required to totally dissolve natural monazites: concentrated sulfuric acid at 483 K or concentrated sodium hydroxide at 413 K are usually used in industrial processes (hydrometallurgy, extraction) [1][2][3] .

Considering that all the dissolution rates values previously determined correspond to various protocols, solid compositions, temperatures, and various dissolution media, it is actually very difficult to make a clear comparison between the published data and thus to propose a multi-parametric expression of the dissolution rates of LnPO4. The study of the chemical durability of synthetic pure end-member monazites was thus achieved in order to derive comparable data along the lanthanide series from La to Gd. The synthesis and the characterization of the materials submitted to dissolution were already discussed in Chapter II. The influence of the operating conditions in terms of acidity and temperature of the dissolution tests was investigated under dynamic conditions. The impact of the saturation index of the solution on the normalized dissolution rate was also investigated through the development of static experiments. These results allowed us to determine the partial order of the reaction related to the proton activity as well as the apparent activation energy in order to describe the multi-parametric expression of the normalized dissolution rate far from equilibrium and to forecast the long-term behavior of the monazite ceramics.

mener une étude plus systématique de la durabilité chimique d'échantillons de monazites synthétiques purs LnPO4 afin d'obtenir des données comparables le long de la série des lanthanides et de quantifier l'impact des paramètres tels que pH, température, état de saturation de la solution sur la vitesse de dissolution. Cette étude a été réalisée pour LnPO4

(du La au Gd) est les résultats obtenus font l'objet de ce chapitre.

III.1. Materials and methods

Experimental settings

As already described, two types of experiments were carried out: leaching experiments in flow-through reactor to measure the monazite dissolution rates in a pure kinetic regime under fixed conditions of pH, temperature and ionic strength, and batch experiments to evaluate the impact of the saturation index of the solution.

III.1.1.1. Leaching experiments in dynamic conditions

The leaching experiments were carried out using high-density polytetrafluroethylene (PTFE) vessels (volume of 25 mL) in order to avoid any adsorption of released elements on the containers walls. 200 mg of powdered samples (which synthesis is described in Paragraph II.2.3.) were placed in contact with 25mL of 0.1 M to 1 M HNO3. The dissolution reactor was placed in an aluminium block to control the temperature between 313 K and 363 K. The leaching solution was continuously renewed using a peristaltic pump.

At the outlet of the dissolution reactor, the solution was regularly sampled using an automatic fraction collector. The flow rate varied from 1 to 4 mL.h -1 , depending on the leaching solution composition, in order to allow the determination of the elementary concentrations in the outflow by ICP-AES. In that range of flow rate, the residence time of the leaching solution ranged from 25 to 6.25 hours.

For each experiment, the flow rate and the input pH were kept constant values until steady-state was reached, i.e. as soon as the elementary concentrations in the outflow were not significantly different. This steady state was maintained during at least ten residence times of the solution. When steady state conditions were achieved, the normalized dissolution rates were determined. At the end of the experiment, the solid residue underwent two cycles of dispersion/centrifugation at 14500 rpm during 5 min in deionized water then was characterized by PXRD in order to check that any other phase precipitated during the dissolution experiments. For all the dissolution conditions, the mass of dissolved material was in the range between 1 to 10 wt.% of the initial mass of monazite.

III.1.1.2. Batch experiments

Batch experiments were carried out by contacting 20 mg of Nd-monazite sample with 20 mL of 0.1 M HNO3 solution in 30 mL Teflon Savillex jars. The containers were placed in a heating orbital stirrer in order to ensure the homogeneity of the system. Aliquots of 500 µL were taken off at regular time intervals then centrifuged at 14500 rpm for 2 minutes in order to eliminate colloids with sizes higher than 10 nm in diameter. After dilution with 6 mL of 0.16 M HNO3 solution, the elementary concentrations were finally analyzed by ICP-AES.

III.1.1.3. Elementary analyses in the solution

Elementary concentrations in the leachate were determined by ICP-AES (Spectro Arcos EOP). The recommended emission wavelengths of the lanthanides and the phosphorus were all considered in the analytical procedure (see Table A.1 in appendix). The elementary concentrations were then determined as an average of the concentrations calculated for each wavelength. The protocol used allowed the detection of Ln and P with a detection limit of 50 and 100 ppb, respectively, and a relative error of 5 %. The same analytical method was used to follow the evolution of the lanthanide and phosphorus concentrations either for the dynamic conditions or for the batch experiments.

III.1.1.4. Characterization of the solids phases

The specific surface area the samples were determined with a Micromeritics TRISTAR II apparatus using nitrogen adsorption (Brunaur, Emmet and Teller, BET method) at 77 K. Prior the measurements, the samples were dried at 473 K overnight to ensure their complete outgassing. The results obtained for all the samples analyzed are reported in

Table.II.5.

At the end of each experiment, all the powders were analyzed by X-rays diffraction.

The data were collected with a Bruker D8-advance diffractometer (LynxEye detector) or a Panalytical X'pert pro diffractometer (X'Celerator detector) in the reflexion geometry. Both diffractometers used Cu-Kα1,2 radiation (λ = 1.5418 Å). The data were recorded at room temperature in an angular range of 5 ≤ 2θ ≤ 120, with a step of 0.0167° (2θ) and a total counting time ca. 2 h for each sample.

Definitions and determination of the normalized dissolution rates

The overall dissolution reaction of monazite in acidic media can be written as:

LnPO 4 (s) + 3H + (aq) ⇋ Ln 3+ (aq) + H 3 PO 4 (aq) (III.1.)
Generally, the progress of the dissolution reaction of a solid phase is followed through the determination the normalized mass loss NL(i,t) (g.m -2 ), which is defined as :

𝑁 𝐿 (𝑖, 𝑡) = 𝑚 𝑖 (𝑡) 𝑓 𝑖 ×𝑆 (III.2.)
where, mi(t) (g) is the mass of element i measured in solution at time t, S (m²) is the reactive surface area of the solid in contact with the solution and fi (g.g -1 ) is the mass ratio of the element i in the solid.

The reactive surface area of the sample is defined as:

𝑆 = 𝑆 𝑆𝐴 × 𝑚 0 (III.3.)
where 𝑆 𝑆𝐴 (m².g -1 ) denotes the initial surface area of the solid measured by N2 adsorption using the BET method, and m0 (g) is the initial mass of solid introduced in the system.

The mass of element i released in the dissolution medium is then determined through the measurement of its elementary concentration, Ci (M), following:

𝑚 𝑖 = 𝐶 𝑖 ×𝑉 𝑀 𝑖 (III.4.)
where V (L) is the volume of the dissolution medium in contact with the solid and Mi (g.mol -1 ) is the molecular mass of the element i.

The normalized dissolution rate, RL(i) (g.m -2 .d -1 ), is defined as the time-derivative of the normalized mass loss, i.e. :

𝑅 𝐿 (𝑖) = d 𝑁 𝐿 (𝑖) d𝑡 = 1 𝑓 i ×𝑆 × d 𝑚 𝑖 d𝑡 (III.5.)
The use of Equation (III.5.) can be considered to be acceptable as soon as the reactive surface area remains almost constant. This assumption is reasonable and leads to an

Chapter III. Dissolution kinetics of monazite LnPO4 (Ln = La to Gd) 94 error that is lower than the experimental uncertainties for a total mass of dissolved solid that does not exceed 10 wt.%. For a congruent dissolution, the RL(i) values determined from the release in solution of each constitutive element are equal to the dissolution rate of the solid.

The normalized dissolution rate in a stirred flow-through reactor is obtained when the steady state is reached from the following mass balance expression:

𝑅 𝐿 (𝑖) = 𝑑 𝑆×𝑀 𝑖 ×𝑓 𝑖 (𝐶 𝑖 -𝐶 𝑖 𝑖𝑛 ) (III.6.)
where

d (L.d -1
) is the flow rate and 𝐶 𝑖 𝑖𝑛 (M) is the elementary concentration of i in the inflow, which usually equals zero.

The multiparametric description of the kinetics of the dissolution reactions was already proposed by Lasaga 31 based on experimental results. A general form of the rate law is given by:

𝑅 𝐿 = 𝑘 0 × 𝑒 -𝐸 𝑎𝑝𝑝 𝑅𝑇 ⁄ × (𝐻 + ) 𝑛 × 𝑔(𝐼) × ∏ (𝐸 𝑗 ) 𝑛 𝑗 𝑗 × 𝑓(∆𝐺 𝑟 ) (III.7.)
where k0 (g.m -2 .h -1 ) is the rate constant, Eapp (kJ.mol -1 ) is the apparent activation energy of the overall reaction, R is the gas constant, T is the absolute temperature. (Ej) and (H + ) are the activities in solution of species Ej and H + respectively, n and nj are the partial order of the reaction related to the proton and to the species Ej activities, respectively. g(I)

is a function, which describes the effect of the ionic strength I and f(∆Gr) is a function of the Gibbs free energy of the reaction of dissolution.

Several parameters included in Equation (III.7.) can be determined experimentally, especially the partial orders of the reaction relative to activities of the proton and of species Ei, which can affect the normalized dissolution rate or the apparent activation energy related to the reaction of dissolution. The function g(I) describes the possible influence of the ionic strength in addition to that entering through the activities of catalytic or inhibitory species, and the f(∆Gr) function accounts for the important variation of the dissolution rates with the deviation from equilibrium.

The Gibbs free energy of reaction is expressed as a function of the saturation index in the solution with respect to the neoformed phase:

∆𝐺 𝑟 = 𝑅𝑇 × ln ( 𝐼𝐴𝑃 * 𝐾 𝑠 ° * ) (III.8.)
where R is the gas constant, T corresponds to the absolute temperature, IAP * and 𝐾 𝑠 𝑜 * are the ion activity products and the standard solubility constant related to the neoformed phase, respectively. The ion activity product (IAP * ) for the monazite dissolution reaction (1) using the major species in solution is given by:

𝐼𝐴𝑃 * = (𝐿𝑛 3+ ) × (𝐻 3 𝑃𝑂 4 ) × (𝐻 + ) -3 = ρ×γ 𝐿𝑛 3+ ×γ 𝑃𝑂 4 3- γ 𝐻 + 3 × [𝐿𝑛 3+ ]×[𝑃𝑂 4 3-] [𝐻 + ] 3
(III.9.) where (i), γi, and [i] stand for the activity, activity coefficient and molality of each species, respectively and  (kg.L -1 ) is the density of the dissolution medium.

The molarities of all the species and the pH were calculated from the experimental elemental concentrations with the geochemical speciation software PHREEQC-2 32 associated with the Lawrence Livermore National Laboratory thermodynamic database, LLNL-TDB 33 . These calculations accounted for the aqueous complexation reactions, which are listed in Table A1 together with the corresponding standard equilibrium. The molar to molal conversion was performed by PHREEQC-2 using the densities of 0.1 M, 0.5 M, 0.75 M and 1 M HNO3 solutions at the corresponding temperature (Table A.2 of the appendix).

Data used in the LLNL-TDB are valid for temperatures ranging from 0 to 573 K. To extrapolate the equilibrium constants determined in this work to infinite dilution, the activities corrections were performed using the Specific Interaction Theory (SIT) implemented in PHREEQC-2. The SIT allows the calculation of the activity coefficient, γi of an ion, i of charge, zi in an electrolyte solution of molar ionic strength, Im (mol.kg -1 )

following Equation (III.10):

log(γ 𝑖 ) = -𝑧 2 𝐷 + ∑ ε(𝑖, 𝑗)𝑚 𝑗 𝑗 with 𝐷 = 𝐴√𝐼 𝑚 1+𝐵𝑎 𝑖 𝐼 𝑚 (III.10.)
where the parameter A (expressed in kg

2 1 .mol 2 1 
) is temperature and pressure

dependent, Bai = 1.5 kg 2 1 .mol 2 1 
was chosen in the entire range of temperatures, and ε(i,j) is the ion interaction coefficient. Ion interaction coefficients are equal to zero for ions of the same charge sign and for uncharged species. As the experiments were conducted in nitric acid solutions, only two ion interaction coefficients were considered: ε(La 3+ Dy 3+ , NO3 -) = Chapter III. Dissolution kinetics of monazite LnPO4 (Ln = La to Gd) 96 0.22 ± 0.02 kg.mol -1 (the value recommended for La 3+ was used for all the considered lanthanides and extrapolated from ε(La 3+ Dy 3+ , Cl -)) and ε(H + , NO3 -) = 0.07 ± 0.01 kg.mol - 1 34 .

The form of the last term in Equation (III.7.), f(∆Gr) for an elementary reaction based on the Transition State Theory (TST) is 35 :

𝑓(∆𝐺 𝑟 ) = 1 -exp ( ∆𝐺 𝑟 𝑅𝑇 ) (III.11.)
The function 𝑓(∆𝐺 𝑟 ) for overall reactions is difficult to predict a priori. Equation (III.11.) may be generalized to 36 :

𝑓(∆𝐺 𝑟 ) = 1 -exp ( ∆𝐺 𝑟 σ𝑅𝑇 ) (III.12.)
where  is a coefficient that is not necessarily equal to 1 for a mechanism that involved several elementary steps.

The form of Equation (III.12.) can be applied to overall reactions in a few simple cases that are described by Lasaga 35 . Equation (III.12.) was successfully used in studies dedicated to the kinetics of dissolution of silica, quartz, kaolinite, K-feldspar, and kyanite (Al2SiO5) to describe the observed rate dependence with deviation from thermodynamic equilibrium [37][38][39][40][41][42][43][44][45] .

In other studies devoted to the dissolution and precipitation kinetics of silica 46 , gibbsite 47 , smectite 48 , labradorite 49 and albite 50 , the experimental observations lead to fully nonlinear rate laws, i.e., rate laws in which the rate variation was not a linear function of the Gibbs free energy even very close to thermodynamic equilibrium. For example, Nagy and

Lasaga 47 described the gibbsite rate dependence using the function:

𝑓(∆𝐺 𝑟 ) = 1 -exp (𝑚 × ( ∆𝐺 𝑟 𝑅𝑇 ) 𝑝 ) (III.13.)
It is important to note that, in contrast to Equation (III.10.), Equation (III.13.) is not based on a first principle theory, and therefore there is no physical meaning associated to the values of m and p coefficients.

Due to the form of the 𝑓(∆𝐺 𝑟 ) function, the last term of Equation (III.7.) tends to 1 far from saturation with respect to the neoformed phase in the solution. Under fixed conditions, the normalized dissolution rate was thus found to be constant when leaching/dissolution reactions occurred far from the equilibrium (in the so-called "dissolution plateau"). It is usually noted RL,0 51 and corresponds to the highest value measured during the dissolution test. On the contrary, near the establishment of thermodynamic equilibrium, saturation processes associated to the precipitation of neoformed phases onto the surface of the solid occurred, and generally led to the decrease of the normalized dissolution rates.

Far from equilibrium, several authors demonstrated the role of acidity and temperature on the kinetics of dissolution for a large variety of minerals [51][52][53][54][55][56][57][58][59][60] . Under these conditions and keeping all parameters constant except pH, Equation (III.7.) becomes:

𝑅 𝐿,0 = 𝑘 ′′ × (𝐻 + ) 𝑛 (III.14.)
where RL,0 corresponds to the value of the normalized dissolution rate far from equilibrium conditions and k″ (expressed in g.m -2 .d -1 ) is the apparent normalized dissolution rate constant, at (H + ) = 1 M. The value of k″ depends on the fixed temperature, ionic strength and composition of the dissolution medium. Following Equation (III.14.), k'' and n can be calculated from the linear regression of the log (RL,0) versus log (H + ).

Keeping constant all parameters except temperature, the dependence of the dissolution rate on temperature is typically expressed using the Arrhenius law:

𝑅 𝐿,0 = 𝑘′ × e -𝐸 𝑎𝑝𝑝 𝑅𝑇 ⁄ (III.15.)
where k′ (expressed in g.m -2 .d -1 ) is the apparent normalized rate constant of the dissolution reaction, independent of the temperature, but dependent on pH, ionic strength and composition of the dissolution medium.

In such conditions, the apparent activation energy of the reaction is usually determined from the variation of ln (RL,0) versus the opposite temperature. Eapp is often a good indicator of the mechanism driving the dissolution reaction. Typically, aqueous diffusion-controlled reactions exhibit apparent activation energy lower than 20 kJ.mol -1 .

Surface-controlled reactions (mineral dissolution or precipitation) are usually associated to

Eapp values ranging from 40 to 140 kJ.mol -1 . Besides, the energy needed to break covalent bond is usually higher than 160 kJ.mol -1 .

III.2. Results and discussions

General trends of the dissolution

The typical trend for the evolution of the elementary concentrations measured in the dissolution medium at the outlet of the flow-through reactor is represented in was confirmed for all the conditions examined. As instance, the normalized dissolution rates were found between (4 ± 2) ×10 -5 g.m -2 .d -1 (for CePO4) and (4 ± 2) ×10 -4 g.m -2 .d -1 (for SmPO4) when making the dissolution tests in 0.1M HNO3 at 298 K, which corresponds to the lower range of normalized dissolution rates reported for highly durable ceramics.

Moreover, the dissolution was found to be congruent for all the experiments considered, with r values ranging from 0.90 ± 0.07 to 1.4 ± 0.9. It is worth noting that the uncertainty on the normalized dissolution rate was large for several conditions due to the increasing uncertainty Whatever the tested conditions, the values obtained for all the lanthanide based monazites were of the same order of magnitude. This general trend was previously underlined in the literature for the monazite end-members, since the normalized dissolution rate values reported by du Fou de Kerdaniel 26 for La-, Ce-, Nd-, Eu-and Gd-monazites were not significantly different between 1.0 ×10 -3 and 1.8 ×10 -3 g.m -2 .d -1 for all the studied materials.

Moreover, according to this study, two normalized dissolution rates were observed. After the initial dissolution rate regime before 10 days (RL,0  10 -3 g.m -2 .d -1 ), a significant decrease by about one order of magnitude was noted for RL,t. This was mainly assigned to the formation of neoformed phases at the solid/liquid interface. This behavior was not observed in similar conditions in this work, as under-saturated conditions in the solution were maintained by performing dynamic experiments. Also, Terra et al. 27 determined the normalized dissolution rate of a sintered monazite sample (La0.5Ca0.25U0.25PO4) in 0.1 M HNO3 at 363 K. In this later study, the normalized dissolution rates appeared to be lower by one order of magnitude (RL(La) = (9.7 ± 0.4) ×10 -5 g.m -2 .d -1 and RL(U) = (1.6 ± 0.1) ×10 -4 g.m -2 .d -1 ) 27 than the values reported in -5 g.m -2 .d -1 and (5.9 ± 2.1) ×10 -4 g.m -2 .d -1 at 298 K and 363 K, respectively instead of (3.7 ± 0.4) ×10 -4 g.m -2 .d -1 and (4.02 ± 0.09) ×10 -3 g.m -2 .d -1 at 298 K and 363 K, respectively in this work. The difference of one order of magnitude observed could come from differences in the evaluation of the samples reactivity and, as instance, from the difficulties to evaluate with a good accuracy the surface of highly densified sintered samples (in comparison to the powdered samples used in this study).

From the results reported in Table.III.2, the effect of pH on the normalized dissolution rate appears to be significant: the higher the proton activity, higher the normalized dissolution rate. This is in good agreement with the results published by Oelkers and Poitrasson 28 for the dissolution of natural monazites from pH 1.5 to 10 and temperatures ranging from 323 K to K (Table I.1). (5 ± 2) ×10 -4 0.9 ± 0.8 0.5

(1.15 ± 0.11) ×10 -3 (1.2 ± 0.1) ×10 -3 0.9 ± 0.2 1 (3.9 ± 0.3) ×10 -3 (4.1 ± 0.2) ×10 -3 0.9 ± 0.1 The normalized dissolution rate constants determined for all monazites were not significantly different, in rather good agreement with the almost similar normalized dissolution rate values obtained. The partial orders of the dissolution reaction related to the proton activity, n, were found to range between 0.7 ± 0.2 and 1.5 ± 0.2, and were significantly higher than that reported in literature for cheralite and monazite/cheralite solid solutions (Table.III.3). However, it is worth noting that for these compounds, the authors performed the experiments in less acidic media (1 ≤ pH ≤ 4) and at 343 K. As already mentioned, such differences could also result from variations in the composition of the leaching solutions or materials and also in the residence-time of the solution (static vs. dynamic conditions). Oelkers and Poitrasson 28 determined that apparent activation energy (between 232K and 502K) associated to natural Ce-monazite was 41.84 ± 12.55 kJ.mol -1 at pH = 2. They did not observe any change in the Eapp value in the temperature range considered. This result is not in contradiction with that reported in this study. Indeed, the temperature range investigated by Oelkers and Poitrasson 28 was above 313 K, in which no Eapp change was observed. However, the proposed value 28 is significantly higher than the value determined above 313 K in this work. A possible explanation is that the temperature dependence is not fully independent of the pH of the leaching medium. As Oelkers and Poitrasson 28 performed their experiments at pH = 2 instead of pH = 1, the resulting value of Eapp could be slightly different. Moreover, dissolution of the material is faster at pH = 1 compared to pH = 2, thus the change in apparent activation energy could be different between the different pH.

Terra et al. 12 also estimated an apparent activation energy from the normalized dissolution rate values of GdPO4 determined at 293 K and 363 K in 10 -1 M HNO3 solution.

They evaluated the Eapp to be in the range from 39 to 45 kJ.mol -1 . As a comparison, we also reported the apparent activation energy considering the entire range of temperatures studied (see Table .III.4). For GdPO4, the Eapp value was found to be 30 ± 9 kJ.mol -1 which appears in good agreement with that published by Terra et al. 12 . It is not uncommon for leaching or dissolution reactions to observe two separate linear regions in the Arrhenius plot. For instance, this behavior was already observed for brannerite, which is another refractory uranium-titanium based mineral 62,63 . Such a change in the apparent activation energy above 313 K could be attributed to the modification of the reaction limiting the overall dissolution mechanism. According to the data reported by Langmuir 64 , apparent activation energy higher than 160 kJ.mol -1 are characteristic of reactions in which strong bonds are broken or formed, which is the case of chemically- Under-saturated conditions relative to the rhabdophane precipitation were obtained for the entire duration of the experiment, with Gr varying from (-3.18 ± 0.06) to (-0.90 ± 0.06) kJ.mol -1 . The normalized dissolution rate decreases as a function of Gr all over the experimental range. The so-called dissolution plateau corresponded to Gr values lower than -3.0 kJ.mol -1 . A sharp decrease of the normalized dissolution rate was observed with the increase of Gr values (typically from Gr ≥ -1.5 kJ.mol -1 ). This decrease was significant, as large as a factor of ×30. Several authors 44,45 already evidenced the dissolution rate-free energy relations as sigmoidal. Hellmann et al. 44 defined three distinct regions for the RL(Gr) curve for albite: far from equilibrium, transition and finally near-equilibrium. It is possible to perform the same separations from the data reported in Figure.III.8. A similar behavior was also evidenced for other minerals, essentially alumino-silicates and gibbsite 47,48,65 .

For NdPO4 monazite, the non-linear variation of the normalized dissolution rate was described using Equation (III.16.):

𝑅 𝐿 = 𝑘 × (1 -exp (( ∆𝐺 𝑟 𝑅𝑇 ) 𝑝 )) (III.16.)
This function is similar to that used by Nagy and Lasaga 47 , or Cama et al. 48 However, it could appear surprising that the neoformed phase, rhabdophane, which seems to control the long-term dissolution rate of monazite and to influence the kinetics of dissolution of monazite in our experiments for T  313 K, was not supposed to precipitate since the solution remained under-saturated all along the experiment. In addition, PXRD performed at the end of experiments on the remaining powder did not reveal the presence of the rhabdophane. However, one cannot definitively exclude any enrichment of lanthanide and phosphate species near the solid-liquid interface that could lead to local near saturation conditions. Moreover, it is also possible that the small amount of neoformed rhabdophane was too low to be detected by PXRD. It was however not excluded that a gelatinous and amorphous layer of a neoformed phase covered the grains of monazite and acted as a diffusive barrier between the solution and the monazite. ESEM micrographs of the grains did not reveal the presence of an additional phase or gelatinous layer at the surface of the grains (Figure .III.9). Ces expériences ont permis de vérifier la réversibilité de l'équilibre thermodynamique de solubilité. Les phases obtenues ont été systématiquement caractérisées, avant et après avoir réalisé les tests, dans toute la gamme de température considérées afin d'identifier les phases contrôlant les équilibres thermodynamiques et de déterminer les produits de solubilité associés.

IV.1. Experimental section Description of the solubility experiments

As already described in several published papers 4,5 , the solubility experiments were developed through a dual approach involving under-and over-saturation experiments (i.e. K and 343 ± 5 K). Aliquots of 1 mL were taken off at regular time intervals and renewed by fresh HCl solution to maintain a constant total volume throughout the experiment. In these conditions, less than 3% of the leachate was renewed for each uptake, which avoided perturbations of the solid/liquid system during the establishment of saturation processes.

Over-saturation experiments were performed at different temperatures: 298 K, 333 K, 343 K and 363 K (with a standard deviation of 5 K). For over-saturation experiments, typically 8.60 mL of LnCl3 (0.5 mol.L -1 ) and 0.88 mL of 5 mol.L -1 H3PO4 solutions were mixed then the total volume was completed to 100 mL with 0.1 mol.L -1 HCl solution (the composition of the starting precipitation medium is provided for each lanthanide element in Table A.3 of the appendix). The precipitation of the phases of interest was monitored by making daily uptakes (1 mL then 100 µL) from the solution. Then, the aliquots of solution were centrifuged at 14500 rpm for 2 minutes in order to eliminate colloids with sizes higher than 10 nm in diameter. After dilution with 5 mL of 0.16 mol.L -1 HNO3 solution, the elementary concentrations were finally analyzed by ICP-AES. For most of the systems, a concentration plateau was reached within a few days at 333 K and 363 K. Once the plateau was reached, the pH of the solution was measured at least 3 times and the solid was separated from the supernatant by centrifugation at 14500 rpm for 5 minutes, washed once with water then twice with ethanol. The Figure .IV.1 illustrates the expected evolution of the elementary concentrations in solution for both approaches. However, this figure is an ideal case where the kinetics of dissolution and precipitation are identical which is often not the case.

Moreover, if kinetics of dissolution and precipitation are very different, an over-saturation state can be reached before equilibrium state, as illustrated in the case of under-saturation experiment inFigure.IV.1. was chosen in the entire range of temperature, and ε(i,j) is the ion interaction coefficient. Ion interaction coefficients are equal to zero for ions of the same charge sign and for uncharged species. As the experiments were conducted in HCl solutions, only two ion interaction coefficients were considered:

ε(La 3+  Dy 3+ , Cl -) = 0.22 ± 0.02 kg.mol -1 (the value recommended for La 3+ was used for all the considered lanthanides) and ε(H + , Cl -) = 0.12 ± 0.01 kg.mol -1 9 .

The comparison of the log K S * and log K * s o give access to the magnitude of the ionic strength correction through the following expression, obtained by combining Eq.

(IV.4.), (IV.6.) and (IV. The value of the water activity in 0.1 mol.L -1 HCl solution is 0.9966, whereas it is 0.9914 in 0.25 mol.L -1 HCl solution 10 . Neglecting the variation of the water activity with the concentration of the ionic medium in our experiments led to insignificant systematic error. Thus, the value of the water activity in 0.1 mol.L -1 HCl solution was used to derive the value of 𝐾 𝑆 * either for under-saturated and over-saturated experiments.

Finally, the value of 𝐾 𝑠,0 0 can be derived from the value of 𝐾 * 𝑠 𝑜 by considering the successive dissociation reactions of phosphoric acid 11 : The molar Gibbs energy of reaction ( 2) is calculated from the standard solubility product using the following equation:

H 3 PO 4 ⇋ H + +
∆ 𝑅 𝐺 𝑜 (𝑇) = -𝑅 × 𝑇 × ln 𝐾 𝑠,0 𝑜 (IV.14.)
where R is the perfect gas constant (8.314 J.K -1 .mol -1 ) and T the absolute temperature (in Kelvin).

Over the short temperature range investigated in this study, we assumed that the molar enthalpy of the reaction (IV.2.) can be considered as constant. In that case, the temperature dependence of the equilibrium constant reduces to the integrated Van't Hoff expression:

ln 𝐾 𝑠,0 𝑜 (𝑇) -ln 𝐾 𝑠,0 𝑜 (𝑇 0 ) = - Then, the Gibbs-Helmholtz equation can be used to calculate internally the entropy of reaction, according to:

∆ 𝑅 𝑆°(𝑇) = (∆ 𝑅 𝐻°-∆ 𝑅 𝐺°)/𝑇 (IV.16.)
According to the Hess's law, the molar Gibbs energy and the molar enthalpy of the reaction of formation of rhabdophane from the elements are determined thanks to the following equation: 

∆ 𝑓 𝑋 𝑜 (

A.3).

Then, the following general formula was used to calculate the uncertainty on the thermodynamic data determined in this work:

σ X 2 = ∑ ( ∂f ∂Y i × σ Y i ) 2 N i=1 (IV.19.)
where X is the standard error for X; and X = f(Yi) is a function of independent variables Yi.

The uncertainty on 𝐾 𝑠,0 °(T) was estimated by propagating the experimental errors associated with the measurements of the pH and elementary concentrations at equilibrium, then by considering that the relative errors on molalities and elementary concentrations were 

IV.2. Results & discussions Thermodynamic constants determined by under-saturation experiments

The solubility measurements were conducted in low pH solutions in which Ln 3+ is the dominant aqueous lanthanide species. This approach improves the accuracy of the thermodynamic calculations by reducing the need of the thermodynamic constants related to other aqueous lanthanide species that could exist for less acidic solutions, by increasing the dissolution rate of the starting material (for under-saturation experiments) and thus by reducing the uncertainties associated to the elementary concentrations in solution. Following the methodology described for example by Shvareva et al. 5 or by Cretaz et al. 4 , the successful extraction of thermodynamic data from solubility measurements requires a rigorous demonstration of the establishment of a thermodynamic equilibrium through the comparison of the results obtained by under-and over-saturation experiments; the measurements of the ionic strength, the precise determination of the pH and the total aqueous concentrations at equilibrium of all the elements constituting the solid phase. A particular attention must be taken on speciation calculations for all elements present in solution and on the thorough characterization of the solid phase formed at the end of the solubility experiments in order to verify that no secondary phases (different to that considered for the equilibrium) was formed during the solubility tests. As already discussed, it is of primary importance to accurately identify the nature of the solubility controlling phase in order to attribute the solubility product to the correct phase, especially for phases that present the same stoichiometry. In the present work, the ionic stoichiometry of the rhabdophane is similar to that of monazite, churchite, or xenotime. These results clearly confirmed that the solid phase in contact with the solution was rhabdophane for the entire duration of the experiment. The presence of any additional phase that could have precipitated during the dissolution experiments was not evidenced by ESEM and PXRD. Thus, we assumed that the rhabdophane phase controlled the lanthanide and phosphorous concentrations at equilibrium and determined the associated solubility product.

It is however not excluded that churchite, LnPO4•2H2O could co-exist with rhabdophane for Gd to Dy as already shown by Assaaoudi et al. 11 who reported that the precipitation of the churchite phase was allowed at room temperature in similar conditions. The composition of the solution at saturation with respect to the solid phase was then calculated as the average of five consecutive analyses that were not significantly different from each other's. The average concentrations as well as pH values obtained in solution when the solid/solution thermodynamic equilibrium was reached are compiled in Table .IV.1. The errors associated represent the standard deviation calculated from five consecutive analyses at equilibrium.

As described in paragraph IV.1.2, the activities of all the species were calculated from the experimental elementary concentrations and from the measured pH. The constant of the equilibrium involving the predominant species in the experimental conditions was first calculated using the molalities and listed in The distribution of lanthanide elements in each precipitated phase, determined from Rietveld refinement of the PXRD patterns is presented as appendix in Table A.5.

At 363 K, the precipitation led to a mixture of rhabdophane and monazite for lanthanum. This result is in very good agreement with the findings of de Kerdaniel et al. 15 who reported that the monazite phase was formed by direct precipitation from aqueous solution above 363 K, 393 K and 423 K for lanthanum, cerium and praseodymium, respectively. In such

Chapter IV. Determination of the solubility of rhabdophane LnPO4•0.667H2O 144 conditions, the rhabdophane structure appears to be destabilized compared to the monazite structure. Moreover, mixtures of rhabdophane and xenotime were prepared above 363 K and 333 K, for dysprosium and terbium, respectively. This is common for the Gd, Tb, Dy where the rhabdophane/monazite could co-exist with the xenotime structure type [16][17][18] . For Dy, the obtained result is also in agreement with Gysi et al. 19 who assumed that the xenotime-type phase controls the solubility equilibrium of DyPO4 between 373 K and 523 K. At 298 K, from Gd to Dy, the only detected phase was churchite, LnPO4•2H2O. Assaaoudi et al. 17 showed also that the precipitation of the churchite phase was allowed at room temperature following a similar protocol. In a same range of temperature, two solid phases with the same stoichiometry and a different hydration rate can be thermodynamically stable.T. In that case, their solubility products would have the same numerical values within uncertainties. Thus, all the experiments leading to the presence of the rhabdophane and an additional phase were nevertheless considered for the determination of the solubility data (these experiments are outlined by a grey background in the Table .IV.2). (5.9 ± 0.1) × 10 (2.0 ± 0.2) × 10 -2 . 0.71 ± 0.05 (1.9 ± 0.9) × 10 -2 (9.3 ± 0.2) × 10 -4 -1.72 ± 0.32 (1.9 ± 0.2) × 10 -2 (9.3 ± 0.9) × 10 -3 -2.63 ± 0.32 -24.3 ± 0.3 333 (5.6 ± 0.5) × 10 -3 (4.9 ± 0.9) × 10 -3 0.68 ± 0.05 (4.8 ± 0.9) × 10 The variations of the numerical values of the solubility products of LnPO4•0.667H2O

were not much more than their uncertainties. Nevertheless, these numerical values were not randomly distributed and seemed to reach minimum values for Pr to Sm, which corresponds to intermediate elements in the examined lanthanide series. Solubility measurements on lanthanide phosphates were often reported in literature for standard conditions (1 bar) at 298 K [20][21][22][23][24][25][26][27] .

Comparison with the literature data

The comparison of the standard solubility products reported in the literature and that determined in this study is reported in Tb Gd Eu Sm Pr Ce Dy Nd La reaction, which reached log 𝐼𝐴𝑃 = -21.49 ± 0.39. These discrepancies could partly result from some differences in the crystallization state (that could be impacted by ageing as specified by Cetiner et al. 21 ) and hydration rate of the samples, which was not systematically specified. This could also explain the systematic deviation observed between under-saturated and oversaturated experiments. Indeed, the rhabdophane samples that were dissolved at 298 K were synthesized at 363 K. Although, the rhabdophane structure is maintained, the morphology and crystallization state were slightly different, which can slightly impact the solubility. Cetiner et al. 21 also quoted the use of inappropriate experimental protocols (for example the measurement of only one element in solution, either phosphorous or lanthanide), and the use of different models for the activity coefficients calculation, which strongly affect the determination of the Ln 3+ activity. These discrepancies could be also originated in the pH measurements. However, the same general trend related to the variation of the log 𝐾 𝑠,0 𝑜 versus the ionic radius is observed for all the data reported in literature, with a minimum value between Pr and Sm. Similar observation was made by Byrne et al. 29 21 for the Sm-rhabdophane is higher than the value obtained in this study (-25.2 ± 1.3), but not significantly different considering the uncertainties. In addition, the values obtained for lanthanum and neodymium appear in very good agreement with the data reported in this work. Such data suggest that during their study, the solubility was controlled by rhabdophane and not by monazite, as reported by the authors 21 .

However, due to the very low amount of neoformed phase precipitated, the authors were surely unable to evidence the formation of rhabdophane by PXRD.

Liu and Byrne 25 conducted dissolution experiments on the yttrium and lanthanum to lutetium phosphates precipitated at room temperature. The precipitates were formed using various procedures that affected the degree of crystallinity of the precipitated solids. From PXRD, they showed that pure rhabdophane powders were obtained. Considering that this phase controlled the equilibrium reached in saturation conditions during dissolution experiments performed at room temperature for La to Dy, their results can be compared to ours. These results present the same trend, even though the log 𝐾 𝑠,0 𝑜 values reported from lanthanum to dysprosium were found to be one order of magnitude lower than that obtained in this work. It is however important to note that during their study, the authors only quantified the phosphorous content in solution and made the assumption that the dissolution was congruent to evaluate the lanthanide concentration then to perform the determination of the solubility products that could induce some strong discrepancies in the final results. Moreover, the fact that different thermodynamic data were used to derive the standard solubility products could also explain this gap.

The data reported by Firshing and Brune 22 15 . In the study of Poitrasson et al. 26 , the monazite phases were prepared by thermal conversion of Nd-or Gd-rhabdophane at 1073 K. The well-crystallized powders obtained were further dissolved in 0.01 mol.L -1 HCl solution at 294 K. The authors conducted SEM and XPS experiments at the end of the solubility experiments that did not reveal any formation of rhabdophane. However, considering that monazite is strongly refractory to dissolution, the authors calculated that the quantity of neodymium released in solution stems for the leaching of only one atomic layer. Consequently, the presence of neoformed rhabdophane could be very difficult to evidence. To conclude, based on the results reported in literature, the solubility product reported by Poitrasson et al. 26 at 294 K are surely associated to the solubility of Nd-and Gd-rhabdophanes instead of Nd-and Gd-monazites.

The values reported by Byrne and Kim 20 and Roncal-Herrero et al. 28 Nd at room temperature observed by Roncal-Herrero et al. 28 is very short (less than 1 day), compared to our experiment where it reached 100 days. Again, the effect of the crystallization state can explained the discrepancies observed between the values of the steady-state IAP determined by Roncal-Herrero et al. 28 and the solubility products determined in this work.

Stumm et al. 30 established a relationship between the grain size and the solubility; small crystals being thermodynamically less stable and having a greater solubility than larger ones.

The obtained crystal size is mainly linked to experimental factors such as the temperature, the choice of the initial super-saturation state, the feed rate of the reactants, the homogeneity of the mixture, some of which are hardly controlled. Thus, the crystal size needs to be considered .IV.3.

The dissolution reaction of rhabdophanes was found to be exothermic for all the lanthanide elements considered. In other words, the solubility of the rhabdophane was found to be retrograde over the investigated range of temperatures, even if the dependence of the solubility on temperature is weak. The variation of the enthalpy ∆ 𝑅 𝐻 𝑜 of the reaction (IV.2.) varied from -30  8 (for Pr) down to -17  7 kJ.mol -1 for (Eu), whereas ∆ R 𝑆 𝑜 was found to be 2.4x10 -3 2.6x10 -3 2.8x10 -3 3.0x10 -3 3.2x10 -3 3.4x10 From a structural point of view, rhabdophane 32 and monazite 33 159 that this temperature of co-existence of both phases is probably higher than 363 K for Nd, as only single phase rhabdophane sample was obtained at this temperature. The results presented in Figure .IV.11 indicate that the Nd-rhabdophane is the phase that controls the neodymium and phosphate concentrations in solution below 363 K. The relative stability of monazite and rhabdophane was already questioned in several previous studies. Rhabdophane was often reported to be the neoformed phase controlling the solubility of lanthanide elements at low temperature, typically below 433 K (de Kerdaniel et al. 15 ) in the presence of phosphates. Roncal-Herrero et al. 28 also suggested that the REE concentrations of many natural waters may be buffered by rhabdophane precipitation.

Although frequently observed in laboratory experiments, geological evidences show that the rhabdophane phase is rarely observed compared to monazite and that its occurrence is restricted to the uppermost portion of the crust. Sawka et al. 34 observed the formation of rhabdophane and florencite as alteration products that formed during the chemical weathering

 R H°(NdPO 4 ) = -199.5 kJ.mol -1  R S°(NdPO 4 ) = -1014 J.mol -1 .K -1  R H°(NdPO 4 • 0.667 H 2 O) = -22 kJ.mol -1  R S°(NdPO 4 • 0.667 H 2 O) = -562 J.mol -1 .K -1
Chapter IV. Determination of the solubility of rhabdophane LnPO4•0.667H2O 160 of apatite. They suggested that these phases could undergo dehydration reactions at temperatures of ~673 K to form monazite. Akers et al. 35 ruled out rhabdophane as direct precursor to metamorphic monazite by conducting experiments under elevated water pressure (0.5-2 kbar) and temperatures ranging from 473 K to 873 K. Under these conditions of elevated temperatures, La-rhabdophane was found to be unstable relative to La-monazite. In the vicinity of the geological repository setting of nuclear waste, the temperature remains low (typically below 353 K) and in the stability domain of the rhabdophane form. As the chemical durability of the monazite is very high 15,[36][37][38][39][40] and the solubility of rhabdophane is very low, both phases could play an important role in the long-term behavior of minor actinides immobilized in monazite-type ceramics.

et al. 35 suggested that rhabdophanes do not convert directly to monazites during pelite metamorphism, but that intermediate phases such as allanite or Ln-oxides are more likely to be formed prior to the monazites formation. These results could explain that the occurrence of rhabdophane phases is restricted to the uppermost portion of the crust. However, in the vicinity of the geological repository setting of nuclear waste, the temperature remains low (typically below 353 K) and in the stability domain of the rhabdophane form. As the chemical durability of the monazite is very high and the solubility of rhabdophane is very low, both phases could play an important role in the long-term behavior of minor actinides immobilized in monazitetype ceramics.

Une étude systématique sur la détermination de la solubilité de la phase rhabdophane LnPO4 , 0,667H2O (Ln = La → Dy) a été réalisée via des expériences réalisées en conditions de sur-et de sous-saturation (respectivement par précipitation et par dissolution de la phase rhabdophane) à différentes températures. La réversibilité de l'équilibre a été démontrée grâce à ces expériences. Le contrôle systématique des échantillons à l'issue des expériences a permis de montrer que la phase rhabdophane contrôlait l'équilibre de solubilité. Cette étude a permis In the context of the specific conditioning of minor actinides, the long-term stability of ceramics materials has to be evaluated in order to limit the migration of radionuclides in groundwater. With this aim, the study of dissolution of sintered materials seems more suitable and realistic than powdered samples. Nevertheless, studying the behavior of powdered samples is necessary in order to identify and quantify the predominant parameters and finally to better understand the mechanisms occurring during dissolution. However, the prediction of dissolution rates for sintered materials is not always accurate by just taking into consideration the change of the surface area. The comparison of the dissolution rates of sintered materials with natural analogues determined under similar laboratory conditions, show also broad variations of several orders of magnitude [1][2][3][4][5] . This phenomenon was frequently observed and was attributed to a number of factors including artifacts of specimen preparation, different crystallization state, self-irradiation or changes of the surface reactivity and surface area with time 6 . These findings are explained by the heterogeneity in the reactivity of the solid / solution interface developed by sintered materials. The role of "energetically reactive sites", i.e. atoms that exhibit greater reactivity than those in the defect-free surfaces or in the bulk, is frequently risen up to explain why preferential dissolution zones are observed in the case of sintered ceramic materials 7 . These sites may include natural crystal defects (point defects and dislocations), grain boundaries, pores, or sample preparation-induced artifacts (e.g. polishing scratches or sharp edges on crushed particles) [7][8][9][10][11][12] . A new approach is thus required to monitor the evolution of the solid/ solution interface for sintered ceramic materials in order to better understand the causes of rate variability. For potential conditioning matrices, this step is of primary importance as the dissolution will be mainly located at energetically reactive sites. The accurate prediction of the dissolution rate of such materials required the identification and the quantification of these sites in order to improve the chemical durability of the matrices by decreasing the density of these sites, for example by acting retrospectively on the sintering process.

The influence of conventional parameters like pH and temperature on the normalized dissolution rate was previously determined in Chapter III on powdered monazites. Direct surface measurements offer the opportunity to detect then to quantify various contributions to the overall reaction rate. Measurements of macroscopic dissolution rates could be thus complemented by studied of the solid/ solution interface during dissolution by means of techniques such as environmental scanning electron microscope (ESEM) 11 , atomic force microscope (AFM) [12][13][14] , grazing incidence X-ray reflectivity and diffraction (GI-XRR and GI-XRD) 15,16 , or vertical scanning interferometry (VSI) 12,13,17 ... These techniques provide opportunities to track the structural and microstructural evolution of the solid/ solution interface, to identify the various rate contributors and even to determine local dissolution rates.

These techniques were first essentially used to study the dissolution mechanism of single crystals of mineral phases 5,13,18 , then for sintered ceramic materials for nuclear applications such as oxides considered as surrogate of nuclear fuel 11,15 , pyrochlores for the specific conditioning of actinides 10,12 and glasses for waste conditioning 16 . For phosphate based materials, to our knowledge only Clavier et al. 19 characterized the surface of sintered β-TUPD during dissolution experiment performed in 0.1 M HNO3 at 363 K. After 2 months of leaching, an alteration zone of about 10-15 µm was observed, where grain detachments were identified due to the fragility of the grain boundaries. Near equilibrium, two neoformed phases were observed and identified by GI-XRD and µ-Raman spectroscopy at the surface of the leached pellets where one phase was TPHPH.

Moreover, the use of techniques sensitive to the properties of the solid/ solution interface could be helpful to improve our understanding of the thermodynamic aspect of the monazite dissolution (Equation III.7.). Indeed, if the solution in the vicinity of the solid surface is close to a saturation state, the precipitation of the neoformed phase will occur at the solid/ solution interface. In the case of sintered materials, the solid/ solution interface and the geometric surface of the pellet are virtually mixed at the beginning of the dissolution. Thus, Xray diffraction and reflectivity under grazing incidence are suitable to detect the precipitation of neoformed phases by probing a small volume of material localized just beneath the geometric solid surface. Du Fou de Kerdaniel 20 evidenced the formation of Nd0.8Ca0.1Th0.1PO4•0.667H2O rhabdophane-type solid onto the surface of monazite/cheralite solid solutions leached for 3 years in 0.1 M HNO3 at 363 K.

Focused on the evolution of the properties of the solid/ solution interface, this chapter thus presents a new approach to study the dissolution kinetics for sintered monazites samples.

First, the sintering conditions and the initial characteristic of the pellets are discussed. Then, the evolution of the microstructure of the monazite pellets at a submicron scale was monitored by ESEM. In addition, AFM was used to track potential changes of the solid surface topography at a nanometric scale. Then, grazing incidence X-ray scattering was used to examine structural and microstructural evolution of the material near the surface. GI-XRR gives access to physical properties of the solid surface, as electron density and roughness of the entire illuminated sample. While GI-XRD was used to study the structural stability of the monazite material during dissolution. The different results obtained were then combined in order to gain a thorough understanding of the dissolution mechanism and to evaluate the chemical durability of the probed material.

Dans le cadre d'un conditionnement spécifique des actinides mineurs, la stabilité à longterme des matériaux céramiques doit être évaluée afin de limiter la migration des radionucléides dans la biosphère. Dans ce but, l'étude de la dissolution de matériaux frittés semble plus appropriée et réaliste que celle des poudres. Néanmoins, l'étude du comportement des poudres est nécessaire afin de quantifier l'impact des paramètres prédominants, et finalement, de mieux comprendre les mécanismes se produisant au cours de la dissolution.

Cependant, la prédiction des vitesses de dissolution des matériaux frittés à partir de celles déterminées sur les poudres n'est pas toujours exacte en prenant simplement en compte le changement de la surface spécifique. La comparaison des vitesses de dissolution des matériaux frittés avec les échantillons naturels déterminés, dans les mêmes conditions de laboratoires, montrent aussi de fortes variations de plusieurs ordres de grandeurs [1][2][3][4][5] . Ce phénomène est fréquemment observé et attribué à un certain nombre de facteurs tels que les artefacts de préparation des échantillons, les différences d'états de cristallisation, l'auto-irradiation ou les changements des surfaces réactives et spécifiques au cours du temps 6 . Cela peut être expliqué par l'hétérogénéité spatiale de la réactivité de l'interface solide/solution des matériaux céramiques 7 . Le rôle des "sites énergétiquement réactifs", i.e. des atomes présentant une réactivité accrue par rapport à ceux localisés dans les zones sans défauts, est fréquemment évoqué pour expliquer pourquoi des zones de dissolutions préférentielles sont observées dans le cas de matériaux frittés. Ces sites peuvent correspondre à des défauts cristallins (défauts ponctuels et dislocations), des joints de grains, ou des artefacts dus à la préparation des échantillons (par exemple, des marques de polissage) [7][8][9][10][11][12] . Une nouvelle approche est alors nécessaire afin de suivre l'évolution de l'interface solide/liquide des matériaux frittés dans le but de mieux comprendre les causes des variations locales de vitesses de dissolution. Pour des matrices de conditionnement potentielles, cette étape est de première importance puisque la dissolution sera principalement localisée sur ses sites énergétiquement actifs. La prévision précise de la vitesse de dissolution de ses matériaux nécessite l'identification et la quantification de ses sites afin d'améliorer la durabilité chimique des matrices en diminuant leur densité, comme par exemple en agissant rétrospectivement sur le processus de frittage.

L'influence des paramètres conventionnels tels que le pH et la température sur les vitesses normalisées de dissolutions a été précédemment déterminée dans le Chapitre III sur des échantillons de monazites pulvérulents. Les mesures macroscopiques des vitesses de dissolution peuvent être complétées par l'étude de l'évolution des propriétés de l'interface solide/solution en cours de dissolution par plusieurs techniques telles que le microscope électronique à balayage en mode environnemental (MEBE) 11 , le microscope à force atomique (AFM) [12][13][14] , la réflectivité des rayons X (XRR) 15,16 et la diffraction des rayons X à incidence rasante (DRX-incidence rasante), ou l'interféromètre optique (VSI) 12,13,17 etc... Ces techniques ont d'abord été utilisées pour étudier le mécanisme de dissolution de monocristaux de phases minérales 5,13,18 , puis des matériaux frittés en vue d'applications nucléaires comme les oxydes considérés comme simulants du combustible nucléaire 11,15 , les pyrochlores pour le conditionnement spécifique 10,12 , et enfin les verres pour le conditionnement des déchets nucléaires 16 . En ce qui concerne les matériaux phosphatés, à notre connaissance seuls Clavier et al. 19 ont caractérisé la surface de β-TUPD fritté au cours de la dissolution en milieu acide nitrique 0,1 M à 363 K. Après deux mois de dissolution, une zone d'altération d'environ 10-15 µm a été observée, où des détachements de grains furent observés, principalement dus à la fragilité des joints de grains. Proche de l'équilibre, deux phases néoformées dont le PHPTH, ont été identifiées à la surface des échantillons lixiviés par DRX-incidence rasante et spectroscopie µ-Raman. Du Fou de Kerdaniel 20 a également pu mettre en évidence la formation d'une phase rhabdophane incorporant du Th (Nd0.8Ca0.1Th0.1PO4 , 0,667H2O) à la surface d'échantillons de solutions solides monazite/chéralite lixiviés pendant 3 ans en milieu nitrique 0,1 M à 363 K.

En se concentrant sur l'évolution des propriétés de l'interface solide/solution, ce chapitre présente donc une nouvelle approche pour étudier l'impact des mécanismes de dissolution sur des échantillons de monazites frittés. Tout d'abord, les conditions de frittage et les caractéristiques initiales des pastilles sont discutées. L'évolution de la microstructure des pastilles de monazites à une échelle submicronique a été suivie operando par MEBE. De plus, l'AFM a été utilisée afin de mettre en évidence les changements topographiques à la surface du solide. Ensuite, les évolutions microstructurale et structurale du matériau à son extrême surface ont été suivies par réflectivité des rayons X et DRX sous incidence rasante, respectivement.

Les différents résultats obtenus ont ensuite été combinés afin d'obtenir une compréhension du mécanisme de dissolution et d'évaluer la durabilité chimique des matériaux choisis.

V.1. Experimental

Preparation of LnPO4 (Ln = La, Nd) monazite pellets

V.1.1.1. Description of the sintering conditions

The LnPO4 monazite (Ln = La and Nd) powders were synthesized using the wet precipitation process already described in the Chapter II. In order to compare and choose the best conditions for sintering, two series of pellets were prepared, one with the as-prepared monazite powders and the second with the milled powders. For this purpose, the monazite powders were ball-milled for 45 minutes at 30 Hz with 10 mm zirconia balls in a zirconia jar using a mixer mill (Retzsch, Mixer mill MM 400). The morphology of the as-prepared LnPO4 powders and the milled powders is showed in Figure .V.1. It can be noted that the prepared powders had a needle-like morphology while after milling, the needles were broken. Moreover, the size of the milled particles reached few tens of nanometers compared to the raw materials, which were composed of 1 µm needles. After milling, the morphology of LaPO4 and NdPO4 powders were similar. Then, the powders were compacted at room temperature with a uniaxial press using a 5 mm diameter steel die. They were then sintered at 1673 K for 8 hours in air. The density of the green pellets reached 60 % and 63 % for "as-prepared" and "milled" NdPO4, respectively, and reached 58 % and 61 % for "as-prepared" and "milled" LaPO4. A dilatometry study was performed in order to compare the densification rates of NdPO4 pellets obtained from the asprepared and milled powders. The variation of the linear shrinkage of "as-prepared" and "milled" NdPO4 pellets with the duration of the heat treatment are reported in Figure .V.2a. One single stage of shrinkage was observed for both samples. This result indicated that no structural transition occurred during the densification process. The stabilization of the shrinkage was observed around after 7 hours for the "as-prepared" pellet. The relative linear shrinkage was about 13 %. Concerning the "milled" pellet, the relative linear shrinkage reached 9 % after 4 hours of heat treatment. The relative linear shrinkage did not evolve afterwards.

This result indicated that the sintering of the pellet prepared from milled powder was faster than that occurring for the "as-prepared" pellet. Nevertheless, a higher relative linear shrinkage was obtained for the "as-prepared" pellet. However, this result did not indicate that the densification rate was higher for the "as-prepared" pellet because of the different densities obtained for the green pellets after the compaction step. The efficiency of the compaction step strongly depended on the initial morphology of the powders, the needle-like morphology of the "as-prepared" powders being unfavorable.

SEM images of the surface of the "as-prepared" and "milled" NdPO4 pellets are presented in Figure .V.2b. For both samples, the SEM images confirmed that the sintering was achieved as numerous grain boundaries were observed at the surface. The surface of the "asprepared" pellet seemed to be more heterogeneous. The needles were still visible, and local variations of the density could be observed. Moreover, the average grain size reached 1 µm. In the case of the "milled" pellet, the shape of the grains was found to be more homogeneous.

However, a broader distribution of grain sizes was observed, with a grain population of 2-5 µm in size and a population of smaller grains of 500 nm. Thus, using mechanical milling of the initial powder allowed to improve the sintering in terms of the final microstructure of the pellet.

The following characterizations and experiments concern the measurement of the densification rate of the pellets, which was considered ultimately as the key parameter to evaluate the efficiency of the sintering.

V.1.1.2. Characterization of the pellets

The pellets, used for the dissolution experiments, were pressed with a uniaxial press using a 10 mm diameter steel die, and sintered at 1673 K for 8h.

The density of the sintered LnPO4 (Ln = La and Nd) pellets were determined using the following methodology:

-the geometric density of the samples was first evaluated by accurately weighting the pellets and measuring their dimensions ;

-the global and the closed porosity were then determined by comparing the geometrical density with the density obtained from helium pycnometry. All the obtained values are reported in the Table .V.1. The density of the pellets was found to be different. For LaPO4 pellet, the total density After sintering, the pellets were polished to optical grade then annealed at 1273 K for 2 hours in air. This annealing step allowed the relaxation of residual strains due to polishing.

SEM observations of the annealed pellets were also performed (Figure .V.3). The determination of the grain size was performed by ESEM images analysis. The image series were first treated by drawing manually the grain boundaries using the Gimp software 21 . From 30 to 300 grains were systematically identified; the number of which depending on the image quality. Obviously, the higher the number of grains considered, the better the statistics associated to the grain sizes was 22 . The distribution of the grain surface areas and perimeters were then extracted using the ImageJ software 23 . The grain size was evaluated from the diameter of the circle having the same surface area than the grain.

The average grain size and the corresponding standard deviation reached 1.2 ± 0.6 µm for LaPO4 and 0.9 ± 0.5 µm for NdPO4. The only main difference between the two samples is thus, final density. 

Dissolution experiments

Dissolution experiments were performed under static conditions in order to access more rapidly to saturation conditions in solution and thus to evidence the potential formation of rhabdophane phase onto the surface of the sintered pellets of monazite. From the solubility products determined for rhabdophane-type phases (Chapter IV) and the normalized dissolution rates obtained for monazite powders (Chapter III), optimized dissolution conditions were chosen in order to reach the saturation into the solution regarding to rhabdophane with a reasonable time. Thus, the dissolution experiments were performed in closed PTFE containers using static conditions. The pellets were put in contact with 5 mL of 0.1 M and 0.25 M HNO3 for LaPO4 and NdPO4, respectively. The dissolution reactors were placed in an aluminum bath regulated at 363 K. Under these conditions, the saturation of the solution relative to the rhabdophane should occur within 400 days for LaPO4. As this value was determined using the normalized dissolution rate values measured for powders, which usually presented a higher reactivity than the sintered pellets, this duration could be underestimated. The calculation made provided however an order of magnitude for the duration of the experiment and allowed fixing suitable observation times. Up to now, the dissolution, took place for 326 and 284 days for LaPO4 and NdPO4, respectively, during which the pellets were regularly removed from the solution, washed once with deionized water and once with ethanol in order to stop dissolution, and gently dried on an absorbing towel. The surface of the pellets was then characterized by ESEM (Environmental Scanning Electron Microscope), AFM (Atomic Force Microscope), GI-XRR (Grazing Incidence X-ray Reflectivity) and GI-XRD (Grazing Incidence X-ray Diffraction). After full characterization, the samples were put again into the reaction container. At the end of experiments, the elementary concentrations in solutions were finally analyzed by ICP-AES.

V.1.3.3. Operando experiments followed by GI-XRR

GI-XRR measurements were performed using a Bruker D8 Advance diffractometer equipped with a motorized reflectivity stage that allows vertical translation of the sample. The complete primary optics setup for XRR analysis was composed of a Cu Kα1,2 (λ = 1.54184 Å) source, a Göbel mirror, a motorized divergence slit, a fixed 0.2 mm slit, an automatic absorber, a fixed 0.2 mm slit after the absorber, and 2.5° Sollers slits. The data were collected with a Lynxeye detector in point (or 0 D) mode. Standard θ-2θ scans were collected with a step size of 0.005° and a counting time of 7 s by step. The resolution of this setup was estimated to 0.01°.

The background was determined for each XRR measurement using the off specular scan method 24 starting at 2θ = 1° with δ(θ) = 0.5° and subtracting from the collected intensity.

Geometric corrections in the region of the plateau of total external reflection was performed according to Salah et al. 24 . Corrected intensities, I (cps) were normalized to the incident intensity, I0 (cps). Reflectivity curves showed the evolution of the logarithm of the normalized intensity, R = I/I0 versus the wave vector transfer, q (Å -1 ).

𝑞 = 4𝜋𝑠𝑖𝑛𝜃 𝜆 (V.1.)
The experimental GI-XRR curves were calculated using the matrix formalism implemented in the reflex20 software 25,26 . Using this software, only two parameters were fitted to the experimental reflectivity curves: electron density, ρe (e -Å -3 ) and roughness, σ (Å) of the substrate. Electron density of the substrate is linked to the critical wave vector transfer, qc at which the plateau of total external reflection exhibits a strong dip:

𝜌𝑒 = 𝑞 𝑐 2 16𝜋𝑟 𝑒 (V.2.)
where re = 2.85 10 -15 m is the classical radius of the electron.

The fitted value of the electron density was used to determine the global porosity ε of the solid surface, since:

𝜀 = 1 - 𝜌𝑒 𝜌𝑒 𝑠 (V.3.)
in which ρes (e -Å -3 ) is the calculated electron density of the solid. Electron density and mass density are linked through:

𝜌𝑒 𝑠 = 𝜌 𝑠 𝑁 𝐴 ∑ 𝑥 𝑗 𝑍 𝑗 𝑗 ∑ 𝑥 𝑗 𝑀 𝑗 𝑗 (V.4.)
where xj is the mole ratio of element j in the solid, Zj (e -) is the atomic number, Mj (g mol -1 ) the molar mass and NA (mol -1 ) is the Avogadro's number.

V.1.3.4. Operando experiments followed by GI-XRD

GI-XRD measurements were performed using the same apparatus as for the GI-XRR measurements. GI-XRD patterns were collected between 10 and 63° with a 0.02° step width for a total counting time of 15 hours in the reflection geometry. The incident angle, θi, was fixed to a value ranging from 0.2° to 1°. By increasing the incident angle, it was possible to scan a layer of increasing thickness at the surface of the material. The penetration depth, z (nm) of X-rays (E = 8.048 keV) as a function of θi is linked to the material absorption coefficient, µ (cm² g -1 ), the material density, ρ (g cm -3 ) and the critical angle for total reflexion, θc as follows 27 :

𝑧(𝜃 𝑖 ) = - 𝜆{[(𝜃 𝑖 2 -𝜃 𝑐 2 )+4(µ𝜌)²] 1/2 +(𝜃 𝑖 2 -𝜃 𝑐 2 )} 1/2 4(2 1 2)𝜋µ𝜌 
(V.5.)

For a given material, the material absorption coefficient is obtained from the sum of the absorption cross sections of the constituting atoms by:

µ = 𝑁 𝐴 ∑ 𝑥 𝑗 σ 𝑗 𝑗 ∑ 𝑥 𝑗 𝑀 𝑗 𝑗 (V.6.)
where σj (cm² atom -1 ) is the total atomic absorption cross section derived from CXRO X-ray Data Booklet 28 . In the angular range chosen for the incident angle, the penetration depth of X-rays was calculated according to equations (V.5.) -(V.6.), and was found between 30 nm for (i = 0.2°) and 150 nm (i = 1°).

The quality of the PXRD patterns collected under grazing incidence was not sufficient to perform Rietveld refinement. Only qualitative observations were made in order to identify potential structural evolutions during the dissolution, and the formation of secondary phases, especially rhabdophane. 

(c) (b) (a)

Chapter V. Monitoring the microstructural evolution of LnPO4 during dissolution 189 More clearly than LaPO4, the surface of NdPO4 sample was modified during dissolution. After only 11 days of dissolution, the opening of pre-existing inter-granular pores was observed, leading to the formation of "deep pores". It is difficult to know if this opening was caused by the detachment of grains that were almost pulled up during the polishing step, or resulted actually from the dissolution of the material around a pre-existing pore (an example is indicated in orange circle in Figure .V.4b). Nevertheless, the shape of the deep pore created by this mechanism did not evolve afterwards, which rather suggested that only grain detachment occurred. However, this detachment of grains suggested that dissolution of grain boundaries occurred, which is hardly observable by ESEM due to the spatial resolution of the technique. From the image recorded after 284 days of dissolution, it appeared that the "deep pores" were mostly located around pre-existing defects like inter-granular pores, but also cracks and polishing marks. A retreat normal to the surface of some grains was also observed (see pink circles in Figure.V.4b), which led to the appearance of "flat pores". The number of such altered grains was found to be constant between 11 and 284 days of dissolution time.

Nevertheless, their depth was found to increase whereas the altered surface at the bottom of the "flat pores" became more granular. From ESEM observations however, it is not clear if a real normal retreat of the surface of some grains occurred due to the dissolution of the material or if the appearance of the "flat pores" also resulted from detachment of grains, that could have been cut during the polishing stage. It is important to note that unlike "deep pores", "flat pores" were created in the middle of zones of well densified material and in the absence of pre-existing defects, like pores or scratches and cracks, which could suggest a different mechanism of alteration of the material.

In the case of NdPO4, the surface of the grains could thus contribute to the overall dissolution rate, even if the process did not concern all the grains. A similar result was already reported by Fischer et al. 12 using VSI for a pyrochlore (Nd2Zr2O7) pellet. Indeed, for some grains, Fischer et al. 12 showed a retreat of less than 20 nm after 40 hours of leaching of the pyrochlore pellet in 0.1 M HCl at 363 K. The different behaviors of the grains could be attributed to different crystallographic orientations 29,30 .

For Nd-monazite, the opening of the grain boundaries was detectable by ESEM, only at the highest magnification (green and white arrows in Figure .V.6). The complete dissolution of the grain boundaries was evidenced by the subsequent grain detachment (an example is underlined by orange circle in Figure.V.6), creating the "deep pores". As already observed at lower magnification (Figure .V.4), the shape of the created "deep pores" did not evolve along the dissolution, which confirms that only grain detachment occurred. The dissolution rate of the grains should be several orders of magnitude lower than that of the grain boundaries in order to produce such effect. This process is called chemo-mechanical corrosion in the literature 12,13 . The grain boundaries for the NdPO4 monazite thus constitute preferential dissolution zones, confirming several observations already mentioned for other ceramic materials 7,11,15 . Nevertheless, the evolution of the topography at the surface of Nd-monazite was different from that observed for example for lanthanide oxides, as the chemical durability of monazites is very high compared to such mixed oxides 11,15,31 . For these oxides, the dissolution of grain boundaries is also accompanied by the dissolution of the grains themselves that results in the increase of the intergranular distance up to tens of nanometers. Moreover, Figure.V.6 allows the better visualizing the evolution of the "flat pores", which appeared in well-densified zones of the material (pink circles in Figure .V.6). The bottom of the "flat pores" presented a textured surface with regular patterns like bundles or granules, which suggested the revelation of crystallites of various orientations. Also, the depth of the "flat pores" seemed to increase during dissolution in parallel to the opening of the grain boundaries, leading to the final detachment of the grain as shown in Figure .V.6 (t > 234 days, bicolor circle). This suggests that there is at least two different dissolution rate contributions.

The first one would correspond to the opening of the grain boundaries leading to the grain detachment, which was only located in zones containing pre-existing defects, as also evidenced for LaPO4. The second contribution would correspond to a normal retreat of some of the grains occurring in well-densified zones of the pellet and in absence of pre-existing defects. Considering the long term behavior of Nd-monazite powder described in Chapter III and based on the observed dependency of the normalized dissolution rate with the saturation state in the solution, normalized dissolution rates could have decrease for a long time, which also explained that most of the microstructural evolution occurred at the beginning of the experiments. Indeed, without taking into account any decrease of normalized dissolution rate with the approach of saturation conditions in the solution, the time to reach saturation relative to La-rhabdophane should equal 400 days, whereas the solutions were found to be still slightly under-saturated after 326 days of experiments. This result indicates that the pellet reactivity could be compared macroscopically to that of the powder. Sites of potential high reactivity were identified on the images recorded for La-monazite (Figure .V.8a), such as triple junction (green circle), crack (blue arrows), grain boundary (red arrows) and intra-granular pore (yellow arrows) then the evolution of their dimensions was followed (Figure .V.8).

It can be noted, that the triple junction was getting deep until 77 days of dissolution, from 10 nm depth before dissolution to about 100 nm depth (Figure .V.8a). The last two profiles measured after 206 and 326 days, showed a lower depth of 20 and 10 nm, respectively.

In the absence of a surface of reference, it could be assigned to normal retreat of the surface of the grains. This assumption could probably be discarded by considering the unchanged topography of the grains in the entire image. Another explanation is that the triple junction was To conclude, the effects of the dissolution of LaPO4 were very tiny and essentially located at precise sites such as triple junction, surface of strained grains, and intra-granular pores. The evolution of the depth profiles recorded in these zones seemed to slow down, or even to stop after 206 days of dissolution test. Keeping in mind that the SI value in solution relative to the rhabdophane precipitation was close to 0 at the end of experiment, this absence of microstructural evolution could be explained by the influence of saturation process on the normalized dissolution rate.

As highlighted by ESEM images during dissolution of NdPO4 pellets, two kinds of rate contributions were identified also in AFM images: that associated to the "flat pores" (pink circles in Figure .V.5b) and that corresponding to the "deep pores" (orange circle in The profiles of the selected "flat pores" were quite similar between 20 days and 284 days of dissolution: only a small enlargement of the "flat pores" was observed. The depth of the "flat pores" "a" and "b" reached 40 and 60 nm, respectively, whereas the "deep pore" presented a higher depth of about 150 nm, with a smoother bottom. These discrepancies in the depth and the texture of the bottom of the two classes of pores could indicate that the "flat pores" could have been created by a potential normal retreat of the grains "a" and "b", whereas the "deep pores" were created by grain detachment. However, the AFM measurements of the depth of the flat pores indicated that the normal retreat occurred during the first days of the dissolution, then stopped, which was not obvious from the operando ESEM experiments.

Throughout dissolution, the values of the quadratic roughness Rq of the surface of the grains were determined by AFM for several randomly selected areas at the surface of LaPO4 and NdPO4 grains (Table .V.2). As expected from the ESEM images, the roughness of the LaPO4 grains did not change significantly during dissolution. As instance, before dissolution the quadratic roughness reached 24 ± 3 Å and the value determined after 326 days of dissolution was not significantly different. For NdPO4, the roughness increased from 10 ± 1 Å in the starting material up to 24 ± 6 Å after 20 days of dissolution. Then, the roughness did not increase anymore and remained almost constant, with a value of 25 Å at the end of the experiment. These results indicated that the surface of the investigated grains could contribute to the overall dissolution rate only during the first days of experiment. However, AFM as all microscopic techniques provides local information. The increase of the scanned area, which improves the representativeness of the measurements is linked to the decrease of the spatial resolution, thus of the amount of information contained in the image.

Consequently, XRR appears thus as a complementary technique, since the characteristic length of the microstructural details that can be detected in the direction normal to the surface is almost the wavelength of the X-ray source, while the surface area of the probed region is that of the Here, only qualitative evidence was derived from these results. To avoid any misinterpretation, only the patterns recorded with the same incident angle were compared in the manuscript.

Whatever the incident angle considered, the GI-XRD patterns present all the characteristic reflexes of the monazite structure without any additional reflexes regardless of the dissolution time. Some glitches were observed under grazing incidence, indicating the presence of large crystal plans. As the pellet was not rotating during the measurement and because its orientation was not accurately determined before the measurement, the Bragg reflexion onto these plans appeared randomly. Most importantly, the presence of any neoformed phase was not evidenced using this technique even though the solution was almost saturated relative to the rhabdophane at the end of the dissolution experiment for NdPO4.

Considering the low weight loss obtained at the end of the leaching test of the Nd-monazite pellet (0.32 wt.%), the detection limit of XRD even using grazing incident angle, which is supposed to be more sensitive mode to probe the solid/ solution interface, could be too high to identify any formation of secondary phase. In addition, a certain degree of oversaturation could be required to start the nucleation process, then the growth of crystals, and this state was not reached yet during this experiment. not significantly altered, except in the damaged zones caused by the indentation marks. This point confirmed the very good resistance to dissolution of the prepared pellets, in link with the excellent chemical durability of monazites.

Under more aggressive conditions (0.25 M HNO3, T = 363 K), the effects of the dissolution of the prepared NdPO4 monazite were a little bit more important. At the end of the experiment (i.e. 284 days of leaching time), the weight loss reached 0.32 wt.%. Simultaneously, the saturation index relative to rhabdophane precipitation was found to -0.07. The most important effect evidenced either by ESEM and AFM techniques was the grain detachment, as a consequence of the preferential dissolution of the grain boundaries. The associated subsequent increase of the porosity was also confirmed by GI-XRR. Also, a normal retreat of some grains could be suspected, due to the creation of "flat pores" of around 50 nm in depth located throughout the zone investigated by ESEM and AFM, contrasting with the "deep pores" of more than 100 nm left by grain pull-outs. This specific behavior of some grains could be linked to their crystallographic orientation as already shown for others materials 7,11,15 . The roughness of the remaining grains was also found to increase at the beginning of the dissolution indicating that the surface of the grains was generally altered. However, for Nd-monazite, this global phenomenon occurred mostly during the first 20 days of experiment, then the surface of the pellet remained almost unchanged afterwards. Even if the solution was found to be virtually at equilibrium with the rhabdophane at the end of experiment, neither the precipitation of the rhabdophane, nor the formation of a passivating surface layer was evidenced by GI-XRD and GI-XRR.

In both cases, this behavior could be assigned to the decrease of the normalized dissolution rate with the increase of the saturation index relative to rhabdophane in the solution En conditions plus agressives (0,25 M HNO3 ; T = 363 K), les effets de la dissolution sur la pastille de NdPO4 sont plus importants. A la fin de l'expérience (i.e. 284 jours de dissolution), la perte de masse enregistrée est de 0,32 % et l'indice de saturation relatif à la rhabdophane est de -0,07. L'effet le plus important mis en évidence par MEBE et AFM est le détachement de grains qui est une conséquence de la dissolution préférentielle des joints de grains. Là encore, le détachement des grains est principalement observé dans les zones endommagées du matériau (marques d'indentation, fissures, rayures de polissage).

L'augmentation subséquente de la porosité a également été confirmée par XRR. Un retrait normal à la surface de certains grains a été mis en évidence, conduisant à la formation de "pores plats" d'environ 50 nm de profondeur localisés dans toute la zone investiguée en MEBE et AFM, y compris dans les zones saines, contrastant avec les "pores profonds" de plus de 100 nm de profondeur résultats des détachements de grains. Ce comportement spécifique peut être lié à l'orientation cristallographique de certains grains comme cela a pu être observé pour d'autres matériaux 7,11,15 . La rugosité des grains déterminée par AFM et XRR augmente au début de la dissolution, indiquant que la surface des grains est altérée. Cependant, pour Ndmonazite, l'ensemble de ces phénomènes se déroule dans les 20 premiers jours de dissolution, puis, la surface de la pastille reste inchangée. Même si la solution s'est avérée pratiquement à l'équilibre avec la rhabdophane à la fin de l'expérience, ni la précipitation de la phase rhabdophane, ni la formation d'une couche passivante n'a été mis en évidence par XRR et DRXincidence rasante.

Dans les deux cas, ce comportement peut être attribué à la diminution de la vitesse de dissolution avec l'augmentation de l'indice de saturation relatif à la rhabdophane (voir le Chapitre III). Cependant, des conditions plus agressives ou des temps plus long sont maintenant requis pour montrer sans ambiguïté que la précipitation de la rhabdophane contrôle thermodynamiquement le relâchement des éléments en solution.

As described in Chapter I, the monazite mineral is well-known as the major source of thorium on Earth. For example, natural analogs found in Virginia (USA) can reach up to 29 wt.% of ThO2 content 1 . In order to confirm the high chemical flexibility of monazite, several studies were performed. One of the important ways to incorporate large amounts of tetravalent actinides is coupled substitution. This method seems to avoid the formation of vacancies 2 , and is based on the coupled incorporation of di-and tetravalent elements:

Ln III PO 4 + x M 2+ + x M 4+ ↔ (Ln 1-2x III M x II M x IV )PO 4 + 2x Ln 3+ (VI.1.)
The preparation of this phase was mainly performed by dry chemistry routes, and several cycles of grinding and heating are needed to improve the distribution of the cations and avoid the presence of residual secondary phases. Only Podor et al. [3][4][5] synthesized monazite/cheralite solid solutions by hydrothermal conditions close to geological media (1053 K and 200MPa). However, the synthesis of these solid solutions by soft wet chemistry routes has been only reported by du Fou de Kerdaniel during his PhD 6 . Hydrothermal syntheses were performed at 423 K during several days for preparing Th-doped rhabdophane as starting precursors. However, the synthesis appeared to be more complicated as the preparation of polyphased systems was often mentioned.

Thus, this chapter describes the study of thorium incorporation in the rhabdophane structure through wet chemistry. A multiparametric study was launched in order to identify the main factors that influence the formation the Th-doped rhabdophane, Nd1-2xCaxThxPO4•0.667H2O. The first part of this chapter is thus focused on the synthesis and the characterization of the prepared samples by SEM, PXRD and ICP-AES were presented. Then, the influence of temperature, heating time and the calcium excess were undertaken to optimize the synthesis of the material. The second part of this chapter was dedicated to the estimation of the solubility products of Th-rhabdophane samples in undersaturation conditions.

Comme cela a été décrit précédemment dans le Chapitre I, la monazite est l'un des principaux minéraux pouvant contenir de grandes quantités de thorium. Par exemple, des échantillons provenant de Virginie (Etats-Unis) peuvent incorporer jusqu'à 29 % en masse de ThO2 Cependant, la synthèse de ces solutions solides en conditions humides plus douces a seulement été reportée par du Fou de Kerdaniel au cours de sa thèse 6 . Il synthétisa par voie hydrothermale une rhabdophane dopée au thorium, en tant que précurseur de la solution solide, à 423 K pendant plusieurs jours.

Ce dernier chapitre s'est donc intéressé à l'étude de l'incorporation du thorium au sein de la rhabdophane par voie humide. Une étude multiparamétrique a été menée afin d'identifier les paramètres influençant la formation de rhabdophane dopée en thorium. La première partie de ce chapitre est consacrée à la synthèse et la caractérisation par MEB, ICP-AES et DRX sur poudre des rhabdophane de type Nd1-2xCaxThxPO4 , 0,667H2O. Ensuite, l'influence de la température, du temps de synthèse et de la stoechiométrie du mélange des réactifs ont été étudiées afin d'optimiser les conditions de synthèse. Enfin, une première estimation des constantes de solubilité de deux échantillons rhabdophane dopés en thorium a été réalisée en conditions de sous-saturation.

Apart from the NdPO4•0.667H2O end-member, the chemical compositions measured clearly indicate the precipitation of compounds incorporating both thorium and calcium within their structure. However, the cationic mole ratios obviously don't match with expected compositions. Particularly, a lack of calcium was observed, although thorium seems to precipitate quantitatively. Moreover, the ratio P/(Nd+Th+Ca) increases significantly with the increase of the amount of thorium. Such values then indicate the probable formation of a Th-enriched secondary phase, which could be composed of Th(HPO4)2 or Th2(PO4)2(HPO4)•H2O (TPHPH) 9 , considering the stability of these phases in the ThO2-P2O5 system and the data already reported in the literature.

VI.1.2.3. PXRD

Finally, in order to identify the exact nature of the phases precipitated, PXRD patterns were collected for every tested composition (Figure .VI.2). In addition, a PXRD pattern of pure silicon was collected in similar conditions and was used as standard to extract the instrumental function. The measured data were refined by the Rietveld method with the use of the Fullprof_Suite package 10 . During the refinement, different profiles and structure parameters were allowed to vary; moreover, an anisotropic size model was added for each phase to simulate the microstructural effect. However the chemical composition between Th/Nd and Ca was fixed close to the calculated values. The general trend observed clearly shows a variation of the unit cell volume with the x targeted value, which once again suggests that thorium and calcium atoms are inserted within the rhabdophane structure. However, the increase of the volume could appear and the ionic radii reported in the Shannon's crystal radius 12 for the elements considered (Table .VI.2), a decrease of the unit cell volume should have been observed. This assumption is based on the calculation of an effective average size of req = ½ (Th 4+ +Ca 2+ ) = 1.25 Å while r (Nd 3+ ) is reported to equal 1.25 Å and 1.275 Å in coordination 8 and 9, respectively. On this basis, the increase of the unit cell volume with the thorium and calcium loadings can only be explained owing to the nature of the rhabdophane's crystal structure (monoclinic system, C2 space group) 13 . Actually, it has been reported that Ln 3+ atoms present six different crystallographic sites, three of them being coordinated to eight oxygen atoms provided by the phosphate groups and three others being connected to an additional oxygen coming from water molecules leading to a coordination number of nine for Ln 3+ atoms. Therefore, if we consider the two possible environments (i.e. CN 8 and CN 9) for the cations within the rhabdophane structure, and regarding the values of the crystal radius reported in Table .VI.2 for each element, the assumption made was that Ca 2+ cations were preferentially inserted in the CN 9 sites. The same conclusion might also be done for Th 4+ cations. This would result in ionic radii of r (Ca 2+ ) = 1.29 Å and r (Th 4+ ) = 1.23 Å, i.e. in an effective average size of req = 1.26 Å which can account for the increase of unit cell parameters when thorium and calcium are incorporated in the rhabdophane structure type.

However, despite an apparent linear trend of the volume variation between neodymium pure end-member and Nd1-2xCaxThxPO4•0.667H2O samples with x = 0.1, 0.15 and 0.2, the value of the unit cell volume obtained for x = 0.05 was clearly found to be higher than the others. Besides, this latter compound presents the only reliable composition while the rest of the series exhibited obvious deficit in calcium incorporation. This latter then seemed to preclude the formation of an ideal solid solution over the range of composition investigated (i.e. 0  x  0.2). In order to optimize the calcium incorporation within the Heating time then did not appeared to be a first-order parameter of influence regarding to the incorporation of thorium and calcium in the rhabdophane structure, at least at the temperature considered in this study. 

.3. Influence of the calcium ratio

Since the previous two parameters did not seem to play an important role on the incorporation of thorium and calcium inside the rhabdophane structure, the impact of the cationic mole ratios initially considered during the synthesis of the samples was evaluated.

Particularly, in order to avoid the precipitation of thorium in a secondary phase, and also to improve the incorporation yield of calcium within the rhabdophane structure, the presence of an excess of calcium during the synthesis was investigated. Nevertheless, Rietveld refinement of the PXRD data showed a direct impact of the quantity of calcium introduced in the rhabdophane phase during the synthesis (Figure .VI.7b).

Indeed, the variation of the unit cell parameter versus the calcium excess presents a linear increase. On this basis, the presence of important amounts of calcium in the initial solution seems to prevent the formation of secondary -ThP2O7 or TPHPH phases. Moreover, we assumed that a big unit cell volume is associated to a complete incorporation of calcium and thorium in the structure. Thus, the sample synthesized with an excess of 900 mol.% of calcium was chosen for the solubility experiments. 

VI.2.1.1. Under-saturation experiments

Under-saturation experiments were carried out by contacting 150 mg of Thrhabdophane, Nd1-2xCaxThxPO4•0.667H2O samples with 50 mL of 0.25 M HCl solution in 60 mL Teflon Savillex jars. The containers were placed in an oven in order to maintain a constant temperature (298 K, 333 K and 363 K). Aliquots of 500 µL were taken off at regular time intervals, and were centrifuged at 14500 rpm for 2 minutes in order to eliminate colloids with sizes higher than 10 nm in diameter. After dilution with 10 mL of 0.16 M HNO3 solution, the elementary concentrations were determined by ICP-AES.

VI.2.1.2. Analyses of solution

Elementary concentrations in the dissolution media were determined by ICP-AES (Spectro Arcos EOP). The recommended emission wavelengths of lanthanides, thorium and phosphorus were all considered in the analytical procedure (Table A.6 of the appendix). The elementary concentrations were then determined as the average of the concentrations calculated for each wavelength. The protocol used allowed the detection of Ln, Th and P with a detection limit of respectively 50 and 100 ppb and a relative error of 5 %.

Unfortunately, the concentration of Ca was under the limit detection of the ICP-AES. The The activities of all the species were calculated from the experimental elementary concentrations and from the measured pH. For this, the molalities and the activities were calculated with the geochemical speciation software PHREEQC-2 14 associated with the Lawrence Livermore National Laboratory thermodynamic database, LLNL-TDB 15 . The main thermodynamic data extracted from the LLNL-TDB are listed in the Table A.1. To convert the molarities to molalities, the density values of 0.25 M HCl at various temperatures were used (Table A.2). The activities were then calculated with the Specific Interaction Theory (SIT). As the experiments were conducted in hydrochloric acid solutions, only three ion interaction coefficients were considered: ε(Nd 3+ , Cl -) = 0.22 ± 0.02 kg.mol -1 (the value recommended for La 3+ was used for Nd 3+ ), ε(Th 4+ , Cl -) = 0.25 ± 0.03 kg.mol -1 and ε(H + , Cl - ) = 0.07 ± 0.01 kg.mol -1 16 . These calculated activities were finally used to calculate the *IAP. The water activity in 0.25 M HCl solution was found to 0.9914 17 

Results and discussions

The solubility experiments were conducted in 0. The same approach was used to determine the SI of the solution relative to NdPO4 • 0.667 H2O using the data determined in Chapter IV and published in Gausse et al. 19 .

The calculations made with the Phreeqc software indicated that the solutions were always under-saturated with respect to NdPO4•0.667H2O (log 𝐾 𝑠,0 𝑜 = -25.4 ± 0. Moreover, in the case of DQ223, the variations of log IAP with temperature were not much more than the uncertainties, but the SI (TPHPH) was increasing due to the retrograde character of the solubility of this phase. Experiments performed at higher temperatures could thus accelerate the precipitation of TPHPH.

The metastability in time of the Th/Ca rhabdophane phase was already evidenced by du Fou de Kerdaniel et al. 20 during the dissolution of monazite/cheralite solid solution. This rhabdophane-type phase was rapidly precipitated, in presence of large amounts of calcium concentration, and was then dissolved in favor of the formation of TPHPH. Such metastable character of the Th/Ca rhabdophane phase explains why the synthesis of this phase is generally difficult and is only possible in a very narrow domain of experimental conditions, as discussed in the first part of this chapter. found to be similar (log IAP = -27.7 ± 0.3 and log IAP = -27.5 ± 0.3) indicating that the initial rhabdophane-type phase controlled the equilibrium. In these conditions, TPHPH surely corresponds to the long-term phase controlling the thorium concentration in solution due to the metastability of the Th-rhabdophane which would only control the elementary concentrations for short leaching times. Due to the retrograde character of the TPHPH solubility, additional experiments performed at higher temperatures could thus favor the precipitation of TPHPH for shorter times.

Pour la première fois, une étude multiparamétrique de la synthèse de la rhabdophane dopée en thorium, Nd1-2xCaxThxPO4 , 0,667H2O, a été réalisée. La synthèse stoechiométrique, basée sur les travaux de du Fou de Kerdaniel 6 , a été menée à 383 K pendant 2 jours pour différentes compositions (x = 0; 0,05; 0,10; 0,15 and 0,20 This PhD work was dedicated to the study of the kinetics and thermodynamics of the dissolution of monazites LnPO4 (Ln = La → Gd) and its associated hydrated form, namely rhabdophane LnPO4•0.667H2O. Indeed, monazites were selected as promising candidates for the specific conditioning of actinides (III and IV). They are also worthwhile for the extraction of rare earth elements.

The first chapter reports an overview of the compounds selected in the literature as promising matrices for the specific conditioning of actinides, with a particular attention paid to the monazites and the associated solid solutions with cheralite. From this state of the art, a lack of kinetics (normalized dissolution rates) and thermodynamics data (solubility constants and associated thermodynamic properties) appeared in the literature. Especially, no systematic studies of the dissolution kinetics have been achieved in order to derive the consistent multiparametric expression of the monazite dissolution rate. Moreover, the relative stability domains of monazites and rhabdophanes have to be better constrained.

The second part of this work was dedicated to the preparation, characterization and resolution of the structure of rhabdophane LnPO4•0.667H2O, considered as the low-temperature precursor of the monazite. Former hexagonal lattice was thus reinvestigated and replaced by a monoclinic C2 crystal structure. Also, for the first time, the water molecules were formally located inside the channels, showing similarities with the organization of water molecules of CaSO4•0.625H2O. The thermal study highlighted the reversible hydration-dehydration process which stabilizes the anhydrous form of the rhabdophane compound with also a volume swelling of about 1 % owing to the departure of the water molecules. Besides, in situ PXRD data also permitted the determination of the transition temperature required to convert rhabdophane into monazite.

The third chapter was then dedicated to the study of the dissolution kinetics of powdered monazites under dynamic conditions (far from thermodynamic equilibrium) and in static conditions (near the equilibrium) in order to evaluate the impact of the saturation index of the solution on the normalized dissolution rate. In the investigated conditions, the normalized dissolution rates were found to be very low for all the lanthanide elements considered (La  Gd). The impact of the acidity on the normalized dissolution rates was evaluated in 0.1, 0.5, 0.75 and 1 M HNO3 at room temperature. The normalized dissolution rates increased with the proton activity whatever the lanthanide element considered, but remained very low even in very acidic media (from ~2.6 ×10 -4 g.m -2 .d -1 in 0.1 M HNO3 to ~1.2 ×10 -3 g.m -2 .d -1 in 1 M HNO3 for NdPO4). The partial order of the dissolution reaction related to the proton activity varied from 0.7 ± 0.2 to 1.5 ± 0.3 for LnPO4 (Ln = La, Ce, Nd and Gd).

Moreover, the influence of temperature was also investigated for several monazite samples through experiments performed in 0.1 M HNO3 at 298 K, 313 K, 343 K and 363 K. As expected, the rise of temperature led to an increase of the normalized dissolution rate, but the amplitude of the variation was found to be low. The apparent activation energy associated to the dissolution of monazites, Eapp shifted from 54 to 103 kJ.mol -1 below 313 K (characteristic values for dissolution process controlled by surface reactions) to 6 to 17 kJ.mol -1 between 313 K and 363 K (values usually associated with mass-transport as the rate-limiting step in the dissolution mechanism). This modification suggests an impact of the f(ΔGr) term included in the multiparametric expression of the normalized dissolution rate. Indeed, the variation of the Gibbs energy of the dissolution reaction, ΔGr, decreased from 298 K to 363 K with a significant break at 313 K. This result indicated that the solutions approached thermodynamic equilibrium with respect to the rhabdophane in the experiments performed above 313 K that could impact the normalized dissolution rates and thus the parameters associated to kinetics.

In order to confirm this point, the long-term behavior of NdPO4 was also evaluated under static conditions in 0.1 M HNO3 at room temperature. After 10 days of leaching, the normalized dissolution rate decreased by more than one decade whereas the saturation index with respect to the rhabdophane increased significantly. This strong decrease of the normalized dissolution rate suggested that the saturation index in the solution impacted the normalized dissolution rates even for solutions which were macroscopically under-saturated with respect to the rhabdophane. While the absence of secondary phase was confirmed through the characterization of the residue by PXRD and ESEM at the end of experiment, the formation of a passivating thin, gelatinous and/or amorphous layer at the surface of the leached monazite cannot be fully discarded.

The fourth chapter of this PhD work was devoted to the determination of the thermodynamic data associated to the rhabdophane precipitation. In this aim, the solubility of On the other hand, leaching of the NdPO4 pellet in more aggressive conditions (0.25 M HNO3) was associated to a higher weight loss at the end of the experiment (0.32 wt.%) whereas the saturation index of the solution with respect to rhabdophane reached -0.07. Moreover, some grains detachment associated to the preferential dissolution of grain boundaries was observed by ESEM and AFM during the first 20 days of dissolution. A retreat normal to the surface was also observed leading to the creation of "flat pores" of 50 nm of depth, contrasting with the "deep pores" of more than 100 nm left by grain pull-outs. This specific behavior could be assigned to their crystallographic orientation even if it remains difficult to explain at this stage regarding the monoclinic 3D structure of the monazite. The alteration of the surface of some of the grains was also confirmed by the increase of their roughness (from initially 13 ± 2 Å to 22 ± 2 Å after 20 days of dissolution). Most of these changes were observed during the first 20 days of experiments. Even if the solution was close to equilibrium with respect to the rhabdophane, neither the precipitation nor the formation of a passive layer were evidenced by GI-XRR and GI-XRD. All these results confirm the very good chemical durability of the monazites pellets in acid media.

Finally, the synthesis and the characterization of monazite/cheralite samples were described in the last chapter of this work. The synthesis protocol, inspired from that developed for monazites, was applied to the preparation of Th-rhabdophane with general formula Nd1-2xCaxThxPO4•0.667H2O. After precipitation at 383 K for 48 h, the chemical composition of the solid suggested that the cation amounts did not match with the expected composition.

More precisely, a lack of calcium was always observed. Moreover, the P/cations ratio indicated an over-stoichiometry which could be attributed to the formation of secondary phases. Thus, the influence of heating temperature, heating time and calcium excess on the synthesis of Thdoped rhabdophane was evaluated. The synthesis seems to be sensitive to temperature, with the formation of TPHPH at 423 K. Conversely, no dependency with the heating time was observed.

On this basis, the influence of the calcium excess was evaluated during synthesis performed for 2 days at 383 K. The increase of the calcium excess showed an increase of the unit-cell volume which could be assigned to the complete incorporation of calcium and thorium in the structure.

Up to now, the best synthesis conditions to prepare pure Th-rhabdophane correspond to T = 383 K, t = 2 days and a calcium molar excess of 900 %.

A first estimation of the solubility of two Th-doped rhabdophane samples was performed in 0.25 M HCl at various temperatures (298 K, 333 K and 363 K) using undersaturation conditions. The first sample used was synthesized thanks to the optimized synthesis conditions reported above whereas the second came from stoichiometric synthesis performed by du Fou de Kerdaniel during his PhD work. The calculations related to the precipitation of potential neoformed phases indicated that the solutions were under-saturated with respect to the rhabdophane end-member, but sometimes saturated with respect to TPHPH. However, PXRD patterns did not show any presence of this phase (and any other) for both leached samples.

Moreover, the apparent solubility products were found to be similar (log IAP = -27.7 ± 0.3 and log IAP = -27.5 ± 0.3) indicating that the initial rhabdophane-type phase controlled the equilibrium. In these conditions, TPHPH surely corresponds to the long-term phase controlling the thorium concentration in solution due to the metastability of the Th-rhabdophane which would only control the elementary concentrations for short leaching times. Due to the retrograde character of the TPHPH solubility, additional experiments performed at higher temperatures could thus favor the precipitation of TPHPH for shorter leaching times.

On the basis of these results, the outlooks of this work are numerous. First, the studies of the dissolution of the monazite should be performed in basic media or near-neutral conditions under dynamic experiments with a careful control of the saturation index of the solution relative to potential neoformed phases. These studies would help to forecast the behavior of monazites in conditions more representative of the deep geological repository site. In addition, the monitoring of the surface evolution of monazite pellets during dissolution should be extended to longer leaching times in order to evidence the formation of rhabdophane or any passivating layer. In addition, they could be also performed under more aggressive conditions to clearly evidence which sites are subjected to preferential dissolution. Since the preferential zones of dissolution mainly appeared in pre-existing defects (pores, polishing marks, cracks etc.), the impact of the sintering conditions, thus of the microstructure of the starting pellet (densification rates, grain size, porosity), is also required. The comparative dissolution of samples prepared with various sintering techniques such as natural sintering, Hot Pressing Sintering (HPS or HIP)

and Spark Plasma Sintering (SPS) should contribute to this study.

Finally, the better understanding of the mechanisms leading to the simultaneous incorporation of di-and tetravalent elements should be looked for in order to better determine the optimal conditions to prepare samples by wet chemistry routes, with improved homogeneity and sintering capability. It will be also worthwhile to incorporate others trivalent or tetravalent actinides such as plutonium or neptunium by wet chemistry routes then to apply the dissolution methods developed for monazite to monazite/cheralite solid solutions and An-doped rhabdophanes. Le troisième chapitre de ce travail a été consacré à l'étude de la dissolution de la monazite à l'état pulvérulent en conditions de fort renouvellement de la solution lixiviante (conditions éloignées de l'équilibre thermodynamique) et en conditions statiques (conditions proches de l'équilibre thermodynamique) afin de déterminer l'impact de l'indice de saturation de la solution sur la vitesse de dissolution du solide. Pour toutes les conditions étudiées et pour l'ensemble des éléments lanthanide considérés dans ce travail (La-Gd), les vitesses de dissolution se sont toujours avérées très faibles, démontrant l'excellente durabilité chimique de la structure monazitique. L'effet de l'activité en protons sur les vitesses de dissolution a été évalué à température ambiante dans HNO3 0,1 M, 0,5 M, 0,75 M et 1 M. Les vitesses de dissolution normalisées augmentent avec l'activité du proton quel que soit l'élément lanthanide considéré, mais restent très faibles y compris dans les conditions les plus agressives (de ~2,6
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×10 -4 g.m -2 .j -1 à 0,1 M à ~1,2 ×10 -3 g.m -2 .j -1 à 1 M pour NdPO4). L'ordre partiel de la réaction relatif à l'activité du proton varie de 0,7 ± 0,2 à 1,5 ± 0,3 pour LnPO4 (Ln = La, Ce, Nd et Gd).

De plus, l'influence de la température a également été étudiée pour plusieurs échantillons en menant des expériences de dissolution dans HNO3 0,1 M à 298 K, 313 K, 333 En conditions plus agressives (HNO3 0,25 M), la perte de masse enregistrée pour NdPO4 atteint 0,32 % en masse à la fin de l'expérience, tandis que l'indice de saturation de la solution par rapport à la rhabdophane est de -0,07. Des détachements de grains sont clairement observés par MEBE et AFM au cours des 20 premiers jours de dissolution, conséquence de la dissolution préférentielle des joints de grains. Un retrait normal à la surface de certains grains est également observé générant l'apparition de "pores plats" de 50 nm de profondeur environ, contre plus de 100 nm pour les "pores profonds" issus du détachement des grains. Le comportement spécifique de certains grains peut être attribué à leur orientation cristallographique, même si cette hypothèse reste difficile à vérifier à ce stade. L'altération de la surface des grains se traduit également par l'augmentation de la rugosité déterminée par XRR sous incidence rasante Enfin, la méthodologie de dissolution développée pour les "pôles purs" monazites pourrait être appliquée sur les solutions solides monazite/chéralite et rhabdophanes dopées en actinides. Dans le cadre de la loi du 30 décembre 1991 relative à la gestion à long terme des déchets nucléaires, plusieurs matrices de confinement spécifique des actinides, dont la monazite et la solution solide monazite/chéralite associée ont été étudiées au cours de ce travail en vue de leur stockage en formation géologique profonde.

A.1. Database used for speciation calculations

Ainsi, différentes monazites LnPO4 (Ln = La → Gd) ont été préparées par conversion thermique de rhabdophanes, LnPO4 , 0,667H2O, précipitées à basse température. Sur la base Parallèlement, l'évolution structurale et microstructurale de la surface de monazites frittées a été suivie en cours de dissolution par plusieurs techniques complémentaires (MEBE, AFM, XRR, et DRX en mode d'incidence rasante). La très bonne durabilité chimique de ces céramiques préparées a été confirmée : seulement 0,04% et 0,3% en masse de matériau ont été dissous après 300 jours de lixiviation, respectivement dans HNO3 0,1M et 0,25M à 363K. Des analyses de surface, il est apparu que les défauts préexistants (fissures, défauts liés au polissage, pores) constituaient des zones préférentielles de dissolution tandis qu'aucune phase secondaire n'a été clairement mise en évidence malgré un indice de saturation en solution traduisant un état proche de l'équilibre de précipitation de la rhabdophane.

Enfin, un protocole original de synthèse d'échantillons de rhabdophane dopés en thorium (Nd1-2xCaxThxPO4 , 0,667H2O) par voie humide a été développé au cours de ce travail.

Les premières expériences de solubilité, menées en conditions de sous-saturation dans HCl 0,25 M, ont conduit à une estimation des produits de solubilité apparents, lesquels présentent une faible variation sur l'intervalle de températures considéré.
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  2006), plusieurs programmes nationaux ont vu le jour à l'échelon international. A titre d'exemple, un projet de recherche allemand financé par le Ministère de l'Education et de la Recherche (BMBF), d'une durée de trois ans (2013-2016), a porté sur l'étude du conditionnement spécifique de radionucléides de longue période dans des matrices céramiques. L'Institut pour la recherche sur l'Energie et le Climat (IEK-6) du centre de recherches de Jülich a coordonné ce projet et a participé aux différentes tâches développées dans le cadre de ce projet, dont le développement et l'optimisation des voies de synthèses, la caractérisation structurale et microstructurale des phases synthétisées, l'étude de la stabilité thermodynamique et de la réactivité chimique de ces phases dans des conditions de stockage en formation géologique profonde et enfin l'évaluation de leur résistance à l'irradiation. Dans le cadre de ce projet, cinq matériaux ont été sélectionnés : les monazites (LnPO4; Ln = La→Gd), les pyrochlores (Ln,An)2(Zr,Hf)2O7, l'apatite Me10(XO4)6Y6, les hydroxydes lamellaires doubles([M 1-y II L y III (OH) 2 ] y+ [X n-]y n [H 2 O] z )ainsi que les phosphosilicates. Ce travail de thèse s'inscrit donc dans le cadre d'une collaboration entre l'Institut de Chimie Séparative de Marcoule (ICSM-UMR5257) et l'IEK-6 du centre de recherches de Jülich. Il a porté sur l'étude de la monazite et les solutions solides associées de type monazite/chéralite. Au-delà de l'intérêt porté aux phases monazitiques pour le conditionnement spécifique des actinides, ces phases minérales représentent l'une des principales sources d'éléments Terre Rare sur Terre. L'étude de leur durabilité chimique est donc également d'un vif intérêt pour l'extraction de terres rares contenues au sein de ces minerais. En effet, la forte pression actuelle sur l'approvisionnement en éléments terres rares à l'échelle mondiale entraîne un regain d'intérêt pour l'étude des monazites depuis 2013 avec la publication annuelle de 50 à 70 articles (source Web of Science Core Collection, pour des articles dont le titre contient le mot « monazite »). Dans ce contexte, ce travail de thèse a été consacré à la synthèse de monazites LnPO4 (Ln = La → Gd), ainsi qu'à l'étude cinétique et thermodynamique de leur dissolution. Ainsi, le manuscrit est construit en six chapitres décrivant : -l'état de l'art concernant les différentes matrices sélectionnées et étudiées en France et plus précisément la monazite et les solutions solides de type monazite/chéralite. Ce premier chapitre comprend également la description de leur structure cristallographique, de leur capacité à incorporer des éléments actinides tri-et tétravalents, des différentes voies de synthèses reportées dans la littérature, de leur comportement au frittage et enfin de leur durabilité chimique ; -la synthèse et la caractérisation de rhabdophanes LnPO4 , 0667H2O (Ln = La → Dy), utilisées en tant que précurseurs à basse température de la monazite. Cette étude a notamment consisté à réexaminer la structure de la rhabdophane en menant des expériences de diffraction sur poudre sous rayonnement synchrotron et à préciser la localisation et le nombre de molécules d'eau structurales.

zirconolite 3- 5 :-

 5 Zirconolite-3O crystallizes in the orthorhombic symmetry with space group Cmca (a = 10.148 Å, b = 14.147 Å, c = 7.278 Å); -Zirconolite-3T corresponds to a tetragonal symmetry with space group P312 (a = 7.287 Å, c = 16.886 Å); -Zirconolite-2M, which is the main structure, crystallizes in a monoclinic system C2/c (a = 12.4458 Å, b = 7.2734 Å, c = 11.3942 Å and β = 100.53°); -Zirconolite 4M exhibits a monoclinic symmetry C2/c (a = 12.553 Å, b = 7.248 Å, c = 23.081 Å and β = 84.799°

Figure I. 1 .

 1 The first layer contains Ti atoms surrounded by 6 O atoms. The second is constituted by alternating Ca atoms (coordination of VIII) and Zr atoms (coordination of VII).

Figure I. 1 .

 1 Figure I.1. Projection of the crystal structure of zirconolite-2M along the b axis 8 .

  zirconolite glass-ceramics, the actinides and surrogate elements (Ce, Nd) were equally distributed between residual glass and zirconolite. The final samples contained mainly zirconolite (70 vol.%) with the additional secondary phases mentioned above.The chemical durability of zirconolite was studied at 363 K between pH = 2 and pH = 13. It showed that the normalized dissolution rates, based on the calcium release, were below 10 -2 g.m -2 .d -1 , which is two orders of magnitude lower than that reported for borosilicate and aluminosilicate glasses, and also for zirconolite glass ceramics as shown in Figure I.2 2 .

Figure I. 2 .

 2 Figure I.2. Dissolution rates for different materials depending on temperature 2 .

, as presented in Figure I. 3 .

 3 Phosphate groups are arranged nearly compactly while divalent elements are present in two sites. Conversely to calcium or fluorine sites, no vacancies have been observed on the phosphate sites. There are considered as the skeleton of the structure 19 . Four calcium atoms are present in the first Me site (MeI) surrounded by nine oxygen atoms whereas the six other calcium atoms are present in the second site (MeII, present at the periphery of the channels) surrounded by six oxygen atoms. Y anions are present in the channels formed by the phosphate and cations arrangements. Their precise localization depends on their chemical nature. The presence of the Y anions in the channels can explain why such elements are more easily released from the structure during leaching tests.
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 3 Figure I.3. Representation of the fluoroapatite structure along c axis 18 .

  as illustrated in Figure I.4a.

Figure I. 4 .

 4 Figure I.4. Representation of the β-TPD structure along a axis (a) and environment of thorium in the structure (b) 46 .
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 4 8 ± 0.3) ×10 -8 g.m -2 .d -1 for 1 ≤ pH ≤ 4 at room temperature (Figure I.5).

Figure I. 5 .

 5 Figure I.5. Variation of log RL versus log [H3O + ] for pure TPD (▲), TPD doped with 241 Am () or 244 Cm (), TPuPD solid solutions (x = 0:4:  and x = 1:0: ▼.) (298 K, I = 0:1 M) 59 . Saturation conditions were quickly obtained in the back-end of the starting dissolution because of the very low solubility of the neoformed phases. The main neoformed phases (and associated solubility constants) were the followings 49 : Th2(PO4)2(HPO4)•H2O, log 𝐾 𝑠,0 𝑜 = -66.6 ± 1.2; (UO2)3(PO4)2•5H2O, log 𝐾 𝑠,0 𝑜
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 6 Figure I.6. Representation of the crystal structure of LnPO4 monazite according to Ni et al. 74 .

  to a large domain and a large variety of possible substitutions in the structure. The Figure I.7 illustrated SEM images of crystals of La0.5Ca0.25U0.25PO4.

Figure I. 7 .

 7 Figure I.7. SEM images of crystals of La0.5Ca0.25U0.25PO4 synthesized in 30 m H3PO4 at 1053 K, 200 MPa and under reducing conditions (Ni + NiO buffer) 111 .
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  hours in order to obtain the equivalent relative density. Du et al.[132][133][134] also studied the densification of La-monazite by Spark Plasma Sintering (SPS) . After 3 minutes at 1623 K and under a pressure of 40 MPa (and with a heating rate of 100 K/min), the pellets exhibited Chapter I. Review on radwaste ceramics for the specific immobilization of actinides 32 a relative density of 98 % with a grain size of several microns. This technique also showed specific orientation of the (200) planes along the direction perpendicular to the pressing direction.
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 8 Figure I.8 represents SEM observations of a sintered Ca0.5Th0.5PO4 sample at 1573 K for 6h. This behaviour has also been observed for britholites samples.
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 8 Figure I.8. SEM observations of a sintered Ca0.5Th0.5PO4 sample at 1573 K for 6 h: surface (a) and (b), frontal breaking (c) 8 .
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 9 Figure I.9. Comparison of log RL of fluoroapatite 153, 154 (▬), monazite 155 (▬) and borosilicate glass 156 (▬) as a function of the pH and at 353 K 146 .
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 1011 Figure I.10. Nature of precipitated lanthanide phosphate depending on the heating temperature and the ionic radius of the lanthanide element (: monazite; : rhabdophane; : mixture of monazite and rhabdophane) apart from Du Fou de Kerdaniel et al. 157 .

  99%) all supplied by Sigma Aldrich and were of analytical grade. Because of the hygroscopic character of the lanthanide powders, all the lanthanides salts were dissolved in 1 M HCl. The final concentration of each resulting solution was further determined by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). For the precipitation step, all the acid solutions were prepared from H3PO4 (85%) and HCl (37%).Each LnPO4•nH2O compound (Ln = La to Dy) was synthesized by pouring a solution of LnCl3 (4 mmol) into 5M H3PO4 acid considering a 2% molar excess19 . The mixture was transferred into a Teflon container (30mL) and placed in an oven for 14 days at 363 K. Then, the resulting powders were washed by centrifugation (14500 rpm, 5 min), twice with deionized water and a final cycle with the use of ethanol. The powders were finally dried in air at 363 K in oven overnight.All the synthesized powders were analyzed by PXRD over the use of a Bruker D8advance diffractometer (LynxEye detector) or a Panalytical X'pert pro diffractometer (X'clerator detector) in the reflexion mode. Both apparatus are equipped with Cu K1,2 radiation ( = 1.5418 Å). Data were recorded at room temperature in the angular range of 5° < 2 < 120°, with a step size (2) = 0.0167° and a total counting time of about 2 hours per sample.

  SmPO4•0.667H2O structure Resolution of the structure of SmPO4•0.667H2O Since the refinement of the rhabdophane structure using the hexagonal model proposed previously by Mooney 1, 2 did not lead to satisfactory results, the Synchrotron powder pattern of the compound SmPO4•0.667H2O was indexed in a new monoclinic lattice and C2 space group was proposed. The unsuccessful attempt to refine the pattern could be attributed to the fact that the number of water molecules in the compound did not correspond to 0.5. Thus, thermogravimetric measurements were performed in order to confirm this assumption and will be subsequently presented. The suggested unit cell parameters were refined successfully by the Le Bail method with the use of the Fullprof_suite program 21 and were found to be a = 28.0903(1) Å, b = 6.9466(1) Å, c = 12.0304(1) Å, β = 115.23(1)°. The overall structure was solved by direct methods using the program EXPO 2004 22 . The observed and the calculated patterns of SmPO4•0.667H2O (as well as the difference between both patterns) after Rietveld refinements are viewed in Figure.II.1.

Figure.II. 1 .

 1 Figure.II.1. PXRD pattern of SmPO4•0.667H2O showing the Rietveld plot of the observed, calculated and the difference between observed and calculated data.

Figure.II. 2 .

 2 Figure.II.2. Observed and calculated patterns of SmPO4•0.667H2O after Rietveld refinement considering hexagonal 1, 2 and monoclinic 23 systems.

Figure.II. 3 .

 3 Figure.II.3. General view of the structure of SmPO4•0.667H2O along the [101] direction.

Figure.II. 4 .

 4 Figure.II.4. Local coordination of Sm atoms in the structure of SmPO4•0.667H2O.

Figure.II. 5 .

 5 Figure.II.5. Representation of the water molecules network inside the channels in the SmPO4•0.667H2O structure.

Figure.II. 6 .

 6 Figure.II.6.

Figure.II. 6 .

 6 Figure.II.6. Representation of the structures of SmPO4•0.667H2O (a), CaSO4•0.625H2O (b) and CaSO4•0.5H2O (c).In the case of CaSO4•0.625H2O, there are two different channels. Each of them is composed by the connection of six infinite chains. The first channel is composed of three chains containing water molecules linked to the half of the calcium atoms. The second channel is similar to that found in the hydrated rhabdophane SmPO4•0.667H2O, whereas the structure of CaSO4•0.5H2O exhibits only one kind of infinite chains. In each case, the water molecules are connected to half of the calcium atoms.

of the rhabdophane structure and conversion into monazite 69 Thus

 69 in our study, the structure of the hydrated rhabdophane presents similarities with the sulfate calcium subhydrate structure (CaSO4•nH2O; 0.5 ≤ n ≤ 0.8)29, 30 with the existence of two different chains forming the channels. The comparison between these three structures shows the different possibilities of the water arrangement within the structure that complicates the interpretation of the PXRD patterns. Moreover, as it has been reported in the case of CaSO4•nH2O, the variation of the water content in the structure could easily lead to some changes in the crystal structure.Generalization to the lanthanides series La -DyBased on the structure of SmPO4•0.667H2O, there was an obvious need to check if the LnPO4•nH2O series (with Ln = La  Dy) follows the same trend than samarium from a crystallographic point of view. Therefore, PXRD patterns were collected on all the prepared samples and the data were refined by the Rietveld method with the use of the model obtained in the C2 space group including the water molecules in the channels (Figure.II.7a). A thorough analysis of the PXRD data shows the presence of lines overlapping instead of the presence of single reflections. In addition, the Rietveld refinement confirms that all the rhabdophane-type compounds crystallize with a monoclinic unit cell rather than in the hexagonal system. The variation of the unit-cell volume of LnPO4•nH2O (La  Dy) as a function of the ionic radii is viewed in Figure.II.7b.

Figure.II. 7 .

 7 Figure.II.7. PXRD patterns of the rhabdophane end-members LnPO4•0.667H2O (Ln = La to Dy) (a) and refined unit cell volume vs the average lanthanide ionic radius (1/3 rLnCN8 + 2/3 rLnCN9) (b).

Environmental

  Scanning Electron Microscopy (ESEM) observations were done using a FEI Quanta 200 electron microscope, equipped either with a large field detector (LFD) or a backscattered electron detector (BSED), in vacuum conditions (40-60 Pa) with a low accelerating voltage (15 kV). Powdered samples were then directly analyzed without any additional preparation step such as metallization. For all the lanthanide elements considered, the ESEM micrographs show the formation of needle-like crystals which is characteristic of the morphology usually reported for rhabdophane type phases (Figure.II.8)31, 32 . However, the average grain size of the crystals increased along the lanthanides series from ca. 1µm for La-Nd to more than 10 µm for Dy with 3-5 µm for Sm-Tb.

Figure.II. 8 .

 8 Figure.II.8. ESEM images of the prepared rhabdophane LnPO4•0.667H2O samples.

II. 3 .

 3 Thermal behavior of the Sm-rhabdophane SmPO4•0.667H2O Thermogravimetric analyses (TGA experiments) Thermogravimetric measurements were performed on five hydrated rhabdophane compounds LnPO4•nH2O (Ln = La, Ce, Nd, Sm and Eu). For each solid, the experimental amount of water molecules is summarized in Table.II.4 and the TGA curve corresponding to the thermal behavior of the SmPO4•0.667H2O compound is viewed in Figure.II.9.

Figure.II. 9 .

 9 Figure.II.9. TGA weight loss curve showing the hydration reversibility in the SmPO4•nH2O

  Chapter II. Reconsideration of the rhabdophane structure and conversion into monazite75 amount of water inside the channels. Unfortunately, the data collected by using a laboratory diffractometer (Bruker D8 advance) did not allow us to evidence the crystallographic structure of the potential SmPO4•0.5H2O. Further experiments are now under progress to precise this point.

Figure.II. 10 .

 10 Figure.II.10. In situ PXRD patterns showing the successive structural transitions from hydrated rhabdophane SmPO4•nH2O to the final monazite SmPO4.

Figure.II. 11 .

 11 Figure.II.11. Representation of the structure of anhydrous rhabdophane SmPO4 along the c axis.

Figure.II. 12 .

 12 Figure.II.12. Variation of the unit cell parameters vs heating temperature showing the transformation of SmPO4•0.667H2O rhabdophane to SmPO4 monazite (a) and a zoom at a low temperature showing the reversible swelling of the unit cell corresponding to the transformation between hydrated and anhydrous rhabdophane (b).

  Reconsideration of the rhabdophane structure and conversion into monazite78 Moreover, the variation of the unit cell parameters versus the temperature was obtained from the refinement of the collected PXRD data (Figure.II.12). For clarity, the unit cell volumes of hydrated rhabdophane and monazite forms have been normalized to six formula units. The structural transition due to the dehydration step was characterized by an increase of the unit cell of about 1%. This was also confirmed by dilatometric measurement carried out on a SmPO 4 pellet (Figure.II.13

Figure.II. 13 .

 13 Figure.II.13. Dilatometric experiment obtained on the compound SmPO4•0.667H2O showing a swelling of 1 % corresponding to the dehydration and the structure transition into anhydrous rhabdophane.

Figure.II. 14 .

 14 Figure.II.14. PXRD patterns of pure monazite end-member LnPO4 (Ln = La to Gd) prepared by thermal conversion of the starting rhabdophanes LnPO4•0.667H2O.

  Chapter II. Reconsideration of the rhabdophane structure and conversion into monazite80 The observation of the monazite-type samples by ESEM (Figure.II.15) showed a rod-like morphology, already observed for the starting rhabdophane-type powders. In these conditions, the thermal conversion from rhabdophane to monazite was found to be isomorphic. Moreover, the nature of the lanthanide element did not affect significantly the size of the needle-like grains, with an average grain size value of about 2µm from lanthanum to gadolinium.

Figure.II. 15 .

 15 Figure.II.15. ESEM images of the pure end-member monazite LnPO4 synthesized.

  Figure.III.1b. As clearly shown in this figure, the preferential release of phosphorus is observed during the first two days of leaching. It could be due to the presence of small amounts of P 2 O 7 4-in the sample which could result from the starting excess of phosphorous in the starting mixture or from the heating treatment. A washing step would allow to remove the very small amounts of minor phases that were not evidenced by PXRD at the surface of the samples and thus to avoid the initial pulse. After 4 days of dissolution, the concentrations reached a plateau for which the dissolution was congruent; meaning that a steady state was established. The corresponding normalized dissolution rates were determined from the average of the elementary concentrations values in the outflow and considering Equation (III.6.). The associated uncertainty reached twice the standard deviation on the elementary concentrations. The normalized dissolution rates were also calculated by linear regression of the normalized mass loss, which led to the same numerical value than the former method.

Figure.III. 1

 1 Figure.III.1. a: Typical evolution of the elementary concentrations measured in solution at the outlet of the flow-through reactor during the dissolution of a monazite sample (NdPO4 monazite, 0.1 M HNO3, T = 298 K). b: Evolution of the normalized mass losses NL(Nd) and NL(P). In both figures, the continuous green lines indicated the time interval during which the normalized dissolution rates were calculated.The normalized dissolution rates of monazite obtained during the leaching experiments as well as the congruence ratio, r = RL,0(Ln)/RL,0(P) are summarized in

  Chapter III. Dissolution kinetics of monazite LnPO4 (Ln = La to Gd) 100 in the measurement of the very low concentrations of elements released in the outflow by ICP-AES (typically between 0.2 and 1 ppm).

2 .

 2 As already discussed, the proton activity (and thus the pH of the leaching solution) is a key-parameter affecting the dissolution of materials. To quantify the impact of the pH on the normalized dissolution rates, several experiments were performed at room temperature from La-to Gd-monazites in various leaching solutions: 0.1 M, 0.5 M, 0.75 M and 1 M HNO3. As instance, the evolution of the normalized weight loss measured during the dissolution of LaPO4 in various media is illustrated in Figure.III.For all the studied media, a steady state was reached after three days of experiment, thus the normalized dissolution rate kept constant. As expected, the concentration of nitric acid affected significantly the normalized dissolution rate. Indeed, the normalized dissolution rate of LaPO4 increased by one order of magnitude from RL,0(La) = (1.3 ± 0.2) ×10 -4 g.m -2 .d -1 (obtained in 0.1 M HNO3) to RL,0(La) = (2.14 ± 0.04) ×10 -3 g.m -2 .d -1 (measured in 1 M HNO3). For CePO4, this increase reached two orders of magnitude, with RL,0(Ce) = (4 ± 2) ×10 -5 g.m -2 .d -1 (in 0.1 M HNO3) up to RL,0(Ce) = (1.63 ± 0.05) ×10 -3 g.m -2 .d -1 (in 1 M HNO3).

Figure.III. 2 .

 2 Figure.III.2. Evolution of the normalized weight losses NL(La) (full symbols) and NL(P) (open symbols) during the dissolution of LaPO4 determined under dynamic conditions at 298 K and several nitric acid solutions (/ : 0.1 M; / : 0.5 M; ▲/:0.75 M; ▼/: 1 M HNO3).

Figure.III. 3 .

 3 Figure.III.3. Variation of the normalized dissolution rate of LnPO4 versus the proton activitydetermined at room temperature under dynamic conditions (: La; : Ce; ▲: Pr; ▼: Nd;: Sm; ◄: Eu; ►: Gd).

  As already mentioned above, temperature is also a key-parameter that affects the normalized dissolution rates. The study of the influence of the temperature was performed for LaPO4, CePO4, NdPO4 and GdPO4. The evolution of the normalized weight losses NL(La) measured during the dissolution of LaPO4 in 0.1 M HNO3 at 298 K, 313 K, 333 K and 363 K is presented in Figure.III.4. The normalized weight losses NL(La) and NL(P) seem to be different, and this is due to the initial pulse observed for the phosphorus. However, the normalized dissolution rates were still congruent. As expected, the normalized dissolution rates increased with the temperature, as instance from RL,0(La) = (1.3 ± 0.2) ×10 -4 g.m -2 .d -1 at 298 K up to RL,0(La) = (1.17 ± 0.04) ×10 -3 g.m -2 .d -1 at 363 K.

Figure.III. 4 .

 4 Figure.III.4. Evolution of the normalized weight losses NL(La) (full symbols) and NL(P) (open symbols) determined during the dissolution of LaPO4 monazite in 0.1 M nitric acid solution at various temperatures using dynamic conditions (/: 298 K; /: 313 K; ▲/:333 K; ▼/: 363 K). According to Equation (III.14.), the variation of ln RL,0(Ln) as a function of the reciprocal temperature allowed the determination of the apparent activation energy associated to the overall dissolution reaction of monazites LnPO4. From Figure.III.5a, itclearly appears that the variation of lnRL,0(Ln) versus (1/T) was not linear on the entire range of temperatures investigated. This behavior was observed for all the studied lanthanide elements. Indeed, for the lowest temperatures (298-313 K), the apparent activation energy

Figure.III. 5 .

 5 Figure.III.5. a: Variation of the logarithm of the normalized dissolution rates RL(Ln) versus the reciprocal temperature during dissolution of monazites LnPO4 (: La ; : Ce ; ▼: Nd ; ►: Gd). The dissolution rate in far-from-equilibrium conditions (solid orange line) is plotted for comparison purpose. b: Variation of the saturation index of the solution relative to rhabdophane versus the reciprocal temperature (: La ; : Ce ; ▼: Nd ; ►: Gd).

Chapter III.

  Dissolution kinetics of monazite LnPO4 (Ln = La to Gd) 109 controlled processes. On the other hand, processes kinetically controlled by a mass-transport step through aqueous diffusion are usually associated to low apparent activation energy values (typically below 20 kJ.mol-1 ). Langmuir64 also indicated that intermediate values ofEapp (typically between 40 and 140 kJ.mol -1 ) are characteristic of processes controlled by surface reaction (mineral dissolution or precipitation) at the solid/liquid. In these conditions, the decrease observed in the Eapp values above 313 K during the dissolution of monazites suggests a change in the rate-limiting step, from a surface controlled reaction for 298 K < T < 313 K to an aqueous diffusion step for T > 313K.As described in the Equation (III.7.) reported by Lasaga, the dissolution rate could be influenced by the function of the Gibbs energy of reaction, f(ΔGr). If the value of the ΔGr was changing with the investigated temperature, this could explain the change observed in the slope of the Arrhenius plot. As already described by du Fou de Kerdaniel et al.30 , saturation phenomena often occurs during the dissolution of monazite leading to the formation of the hydrated form rhabdophane (LnPO4•0.667H2O), which is stable for most of the light lanthanides in this range of temperatures. Since the only expected neoformed phase (i.e. rhabdophane) presents the same stoichiometry than the monazite, the dissolution should remain congruent in solution. The knowledge of the equilibrium constant is thus required to determine the degree of saturation of the solution regarding to rhabdophane. With this aim, a complete study devoted to the determination of the solubility products of LnPO4•0.667H2O (for Ln = La → Dy) was recently published29 , and is reported in Chapter IV of this manuscript. The solubility of the rhabdophanes was found to be retrograde, thus as the temperature increased, the rhabdophane solubility product decreased. In the same time, an increase of the temperature led to an increase in the normalized dissolution rate, thus of the elementary concentrations in solution at a given flow-rate. These combined effects could lead to a higher saturation index relative to rhabdophane for the experiment conducted between 313 K and 363 K, despite the fact that the flow-rate was adjusted at elevated temperatures. The saturation index, 𝑆𝐼 = 𝑙𝑜𝑔 ( then, ΔGr were thus calculated for each lanthanide at steady state for each temperature investigated using Equations (III.8.) and (III.9.) and the solubility products determined for the corresponding rhabdophane phase (listed in the TableIV.4.). The ΔGr values calculated for each experiment as function of the reciprocal temperature are plotted Figure.III.5b. Chapter III. Dissolution kinetics of monazite LnPO4 (Ln = La to Gd) 110Although the solutions at steady-state for all the experiments conducted at variations temperatures remained under-saturated relative to the rhabdophane, a decrease in the ΔGr values was systematically observed when the temperature increased. As an example, for LaPO4, ΔGr decreased from -4.2 ± 0.1 kJ.mol -1 to -2.3 ± 0.1 kJ.mol -1 from 298 K to 363 K, respectively. It is worth noting that this decrease was not linear in the investigated range of temperatures, but occurred mostly between 298 K and 313 K, exactly where the change in the slope of the Arrhenius plot was observed Figure.III.5a. Thus, one explanation for the deviation of the ln RL values from the Arrhenius line (solid line Figure.III.5a), could be the impact of the f(ΔGr) term in Equation (III.7.). As already mentioned, the change in the value of the Eapp determined from the Arrhenius plot suggested a change in the rate-limiting step, from a surface controlled reaction for 298 K < T < 313 K to a mass-transport step for T > 313K. Although, the solution was under-saturated relative to rhabdophane during the experiments performed at various temperatures, PXRD was achieved at the end of the experiments to discard the presence of any additional phase to monazite in the solid residue. As an example, Figure.III.6 presents the PXRD patterns obtained for NdPO4 after the experiments performed at the various temperatures investigated. The PXRD patterns were found to be similar to the initial one, with no additional peaks. It was however not excluded that a gelatinous and amorphous layer of a neoformed phase covered the grains of monazite and acted as a diffusive barrier between the solution and the monazite.

Figure.III. 6 .

 6 Figure.III.6. PXRD patterns of NdPO4 monazite before (blue) and after dissolution in 0.1 M HNO3 for several temperatures (298 K: black; 313 K: red; 343 K: pink; 363 K: orange).

8 .

 8 . It corresponds to the generalization of the rate dependence from the Gibbs free energy for an elementary reaction predicted by the Transition State Theory (TST). However, for an overall reaction, the fitted parameter had no physical meaning, unless the rate constant k, which represents the normalized dissolution rate RL,0 determined at the dissolution plateau. For this study, the k parameter was fixed to 2.75 ×10 -4 g.m -2 .d -1 , which corresponds to the average of the RL,0 values determined under static experiment for t = 4 days and under dynamic experiment. The p parameter was calculated from a non-linear regression of the experimental data (Table.III.5) using least squares method. The best regression coefficient R²= 0.963 was obtained for k = 2.75×10 -4 g.m -2 .d -1 , and p = 7.000 ± 0.001. The comparison of the fitted function with the experimental data is shown by the dashed line reported in Figure.III.The ΔGr values determined under dynamic conditions at several temperatures can be compared with that obtained during the static experiment performed at 298 K in order to know if the normalized dissolution rate values could have been influenced by the saturation state of the solution, although the contribution of the f(ΔGr) term in the dissolution rate expression could change with the temperature. It appeared that above 313 K, all the ΔGr values calculated were higher than -3.0 kJ.mol -1 , thus potentially influenced by saturation phenomenon.

Figure.III. 8 .

 8 Figure.III.8. Impact of the saturation index relative to the precipitation of Nd-rhabdophane on the normalized dissolution rate of Nd-monazite observed during static experiments () and dynamic experiments () performed in 0.1 M HNO3 at 298 K. The dashed line corresponds to one possible fitting of the f(∆Gr) function taking into account Equation (III.16.) (R² = 0.963).

Figure.III. 9 .

 9 Figure.III.9. ESEM micrographs of powdered Nd-monazite before dissolution (a) and after 220 days of dissolution in 0.1 M HNO3 at 298 K (b).

1 . 1 .

 11 dissolution and precipitation of rhabdophane, respectively). For the experiments involving under-saturation conditions, pure rhabdophane samples, LnPO4•0.667H2O (La → Dy), were first synthesized and characterized as described in paragraph II.Under-saturation experiments were thus performed by contacting 100 mg of rhabdophane-type precipitate with 100 mL of 0.1 mol.L -1 HCl solution in 120 mL Teflon Savillex jars. The containers were placed in a heating orbital stirrer in order to control the holding temperatures (298 ± 5

Figure.IV. 1 .

 1 Figure.IV.1. Evolution of elementary concentration in solution during the formation of the precipitate (over-saturation experiment) and the dissolution of this precipitate (under-saturation experiment) 6 . For all the uptakes, elementary concentrations were determined by ICP-AES (Spectro Arcos EOP) after dilution in 0.16 mol.L -1 HNO3 solution. The recommended emission wavelengths of the lanthanides were all considered in the analytical procedure. The elementary concentrations were then determined as the average of the concentrations calculated for each wavelength. The protocol used allowed the detection of Ln and P with a detection limit of respectively 50 and 100 ppb and a relative error of 5 %. The same analytical method was used to follow the evolution of the lanthanide and phosphorus concentrations either for the precipitation or for the dissolution experiments. The pH was measured with an Inlab®Expert Pro-ISM (Mettler-Toledo) with a solid polymeric electrolyte of reference (XEROLYT®), two open junctions with the solution and an integrated temperature sensor.The electrode was calibrated with pH buffers (Inlab® Solutions, Mettler Toledo, pH =2.00;4.01 and 7.00 at 298 K).

  + [3 𝜀(𝐻 + , 𝐶𝑙 -) -𝜀(𝐿𝑛 3+ , 𝐶𝑙 -)] × 𝑚 𝐶𝑙 --0.667 × log(𝐻 2 𝑂) (IV.8.)

  T0 = 298.15 K is the reference temperature. The standard molar enthalpy of reaction was thus determined from the slope of a plot of ln 𝐾 𝑠,0 𝑜 (𝑇) versus the reciprocal temperature.

  equal. The uncertainty on the ∆ 𝑅 𝐺° was then calculated using equation (IV.19.), which gives: 𝜎(∆ 𝑅 𝐺°) = 𝑅 × 𝑇 × 𝜎(𝐾 𝑠,0 𝑜 ) 𝐾 𝑠,0 𝑜 (IV.20.) The uncertainty on ∆ 𝑅 𝐻° depends on the goodness of the fit by least squares method of the linear function to the variation of ln 𝐾 𝑠,0 𝑜 (𝑇) versus the reciprocal temperature. The standard errors for the slope and intercept are provided by the fitting software. Then, the use of equation (IV.19.) allows determining standard errors on ∆ 𝑅 𝑆°, ∆ 𝑅 𝑋° (with X = G, H, S) and 𝑆 𝑚 𝑜 by taking also into account the errors associated with the auxiliary thermodynamic data listed in the Table A.3 (Appendix A.3).

2 .

 2 Under-saturation experiments were performed for all the synthesized rhabdophane compounds, (except the Tb based compound) at two temperatures: 298  5 K and 343  5 K in 0.1 mol.L -1 hydrochloric acid. As instance, the evolution of the elementary concentrations present in solution during the dissolution of NdPO4•0.667H2O is reported in Figure.IV.The results obtained for all the synthesized rhabdophane compounds are availableFigure A.1 to Figure A.7 (Appendix A.5).From these results, it appears that the dissolution was congruent while a plateau was reached after about ten days. The same behavior was observed for all the other samples studied.

Figure.IV. 2 .

 2 Figure.IV.2. Evolution of the neodymium () and phosphorus () elementary concentrations and pH (×) during the dissolution of NdPO4•0.667H2O in 0.1 mol.L -1 HCl solution at 298 K (a) and at 343 K (b).

However, the hydration

  degree and the crystallographic structure are different and allow unambiguously distinguishing these phases. For this reason, the characterization of the samples was performed at the end of the dissolution experiments by PXRD and ESEM. The results obtained for LaPO4•0.667H2O, NdPO4•0.667H2O and DyPO4•0.667H2O are reported in Figure.IV.3. From the obtained PXRD patterns, it is clear that all the lines observed are associated to the rhabdophane structure for both temperatures. ESEM micrographs of grains that exhibit the features of rhabdophanes. No strong morphological modification was detected for the entire sample analyzed. Moreover, no additional amorphous phase was evidenced. A modification of the morphology of the grains was only noticeable for DyPO4•0.667H2O, which presented initially the largest grain size (of about 5 µm). It can be seen also from Figure.IV.3c that hollow rods were obtained at the end of the dissolution experiments performed either at 298 K or at 343 K.

Figure.IV. 3 .

 3 Figure.IV.3. PXRD patterns and ESEM micrographs of LaPO4•0.667H2O (a), NdPO4•0.667H2O (b) and DyPO4•0.667H2O (c) samples obtained at the end of the dissolution experiments (0.1 M HCl, T = 298 K and 343 K) (|: JCPDS #034-1380).

  demonstrate the control of the thermodynamic equilibrium by the rhabdophane phase, additional over-saturation experiments were also carried out at four different temperatures: 298 ± 5 K, 333 ± 5 K, 343 ± 5 K and 363 ± 5 K. The evolutions of Nd and P concentrations obtained for NdPO4•0.667H2O are presented in Figure.IV.4. The results obtained for all the lanthanide elements at the different temperatures are available in the supporting information (Figure A.8 to Figure A.15 of Appendix A.5).As it was expected, decreasing the temperature increased the time required to reach a steady value of concentrations. Indeed, the stabilization of the elementary concentrations was reached after five days at 363 K while it takes at least 100 days at room temperature. Moreover, equimolar quantities of Nd and P were measured in solution whatever the elapsed time, which confirms the precipitation of solid with the 1:1 stoichiometry. The same tendency was observed for all the lanthanide elements and temperatures. However, the kinetics of precipitation was found to depend on the nature of the lanthanide element. The precipitation of the Dy-rhabdophane was found to be the slowest one: 700 days at room temperature to reach a concentration plateau, whereas it takes 100 days for the other lanthanide elements. This difference observed between the precipitation rates of the lanthanide bearing rhabdophanes could also explain the different sizes of the crystals prepared at 363 K (see Figure.II.7 in Chapter II.1.1.).

Figure.IV. 4 .

 4 Figure.IV.4. Evolution of Nd (■) and P (•) elementary concentrations during over-saturation experiments conducted at: (a) 298 K, (b) 333 K, (c) 343 K and (d) 363 K.

Figure.IV. 5 .

 5 Figure.IV.5. PXRD patterns and ESEM micrographs of LaPO4•0.667H2O (a), NdPO4•0.667H2O (b) and DyPO4•0.667H2O (c) obtained from over-saturation experiments after establishment of the thermodynamic equilibrium (|: JCPDS #034-1380).
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Figure.IV. 7 .

 7 One can note significant discrepancies concerning the solubility products values reported in literature. As instance, five log K s,0 o (294 K to 298 K) values have been published ranging from -26.2 ± 0.02 25 to -24.65 ± 0.23 for NdPO4•0.667H2O 27 . Roncal-Herrero et al.28 reported also a steady-state ionic activity product (IAP) value close to the equilibrium value for the overall Nd-rhabdophane crystallization

Figure.IV. 7 .

 7 Figure.IV.7. Standard solubility products reported in literature for LnPO4 at 294 -298 K compared to the solubility products of LnPO4•0.667H2O rhabdophanes determined in this work.The data obtained in this study corresponds to the solubility product determined from under-saturation experiments.

  (Figure.IV.7) correspond to the only data approaching the thermodynamic equilibrium by super-saturation experiments. Unfortunately, these values probably remain too high owing to the lack of establishment of thermodynamic equilibrium in the solubility experiments. Especially during the experiments developed for Eu and Gd by Byrne and Kim 20 , the aqueous concentrations were still decreasing after 80 days of experiments. Roncal-Herrero et al. 28 studied the precipitation of lanthanum and neodymium phosphates phases from super-saturated solutions from 278 to 373 K. Crystalline La and Nd-rhabdophane were obtained in most of the case, except for La at 373 K where a mixture of rhabdophane and monazite was obtained. The precipitated crystals exhibited the needle-like morphology of rhabdophane. The averaged length depended on the precipitation temperature and reached values ranging from 50-60 nm at 278 K to 110-150 nm at 373 K after 168 h in the reactive media, whereas it reached almost 1 µm in our experiments. The authors observed the rapid equilibration of rhabdophane supersaturated solutions followed by the progressive crystal growth. The equilibration time for

  Figure.IV.8a. A detailed description of the determination of the thermodynamic data associated to the solubility measurements is provided in the experimental section. It can be seen in Figure.IV.8b that ∆ 𝑅 𝐺 𝑜 is a linear function of the temperature whatever the lanthanide element considered in the temperature range investigated in this work. The entropy of reaction (IV.2.) can thus be determined using the simplified Gibbs-Helmholtz equation for all the tested lanthanide elements. The variations of enthalpy and entropy of the reaction (IV.2.) as well as associated uncertainties are reported inTable.IV.3.

Chapter IV.

  Determination of the solubility of rhabdophane LnPO4•0.667H2O 154 in the range of -594  23 (for Pr) to -546  19 J.mol -1 .K -1 (for Eu) with no specific variation with the ionic radius of the lanthanide element as can be seen from Figure.IV.8b.

Figure.IV. 8 .

 8 Figure.IV.8.a: Variation of 𝐥𝐧 𝐊 𝐬,𝟎 𝐨 of the rhabdophanes versus the reciprocal temperature. Dashed lines correspond to the linear function fitted for Pr (blue line), Nd (pink line) and Gd (violet line). b: Variation of the standard free energy of reaction (IV.2.) with temperature. Dashed lines correspond to the linear function fitted for Pr (blue line) and Gd (violet line).

Figure.IV. 9 .

 9 Figure.IV.9. Comparison between the enthalpy of formation of rhabdophane determined by solubility experiments in this work from over and under-saturation experiments(), and the data reported by Ushakov et al. 31 for monazite from oxide-melt solution calorimetry (). Red circles () stand for the data of Ushakov recalculated by considering the addition of 0.667 water molecules per mole of LnPO4.The variations of the ∆ 𝑓 𝐻 𝑜 related to rhabdophanes and monazites versus the ionic radius of the lanthanide element show similar trend from La to Gd. A constant gap of ~ -180 kJ.mol -1 between the enthalpy of formation of rhabdophane and monazite was always obtained.Moreover, the same "anomaly" for Eu that exhibited more positive enthalpy of formation compared to other lanthanides, was also observed in the present study, underlying similar thermodynamic properties between monazite and rhabdophane structures. The introduction of 0.667 water molecule per mole of LnPO4 contributes by 190.65 kJ.mol -1 to the more negative

  structures are both composed by similar building blocks of infinite chains of Ln 3+ connected to PO4 3-groups. A presentation of both structures is viewed in Figure.IV.10. The rhabdophane structure exhibits channels filled by water molecules. There are six different sites for the lanthanide atoms. Three are coordinated by eight oxygen atoms provided by the phosphate groups, and the rest are ninefold coordinated with the addition of one oxygen atom coming from one water molecule. In the monazite structure, lanthanides are coordinated to nine oxygen atoms provided only by phosphate groups. From a structural point of view, the difference between rhabdophane and monazite relies on the introduction and arrangement of the water molecules within the chains of lanthanide atoms connected to PO4 groups. From a thermodynamic point of view, the decrease in the enthalpy of formation of the rhabdophane created by this arrangement corresponds exactly to the addition of 0.667 water molecule per mole of monazite. Such results also confirm the monoclinic structure of the rhabdophane and indicate that the incorporation of water in the structure does not stabilize significantly the solid in enthalpy.

Figure.IV. 10 .

 10 Figure.IV.10. Comparison of the rhabdophane and monazite structures.

Figure.IV. 11

 11 Figure.IV.11 shows the variation of the Gibbs energy of reaction of dissolution of the monazite NdPO4 and rhabdophane NdPO4•0.667H2O determined from solubility experiments with temperature. The results plotted in Figure.IV.11 indicated that all the experimental results previously reported in the literature and obtained by dissolution of the NdPO4 monazite between 298 K and 373 K are close to the results obtained in this study for rhabdophane. This indicates unambiguously that the solubility was controlled by the rhabdophane form NdPO4•0.667H2O below 373 K. At higher temperatures, the data obtained were clearly out of the trend obtained for rhabdophane, but correspond to the variation of the Gibbs energy of reaction of dissolution of the NdPO4 monazite with temperature.

Figure.IV. 11 .

 11 Figure.IV.11. Variation of the calculated Gibbs energy associated to the reaction of dissolution of NdPO4 monazite and NdPO4•0.667H2O rhabdophane versus the temperature. Blue symbols are experimental results obtained by dissolution of NdPO4 performed in the stability domain of the monazite, pink symbols are experimental results obtained for the rhabdophane in this work, black symbols are experimental results obtained by dissolution of NdPO4 monazite in the stability domain of rhabdophane, grey symbols are experimental results obtained for rhabdophane by over-saturation. Pink line corresponds of the linear fit of the data obtained in this work. Continuous blue line corresponds to the linear fit of the data obtained by Poitrasson et al. 26 between 373 K and 573 K. Dashed blue line corresponds to the linear fit of the data obtained by Poitrasson et al.26 and Cetiner et al.21 between 373 K and 573 K. Considering the uncertainties, both phases could be stable at a temperature located in the dashed area.

  de mieux délimiter le domaine de stabilité de la phase rhabdophane d'une part en fonction du rayon ionique de l'élément lanthanide et, d'autre part, en fonction de la température. En effet, la formation de phases additionnelles a été observée lors des expériences de précipitation : la churchite précipite à température ambiante du gadolinium au dysprosium, la monazite est formée simultanément à la rhabdophane pour le lanthane au-dessus de 363 K et la xenotime apparaît au-dessus de 333 et 363 K respectivement pour le terbium et l'europium. La similitude entre la composition chimique et la structure des phases dissoutes et précipitées rend souvent difficile l'identification des phases contrôlant les espèces en solution ce qui a probablement conduit certains auteurs à associer incorrectement les produits de solubilités aux phases monazite26 ou xenotime 19 . Les valeurs de log 𝐾 𝑠,0 𝑜 (298 K) obtenues pour la phase rhabdophane, dans ce chapitre, sont voisines de certaines valeurs incorrectement attribuées à la phase monazite. Par ailleurs, une faible variation est observée en fonction du rayon ionique de l'élément lanthanide ; le produit de solubilité présentant une valeur minimale au milieu de la série étudiée (i.e. du praséodyme au samarium). Les valeurs de ∆fG o (298 K) sont comprises entre -1984 ± 2 et -2004 ± 2 kJ.mol -1 quel que soit l'élément lanthanide considéré, à l'exception de l'europium qui présente la plus forte valeur d'énergie libre de formation (-1896 ± 2 kJ.mol-1). La même tendance est observée pour l'enthalpie de formation des rhabdophanes : -2151 ± 13 ≤ ∆fH o ≤ -2130 ± 12 kJ.mol -1 (Ln = La → Sm, et Gd) par rapport à l'europium (∆fH o (EuPO4 , 0,667H2O) = -2057 ± 9 kJ.mol -1 ). Ces résultats sont en accord avec les données reportées par Ushakov et al. 31 pour la phase monazite via des mesures calorimétriques en milieu oxyde fondu. Il est intéressant de noter que les valeurs obtenues pour la rhabdophane peuvent être déduites de celles obtenues pour la monazite en ajoutant l'enthalpie de formation de 0,667 molécule d'eau par mole de composé. Ce simple ajout indique que l'incorporation des molécules d'eau dans la structure monazite et l'arrangement structural qui en découle, ne stabilise pas significativement la phase rhabdophane vis-à-vis de la monazite. Ce résultat confirme également la structure

Figure.V. 1 .

 1 Figure.V.1. SEM micrographs of as-prepared LnPO4 (Ln = La and Nd) powders and milled LnPO4 powders.

Figure.V. 2 .

 2 Figure.V.2. a: Dilatometric curves of the "as-prepared" NdPO4 pellet (blue) and the "milled" NdPO4 (red) heated at 1673 K for 8 h. b: SEM observations of the "as-prepared" NdPO4 pellet (left) and the "milled" NdPO4 pellet (right).

reached 94 %

 94 with almost equivalent values for the open and closed porosity (3 %). Concerning the Nd-monazite sample, the density was found to about 87 %, with 6 % of open porosity and 7 % of closed porosity.

Figure.V. 3 .

 3 Figure.V.3. SEM observations of sintered LaPO4 (a) and NdPO4 (b) pellets and of a selected region of interest at the surface of each sample.

Figure.V. 4 .

 4 Figure.V.4. ESEM observations in Secondary Electron mode of one selected region of interest at the surface of the LaPO4 (a) and NdPO4 (b) pellets during their dissolution in 0.1 M and 0.25 M HNO3 at 363 K, respectively. This series of images (at medium magnification) was used to estimate the evolution of 2D-porosity. The green, orange and pink circles highlight triple junctions, grain detachment and the some altered grains, respectively. The blue, red and yellow arrows indicate locations of the fissure, the intra-granular pore and the grain boundary, respectively.

Figure.V. 5 .

 5 Figure.V.5. a: ESEM evolution of the smallest indentation mark during the dissolution of LaPO4 monazite pellet in 0.1 M HNO3 at 363 K. b: Evolution of the volume of the two indentation marks during dissolution, determined by the MeX software. c: Example of 3D-reconstruction of the smallest indentation mark after 326 days of dissolution. The volume plotted in (black squares, b) correspond to the volume below the surface mapping.

Figure.V. 6 . 1 . 2 .

 612 Figure.V.6. ESEM images of NdPO4 pellet recorded at highest magnification. Orange circles show the grain detachments; pink circles indicate the "flat pores"; green arrows underline the opening of grain boundaries; white arrows highlight the opening of triple junctions. At the end of the dissolution experiments, an aliquot of each solution was taken off and analyzed by ICP-AES. The elementary concentrations were determined and allowed the estimation of the relative weight loss for each pellet. The calculated values equaled 0.04 wt.% and 0.32 wt.% for LaPO4 and NdPO4, respectively. The very low value reported for Lamonazite pellet agrees well with the absence of strong microstructural evolution evidenced by ESEM. The saturation index (SI) relative to rhabdophanes was also calculated for both samples, as described in paragraph III.1.2. The SI values were found to -0.77 and -0.07 for LaPO4 and NdPO4, respectively which indicates that both solutions were close to saturation conditions.

  Nevertheless, it is necessary to use techniques complementary to ESEM to monitor very tiny changes in the surface topography for such refractory materials and to put in evidence the formation of rhabdophane at the surface of the pellet, which was suspected to control the dissolution rate of the monazite under these conditions. Monitoring of the local and global microstructural evolution by AFM and GI-XRR Unlike ESEM, AFM allows a direct measurement of depth variations at the surface of a solid. Thus, real topographic images are obtained with a very high horizontal and vertical resolution (10 nm in horizontal and 0.3 nm in vertical). The main drawback of this technique is that the field of observation is limited by the duration of acquisition and that the localization of a region of interest is much more difficult to conserve. Despite these difficulties, AFM images were recorded at the surface of the La-monazite and Nd-monazite pellets for several time intervals during their dissolution in the same zones, as performed by ESEM. The surface of La-monazite (a) and Nd-monazite (b) pellets imaged by AFM during dissolution is shown in Figure.V.7. As already observed by ESEM, the surface of leached LaPO4 remained virtually unchanged from the beginning to 326 days of dissolution. Likewise for NdPO4, the initial surface was still present after 284 days of dissolution and large holes appeared only after 20 days of dissolution. Again, the surface did not seem to evolve afterwards. Those results were in good agreement with the ESEM observations, and indicated that the topography of the grains did not evolve strongly at the surface of the pellet during dissolution.

Figure.V. 7 .

 7 Figure.V.7. AFM height images of a 10 µm² selected surface area of the La-monazite sample recorded in the ESEM red area (a, see Figure.V.4) and of a 20 µm² selected surface area of the Nd-monazite sample recorded in the ESEM blue area (b, see Figure.V.4) for several dissolution times. The green, orange and pink circles highlight triple junctions, grain detachment and the some altered grains, respectively. The blue, red and yellow arrows indicate the locations of the crack, the intra-granular pore and the grain boundary, respectively, where depth profiles were recorded.

  plugged with a neoformed material after 77 days of dissolution. The profile of the grain boundary (Figure.V.8c) remained unchanged for the entire duration of the experiment. This observation was expected as no grain detachment was observed in this zone during the dissolution of the La-monazite pellet. The crack (Figure.V.8b) had an interesting behavior. This crack resulted from an indentation mark made at the surface of the pellet to facilitate the localization of the region of interest. The height of the step created at the surface of the grains by the application of the strength normal to the surface decreased from 40 nm to 15 nm after 206 days of dissolution, then remained constant until the end of experiment. Either the crack was recovered, or the surface of the strained grain was dissolved during the first 206 days, then the dissolution stopped. The depth profile measured within the intra-granular pore showed that this latter became deeper up to 206 days of dissolution, then did not seem to evolve until the end of experiment (Figure.V.8d).

Figure.V. 8 .

 8 Figure.V.8. Depth profiles of triple junction (green circle) (a), crack (blue arrows) (b), grain boundary (yellow arrows) (c) and intra-granular pore (red arrows) (d) recorded during dissolution of La-monazite sample in 0.1 M HNO3 at 363 K.

Figure.V.

  Figure.V.5b).The evolution of the depth profiles of the "flat pores" and the "deep pores" are presented in Figure.V.9 for comparison purpose.

  sample. Thus, XRR gives access to a 2D-characterization of the solid/solution interface properties. The XRR curves monitored during the dissolution of LaPO4 in 0.1 M HNO3 and of NdPO4 in 0.25 M HNO3 at 363 K are reported in Figure.V.10a and b, respectively.

Figure.V. 10 . 2 .

 102 Figure.V.10. Experimental (symbols) and simulated (lines) XRR curves obtained during the dissolution at 363K of LaPO4 in 0.1 M HNO3 (a) and of NdPO4 in 0.25 M HNO3 (b), respectively.All recorded curves show a single critical angle and a rather smooth subsequent decrease of the reflected signal. Regardless the dissolution time, neither second critical angle, nor oscillations that would be associated to the presence of a surface layer or a secondary phase precipitated at the surface of the monazite pellets was evidenced. In both cases, the alteration of the pellet surface gave rise to a decrease of the critical angle, related to the decrease of the electron density at the surface. The data were fitted with a model accounting for the evolution of the electron density and roughness of the surface of the sample. The evolution of both fitted parameters (roughness and electronic density) on XRR curves during dissolution at 363K of LaPO4 pellet in 0.1 M HNO3 and of NdPO4 pellet in 0.25 M HNO3 is presented in Table.V.2.In agreement with AFM measurements, the roughness of the surface of LaPO4 sample did not change significantly for the entire duration of the dissolution experiment. Indeed, the fitted values ranged from 18 to 20 Å whatever the dissolution time. For NdPO4, the roughness increased quickly during the first 20 days of dissolution, from 13 to 20 Å then remained constant for longer leaching times. The fitted values ranged between 19 and 21 Å that appears in very good agreement with values determined with AFM for the investigated group of grains.For both samples, the electron density of the surface of the pellets was found to decrease throughout the dissolution experiments. The porosity calculated from the electron density values determined by GI-XRR is reported in Table.V.2. The starting porosity values
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 200 .220 ± 0.004. Thereafter, the porosity remained almost unchanged (i.e. between 0.185 ± 0.004 and 0.220 ± 0.004). Once again, these results corroborate the observations made thanks to ESEM and AFM techniques. Finally, it is also important to note that the porosity determined by GI-XRR before dissolution is in good agreement with those determined by pycnometry for both pellets.Monitoring of the structural evolution at the solid/solution interfaceAs already described, GI-XRD is one of the most appropriate methods to evidence dynamic structural changes onto the surface of crystallized materials32 . GI-XRD patterns with θi = 0.4° and 1° were recorded regularly during the dissolution of the pellet. The recorded patterns are presented in Figure.V.11. The GI-XRD patterns recorded for θi = 1° corresponded to the bulk material, while for θi = 0.4°, only the first 80 nanometers below the surface were probed. The diffracted intensity under grazing incidence was too low to allow Rietveld refinement of the patterns, even after very long counting times (almost 15 hours per pattern).

Figure.V. 11 .

 11 Figure.V.11. Grazing-incidence X-Ray diffraction patterns collected during the dissolution at 363K of La-monazite pellet in 0.1 M HNO3 (a,b) and of Nd-monazite pellet in 0.25 M HNO3 (c,d), respectively, for incident angles of 1° (a,c) and 0.4°(b,d). Green sticks are Bragg position associated to LnPO4 rhabdophane (JCPDS #034-1380).

(

  see Chapter III), associated with the low solubility of this phase (see Chapter IV). The main conclusion is that the properties of both monazite and rhabdophane phases concur to the excellent chemical durability of the monazite in acidic conditions. However, more aggressive conditions or much longer leaching times are now required to unambiguously show that the rhabdophane precipitation controls thermodynamically the elementary concentrations in solution.Chapter V. Monitoring the microstructural evolution of LnPO4 during dissolution205Pour la première fois, le suivi operando de l'évolution structurale et microstructurale de la monazite LnPO4 en cours de dissolution a été réalisé à travers l'utilisation de techniques de surface complémentaires (MEBE, AFM, XRR et DRX-incidence rasante). Dans cette étude, des pastilles de monazite pures LnPO4 (Ln = La et Nd) ont été préparées par frittage conventionnel à 1673 K pendant 8 heures. Des expériences de dissolution ont été effectuées en conditions statiques à 363 K, en milieu nitrique à 0,1 M et 0,25 M pour La-monazite et Ndmonazite, respectivement. Ces conditions ont été choisies de sorte que la formation de la phase rhabdophane à la surface des échantillons interviendrait dans un temps acceptable.Les deux pastilles étudiées ont présenté des comportements différents au cours de la dissolution. Aucune évolution significative n'a été observée par MEBE à la surface de LaPO4 même après 326 jours de dissolution, ce qui est en accord avec la très faible perte de masse (0,04 %) déterminée à partir des concentrations élémentaires en solution à la fin de l'expérience.En outre, l'indice de saturation relatif à la rhabdophane a été évalué à -0,77 à la fin de l'expérience, ce qui signifie que la solution était proche de l'équilibre mais toujours soussaturée vis-à-vis de la rhabdophane. D'autre part, les mesures par AFM faites sur les joints de grains, les jonctions triples, les fissures ou les pores intra-granulaires ont également montré une très faible évolution dans ces zones usuellement considérées comme plus réactives. La triple jonction et la fissure formée à partir d'une marque d'indentation, sont les seuls zones à avoir évolué en profondeur au cours du temps. Cette évolution s'arrête après 206 jours de dissolution. De plus, des détachements de grains ont seulement été observés dans les zones où les marques d'indentation avaient été réalisées, indiquant que ce mécanisme n'apparaît que pour les grains ayant préalablement subis une contrainte mécanique. Dans les zones saines, les joints de grains ne sont pas spécifiquement dissous contrairement à ce qui a pu être observé dans le cas d'autres matériaux comme les oxydes d'actinides et/ou de lanthanides. Les valeurs de rugosité déterminée par AFM (25,0 ± 3,4 Å) d'une part, et XRR (19,3 ± 1,5 Å) d'autre part sont en bon accord et n'augmentent pas significativement au cours de la dissolution. Cette valeur constante montre que la surface des grains ne semble pas altérée. De plus, l'observation d'un seul angle critique tout au long de la dissolution par XRR suggère l'absence d'une couche passivante ou d'une phase secondaire précipitée à la surface. La DRX-incidence rasante ne montre aucune modification significative structurale du matériau. Tous ces résultats conduisent à la conclusion que dans les conditions testées (0,1 M HNO3 ; T = 363 K), la monazite frittée n'est significativement pas altérée à l'exception des zones endommagées par les marques Chapter V. Monitoring the microstructural evolution of LnPO4 during dissolution 206 d'indentation. Ce point confirme la très bonne résistance à la dissolution des pastilles préparées, en lien avec l'excellente durabilité chimique des monazites.

Figure.VI. 2 .

 2 Figure.VI.2. PXRD patterns of Nd1-2xCaxThxPO4•0.667H2O compounds.

Figure.VI. 3 .

 3 Figure.VI.3. Variation of the unit cell volumes of Nd1-2xCaxThxPO4•0.667H2O samples versus expected x values.

Chapter VI. 1 . 3 . 1 .Figure.VI. 4 .

 1314 Figure.VI.4. If the experiment carried out at 423 K led to the formation of a Th-rhabdophane structure with improved crystallinity (lower values of Full-Width Half-Maximum (FWHM)compared with the sample obtained at 383 K), the presence of additional XRD lines revealed the formation of a secondary phase, assigned to the Thorium Phosphate HydrogenPhosphate Hydrate, Th2(PO4)2HPO4•H2O , named TPHPH9 . One can then suggest that an increase in the synthesis temperature induced the partial destabilization of the Th-rhabdophane (that could appear as a metastable phase), leading to the formation of TPHPH. Such a mechanism was indeed already evidenced by du Fou de Kerdaniel when studying the evolution of the saturation phases formed in the back-end of the dissolution of Th-based cheralites11 .

Figure.VI. 4 . 5 .

 45 Figure.VI.4. PXRD patterns collected for Nd0.8Ca0.1Th0.1PO4•0.667H2O samples obtained at 383 K and 423 K. The stars indicate the first XRD lines of the TPHPH phase.

Figure.VI. 5 .

 5 Figure.VI.5. Morphology of the Nd0.8Ca0.1Th0.1PO4•0.667H2O samples prepared at 383 K and at 423 K.

Figure.VI. 6 .

 6 Figure.VI.6. a: PXRD patterns of Nd0.8Ca0.1Th0.1PO4•0.667H2O synthesized at 383 K during 2 days (black), 4 days (red) and 7 days (blue). b: Evolution of the unit cell volume of Nd0.8Ca0.1Th0.1PO4•0.667H2O synthesized at 383 K versus heating time.

  Figure.VI.7a.As observed before, they only showed formation of rhabdophane structure.

Figure.VI. 7 .VI. 2 .

 72 Figure.VI.7. a: PXRD patterns collected for the samples prepared at 383 K for 2 days (x = 0.1) using different excess of calcium (0 mol.%: black, 100 mol.%: red, 400 mol.% and blue; 900 mol.%: green). b: Variation of the unit cell volume versus the calcium excess introduced in the system.

  pH was measured with an Inlab®Expert Pro-ISM (Mettler-Toledo) with a solid polymeric electrolyte of reference (XEROLYT®), two open junctions with the solution and an integrated temperature sensor. The electrode was calibrated with pH buffers (Inlab® Solutions, Mettler Toledo, pH = 2.00; 4.01 and 7.00 at 298 K).

  . Neglecting the variation of the water activity with the composition of the ionic medium in our experiments led to an insignificant error (× 0.994). The value of IAP (corresponding to reaction VI.1.) can be derived from the value of * IAP by considering the successive dissociation reactions of phosphoric acid reported in paragraph IV.1.2.

25 M

 25 HCl solution at 298 K, 333 K and 363 K for DQ223 and only at 298 K for EDF52. The evolutions of the elementary concentrations for both samples with the dissolution time are gathered in Figure.VI.8.

Figure.VI. 8 .

 8 Figure.VI.8. Evolution of the elementary concentrations CNd (), CTh () and CP () measured by ICP-AES during the dissolution in 0.25 M HNO3 of EDF52 sample at 298 K (a) and of DQ223 sample at 298 K (b), 333 K (c) and 363 K (d).

Figure.VI. 9 . 5 .

 95 Figure.VI.9. a: PXRD patterns of EDF52 sample before (black) and after (red) dissolution in 0.25 M HCl at 298 K. b: PXRD patterns of DQ223 sample before (black) and after dissolution in 0.25 M HCl at 298 K (red), 333 K (blue) and 363 K (green).

LnPO4• 0 .

 0 667H2O rhabdophanes (Ln = La  Gd) was determined in over-and under-saturation conditions (precipitation and dissolution, respectively) for various temperatures. The obtained phases were systematically characterized before and after the leaching experiments in the entire range of temperatures considered. The log 𝐾 𝑠,0 𝑜 (298 K) values obtained in over-and undersaturation conditions were almost similar, which confirmed the reversibility of the Conclusion 243 thermodynamic equilibrium. Only a low variation of the thermodynamic constants associated to the formation of rhabdophanes was observed versus the ionic radius, excepted for europium rhabdophane which was associated to higher values. The enthalpies, free energies and entropies of formation reached -2151 ± 13 ≤ ∆fH o (298K) ≤ -2130 ± 12 kJ.mol -1 , -2004 ± 2 ≤ ∆fG o (298K) ≤ -1984 ± 2 kJ.mol -1 and -504 ± 11 ≤ ∆fS o (298K) ≤ -473 ± 12 J.mol -1 .K -1 J.mol -1 .K -1 for lanthanum to samarium, and gadolinium while Eu-Rhabdophane was associated to the highest values of free energy of formation (-1896 ± 2 kJ.mol -1 ), enthalpy of formation (-2057 ± 9 kJ.mol -1 ) and entropy (-538 ± 11 J.mol -1 .K -1 ). The comparison with the data reported in literature showed that the values obtained for rhabdophane can be derived from that reported for monazite by considering the contribution of the 0.667 structural water molecule per formula unit, which confirms the monoclinic structure as well as hydration rate suggested from the resolution of the crystal structure. Considering the high chemical durability of monazite and the very low solubility of rhabdophane, this latter could thus impact positively the long-term behavior of the ceramic in the field of a deep geological repository. In order to study this point, the fifth part of this work was dedicated to the first operando observations of potential structural and microstructural evolutions of sintered pellets of LaPO4 and NdPO4 during dissolution. In this aim, several techniques of characterization of the solid/liquid interface, such as ESEM, AFM, GI-XRR and GI-XRD were used during the dissolution of the pellets in 0.1 M HNO3 (LaPO4) or 0.25 M HNO3 (NdPO4), at 363 K, under static conditions. Two evolutions were clearly observed. On the one hand, the surface of LaPO4 pellet leached in 0.1 M HNO3 did not evolve significantly even after 326 days of dissolution. The associated weight loss remained very low (0.04 wt.%) whereas the saturation index of the solution with respect to the rhabdophane was found to be close to equilibrium (SI = -0.77) but still under-saturated. No grain detachment was observed except in zones of pre-existing defects like indentation marks or cracks. The roughness determined by AFM and GI-XRR remained unchanged after 326 days of dissolution showing that the surface of the grains was virtually not altered. Additionally, the precipitation of rhabdophane was not evidenced by GI-XRD.

K 54 

 54 et 363 K. Comme cela était attendu, une augmentation de la température induit une augmentation de la vitesse de dissolution normalisée. Toutefois, l'amplitude de cette augmentation s'est révélée faible pour tous les échantillons considérés. Ainsi, l'énergie d'activation apparente associée à la réaction de dissolution de la monazite, Eapp, diminue de 103 kJ.mol -1 en dessous de 313 K (valeurs caractéristiques d'une réaction de dissolution contrôlée par des réactions de surface) jusqu'à 6  17 kJ.mol -1 entre 313 K et 363 K (valeurs généralement associées à un mécanisme de dissolution contrôlé par des phénomènes diffusifs).Cette modification a été attribuée à l'impact du terme f(ΔGr) introduit dans l'expression multiparamétrique de la vitesse de dissolution normalisée. En effet, l'énergie libre de la réaction de dissolution, ΔGr diminue entre 298 K et 363 K, avec une variation brutale en dessous de 313 K. Ce résultat indique que les solutions s'approchent d'un état d'équilibre avec la rhabdophane dans les expériences menées au-dessus de 313 K ce qui peut impacter les vitesses de dissolution normalisées et donc plusieurs des paramètres cinétiques.Dans le but de confirmer ce point, le comportement à long terme de NdPO4 a aussi été évalué en conditions statiques dans HNO3 0,1 M à 298 K. Après 10 jours de lixiviation, la vitesse de dissolution normalisée diminue de plus d'une décade alors que l'on observe une augmentation significative de l'indice de saturation de la solution par rapport à la rhabdophane.Cette forte diminution de la vitesse de dissolution normalisée suggère que la vitesse de dissolution est impactée par l'indice de saturation de la solution, y compris lorsque celle-ci demeure macroscopiquement sous-saturée par rapport à la rhabdophane. Alors que l'absence de phases secondaires a été soulignée par la caractérisation du résidu par DRX et MEBE, la présence d'une fine couche passivante, potentiellement gélatineuse et/ou amorphe ne peut pas être totalement écartée à la surface des échantillons. Conclusion 248 La quatrième partie de ce travail a été consacrée à la détermination des propriétés thermodynamiques associées à la précipitation de la rhabdophane. Dans ce but, l'équilibre de solubilité a été atteint à partir de conditions de sur-et de sous-saturation (respectivement par précipitation et par dissolution de la phase rhabdophane) à différentes températures. Les phases obtenues ont été systématiquement caractérisées, avant et après avoir réalisé les tests de lixiviation, pour toute la gamme de températures considérée. Les valeurs de log 𝐾 𝑠,0 𝑜 (298 K) de la phase rhabdophane obtenues dans les conditions de sur-et sous-saturation sont proches, attestant de la réversibilité de l'équilibre thermodynamique en jeu. Une faible variation est observée en fonction du rayon ionique de l'élément lanthanide à l'exception de la rhabdophane à base d'europium qui est associée à des valeurs plus élevées. Les données thermodynamiques associées à la formation des rhabdophanes s'établissent à -2151 ± 13 ≤ ∆fH o (298K) ≤ -2130 ± 12 kJ.mol -1 , -2004 ± 2 ≤ ∆fG o (298K) ≤ -1984 ± 2 kJ.mol -1 et -504 ± 11 ≤ ∆fS o (298K) ≤ -473 ± 12 J.mol -1 .K -1 J.mol -1 .K -1 . Pour l'europium, les enthalpies de formation, énergies libre de formation et entropies atteignent respectivement -1896 ± 2 kJ.mol -1 , -2057 ± 9 kJ.mol -1 et -538 ± 11 J.mol -1 .K -1 . La comparaison avec les données reportées dans la littérature montre que les valeurs obtenues pour la rhabdophane peuvent être déduites de celles de la monazite en considérant la contribution des molécules d'eau structurales. Cela confirme la structure monoclinique proposée pour la rhabdophane ainsi que le taux d'hydratation. Considérant la très grande durabilité chimique de la monazite associée à la très faible solubilité de la rhabdophane, il est apparu nécessaire de suivre l'impact de la formation de cette phase néoformée en cours de dissolution. Pour cette raison, la cinquième partie de ce travail a été dédiée au suivi operando de la surface d'échantillons frittés de monazites. Ainsi, l'observation de l'évolution structurale et microstructurale de ces échantillons a été réalisée en combinant plusieurs techniques complémentaires de caractérisation de l'interface solide/liquide telles que le MEBE, l'AFM, la réflectivité des rayons X (XRR) et la diffraction des rayons X sous incidence rasante. Ces expériences ont été menées en conditions statiques à 363 K dans HNO3 0,1 M pour LaPO4 et dans HNO3 0,25 M pour NdPO4. Deux évolutions distinctes ont été relevées. D'une part, la surface de la pastille de LaPO4 lixiviée dans HNO3 0,1 M a révélé peu de changement significatif y compris après 326 jours de lixiviation, ce qui est apparu cohérent avec la très faible perte de masse enregistrée (0,04 % en masse) et un indice de saturation de la solution par rapport à la rhabdophane voisin de -0,77 correspondant à un état de faible soussaturation. Aucun détachement de grains n'a été observé au sein des zones « saines » de la pastille. En revanche, un tel détachement a été relevé au niveau de défauts créés en surface, Conclusion 249 notamment à proximité de la marque d'indentation ou de fissures. Les valeurs de rugosité mesurées par AFM et XRR sont demeurées constantes y compris après 326 jours de dissolution ce qui indique une très faible altération de la surface des grains. En outre, l'analyse des diagrammes obtenus par DRX sous incidence rasante a montré que la structure cristallographique de l'interface solide/ solution n'est pas modifiée. Notamment, la précipitation de la phase rhabdophane n'a pas été clairement démontrée.

(initialement de 13 ± 2 Å

 132 , elle atteint 22 ± 2 Å au bout de 20 jours de dissolution). La plupart de ces changements ont été observés durant les 20 premiers jours de dissolution. Parallèlement, ni la précipitation de la rhabdophane, ni la formation d'une couche de passivation n'ont été mises en évidence. Toutefois, tous ces résultats démontrent l'excellente durabilité chimique des échantillons frittés de monazites y compris en conditions très agressives.Enfin, la synthèse et la caractérisation d'échantillons de monazite/chéralite ont été entreprises dans la dernière partie de ce travail. Un protocole de synthèse par voie humide inspiré de celui développé pour les monazites a été développé à partir d'un précurseur bassetempérature, la rhabdophane dopée en thorium de formulation Nd1-2xCaxThxPO4 , 0,667H2O.Ce composé a été obtenu à l'issue de la précipitation des cations en présence d'acide phosphorique à 383 K pendant 48 heures. Toutefois, l'analyse de la composition des échantillons a montré l'incorporation partielle du calcium au sein de la structure dans le cas d'un mélange stoechiométrique initial. Une étude multiparamétrique a montré qu'un excès de calcium lors de la synthèse permettait d'augmenter significativement le volume de maille du composé ainsi préparé, tandis que la température ou la durée du traitement thermique ne présentaient aucun impact. Ces premiers résultats sont prometteurs et montrent la complexité Conclusion 250 du système ainsi que du mécanisme d'incorporation des éléments tétravalents et divalents au sein de la structure rhabdophane.Une première estimation de la solubilité de deux échantillons dopés en thorium a été menée dans de l'acide chlorhydrique à 0,25 M à différentes températures en conditions de soussaturation. La dissolution s'est avérée congruente, et un plateau est atteint au bout de 20 jours.Cependant, la solution est sursaturée vis-à-vis du PHPTH, bien que la caractérisation des solides n'ait pas montré la formation de phases secondaires. Il est donc probable qu'un équilibre métastable ait été atteint comme cela a pu être observé pour d'autres phases minérales1 . Les constantes de solubilités apparentes varient peu avec la température et sont deux ordres de grandeurs plus faibles que le pôle pur rhabdophane NdPO4 , 0,667H2O. Sur la base des résultats obtenus au cours de ce travail de thèse, les perspectives sont multiples. Tout d'abord, des études de la dissolution de la monazite pourraient être menées en conditions dynamiques dans des milieux basiques. Ces études permettraient de compléter l'étude cinétique réalisée au cours de ce travail, et d'appréhender le comportement des phases monazitiques dans des conditions plus proches de celles rencontrées dans un stockage géologique profond. Par ailleurs, le suivi de l'évolution de la surface de monazites frittées au cours de la dissolution doit être poursuivi afin de mettre en évidence la présence de phases secondaires à la surface des échantillons, et également en conditions plus agressives afin d'identifier clairement des sites de dissolution préférentielle. De plus, une étude plus poussée sur le frittage, et donc la microstructure de départ, pourrait être intéressante, les zones préférentielles de dissolution étant principalement localisées aux zones de faiblesses du matériau (pores, marques de polissage, fissures etc.). Une étude comparative de la dissolution d'échantillons obtenus via différentes techniques de frittage, telles que le frittage naturel, le frittage sous charge (HPS ou HIP) ou encore le frittage "flash" (SPS) permettrait d'évaluer l'effet de la microstructure sur la vitesse de dissolution et par conséquent, de déterminer la microstructure la plus adaptée pour le conditionnement des actinides. Enfin, la poursuite de la compréhension du mécanisme d'incorporation des éléments tétravalents et divalents semble nécessaire afin de mieux maîtriser la synthèse de ces phases par voie humide. Il serait également intéressant d'incorporer d'autres actinides (IV) comme le plutonium ou le neptunium en vue de valider le caractère flexible de ces matrices monazitiques.

Figure A. 1 .

 1 Figure A.1. Evolution of the elementary concentrations of lanthanum () and phosphorus () and pH (×) during the dissolution of LaPO4•0.667H2O in 0.1 M HCl solution at 298 K (a) and 343 K (b).

Figure A. 2 .

 2 Figure A.2. Evolution of the elementary concentrations of cerium () and phosphorus () and pH (×) during the dissolution of CePO4•0.667H2O in 0.1 M HCl solution at 298 K (a) and 343 K (b).

Figure A. 3 .

 3 Figure A.3. Evolution of the elementary concentrations of praseodymium () and phosphorus () and pH (×) during the dissolution of PrPO4•0.667H2O in 0.1 M HCl solution at 298 K (a) and 343 K (b).

Figure A. 4 .

 4 Figure A.4. Evolution of the elementary concentrations of samarium () and phosphorus () and pH (×) during the dissolution of SmPO4•0.667H2O in 0.1 M HCl solution at 298 K (a) and 343 K (b).

Figure A. 5 .

 5 Figure A.5. Evolution of the elementary concentrations of europium () and phosphorus () and pH (×) during the dissolution of EuPO4•0.667H2O in 0.1 M HCl solution at 298 K (a) and 343 K (b).

Figure A. 6 .

 6 Figure A.6. Evolution of the elementary concentrations of gadolinium () and phosphorus () and pH (×) during the dissolution of GdPO4•0.667H2O in 0.1 M HCl solution at 298 K (a) and 343 K (b).

Figure A. 7 .

 7 Figure A.7. Evolution of the elementary concentrations of dysprosium () and phosphorus () and pH (×) during the dissolution of DyPO4•0.667H2O in 0.1 M HCl solution at 298 K (a) and 343 K (b).

Figure A. 8 .

 8 Figure A.8. Evolution of the elementary concentrations of La (■) and P (•) during over-saturated experiments conducted at: (a) 298 K, (b) 333 K, (c) 343 K and (d) 363 K.

Figure A. 9 .

 9 Figure A.9. Evolution of the elementary concentrations of Ce (■) and P (•) during over-saturated experiments conducted at: (a) 298 K, (b) 333 K, (c) 343 K and (d) 363 K.

Figure A. 10 .

 10 Figure A.10. Evolution of the elementary concentrations of Pr (■) and P (•) during over-saturated experiments conducted at: (a) 298 K, (b) 333 K, (c) 343 K and (d) 363 K.

Figure A. 11 .

 11 Figure A.11. Evolution of the elementary concentrations of Sm (■) and P (•) during oversaturated experiments conducted at: (a) 298 K, (b) 333 K, (c) 343 K and (d) 363 K.

Figure A. 12 .

 12 Figure A.12. Evolution of the elementary concentrations of Eu (■) and P (•) during over-saturated experiments conducted at: (a) 298 K, (b) 333 K, (c) 343 K and (d) 363 K.

Figure A. 13 .

 13 Figure A.13. Evolution of the elementary concentrations of Gd (■) and P (•) during oversaturated experiments conducted at: (a) 298 K, (b) 333 K, (c) 343 K and (d) 363 K.

Figure A. 14 .

 14 Figure A.14. Evolution of the elementary concentrations of Tb (■) and P (•) during over-saturated experiments conducted at: (a) 298 K, (b) 333 K, (c) 343 K and (d) 363 K.

Figure A. 15 .A. 6 .

 156 Figure A.15. Evolution of the elementary concentrations of Dy (■) and P (•) during oversaturated experiments conducted at: (a) 298 K, (b) 333 K, (c) 343 K and (d) 363 K.

  d'expériences menées sous rayonnement synchrotron, la structure cristallographique de la rhabdophane a d'abord été résolue dans un système monoclinique (groupe d'espace C2) tout comme la monazite (groupe d'espace P21/n) puis sa conversion thermique en monazite a été étudiée.Une étude multiparamétrique de la vitesse de dissolution de la monazite LnPO4 (Ln = La → Gd) dans l'acide nitrique a été réalisée en conditions dynamiques. Les valeurs de vitesses de dissolution normalisées sont demeurées très faibles quelles que soient l'acidité du milieu, la température et la nature de l'élément lanthanide, confirmant l'excellente durabilité chimique des matériaux préparés. Des ordres partiels relatifs à l'activité du proton compris entre 0,7 ± 0,2 et 1,5 ± 0,3 ont été relevés. Parallèlement, la diminution de l'énergie d'activation apparente pour T  313 K a souligné une modification de l'étape cinétiquement limitante du mécanisme de dissolution, liée à l'impact de l'indice de saturation de la solution par rapport à la précipitation de la phase rhabdophane.Les produits de solubilité des rhabdophanes (La → Dy) ainsi que les grandeurs thermodynamiques associées ont été déterminés via des expériences de sur-et de soussaturation. Le bon accord entre les valeurs obtenues par ces deux approches a confirmé la réversibilité de l'équilibre de solubilité associé à la rhabdophane. Une faible variation du produit de solubilité et des grandeurs thermodynamiques de formation de la rhabdophane a été observée le long de la série des éléments lanthanide : -2151± 13 ≤ ∆f H o (298K) ≤ -2130 ± 12 kJ.mol -1 , -2004 ± 2 ≤ f G o (298K) ≤ -1984 ± 2 kJ.mol -1 et -504 ± 11 ≤ ∆f S o (298K) ≤ -473 ± 12 J.mol -1 .K -1 ,à l'exception de l'europium qui présente des valeurs nettement supérieures d'énergie libre (-1896 ± 2 kJ.mol -1 ), d'enthalpie (-2057 ± 9 kJ.mol -1 ) et d'entropie (-538 ± 11 J.mol -1 .K -1 ) de formation. Par ailleurs, une relation directe entre les enthalpies obtenues pour les rhabdophanes et les monazites a été démontrée ; les données associées aux rhabdophanes étant obtenues par simple ajout de la contribution de 0,667 molécule d'eau. Cette observation Abstracts 272 corrobore aussi bien la structure monoclinique de la rhabdophane que le nombre de molécules d'eau constitutionnelles.
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  O] z and phosphosilicates. chemical durability of the monazite is of great interest for the extraction of rare earth elements from ores. As a result, a renewed interest of the international community for this phase has been observed since few years, in particular after 2013, with 50 to 70 published papers published per year (source items with "monazite" in title indexed within Web of Science Core

	Introduction
	study of the Collection).
	3

  Actuellement, le stockage des déchets nucléaires en formation géologique profonde repose sur un concept multi-barrières dans lequel les performances de la matrice de confinement et du conteneur, de la barrière ouvragée et du milieu géologique sont évaluées conjointement à travers différents scénarios. Dans ce contexte, la matrice de confinement est alors la première barrière au relâchement des radionucléides vers l'environnement. Pour cette raison il apparaît primordial que les matrices de confinement sélectionnées présentent une flexibilité chimique importante de façon à pouvoir incorporer au sein de leur structure de nombreux radioéléments, ainsi qu'une excellente durabilité chimique et une grande résistance à l'irradiation de manière à conserver les propriétés de confinement initiales. En France, les radionucléides issus du retraitement du combustible nucléaire usé, à l'exception de l'uranium et du plutonium qui sont recyclés, sont actuellement incorporés dans les verres borosilicatés de type "R7T7". Cette La seconde étape, appelée "faisabilité technique", consistait à préparer et à caractériser des matériaux incorporant les actinides, à optimiser les conditions de densification et à étudier leur comportement à long terme à travers la mise en place de tests de lixiviation sur de longues périodes (en présence ou non de matériaux d'environnement) et l'étude de leur stabilité sous irradiation. Dans ce but, certains échantillons ont été soumis à des irradiation externes tandis que d'autre ont été dopés avec des radionucléides de très fortes activités spécifiques tels que le plutonium 238 Pu 2, 3 . Ainsi, l'étude poussée d'analogues naturels et le développement de modèles prédictifs ont permis d'évaluer le comportement à long terme des matrices sélectionnées4 . Cette approche, notamment basée sur la description précise d'échantillons naturels, sur la compréhension des mécanismes de formation de ces phases

	conditionnement	spécifique	des	actinides.	Il	s'agit	de	la	zirconolite
	(Ca 1-x An x 3+ )(Zr 1-y An y 4+ )Ti 2-x Al x O 7 , de la britholite Ca 9 An 1-x 3+ An x 4+ (PO 4 ) 5-x (SiO 4 ) 1+x F 2 ,
	des monazites LnPO4 et des solutions solides monazite/chéralite associées
	Ln 1-x-2y An x 3+ Ca y An y 4+ PO 4 , du phosphate-diphosphate de thorium β -Th 4-x An x 4+ (PO 4 )P 2 O 7
	et des composites β-PDT/monazite.						

matrice est considérée comme "universelle" puisqu'elle autorise l'incorporation de l'ensemble des produits de fission, des produits d'activation et des actinides mineurs. Cependant, dans l'éventualité d'un retraitement poussé du combustible usé et afin d'optimiser la gestion de certains déchets, le conditionnement spécifique de certains radionucléides de longue période a également été envisagé au sein de matrices spécifiques de confinement depuis une quarantaine d'années.

Depuis plusieurs décennies, la gestion à long terme des déchets radioactifs issus de la filière électronucléaire française s'est inscrite dans loi Bataille, votée le 30 décembre 1991

1 

.

Cette loi décrivait plusieurs axes de recherches à poursuivre dans le domaine de la séparation poussée et de la transmutation, de l'entreposage de longue durée et du stockage en formation géologique profonde. Ainsi, l'étude et le développement de nouveaux matériaux susceptibles de permettre un confinement spécifique efficace de certains radionucléides de longues périodes (dont les actinides mineurs) ont été réalisés. Ainsi, sur la base des propriétés relevées, quatre matériaux céramiques ont été retenus comme candidats potentiels pour assurer le Le processus d'évaluation ayant abouti à la sélection de ces matrices spécifiques s'est déroulé en deux étapes. La première, qualifiée de "faisabilité scientifique" consistait à identifier les matériaux d'intérêt sur la base de leur capacité à incorporer des radionucléides (par exemple des actinides aux degrés d'oxydation III et IV), évaluer leur capacité de frittage ainsi que leur durabilité chimique. minérales et des mécanismes d'altération chimique, a contribué à une meilleure connaissance du comportement à long terme des matériaux synthétiques. Pour plusieurs des matrices sélectionnées, les analogues naturels demeurent parfaitement cristallisés (absence de métamictisation, c'est-à-dire d'amorphisation sous irradiation) notamment en raison d'un recuit

  Ca 9 Nd 1-x An x IV (PO 4 ) 5-x (SiO 4 ) 1+x F 2 (with Th and U)

	[Nd 3+ , PO 4 3-] ↔ [An 4+ , SiO 4 4-]	leading	to	britholites	of	composition

4 3-

] ↔ [Nd 3+ , SiO 4

4-], the incorporation of actinides were performed via the equal substitution :

Chapter I. Review on radwaste ceramics for the specific immobilization of actinides

  

	cheralite solid solutions of general formula Ln1-2xCaxThx-yUyPO4 (0 ≤ x ≤ 0.5 and y = x/5) was performed in Pb2P2O7 molten salt, solid solutions of Ln 1-x Pb x An x IV PO 4 might be
	112 . obtained which can explain the presence of actinides in oxidation state (IV) 117 . However,
	Tabuteau et al. 113 succeeded to incorporate simultaneously tetravalent plutonium and plutonium has been stabilized in both oxidation states, (III) and (IV), with incorporation rates
	neptunium in the monazite structure leading to the final composition Ca0.5Np0.35Pu0.15PO4. depending on the oxidation states 100, 118, 119 .
	However, the synthesis of pure Ca 0.5 Pu 0.5 IV PO 4 or Ca 0.5 Ce 0.5 IV PO 4 remained unsuccessful, Podor et al. 110, 111 reported the existence of a solid solution along two binary systems:
	which was probably due to the partial reduction of plutonium (or cerium) into the trivalent LaPO4 -Ca0.5Th0.5PO4 and LaPO4 -Ca0.5U0.5PO4. They defined two general relations
	oxidation state during the heating treatment 114 . Even when preparing the material in air, associated to the coupled substitution. Such relations involved the average cationic radius in
	Bregiroux et al. 115 obtained the formation of a mixture of Pu III and Pu IV . the structure r IX (M III+IV+II ) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ = (1 -2x) r IX (M III ) + x r IX (M II ) + x r IX (M IV ) and the
	More often, the wet and hydrothermal chemistry routes developed to prepare pure IX (M III+II ) r ̅̅̅̅̅̅̅̅̅̅̅̅̅̅ / r IX (M III+IV ) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ratio. In these expressions, r IX (M II ) ̅̅̅̅̅̅̅̅̅̅ , r IX (M III ) ̅̅̅̅̅̅̅̅̅̅̅ and r IX (M IV ) ̅̅̅̅̅̅̅̅̅̅̅ refer
	and single monazite/cheralite solid solutions failed up to now. Indeed, Podor et al. 110, 111 to the ionic radius of divalent, trivalent and tetravalent cations in the ninefold coordination,
	studied the synthesis of Ln1-2xCaxAnxPO4 (An = Th(IV) or U(IV)) monazite/cheralite solid respectively, and r IX (M III+IV+II ) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ is the average ionic radius.
	solutions by hydrothermal conditions close to those found in geological media. Concerning
	the synthesis of thorium-bearing samples, lanthanide elements, calcium and thorium
	hydroxides were calcined at 333 K for 30 min and then mixed with concentrate phosphoric
	acid. The mixtures were put in closed containers at 1053 K and 200 MPa for one day.
	Monazite/cheralite crystals were obtained. However, the same synthesis with uranium(IV)
	led to the formation of polyphased systems composed by Ca0.5U0.5PO4 and U2(PO4)(P3O10).
	More recently, Du Fou de Kerdaniel 62 performed hydrothermal syntheses at 423 K
	for several days in order to prepare pure Nd1-2xCaxThxPO4•nH2O as starting precursors. They
	determined a maximum thorium incorporation rate of about 12 wt.% in this phase. However,
	the synthesis appeared to be more complicated using other lanthanides, leading to the
	systematic formation of polyphased systems.
	Crystal growth methods were also developed for the preparation of monazite
	samples. It consisted in the heating of a mixture containing lanthanide oxides and lead
	diphosphate at 1573 K 80 . The crystallization of monazite appeared during cooling, between
	1248 and 1573 K. Monazite was then obtained thanks to the preferential dissolution of lead
	phosphate in hot nitric acid. Kelly et al. 107 , 116 determined by UV spectroscopy analyses the
	oxidation state of the incorporated actinides (6 wt.% UO2; 3 wt.% NpO2; 6 wt.% PuO2; 0.2
	wt.% CmO2; 0.1 wt.% AmO2) in the monazite. All the actinides were found in the oxidation
	state (IV) apart from americium and curium which were trivalent. Because of the
	incorporation rate of the actinides in the structure, the actinide incorporation could not be
	performed thanks to vacancy mechanism 105 . Moreover, as the preparation of these samples
	29

Table I .1. Normalized

 I dissolution rates reported for several monazite/cheralite solid solutions in various acid media at 363 K and comparison with data reported for several monazite samples38, 62,92,[126][127][128][129][130][131] .

						𝑹 𝑳 (𝒊) (g.m -2 .d -1 )			
		pH	Th	U			Ln			
					La	Ce	Pr	Nd	Eu	Gd
	Ca0.5Th0.5PO4	𝑅 𝐿,0	(2.2 ± 0.2) ×10 -5	-	-	-	-	-	-	-
	Ca0.5Th0.4U0.1PO4	𝑅 𝐿,0 𝑅 𝐿,𝑡	L.D. L.D.	(2.4 ± 0.2) ×10 -4 (2.5 ± 0.3) ×10 -5	--	--	--	--	--	--
	La0.4Eu0.1Ca0.25	𝑅 𝐿,0	L.D.	-	(1.7 ± 0.2) ×10 -6	-	-	-	(4.3 ± 0.4) ×10 -6	-
	Th0.25PO4	𝑅 𝐿,𝑡	L.D.	-	(1.9 ± 0.2) ×10 -7	-	-	-	(9.4 ± 0.9) ×10 -6	-
	La0.4Eu0.1Ca0.25	𝑅 𝐿,0	-	(3.1 ± 0.3) ×10 -4	(1.8 ± 0.3) ×10 -4	-	-	-	(4.5 ± 0.5) ×10 -4	-
	U0.25PO4	𝑅 𝐿,𝑡	-	(1.8 ± 0.2) ×10 -5	(7.2 ± 0.7) ×10 -5	-	-	-	(2.5 ± 0.3) ×10 -5	-

.D. = Limit of detection

  

	Ce0.9Gd0.1PO4 Ce0.5Eu0.5PO4 Ce0.5Pr0.5PO4 leachate) in 10 -1 M HNO3 at 363 K for Ca 0.5 Th 0.4 𝑅 𝐿,0 --𝑅 𝐿,0 --𝑅 𝐿,0 --IV U 0.1 IV PO 4 , Those observations confirm the -6.0 ×10 -6 -4 ×10 -5 -7.6 ×10 -6 very high chemical durability of An-cheralite. Eyal and Olander 159 also reported non-stoichiometric dissolution between actinides elements which was associated to different transport properties. However, the obtained dissolution rate RL,0(U) was in good agreement with those reported for natural samples 137, 150 . Over longer times, Clavier et al. 158 observed a significant decrease of the uranium release (from RL,0(U) ≈ 2.4 ×10 -4 g.m -2 .d -1 down to RL,0(U) ≈ 2.4 ×10 -5 g.m -2 .d -1 ). They associated this decrease to the formation of a passive layer enriched in thorium at the surface of the pellet, acting like "a barrier". However, the behavior of Ca 0.5 U 0.5 IV PO 4 differed from that reported of Ca 0.5 Th 0.4 IV U 0.1 IV PO 4 . Indeed, no saturation phenomenon was observed by XRD for this material, probably because of the absence of thorium in the sample, suggesting that Note : LThe same phenomenon was observed under dynamic conditions (high renewal of the the sample dissolution was only controlled by kinetics 160 .	--3.6 ×10 -6	---	-2 ×10 -4 -	.8 ± 1.4) ×10 -6 1.8 ×10 -5 --

in Table I.2).

  

	Du Fou de Kerdaniel et al. 62 also performed dissolution tests in 0.1 M HNO3 at 363 K
	on La0.4Eu0.1Ca0.25Th0.25PO4 and La0.4Eu0.1Ca0.25U0.25PO4 monazite/cheralite solid solutions.
	In presence of thorium, the normalized dissolution rate was found to be two orders of
	magnitude lower than that obtained in the presence of uranium: RL,0(Ln)Th ≈ 1.7 -4.3 ×10 -6
	g.m -2 .d -1 compared to RL,0(Ln)U ≈ 2 -4 ×10 -4 g.m -2 .d -1 . Once again, the rapid precipitation
	of thorium induced the decrease of the normalized dissolution rate by one order of magnitude
	after 7 days, whereas uranium did not precipitate. This difference was linked to the oxidation
	of uranium (IV) to uranium (VI), UO 2 2+ , at the surface of the solid which weakens the
	cohesion of the lattice 38 . The difference observed for the saturation phenomena of thorium-
	based and uranium-based monazite-cheralite solid solutions was also explained by
	differences in the nature of neoformed phases : uranyl phosphate pentahydrate
	(UO2)3(PO4)2•5H2O	and	thorium	phosphate	hydrogenphosphate	hydrate
	Th2(PO4)2(HPO4)•H2O 57, 59, 61, 158 . The formation of lanthanide phosphate such as
	rhabdophane was also observed leading to the establishment of diffusion phenomena 158, 168 .
	As already discussed, neoformed phosphate-based samples often present very low solubility
	products (as reported Table I.2. log 𝐾 𝑠,0 𝑜 associated to the neoformed phosphate-based phases for actinide and lanthanide
	elements 62 .					
			𝐥𝐨𝐠 𝑲 𝒔,𝟎 𝒐	T (K) Reference
	Th2(PO4)2(HPO4)•H2O	-66.6 ± 1.1	298	Clavier et al. (2006) 158
	Th2-xPux(PO4)2(HPO4)•H2O	-63.2 ± 1.1	298	Robisson et al. (2002) 59
	LaPO4•½H2O (rhabdophane)	-24.5/-27.4	298	Jonasson et al. (1985) 169
	NdPO4•½H2O (rhabdophane)		-26.0	373	Poitrasson et al. (2004) 155
	PrPO4•½H2O (rhabdophane)		-25.7	373	Jonasson et al. (1985) 169
	ErPO4•nH2O (xenotime)		-25.5	373	Jonasson et al. (1985) 169
	AmPO4•nH2O		-24.8/-27.2 ± 0.5	298	Rai et al. (1992) 101 , Robisson et al. (2002) 59
	CmPO4•nH2O		-29.2 ± 0.4	298	Robisson et al. (2002) 59
	(UO2)3(PO4)2•5H2O	-55.1/-53.3	298	Sanding and Bruno (1992) 170 , Thomas et al. (2001) 57

  2-x Al x O 7 , la britholite Ca 9 An 1-x 3+ An x 4+ (PO 4 ) 5-x (SiO 4 ) 1+x F 2 , le phosphate-disphoshate de thorium β -Th 4-x An x 4+ (PO 4 )P 2 O 7 , et les solutions solides associées β-PDT/ monazite, et enfin les monazites LnPO4, et les solutions solides associées ou monazite/chéralite

	Ln 1-x-2y An x 3+ Ca y An y 4+ PO 4 .

La monazite est une phase minérale connue pour être la source principale d'éléments terres rares sur Terre. De plus, la plupart des monazites naturelles contiennent de larges quantités de thorium et uranium. Par analogie, de nombreuses études ont eu pour objectif l'incorporation de quantités significatives d'actinides au sein de la structure cristalline de monazites synthétiques. De nombreux protocoles de synthèse sont répertoriés pour l'incorporation des éléments tri-et tétravalents, utilisant différentes voies (sèche, humide ou hydrothermale). Les actinides trivalents forment, du plutonium à l'einsteinium, des composés monazite et/ou rhabdophane alors que les actinides tétravalents (thorium et uranium par exemple) conduisent par substitution couplée à des solutions solides monazite/chéralite. L'incorporation des éléments tétravalents repose principalement sur des voies sèches, et le développement des synthèses par voies humides a conduit à préparer ses phases dans des conditions proches de celles des milieux géologiques. La synthèse de ses solutions solides monazite/chéralite dans des conditions similaires à celles de l'incorporation des éléments trivalents pourrait être plus confortable.

Reconsideration of the rhabdophane structure and conversion into monazite 60

  La forme tétragonale de type zircon (groupe d'espace I41/amd) est quant à elle adoptée pour la forme anhydre correspondante, la xénotime6, 7 . Les phosphates hydratés composés d'éléments lourds contiennent deux molécules d'eau par unité formulaire. De plus,

1, 2 

, tandis que la forme anhydre, la monazite, cristallise sous la forme monoclinique (groupe d'espace P21/n)

[3][4][5] 

.

Pour les éléments lourds (du Tb au Lu, Sc et Y), la forme hydratée REEPO4•2H2O, appelée churchite ou weinschenkite, cristallise sous la forme monoclinique (groupe d'espace C2/c).

Assaaoudi et al.

8, 9 

ont synthétisé un « nouveau » phosphate de gadolinium : la churchite ou weinschenkite, qui appartient à la structure de type gypse (CaSO4•2H2O) de groupe d'espace C2/c. La déshydratation de cette weinschenkite à 573 K conduit directement à la formation de la xénotime. Il est important de noter que Donaldson et al. 10 ont reporté que HoPO4•2H2O et DyPO4•1,5H2O cristallisaient dans la symétrie orthorhombique de groupe d'espace P222. Pourtant, dans le cas de DyPO4•1,5H2O, à cause de la présence de pics supplémentaires sur les diagrammes de DRX, Assaaoudi et al. 8 ont montré via une étude combinée en spectroscopie Raman et IR et en diffraction des rayons X sur poudre, que ces pics supplémentaires correspondaient à la présence d'un mélange de deux phases : la rhabdophane et la xénotime. Dans ce chapitre, nous nous sommes intéressés à la structure cristallographique de la rhabdophane. Il a été suggéré par Mooney 1, 2 que les composés LnPO4 , 0,5H2O (Ln = La, Ce et Nd) cristallisaient dans le système hexagonal à partir de données DRX sur poudre.

Deux modèles proches ont donc été proposés dans les groupes d'espaces P3121 1 et P6222 2 , mais aucun ne proposait une localisation précise des molécules d'eau même si leur présence dans les canaux zéolitiques avaient été confirmée par Mooney 2 . La plupart des études portant sur la phase rhabdophane visent à évaluer l'impact de la cristallinité sur les propriétés de luminescence

[11][12][13][14][15][16][17][18] 

, sans que la position cristallographique des molécules d'eau au sein du système n'ait été résolue. Les tentatives d'affinements par la méthode de Rietveld des diagrammes RX sur poudre enregistrés sous rayonnement synchrotron, pour des composés bien cristallisés dans le système hexagonal ont donné des résultats insatisfaisants.

Ainsi, dans ce chapitre, la structure de SmPO4 , 0,667H2O a été résolue à partir de données DRX obtenues sous rayonnement synchrotron (ligne Crystal, Soleil, France). Cette Chapter II.

structure a également été vérifiée pour la série des lanthanides (du La au Dy). Enfin, une étude thermique combinant DRX-sur poudre, ATG et dilatométrie a été réalisée.

Specific surface area (m 2 .g -1 )

  

Table.II.3. Specific surface area of the synthesized rhabdophanes.

Water loss 1 (mol H2O) Temperature range (°C) Water loss 2 (mol H2O) Temperature range (°C)

  

						Rehydration onset	Rehydration rate
						temperature	at RT
						(°C)	(mol.min -1 )
	La	0.3	RT -150	0.5	150 -240	140	2.3 10 -3
	Ce	0.2	RT -150	0.5	150 -230	130	1.5 10 -3
	Nd	0.3	RT -140	0.5	140 -240	140	1.8 10 -3
	Sm	0.1	RT -120	0.5	140 -220	120	1.5 10 -3
	Eu	0.3	RT -110	0.7	110 -210	115	1.5 10 -3

Table.II.4. Characteristics of the dehydration steps of LnPO4•nH2O, obtained from TGA experiments.

Table . III

 . 

.

1 

and Table.III.2. The high chemical durability of the monazite-type ceramics

Table I .

 I 1 summarized the normalized dissolution rates values reported in literature

	at 363 K, most of them being determined in 0.1 M HNO3 solution. The normalized
	dissolution rate values obtained in this work in 0.1 M HNO3 solution at 363 K were found
	between (4.3 ± 0.1) ×10 -4 g.m -2 .d -1 (for CePO4) and (4.02 ± 0.09) ×10 -3 g.m -2 .d -1 (for GdPO4).

Table.III.1.

  Even though the impact of chemical composition of the leached samples cannot be totally excluded, this difference could come from the different conditions of the leaching/dissolution tests: static conditions in the study reported by Terra et al. 27 instead of dynamic conditions for this study. Moreover, Terra et al. 12 also investigated the chemical durability of sintered pellets of Gd-monazite in 0.1 M HNO3 at room temperature and at 363 K. The RL,0 values reported by Terra et al. reached (2.2 ± 0.7) ×10

Table .

 . 

	III.1. Normalized dissolution rates RL,0(Ln) and RL,0(P) and associated congruence ratio
	r = RL,0 (Ln)/RL,0 (P) obtained during leaching tests of LnPO4 monazite samples performed
	in 0.1M HNO3 solution, at various temperatures (298 K -363 K).	
	Temperature (K)	RL,0 (Ln) (g.m -2 .d -1 )	RL,0 (P) (g.m -2 .d -1 )	r
		(1.3 ± 0.2) ×10 -4	(1.3 ± 0.2) ×10 -4	1.0 ± 0.3
	LaPO4	(5.89 ± 0.06) ×10 -4	(5.97 ± 0.06) ×10 -4	0.99 ± 0.02
		(8.4 ± 0.2) ×10 -4	(9.0 ± 0.2) ×10 -4	0.93 ± 0.04
		(1.17 ± 0.04) ×10 -3	(1.30 ± 0.05) ×10 -3	0.90 ± 0.07
		(4 ± 2) ×10 -5	(5 ± 2) ×10 -5	0.9 ± 0.8
	CePO4	(3.04 ± 0.03) ×10 -4 (2.81 ± 0.06) ×10 -4	(3.23 ± 0.03) ×10 -4 (3.1 ± 0.1) ×10 -4	0.94 ± 0.02 0.90 ± 0.05
		(4.3 ± 0.1) ×10 -4	(4.6 ± 0.2) ×10 -4	0.95 ± 0.06
		(2.6 ± 0.2) ×10 -4	(2.6 ± 0.2) ×10 -4	1.0 ± 0.2
	NdPO4	(7.3 ± 0.1) ×10 -4 (8.5 ± 0.1) ×10 -4	(7.1 ± 0.3) ×10 -4 (8.8 ± 0.1) ×10 -4	1.02 ± 0.06 0.97 ± 0.03
		(1.01 ± 0.03) ×10 -3	(8.18 ± 0.04) ×10 -4	1.23 ± 0.09
		(3.7 ± 0.4) ×10 -4	(3.7 ± 0.3) ×10 -4	1.0 ± 0.2
	GdPO4	(1.64 ± 0.04) ×10 -3 (2.58 ± 0.02) ×10 -3	(1.52 ± 0.05) ×10 -3 (2.66 ± 0.03) ×10 -3	1.08 ± 0.06 0.97 ± 0.02
		(4.02 ± 0.09) ×10 -3	(4.0 ± 0.1) ×10 -3	1.01 ± 0.05

Taking into account all these observation, we can conclude about a global good agreement between the values reported in the literature and that gathered in Table.

III.1 and Table.III.2.

  

Table .

 . III.2. Normalized dissolution rates RL,0(Ln) and RL,0(P) and associated congruence ratio r = RL,0 (Ln)/RL,0 (P) obtained during leaching tests of LnPO4 monazite samples performed in 0.1 M to 1 M HNO3 solutions, at 298 K.

		[HNO3] (M)	RL,0 (Ln) (g.m -2 .d -1 )	RL,0 (P) (g.m -2 .d -1 )	r
		0.1	(1.3 ± 0.2) ×10 -4	(1.3 ± 0.2) ×10 -4	1.0 ± 0.3
	LaPO4	0.5 0.75	(4.3 ± 0.3) ×10 -4 (1.18 ± 0.04) ×10 -3	(3.2 ± 0.4) ×10 -4 (1.20 ± 0.04) ×10 -3	1.3 ± 0.3 0.98 ± 0.07
		1	(2.14 ± 0.04) ×10 -3	(2.18 ± 0.06) ×10 -3	0.98 ± 0.05
		0.1	(4 ± 2) ×10 -5	(5 ± 2) ×10 -5	0.9 ± 0.8
	CePO4	0.5 0.75	(3.6 ± 0.3) ×10 -4 (6.2 ± 0.3) ×10 -4	(4.0 ± 0.3) ×10 -4 (6.8 ± 0.3) ×10 -4	0.91 ± 0.16 0.91 ± 0.07
		1	(1.63 ± 0.05) ×10 -3	(1.72 ± 0.06) ×10 -3	0.95 ± 0.06
		0.1	(1.35 ± 0.04) ×10 -4	(1.46 ± 0.06) ×10 -4	0.92 ± 0.07
	PrPO4	0.5	(2.0 ± 0.1) ×10 -4	(2.2 ± 0.2) ×10 -4	0.9 ± 0.2
		1	(1.3 ± 0.3) ×10 -3	(1.4 ± 0.2) ×10 -3	0.9 ± 0.3
		0.1	(2.6 ± 0.2) ×10 -4	(2.6 ± 0.2) ×10 -4	1.0 ± 0.2
	NdPO4	0.5 0.75	(6.6 ± 0.3) ×10 -4 (1.5 ± 0.1) ×10 -3	(6.5 ± 0.3) ×10 -4 (1.5 ± 0.1) ×10 -3	1.0 ± 0.1 1.0 ± 0.2
		1	(1.21 ± 0.05) ×10 -3	(1.18 ± 0.05) ×10 -3	1.02 ± 0.09
		0.1	(4 ± 2) ×10 -4		
	SmPO4				

Table .

 . III.3. For PrPO4, SmPO4 and EuPO4 compounds, due to the strong uncertainty associated to the slow normalized dissolution rates measured at the lowest acidities, the regression led to a high uncertainty on the n value.

Table .

 . III.4. Apparent activation energies and the associated dissolution rate constants associated to the dissolution reaction of LnPO4 monazite.Eapp,1 is the apparent activation energy determined between 298 K and 313 K, Eapp,2 determined between 313 K and 363 K and Eapp is the apparent activation energy determined in the all range of temperature studied.

	𝐥𝐧 𝒌 𝒕,𝟏 ′′	Eapp,1

(kJ.mol -1 ) 𝐥𝐧 𝒌 𝒕,𝟐 ′′ Eapp,2 (kJ.mol -1 ) 𝐥𝐧 𝒌 𝒕 ′′ Eapp (kJ.mol -1 ) Eapp (kJ.mol -1 ) Literature data

  

		298 K → 313 K	313 K → 363 K	298 K → 363 K	
	LaPO4	23 ± 3	79 ± 8	-2.4 ± 0.4	13 ± 1	3 ± 4	28 ± 10	
	CePO4	31.5 ± 9.5	103 ± 25	-5.5 ± 1.8	7 ± 5	4 ± 3	33 ± 8	41.84 ± 12.55 28
	NdPO4	13.5 ± 1.6	54 ± 4	-4.86 ± 0.08	6.2 ± 0.2	-1 ± 3	17 ± 7	
	GdPO4	23 ± 2	77 ± 6	0.07 ± 0.48	17 ± 1	5 ± 3	30 ± 9	39-45 12

  𝐿𝑛𝑃𝑂 4 .0.667 𝐻 2 𝑂) = ∆ 𝑓 𝑋 𝑜 (𝐿𝑛 3+ ) + ∆ 𝑓 𝑋 𝑜 (𝑃𝑂 4 3-) + 0.667∆ 𝑓 𝑋 𝑜 (𝐻 2 𝑂) -

	𝑆 𝑚 𝑜 (𝐿𝑛𝑃𝑂 4 . 0.667 𝐻 2 𝑂) = ∆ 𝑓 𝑆 𝑜 (𝐿𝑛𝑃𝑂 4 .0.667 𝐻 2 𝑂) + 𝑆 𝑚 𝑜 (𝐿𝑛, 𝑐𝑟) +	
	𝑆 𝑚 𝑜 (𝑃, 𝑐𝑟) + 2 × 𝑆 𝑚 𝑜 (𝑂 2 , 𝑔) + 0.667 × [	1 2	𝑆 𝑚 °(𝑂 2 , 𝑔) + 𝑆 𝑚 °(𝐻 2 , 𝑔) ]	(IV.18.)
	The thermodynamic data of the species 8, 12-14 used to determine
	∆ 𝑓 𝑋 𝑜 (LnPO4•0.667H2O) and 𝑆 𝑚 𝑜 (LnPO4•0.667H2O) are supplied in Table A.3 (Appendix

∆ 𝑅 𝑋 𝑜 (𝐿𝑛𝑃𝑂 4 .0.667 𝐻 2 𝑂) (IV.17.)

where X = G, H, or S and ∆ 𝑅 𝑋 𝑜 (LnPO4•0.667H2O) denotes the molar Gibbs energy, enthalpy or entropy of reaction (IV.2.).

Moreover, the standard molar entropy of the rhabdophane can be deduced from the molar entropy of formation from the elements in their reference state considering:

Table .

 . IV.1. Elementary concentrations and pH values obtained at equilibrium, calculated molalities of the predominant species, equilibrium constants involving the predominant aqueous species in solution (𝐥𝐨𝐠 𝑲 𝒔 *) and standard solubility products obtained for LnPO4•0.667H2O for under-saturation experiments performed at different temperatures in 0.1 mol.L -1 HCl solution.

	Ln T	C Ln		C P	pH eq	𝒎 𝐇 𝟑 𝐏𝐎 𝟒	𝒎 𝐋𝐧 𝟑+	𝐥𝐨𝐠 𝑲 𝒔 *	(H3PO4)	(Ln 3+ )	𝐥𝐨𝐠 𝑲 𝒔 𝒐 *	𝐥𝐨𝐠 𝑲 𝒔,𝟎 𝒐
	K	mol.L	-1	mol.L	-1	(mol.kg	-1 )	(mol.kg	-1 )		
	La	(1.5 ± 0.1) × 10								

Table .

 . IV.2. Elementary concentrations and pH values obtained at thermodynamic equilibrium, calculated molalities of the predominant species, equilibrium constants involving the predominant aqueous species in solution (𝐥𝐨𝐠 𝑲 𝒔 *) and standard solubility products obtained for LnPO4•0.667H2O from over-saturation experiments performed at different temperatures. Experiments in gray were associated to the presence of an additional phase.

	Ln T	C Ln		C P		pH eq	𝒎 𝐇 𝟑 𝐏𝐎 𝟒		𝒎 𝐋𝐧 𝟑+		𝐥𝐨𝐠 𝑲 𝒔 *	(H3PO4)	(Ln 3+ )	𝐥𝐨𝐠 𝑲 𝒔 𝒐 *	𝐥𝐨𝐠 𝑲 𝒔,𝟎 𝒐
		K	mol.L -1		mol.L -1			(mol.kg	-1 )		(mol.kg	-1 )	
		298 (1.5 ± 0.1) × 10	-2	(9.6 ± 0.3) × 10	-3	0.76 ± 0.05 (8.8 ± 0.3) × 10	-3	(1.4 ± 0.1) × 10	-2	-2.01 ± 0.30	(8.8 ± 0.3) × 10 -3	(8.0 ± 0.4) × 10 -4	-2.87 ± 0.30	-24.6 ± 0.3
	La	333 (7.4 ± 0.5) × 10										

Log K°s ,0 Ionic radius (nm) Tb Gd Eu Sm Pr Ce Dy Nd La able

  who demonstrated that phosphate were to uptake small amounts of samarium in solutions enriched with other -lighter and heavierlanthanide elements in the absence of a high degree of solution complexation.Cetiner et al.21 reported solubility products for lanthanum, samarium, yttrium and neodymium determined from under-saturation experiments performed at 296 K, 323 K and 423 K. The solid phase was characterized by PXRD before and after experiments. Lanthanum and neodymium bearing phosphates crystallized with the monazite structure whereas samarium and yttrium formed the rhabdophane and xenotime structures, respectively. The log 𝐾 𝑠,0 𝑜 = -24.55 ± 0.19 value obtained by Cetiner et al.
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  are intermediate between that published by Liu and Byrne and that reported in this study. In fact, Byrne and Kim 20 recalculated the data of Firshing and Brune by considering a different model for the determination of the activity coefficients of Ln 3+ and PO43-. The obtained values of log 𝐾 𝑠,0 𝑜 were higher by about ~ 0.7 compared to the original ones for all elements considered and appeared to be more consistent with that reported in this study. Finally, it seems that the values of log 𝐾 𝑠,0 𝑜 determined with various experimental protocols, using different thermodynamic databases to perform the speciation or different activity correction models, can differ from less than one order of magnitude. The values obtained by Poitrasson et al. 26 for neodymium is not significantly different from those reported by Firshing and Brune, by Cetiner et al. and from ours. It is noteworthy that Poitrasson et al. attributed these log 𝐾 𝑠,0 𝑜 values to solubility of Nd-monazite that is not consistent with the results reported by de Kerdaniel et al.

Determination of the solubility of rhabdophane LnPO4•0.667H2O 156

  Values of 𝐥𝐨𝐠 𝑲 𝒔,𝟎 𝒐 (𝟐𝟗𝟖 𝐊) from over-saturation and under-saturation experiments, 𝐥𝐨𝐠 𝑲 𝒔,𝟎 𝒐 (𝟐𝟗𝟖 𝐊) and ∆ 𝑹 𝑮 𝒐 (𝟐𝟗𝟖 𝐊) calculated by averaging over-and undersaturation solubility products, uncertainties calculated as twice the standard error (except for Gd), ∆ 𝑹 𝑯 𝒐 , ∆ 𝑹 𝑺 𝒐 were deduced from the Van't Hoff plot of the solubility results. ∆ 𝒇 𝑮 𝒐 , ∆ 𝒇 𝑯 𝒐 , ∆ 𝒇 𝑺 𝒐 and 𝑺 𝒎 𝒐 were calculated using the thermodynamic data of reaction determined in this study and the auxiliary data provided inFrom the thermodynamic data of reaction, the standard variations of Gibbs energy, enthalpy and entropy of formation of rhabdophane were determined thanks to the Hess's law

	-63 -62 -60 -59 -58 -57 -56 Table A.4. 𝐥𝐨𝐠 𝑲 𝒔,𝟎 𝒐 (298 K) O) Over-saturation La Ce Pr Nd Sm Eu Gd Tb Dy LaPO4•0.667H2O -24.6 ± 0.3 . 0.667 H 2 CePO4•0.667H2O -25.0 ± 0.3 PrPO4•0.667H2O -25.3 ± 0.3 (LnPO 4 NdPO4•0.667H2O -25.2 ± 0.3 -61 SmPO4•0.667H2O -24.7 ± 0.3 EuPO4•0.667H2O -24.3 ± 0.3 Ln K°S ,0 GdPO4•0.667H2O -24.1 ± 0.3 #	𝐥𝐨𝐠 𝑲 𝒔,𝟎 𝒐 (298 K) Under-saturation -25.0 ± 0.3 -25.5 ± 0.3 -25.8 ± 0.3 -25.6 ± 0.3 -25.6 ± 0.3 -25.5 ± 0.3 -25.0 ± 0.3	𝐥𝐨𝐠 𝑲 𝒔,𝟎 𝒐 (298 K) Average -24.8  0.6 -25.3  0.8 -25.6  0.8 -25.4  0.6 -25.2  1.3 -24.9  1.7	∆ 𝑹 𝑮 𝒐 (298 K) (kJ.mol -1 141  3 144  5 146  5 145  3 143  7 142  10 ) 143  2		a -1 ) (J.mol ∆ 𝑹 𝑺 𝒐 -1 .K -26  11 ∆ 𝑹 𝑯 𝒐 (kJ.mol -563  36 -1 ) -21  7 -555  19 -30  8 -594  23 -22  4 -562  11 -22  8 -564  23 -17  7 -546  19 -25  10 -563  30	∆ 𝒇 𝑮 𝒐 (298 K) (kJ.mol -1 ) -2004  2 -1997  2 -2003  2 -1994  2 -1989  2 -1896  2 -1984  2	∆ 𝒇 𝑯 𝒐 (kJ.mol -2151  13 -1 ) (J.mol ∆ 𝒇 𝑺 𝒐 -1 .K -494  15 -1 ) (J.mol 𝒐 𝑺 𝒎 -1 .K 170  36 -1 ) -2147  9 -504  11 175  19 -2144  10 -473  12 210  23 -2143  6 -499  8 180  11 -2137  10 -499  12 177  23 -2057  9 -538  11 149  19 -2130  12 -492  14 182  30
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Table.IV.3.

# this value corresponds to the churchite phase.

Chapter IV.

(Equation IV.17.) and the auxiliary data reported in Table

A

.4. The thermodynamic data of formation of rhabdophanes are gathered in Table

.

IV.3. These data can only be compared with those of monazites, which have been more extensively studied. Figure

.

IV.9 allows the comparison of the variation of enthalpy of formation of rhabdophane calculated from this study with that reported by Ushakov et al.
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for monazite using oxide-melt solution calorimetry (data from Ushakov et al.
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are provided in Table

.

IV.4).

Table . V

 . .1. Main characteristics of the sintered samples of LaPO4 and NdPO4.

		Thickness (cm)	Mass (g)	ρgeo (g.cm -3 )	ρpycno (g.cm -3 )	ρtheo (g.cm -3 )	Total density (%)	Open porosity (%)	Closed porosity (%)	Grain size (µm)
	LaPO4	0.35	1.018	4.76	4.91	5.081	94	3.0	3.0	1.2
	milled	± 0.02		± 0.38	± 0.10		± 7	± 0.3	± 0.1	± 0.6
	NdPO4	0.267 ±	0.217	4.39 ±	4.90 ±	5.441	81 ± 9	9.0 ±	10 ± 0.4	-
	as-prepared	0.02		0.52	0.20			1.0		
	NdPO4	0.29	0.896	4.74	5.05	5.441	87	6.0	7.0	0.9
	milled	± 0.02		± 0.43	± 0.11		± 8	± 0.6	± 0.1	± 0.5

Table . V

 . .2. Evolution of the roughness of the solid surface of LnPO4 (Ln = La, Nd) determined by AFM and GI-XRR. Evolution of electronic density and porosity during dissolution evaluated by GI-XRR.

		Leaching	Roughness	Roughness	Electronic	Porosity
		time (days)	determined by	determined by	density (e.Å -3 )	
			AFM (Å)	GI-XRR (Å)		
		0	24 ± 3	18 ± 2	1.303 ± 0.003	0.043 ± 0.004
	LaPO4	98 206	25 ± 4 25 ± 3	20 ± 2 19 ± 2	1.255 ± 0.003 1.237 ± 0.003	0.078 ± 0.004 0.091 ± 0.004
		326	19 ± 4	19 ± 2	1.282 ± 0.003	0.057 ± 0.004
		0	10 ± 1	13 ± 2	1.354 ± 0.003	0.076 ± 0.004
	NdPO4	20 162	25 ± 6 24 ± 5	20 ± 2 19 ± 2	1.143 ± 0.003 1.164 ± 0.003	0.220 ± 0.004 0.206 ± 0.004
		284	24 ± 8	22 ± 2	1.195 ± 0.003	0.185 ± 0.004

Table .

 . 

	V.2. The starting porosity values
	determined by XRR for LaPO4 and NdPO4 appeared in fairly good agreement with the open
	porosity values determined by He pycnometry (see Table.V.1). For LaPO4, the porosity
	increased slightly during dissolution from 0.043 ± 0.004 to 0.091 ± 0.004 (after 206 days). For
	NdPO4, the porosity increased during the first 20 days of dissolution from 0.076 ± 0.004 to

  1 . Afin de confirmer la remarquable flexibilité chimique de la monazite, plusieurs Seuls Podor et al.[3][4][5] ont synthétisé des solutions solides monazite/chéralite dans des conditions hydrothermales proches de celles du milieu géologique (1073 K et 200 MPa).

	études ont été menées. L'un des mécanismes permettant d'incorporer des actinides
	tétravalents est la substitution couplée. Ce mécanisme permet d'éviter la formation de
	lacunes 2 et repose sur l'incorporation couplée d'éléments di-et tétravalents afin de garantir
	l'électro-neutralité du système :	
	Ln III PO 4 + x M 2+ + x M 4+ ↔ (Ln 1-2x III M x II M x IV )PO 4 + 2x Ln 3+	(VI.1.)
	La préparation de cette phase monazite/chéralite a été majoritairement réalisée par
	voie sèche, nécessitant plusieurs cycles de broyages et traitements thermiques afin
	d'améliorer la distribution des cations et d'éviter la présence de phases secondaires
	résiduelles.	

Chapter VI. Synthesis of Nd1-2xCaxThxPO4•0.667H2O and estimation of solubility product

  

	surprising. Indeed, if one considers a substitution mechanism similar to that already reported
	for the high-temperature cheralite phase, i.e.:
	2 Nd 3+ ↔ Th 4+ + Ca 2+
	219
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  same, various sets of conditions should lead to the same standard equilibrium constant. Thus, this result indicates that for both experiments (EDF52, which led to a stoichiometric dissolution and DQ223 which dissolution was associated to the preferential release of thorium); the initial rhabdophane-type phase controlled the equilibrium. The positive SI(TPHPH) values obtained in most cases indicated however that if the rhabdophane-type phase rapidly controlled the equilibrium, this equilibrium should be metastable and finally, TPHPH should precipitate, inducing the final segregation of calcium, neodymium and thorium in the solid phases. The precipitation of TPHPH could be very slow or even impossible if a certain degree of over-saturation of the solution was not reached, meaning that the apparent equilibrium with respect to rhabdophane could persist for a long time.

	6,
	∆ 𝑓 𝐻 𝑜 = -22 ± 4 kJ.mol -1 , see Chapter IV). However, TPHPH should precipitate for DQ223
	(1.87 ≤ SI (TPHPH) ≤ 2.48, see Table.VI.5). Thus, thermodynamically, TPHPH is the phase
	that should finally control the concentration of thorium in solution for the experiments
	conducted with DQ223, whereas it is not the case for the experiment conducted with EDF52

as the solution remained slightly under-saturated with respect to TPHPH in this latter case.

Nevertheless, the *IAP values corresponding to reaction VI.2 for both samples were not different and reached -27.5 ± 0.3 at 298 K. If the solubility-controlling phase remains the Chapter VI.

Table .

 . VI.4. Molar ratio of Nd and Th in the solid phase before dissolution, elementary concentrations and molar ratio Nd/P and Th/P in solution at equilibrium during the dissolution of "Nd0.8Th0.1Ca0.1PO4•0.667H2O" in 0.25 M HCl at various temperatures.

	Sample	T			x(Nd)		x(Th)	CNd			CTh	CP		Nd/P	Th/P	(Ln+Th)/P
		[K]					[mol.L -1 ]		[mol.L -1 ]	[mol.L -1 ]
	EDF52	298	0.77 ± 0.30 0.1 ± 0.04	(1.6 ±0.2) ×10 -4	(3.0 ± 0.2) ×10 -5	(2.3 ± 0.1) ×10 -4	0.70 ± 0.10	0.13 ± 0.01	0.83 ± 0.17
		298					(1.27 ± 0.04) ×10 -4 (2.0 ± 0.2) ×10 -5	(4.3 ± 0.3) ×10 -4	0.30 ± 0.03	0.45 ± 0.08	0.74 ± 0.16
	DQ223	333	0.77 ± 10	0.1 ± 0.02	(1.7 ± 0.1) ×10 -4	(1.2 ± 0.1) ×10 -4	(4.7 ± 0.3) ×10 -4	0.36 ± 0.05	0.25 ± 0.05	0.62 ± 0.15
		363					(2.2 ± 0.5) ×10 -4	(1.4 ± 0.1) ×10 -4	(6.0 ± 0.4) ×10 -4	0.38 ± 0.11	0.23 ± 0.04	0.60 ± 0.23
	Sample T		pHeq	𝒎 𝑵𝒅 𝟑+		𝒎 𝑻𝒉 𝟒+	𝒎 𝑯 𝟑 𝑷𝑶 𝟒		(Nd 3+ )	(Th 4+ )	(H3PO4)	log *IAP	log IAP	SI (TPHPH)	SI (NdPO4•0.667H2O)
		[K]			[mol.kg -1 ]		[mol.kg -1 ] [mol.kg -1 ]					
	EDF52 298	0.75 ± 0.05	(1.5 ± 0.2) ×10 -4	(2.4 ± 0.2) ×10 -5	(2.2 ± 0.1) ×10 -4	(8.8 ± 1.1) ×10 -6	(1.4 ± 0.1) ×10 -7	(2.2 ± 0.1) ×10 -4	-5.78 ± 0.31	-27.7 ± 0.3	-0.40	-3.42
		298	0.74 ± 0.05	(1.18 ± 0.04) ×10 -4	(1.5 ± 0.2) ×10 -4	(4.0 ± 0.3) ×10 -4	(6.7 ± 0.2) ×10 -6	(8.7 ± 0.9) ×10 -7	(4.0 ± 0.3) ×10 -4	-5.82 ± 0.31	-27.5 ± 0.3	1.87	-3.32
	DQ223	333	0.69 ± 0.05	(1.5 ± 0.1) ×10 -4	(9.8 ± 0.8) ×10 -5	(4.6 ± 0.3) ×10 -4	(6.5 ± 0.4) ×10 -6	(3.4 ± 0.3) ×10 -7	(4.6 ± 0.3) ×10 -4	-5.87 ± 0.31	-27.5 ± 0.3	1.98	-2.79
		363	0.74 ± 0.05	(1.8 ± 0.4) ×10 -4	(1.1 ± 0.1) ×10 -4	(6.0 ± 0.4) ×10 -4	(6.4 ± 1.5) ×10 -6	(2.7 ± 0.2) ×10 -7	(6.0 ± 0.4) ×10 -4	-5.71 ± 0.34	-27.4 ± 0.3	2.48	-2.42

Table.VI.5. pH values obtained at equilibrium, calculated molalities and activities of predominant species, saturation index related to TPHPH and estimated ions activities products obtained from "Nd0.8Th0.1Ca0.1PO4•0.667H2O" samples at 0.25 M HCl solution at different temperatures.

  ). Les observations MEB ont montré la précipitation de cristaux sous forme d'aiguilles, caractéristique de la structure rhabdophane. Les produis d'activités des ions (IAP) à l'équilibre sont égaux pour EDF52 (log IAP = -27,7 ± 0,3) et DQ223 (log IAP = -27,5 ± 0,3), indiquant que la phase Thrhabdophane initiale contrôle l'équilibre. Ces résultats préliminaires confirment le caractère métastable de la rhabdophane dopée en Th comme du Fou de Kerdaniel et al.11 ont pu le mettre en évidence au cours de la dissolution de solution solide de type monazite/ chéralite. Ce résultat explique en outre les difficultés rencontrées lors de la synthèse de cette phase par voie humide.De plus, dans le cas de DQ223, les log IAP varient peu avec la température même si l'indice de saturation de la solution par rapport au PHPTH augmente en raison du caractère rétrograde de la solubilité de cette phase. Des expériences à plus haute température pourrait ainsi favoriser la précipitation de la phase PHPTH sur un temps plus court.

	La composition chimique a alors été déterminée par dissolution totale du solide, et il apparaît
	que le pourcentage molaire des cations ne correspond pas à la composition attendue, en
	particulier un déficit en calcium est observé. De plus, le rapport P/cations indique une sur-
	stoechiométrie qui pourrait être attribué à la présence d'une seconde phase. Les
	diffractogrammes des rayons X ont montré une limite d'incorporation à partir de x = 0,20 au-
	delà de laquelle des traces de Th(P2O7) ont été détectées.
	Jusqu'à présent, les conditions de synthèses optimales afin d'avoir une Th-rhabdophane pure
	sont : 383 K pendant 2 jours avec un excès molaire en calcium de 900 %.
	Enfin, le produit de solubilité de deux échantillons de rhabdophane dopée en thorium a
	été estimé via des expériences de sous-saturation en milieu chlorhydrique 0,25 M à différentes
	températures. Le premier échantillon (DQ223) a été obtenu à partir des conditions de synthèse
	optimisées, et le second (EDF52) vient d'une synthèse stoechiométrique réalisée par du Fou de
	Kerdaniel 6 . Les expériences de solubilité ont été menées à 298 K, 333 K and 363 K pour DQ223
	et seulement 298 K pour EDF52. EDF52 présente une dissolution stoechiométrique tandis que
	DQ223 montre un relâchement préférentiel du Th. Les calculs relatifs à la précipitation de
	phases néoformées indiquent que les solutions sont sous-saturées en rhabdophane LnPO4.
	0,667H2O, mais sont sur-saturées par rapport au PHPTH pour DQ223 (1,87 ≤ SI(TPHPH) ≤

Ensuite, l'influence de la température, le temps de synthèse et le rapport molaire initial en calcium sur la synthèse de la rhabdophane dopée en Th ont été évaluées. La synthèse semble être sensible à la température, puisque la formation d'une phase secondaire (PHPTH) a été observée à 423 K, mais aucune dépendance avec la durée de synthèse n'a été mise en évidence à 383 K. Sur cette base, l'influence de la quantité de calcium introduite dans le mélange des réactifs a été évaluée à 383 K pendant 2 jours. L'augmentation de l'excès molaire de calcium a conduit à une augmentation du volume de maille des poudres préparées indiquant probablement une incorporation complète du calcium et du thorium au sein de la structure rhabdophane.

2,48). Thermodynamiquement, le PHPTH est la phase qui contrôle la solubilité du thorium dans le cas de DQ223 et probablement à plus long terme pour EDF52. Cependant, les diffractogrammes des rayons X n'ont mis en évidence la présence d'aucune phase néoformée pour les deux échantillons.

  246L'objectif principal de ce travail était d'étudier la cinétique et la thermodynamique de dissolution des monazites LnPO4 (Ln = La  Gd) et des rhabdophanes associées, LnPO4 , 0,667H2O. En effet, sur la base de plusieurs propriétés d'intérêt, les phases de structure monazitique ont été sélectionnées dans le cadre de la loi Bataille relative à la gestion des déchets nucléaires, comme matrices de conditionnement spécifique des actinides tri-et tétravalents. Ce processus passe par la stabilisation de la forme anhydre de la rhabdophane dont le volume de maille est supérieur d'environ 1 % à celui de la forme hydratée initiale. Cette rhabdophane anhydre se transforme en monazite dans une gamme de températures en bon accord avec les résultats reportés dans la littérature.

	L'étude de ces matériaux s'est également révélée primordiale pour l'optimisation des procédés
	d'extraction des terres rares à partir de minerais, la monazite constituant l'une des principales
	phases porteuses de tels éléments.
	La première partie de ce travail a consisté à dresser un état de l'art relatif aux différentes
	matrices envisagées pour assurer le conditionnement spécifique des actinides. Celui-ci a permis
	de mettre en lueur le manque de données cinétiques (vitesses de dissolution normalisées) et
	thermodynamiques (constantes de solubilité et grandeurs associées) cohérentes relatives à la

dissolution des monazites. Dans ces conditions, aucune expression multiparamétrique de la vitesse de dissolution des monazites n'a été établie tandis que les domaines de stabilité relatifs aux phases monazites et rhabdophanes n'ont pas été clairement explorés.

La deuxième partie de ce travail a été consacrée à la préparation, à la caractérisation puis la résolution de la structure de la rhabdophane, LnPO4 , 0,667H2O (Ln = La  Dy), précurseur de la monazite formé à basse température. La structure hexagonale initialement reportée dans la littérature a ainsi été revisitée sur la base d'analyses synchrotron, et une maille monoclinique (groupe d'espace C2) a été proposée. De plus, les molécules d'eau ont été pour la première fois formellement localisées au sein de la structure, révélant des similitudes avec l'organisation des molécules d'eau reportée pour CaSO4 , 0,625H2O. Le comportement en température de la rhabdophane a été étudié, ce qui a permis de mettre en évidence la réversibilité du processus d'hydratation/déshydratation.

Table A . 1 .

 A1 The main aqueous complexation reactions used for the solubility products calculations included in the LLNL thermodynamic database 1 .

	Equilibrium	Log K	∆ 𝑹 𝑯 (kJ.mol -1 )	𝑨 𝟏	𝑨 𝟐	𝑨 𝟑	𝑨 𝟒	𝑨 𝟓
	𝟐𝑯 + + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑯 𝟑 𝑷𝑶 𝟒 𝑯𝑷𝑶 𝟒 𝟑-+ 𝑯 + 𝟐-= 𝑷𝑶 𝟒 𝑯𝑷𝑶 𝟒 -𝟐-+ 𝑯 + = 𝑯 𝟐 𝑷𝑶 𝟒 𝑯 + + 𝑪𝒍 -= 𝑯𝑪𝒍	9.3751 -12.3218 7.2054 -0.67	3.74468 14.7068 -4.20492 -	183.08 -76.17 82.15 418.9	0.07 -0.03 0.03 0.11	-3779.2 134.05 -1043.1 -11784	-73.46 29.66 -32.97 -166.97	-59.03 2.11 -16.3 -184
	𝑳𝒂 𝟑+ + 𝑪𝒍 -= 𝑳𝒂𝑪𝒍 𝟐+	0.3086	14.3637	75.8	0.04	-1723.4	-32.58	-26.91
	+ 𝑳𝒂 𝟑+ + 𝟐𝑪𝒍 -= 𝑳𝒂𝑪𝒍 𝟐 𝑳𝒂 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝑯 + = 𝑳𝒂𝑯 𝟐 𝑷𝑶 𝟒 𝟐+ 𝑳𝒂 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑳𝒂𝑷𝑶 𝟒 + 𝑯 + 𝑪𝒆 𝟑+ + 𝑪𝒍 -= 𝑪𝒆𝑪𝒍 𝟐+	-0.0425 9.7417 -1.3618 0.3086	19.1041 -18.3468 -14.7821	216.32 105.3 -83.53	0.08 0.06 -0.04	-5588.3 406.86 --2005.8	-89.4 -46.64 --35.5	-87.264 6.32 --31.32
	+ 𝑪𝒆 𝟑+ + 𝟐𝑪𝒍 -= 𝑪𝒆𝑪𝒍 𝟐 𝑪𝒆 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝑯 + = 𝑪𝒆𝑯 𝟐 𝑷𝑶 𝟒 𝟐+ 𝑪𝒆 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑪𝒆𝑷𝑶 𝟒 + 𝑯 + 𝑷𝒓 𝟑+ + 𝑪𝒍 -= 𝑷𝒓𝑪𝒍 𝟐+	0.0308 9.6684 -0.9718 0.3086	20.7777 -16.2548 -14.3637	230.11 113.38 -75.15	0.08 0.06 -0.04	-6129.2 52.91 --1666.1	-94.468 -49.65 --32.49	-95.708 0.79 --26.02
	+ 𝑷𝒓 𝟑+ + 𝟐𝑪𝒍 -= 𝑷𝒓𝑪𝒍 𝟐 𝑷𝒓 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝑯 + = 𝑷𝒓𝑯 𝟐 𝑷𝑶 𝟒 𝟐+ 𝑷𝒓 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑷𝒓𝑷𝑶 𝟒 + 𝑯 + 𝑵𝒅 𝟑+ + 𝑪𝒍 -= 𝑵𝒅𝑪𝒍 𝟐+	0.0308 9.5950 -0.7218 0.3086	20.3593 -16.2548 -14.3637	228.48 105.01 -94.59	0.08 0.06 -0.04	-6040.1 381.61 --2420	-93.909 -46.66 --39.55	-94.318 5.92 --37.79
	+ 𝑵𝒅 𝟑+ + 𝟐𝑪𝒍 -= 𝑵𝒅𝑪𝒍 𝟐 𝑵𝒅 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝑯 + = 𝑵𝒅𝑯 𝟐 𝑷𝑶 𝟒 𝟐+ 𝑵𝒅 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑵𝒅𝑷𝑶 𝟒 + 𝑯 + 𝑺𝒎 𝟑+ + 𝑪𝒍 -= 𝑺𝒎𝑪𝒍 𝟐+	0.0308 9.5152 -0.5218 0.3086	20.3593 -15.736 -14.3637	258.4 124.50 -94.97	0.08 0.06 -0.04	-7205.6 -405.24 --2419.8	-104.77 -53.73 --39.72	-112.51 -6.36 --37.79
	+ 𝑺𝒎 𝟑+ + 𝟐𝑪𝒍 -= 𝑺𝒎𝑪𝒍 𝟐 𝑺𝒎 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝑯 + = 𝑺𝒎𝑯 𝟐 𝑷𝑶 𝟒 𝟐+ 𝑺𝒎 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑺𝒎𝑷𝑶 𝟒 + 𝑯 + 𝑬𝒖 𝟑+ + 𝑪𝒍 -= 𝑬𝒖𝑪𝒍 𝟐+	-0.0425 9.4484 -0.2218 0.3086	19.9409 -15.8364 -13.9453	258.72 124.51 -79.28	0.08 0.06 -0.04	-7206.1 -395.76 --1789.5	-104.93 -53.77 --34.04	-112.52 -6.21 --27.95
	+ 𝑬𝒖 𝟑+ + 𝟐𝑪𝒍 -= 𝑬𝒖𝑪𝒍 𝟐 𝑬𝒖 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝑯 + = 𝑬𝒖𝑯 𝟐 𝑷𝑶 𝟒 𝟐+ 𝑬𝒖 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑬𝒖𝑷𝑶 𝟒 + 𝑯 + 𝑮𝒅 𝟑+ + 𝑪𝒍 -= 𝑮𝒅𝑪𝒍 𝟐+	-0.0425 9.4484 -0.1218 0.3086	18.6857 -17.0916 -14.7821	217.58 108.70 -80.75	0.08 0.06 -0.04	-5549.9 272.02 --1859.1	-900.87 -48.13 --34.62	-866.65 4.21 --29.03
	+ 𝑮𝒅 𝟑+ + 𝟐𝑪𝒍 -= 𝑮𝒅𝑪𝒍 𝟐 𝑮𝒅 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝑯 + = 𝑮𝒅𝑯 𝟐 𝑷𝑶 𝟒 𝟐+ 𝑮𝒅 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑮𝒅𝑷𝑶 𝟒 + 𝑯 +	-0.0425 9.4484 -0.1218	21.1961 -14.9996 -	217.54 110.58 -	0.08 0.06 -	-5612.1 134.51 -	-900.67 -48.76 -	-87.635 2.07 -
	𝑻𝒃 𝟑+ + 𝑪𝒍 -= 𝑻𝒃𝑪𝒍 𝟐+	0.2353	13.9453	71.095	0.04	-1467.6	-31.14	-22.921
	𝑻𝒃 𝟑+ + 𝟐𝑪𝒍 -= 𝑻𝒃𝑪𝒍 𝟐 +	-0.0425	18.2673	206.99	0.08	-5095.8	-86.337	-79.576
	𝑻𝒃 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝑯 + = 𝑻𝒃𝑯 𝟐 𝑷𝑶 𝟒 𝟐+	9.3751	-17.51	100.42	0.06	609.75	-45.178	9.4867
	𝑻𝒃 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑻𝒃𝑷𝑶 𝟒 + 𝑯 +	0.0782	-	-	-	-	-	-
	𝑫𝒚 𝟑+ + 𝑪𝒍 -= 𝑫𝒚𝑪𝒍 𝟐+	0.2353	13.5269	69.134	0.04	-1383.9	-30.432	-21.615
	𝑫𝒚 𝟑+ + 𝟐𝑪𝒍 -= 𝑫𝒚𝑪𝒍 𝟐 +	-0.0425	17.4305	188.68	0.08	-4352.8	-79.735	-67.9780.
	𝑫𝒚 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝑯 + = 𝑫𝒚𝑯 𝟐 𝑷𝑶 𝟒 𝟐+	9.3751	-18.3468	98.183	0.06	717.84	-44.383	11.172
	𝑫𝒚 𝟑+ + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑫𝒚𝑷𝑶 𝟒 + 𝑯 +	0.1782	-	-	-	-	-	-
	𝑻𝒉 𝟒+ + 𝟐𝑯𝑷𝑶 𝟒 𝟐-= 𝑻𝒉(𝑯𝑷𝑶 𝟒 ) 𝟐	22.6939	-13.644	652.08	0.23099	-12990	-264.57	-220.82
	𝑻𝒉 𝟒+ + 𝑪𝒍 -= 𝑻𝒉𝑪𝒍 𝟑+	0.9536	0.06276	97.43	0.039398	-1865.3	-41.202	-29.135
	𝑻𝒉 𝟒+ + 𝟐𝑪𝒍 -= 𝑻𝒉𝑪𝒍 𝟐 𝟐+	0.6758	-	-	-	-	-	-
	𝑻𝒉 𝟒+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝑯 + = 𝑻𝒉𝑯 𝟐 𝑷𝑶 𝟒 𝟑+	11.7061	-	-	-	-	-	-
	𝑻𝒉 𝟒+ + 𝑯𝑷𝑶 𝟒 𝟐-+ 𝟐𝑯 + = 𝑻𝒉𝑯 𝟑 𝑷𝑶 𝟒 𝟒+	11.1197	-	-	-	-	-	-
	𝑻𝒉 𝟒+ + 𝑯𝑷𝑶 𝟒 𝟐-= 𝑻𝒉𝑯𝑷𝑶 𝟒 𝟐+	10.6799	0.1046	-	-	-	-	-

Table A . 2 .

 A2 Densities of 0.1 M hydrochloric acid and nitric acid solutions and 0.25 M hydrochloric acid and nitric acid solutions used in the PHREEQC simulations 2 .

		298 K	333 K	343 K	363 K
	Density 0.1 M HCl (kg.L -1 )	0.997	0.983	0.977	0.965
	Density 0.1 M HNO3 (kg.L -1 )	1.001	0.996	0.987	0.969
	Density 0.25 M HCl (kg.L -1 )	1.002	0.997	0.988	0.970
	Density 0.25 M HNO3 (kg.L -1 )	1.006	1.001	0.992	0.974
	A.2. Initial composition of the precipitation medium	

Table A . 3 .

 A3 Initial composition of the precipitation medium for the over-saturated experiments. [LnCl3] is the concentration of the lanthanide solution prepared and analyzed by ICP-AES before the syntheses.

	A.5					
	Ln	[LnCl3]	[Ln 3+ ]	[H3PO4]	[Cl -]	[H + ]
		mol.L -1	mol.L -1	mol.L -1	mol.L -1	mol.L -1
	La	0.489	4.77 × 10 -2	4.36 × 10 -2	0.232	9.94 × 10 -2
	Ce	0.906	4.21 × 10 -2	4.34 × 10 -2	0.221	9.45 × 10 -2
	Pr	0.444	4.18 × 10 -2	4.03 × 10 -2	0.215	8.97 × 10 -2
	Nd	0.525	4.71 × 10 -2	4.26 × 10 -2	0.231	9.02 × 10 -2
	Sm	0.463	4.07 × 10 -2	4.15 × 10 -2	0.212	9.04 × 10 -2
	Eu	0.570	4.22 × 10 -2	4.13 × 10 -2	0.218	9.18 × 10 -2
	Gd	0.509	3.97 × 10 -2	4.04 × 10 -2	0.210	9.14 × 10 -2
	Tb	0.399	4.03 × 10 -2	4.02 × 10 -2	0.212	9.07× 10 -2
	Dy	0.436	4.01 × 10 -2	3.96 × 10 -2	0.210	9.00 × 10 -2

. Rhabdophane LnPO4•0.667H2O: under-and over-saturation experiments

  

Table A . 6 .

 A6 Wavelengths used for the determination of the elemental concentrations by ICP-AES.

	Elements	Wavelengths positions (nm)
		168.599
		169.403
	P	177.495 178.287
		213.618
		214.914
		333.749
	La	379.478
		40.8672
		413.765
	Ce	418.660
		448.691
	Pr	414.311 417.939
		401.225
	Nd	406.109 417.731
		430.358
	Sm	359.260 442.434
	Eu	381.967 420.505
		335.047
	Gd	336.223
		342.247
	Tb	356.10
		353.170
	Dy	353.602
		394.468
		183.801
		315.887
	Ca	393.866
		396.847
		422.673
		274.716
	Th	283.231 283.730
		401.913

L'examen de la structure de la rhabdophane (SmPO4 , 0,667H2O) a montré que le composé cristallise dans le système monoclinique de groupe d'espace C2, au lieu de la structure hexagonale précédemment proposée par Mooney1, 2 . De plus, pour la première fois, les molécules d'eau présentes à l'intérieur des canaux ont été formellement localisées. L'organisation de ces molécules d'eau dans les chaînes montre des similitudes avec l'organisation trouvée pour le composé CaSO4 , 0,625H2O. Le réexamen de la structure de la phase rhabdophane a ensuite été mené du lanthane au dysprosium. La combinaison des analyses de dilatométrie, ATG et DRX sur poudre in situ en température, ont mis en évidence la réversibilité du processus d'hydratation-déshydratation, et le passage par la forme anhydre de la rhabdophane avec un gonflement du volume de maille d'environ 1 %, correspondant au départ des molécules d'eau. Sur la base des résultats collectés à 573 K, la structure du composé anhydre apparaît également monoclinique. En outre, cette étude en température combinée avec les données de Jonasson et al.39 a permis de déterminer la température de transition permettant de convertir la rhabdophane en monazite.

Comme cela a déjà été abordé dans le Chapitre I, les propriétés physico-chimiques de la monazite plaident en faveur de son utilisation en tant que matrice de conditionnement spécifique de certains radionucléides, dont les actinides. Cependant, la durabilité chimique de cette phase doit être évaluée afin de garantir l'immobilisation des actinides. Des conditions chimiques extrêmes sont toujours nécessaires afin de dissoudre complètement les monazites naturelles : par exemple, de l'acide sulfurique concentré à 483 K ou de la soude concentrée à 413 K sont souvent utilisés dans les procédés industriels hydro-métallurgiques en vue de l'extraction des terres rares des minerais[1][2][3] . L'analyse des données de la littérature (Chapitre I) avait montré la nécessité de

monoclinique et le taux d'hydratation récemment reportés pour la rhabdophane lors de ce travail (voir Chapitre II)32 .La structure rhabdophane pouvant persister seulement jusqu'à 773 K35, 41 , le rôle de la rhabdophane peut être considéré comme mineur dans la paragenèse de monazites composés d'éléments lanthanides légers, d'un point de vue géologique. Akers et al.35 a montré l'absence de conversion directe de la rhabdophane en monazite pendant le métamorphisme des pelites, et suggéré que ce serait plutôt des phases intermédiaires comme l'allanite ou des oxydes de lanthanides. Cela pourrait expliquer pourquoi l'occurrence de la phase rhabdophane est réduite à la partie supérieure de la croûte terrestre. En revanche, la température siégeant au voisinage de la zone de stockage géologique des déchets nucléaires, demeure basse (typiquement endessous de 353 K) et donc dans le domaine de stabilité de la rhabdophane. Dans l'hypothèse d'une immobilisation d'actinides mineurs au sein de céramiques spécifiques de type monazite, la très forte durabilité chimique de la monazite associée à la très faible solubilité de la phase rhabdophane pourrait impacter très positivement le comportement à long-terme des actinides mineurs en formation géologique profonde.

Figure.V.9. Depth profiles of the grains surrounded by a pink circle (a, b) and the grain surrounded by an orange circle (c).
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II

Chapter II. Reconsideration of the rhabdophane structure and conversion into monazite

Summary

An examination of the hydrated rhabdophane structure (SmPO4•0.667H2O) was carried out from the synchrotron powder diffraction data collected at Soleil, France. The study showed that this compound crystallizes in a monoclinic system (C2 space group) instead of the hexagonal structure previously proposed by Mooney 1,2 . Moreover, for the first time, the water molecules inside the channels were localized accurately. The organization of water molecules in the channels shows similarities with that found in the CaSO4•0.625H2O compound. Moreover, the combined in situ PXRD, TGA, and dilatometry analyses showed a reversible hydration-dehydration process which stabilizes the anhydrous form of the rhabdophane compound with also a swelling of the volume of about 1 % owing to the departure of the water molecules. On the basis of the data collected at 573 K, the structure of the anhydrous compound also appears to be more likely monoclinic. The reexamination of the rhabdophane phase has been, thus, performed from lanthanum to dysprosium. Besides, in situ PXRD data also permitted the determination of the transition temperature in order to convert rhabdophane to monazite.

105

For silicates or oxides materials, such a fractional and low dependence of the dissolution rates with respect to the protons activity in solution was also evidenced by numerous authors 52,53,[56][57][58][59]61 . The variable and fractional values for n are very difficult to interpret mechanistically. In some cases, the fractional value for n was reported to be equal to the slope of the proton adsorption isotherm in the acid region 61 meaning that the dissolution rate was proportional to the concentration of protonated surface active sites at the solid/liquid interface. By extension, a fractional value for n is often considered in literature to be characteristic of a dissolution reaction controlled by surface reactions, which involves adsorption of protons at the surface of the solid. 

Influence of deviation from equilibrium on the monazite dissolution rate

The long-term behavior of monazite during dissolution was studied using static experiment performed in 0.1 M HNO3 solution and at 298 K. The evolution of the normalized mass loss is reported in Figure.III.7. For the entire duration of the experiment, the dissolution was found to be congruent. For the first 10 days, the normalized dissolution rate was constant (RL(Nd) = (2.2 ± 0.4) ×10 -4 g.m -2 .d -1 ) and similar to the value determined in dynamic experiment under the same conditions (RL,0(Nd) = (2.6 ± 0.3) ×10 -4 g.m -2 .d -1 ).

For longer leaching times, the normalized dissolution rate strongly decreased down to RL(Nd) = (6 ± 1) ×10 -6 g.m -2 .d -1 . In this experiment the temperature was kept constant and the proton consumption according to the dissolution reaction (III.1.) reached 1.5 10 -3 moles at the end of experiment that should induce a negligible impact on the pH and on the ionic strength. Thus, we assumed that this decrease of the dissolution rate was due to a change in the degree of saturation of the solution caused by the Nd-monazite dissolution itself. 

(1.4 ± 0.1) ×10 -7 -3.0 ± 0.5 -3.18 ± 0.06 (2.9 ± 0.3) ×10 -4 9 (7.4 ± 0.4) ×10 -5 (7.4 ± 0.4) ×10 -5 (5.8 ± 0.3) ×10 -6 (6.8 ± 0.3) ×10 -5 (4.3 ± 0.3) ×10 -7 -2.5 ± 0.5 -2.66 ± 0.06 (2.1 ± 0.2) ×10 -4 14 (9.7 ± 0.5) ×10 -5 (9.7 ± 0.5) ×10 -5 (7.6 ± 0.4) ×10 -6 (8.9 ± 0.4) ×10 -5 (7.3 ± 0. (1.9 ± 0.1) ×10 -4 (1.9 ± 0.1) ×10 -4 (1.5 ± 0.1) ×10 -5 (1.8 ± 0.1) ×10 -4 (2.9 ± 0. 

Summary

Pure monazite samples were synthesized, from La to Gd, by wet chemistry using rhabdophane as a precursor. Dissolution experiments were performed on monazite powders under dynamic conditions in order to avoid the precipitation of neoformed phase during the process. Whatever the tested conditions, the normalized dissolution rates values were very low for all the lanthanide elements considered, as a confirmation of the very high chemical durability of monazite-type ceramics.

Far from equilibrium, the impact of the acidity on the normalized dissolution rates was evaluated in various nitric acid solutions (0.1, 0.5, 0.75 and 1 M) at room temperature.

The normalized dissolution rates increased with the proton activity whatever the lanthanide element considered, but remained very low even in very acidic media. As instance, it ranged from (1.21 ± 0.05) ×10 -3 g.m -2 .d -1 for NdPO4 to (4.8 ± 0.5) ×10 -3 g.m -2 .d -1 for GdPO4 in 1 M HNO3 at 298 K. Then, the partial order of the reaction related to the proton activity varied from 0.7 ± 0.2 to 1.5 ± 0.3 for LaPO4, CePO4, NdPO4 and GdPO4. No additional specific trend along the investigated series of lanthanides was evidenced.

The influence of the temperature was also investigated for LaPO4, CePO4, NdPO4 and GdPO4 through experiments performed in 0.1 M HNO3 at 298 K, 313 K, 343 K and 363 K. As expected, an increase of the temperature led to an increase of the normalized dissolution rate value, but the amplitude of this increase was found to be low for all the samples considered. As a representative example, the normalized dissolution rate of NdPO4 equaled (2.6 ± 0.4) ×10 -4 g.m -2 .d -1 and (4.3 ± 0.1) ×10 -4 g.m -2 .d -1 at 298 K and 363 K, respectively. This study allows the determination of the apparent activation energy associated to the dissolution of monazites. For all the lanthanide elements considered, the values of Eapp shifted from 54 to 103 kJ.mol -1 , characteristic of surface reaction controlling dissolution below 313 K, to lower values (from 6.2 to 17 kJ.mol -1 ), usually associated to mass-transport controlling dissolution between 313 K and 363 K. This modification was assigned to the impact of the f(ΔGr) term included in the multiparametric expression of the normalized dissolution rate, which traduces the effect of the saturation state of the solution relative to a neoformed phase.

The long-term behavior of the Nd-monazite was evaluated under static experiment in 0.1 M HNO3 at 298 K. For the first 10 days, the normalized dissolution rate was in good agreement with that obtained under dynamic experiment in the same conditions. Thereafter,

Thermodynamic interpretation of solubility experiments

The standard solubility product was written as:

where (i) denotes the activity, mi (mol kg -1 ) is the molality and γi is the activity coefficient of the considered species i. By definition, the water activity at zero ionic strength is equal to 1. This expression corresponds to the following thermodynamic equilibrium between LnPO4•0.667H2O and the solution:

However, under the acidic conditions considered for the determination of the solubility products, the dominant species in solution are Ln 3+ (from 89% to 96% of the elementary concentration) and H3PO4 (from 89% to 98% of the elementary concentration).

Thus, the dissolution reaction in acid medium can be written according to reaction (IV.3.):

To minimize systematic errors originated in the choice of the complexing constants and ionic strength corrections, the constant of the equilibrium involving the predominant species in the experimental conditions was first calculated using the molalities, it gives for reaction (IV.3.):

The solubility product associated to each rhabdophane sample was calculated from over-and under-saturation experiments once a steady state was reached, and only if the precipitation or the dissolution was congruent. The molarities of all the species were calculated from the experimental elemental concentrations and from the measured pH with the geochemical speciation software PHREEQC-2 7 associated with the Lawrence Livermore National Laboratory thermodynamic database, LLNL-TDB 8 . These calculations accounted for the aqueous complexation reactions listed in Table A

together with the corresponding standard equilibrium. The molar to molal conversion was performed by PHREEQC-2 using the density of 0.1 mol.L -1 HCl solution at the (2.25 ± 0.03) × 10 experiments. This difference is in the range between 0.2 to 0.5 log units, which is within the uncertainties associated to the determination. Thus, we concluded to the establishment of the same thermodynamic equilibrium controlled by the rhabdophane phase. The precipitation equilibrium was thus found to be reversible, which validates the methodology developed and authorized the derivation of the associated thermodynamic data.

Summary

The systematic study dealing with the solubility of the rhabdophane, LnPO4•0.667H2O (Ln = La to Dy) was developed using over-saturation and under-saturation experiments at different temperatures. The establishment of equilibrium was then demonstrated by reversing the experiments and controlling carefully that the solids formed by precipitation from oversaturated conditions exhibited the same rhabdophane structure than the neoformed phases obtained during under-saturation experiments in the entire range of temperatures examined.

This approach led to better constrain the stability domain of the rhabdophane phase as a function of the ionic radius of the lanthanide element and of temperature. Indeed, the formation of additional phases was noted during the precipitation experiments: churchite was precipitated at 298 K from Gd to Dy, whereas monazite was formed simultaneously to rhabdophane for La above 363 K and xenotime was observed for Tb and Eu above 333 K and 363 K, respectively.

The log ( 𝐾 𝑠,0 𝑜 , 298 K) values obtained for the rhabdophane form were found to be in good agreement with previous published values that were attributed previously to monazite. A small variation as a function of the ionic radius of the lanthanide element was observed; the solubility product exhibiting a minimum value in the middle of the investigated lanthanide series (i.e. from Pr to Sm). The ∆ f G o values at 298 K were found to range between 1984 ± 2 and 2004 ± 2 kJ.mol -1 whatever the lanthanide element considered, except for Eu-rhabdophane that presented the highest value for the Gibbs energy of formation (1896 ± 2 kJ.mol -1 ). The same trend was also observed for the enthalpy of formation of the rhabdophanes: th ∆ 𝑓 𝐻 𝑜 e values were found between 2151 ± 13 and 2130 ± 12 kJ.mol -1 whatever the lanthanide element considered, whereas it reached 2057 ± 9 kJ.mol -1 for europium. This trend appears to be consistent with the data reported by Ushakov et al. 31 for monazite by using oxide-melt solution calorimetry. Interestingly, the values obtained for the rhabdophane forms can be deduced from those of the monazite forms by adding the enthalpy of formation of 0.667 water molecule per mole. This purely additive behavior indicates that the incorporation of water molecules in the monazite structure and the subsequent arrangement of the structure do not stabilize significantly the rhabdophane phase by comparison to the monazite. This result also confirms the monoclinic structure recently reported for rhabdophane as well as the hydration degree determined during this study (see Chapter II) 32 .

As the rhabdophane structure can persist only up to 773 K 35,41 , geological evidences suggest that the role of rhabdophane is minor in the paragenesis of light Ln monazites. Akers 

Characterization of the evolving interface

V.1.3.1. Operando experiments followed by ESEM

The microstructural evolution of the pellet surface was monitored operando by ESEM.

The sample was put on the flat stainless steel sample holder without any preparation except a rinsing step with deionized water then ethanol in order to avoid the presence of remaining nitric acid adsorbed on the surface of the pellets. ESEM micrographs were recorded with a FEI Quanta 200 environmental scanning electron microscope under water pressure ranging from 250 to 400 Pa in order to clean the atmosphere in the SEM, five cycles of water vapour filling between 400 and 1000 Pa were achieved. Mainly two different regions of interest representative of the whole surface of the pellets were identified and observed at several times during the dissolution experiment. ESEM micrographs of these two regions were recorded at different magnifications. Micrographs recorded at low magnification were used to evaluate the increase of the porosity. Thus, the surface area of the analysed regions reached 12 µm × 12 µm, whereas the resolution allowed the visualisation of intra and inter-granular pores. The low magnification images were processed and binarized with ImageJ 1.45m software 23 . The 2D porosity was then extracted from such analysis by calculating the ratio between the surface area of the pores (black pixels) and the total surface area of the investigated domains. High magnification images were used to visualize opening of the grain boundaries and the triple junctions during dissolution as the resolution of the ESEM device under environmental conditions at high magnification reached few nanometers.

V.1.3.2. Operando experiments followed by AFM

AFM images were recorded in tapping mode in air using a commercial Multimode8 (Bruker) apparatus. The free amplitude A0, varied from 1 to 1.5 Volt and the amplitude point was set around 1.2 V. Probes with nominal spring constants k = 40 N m -1 were used (RTESP, nominal tip radius 8 nm, resonance frequency around 300 kHz, Bruker). All the images were taken at scan rates lower than 1 Hz. AFM images were flattened and analyzed using the Nanoscope 5 Analysis software (Bruker). Roughness of the surface of grins, depth profiles of preferential dissolution areas were extracted from the AFM images.

V.2. Results & discussions Monitoring the microstructural evolution of monazite pellets by ESEM

A series of images of the solid surface of LaPO4 and NdPO4 during dissolution tests performed in 0.1 M and 0.25 M HNO3 at 363 K, respectively, recorded with ESEM is depicted in Figure .V.4. These regions of interest were selected because they were representative of the whole sample microstructure. The surface of LaPO4 pellet seems to be virtually unaffected by dissolution even after 326 days. Especially, the surface of the grains did not evolve drastically.

Triple junctions, grain boundaries or inter-and intra-granular pores are usually considered as preferential dissolution zones due to the presence of defects, variations in the chemical composition or accumulated strains in the materials 7,11,15 . With the resolution of the ESEM, it was difficult to conclude to a specific evolution of these zones. Characterization by AFM was thus required. The crack indicated by blue arrows Figure.V.4., came from an indentation mark (Shimadzu micro-hardness tester) applied to the material in order to be able to recover the selected region of interest at various time intervals. Due to this indentation, this crack was also considered as a preferential dissolution zone. Indeed, the ESEM image recorded after 77 days of dissolution shown the digging of the crack between two existing pores. After 77 days, the evolution of this part of the crack was less obvious. Nevertheless, ESEM images of two of the indentation marks were also recorded. At each observation time, three ESEM images were obtained with different tilt angles (typically -15 °, 0° and +15°) in order to build a stereoscopic image. Then a 3D reconstruction of the surface topography was achieved using the MEX Alicona software (Figure .V.5). In this specific area, the evolution of the volume of the indentation marks was evaluated from the 3D reconstructions. The evolution of the volume located beneath a surface defined by selecting catching points around the indentation marks is presented in Figure .V.5b. The volume of the marks was found to increase clearly and at the same rate for both marks during dissolution. Considering the whole sequences of images, this behavior can be attributed unambiguously to the detachment of the grains. This phenomenon was only observed in the area impacted by the indentation mark, thus for the grains that were initially strained.

Summary

For the first time, the operando structural and microstructural evolution of LnPO4 monazite was monitored during dissolution using a set of complementary surface characterization techniques (ESEM, AFM, GI-XRR and GI-XRD). In this study, pure LnPO4 (Ln = La and Nd) monazite pellets were prepared by natural sintering at 1673 K for 8 hours.

Dissolution experiments were performed using static conditions, at 363 K, in 0.1 M and 0.25 M HNO3 for La-monazite and Nd-monazite, respectively. These conditions were selected in order to highlight the formation of rhabdophane phase onto the surface of the monazite pellets within an acceptable time.

The two pellets examined showed different behaviors during dissolution. No significant evolution was observed by ESEM onto the surface of LaPO4 pellet even after 326 days of dissolution, in agreement with the very low weight loss (0.04 wt.%) determined from the elementary releases in solution at the end of the experiment. The determination of the elementary concentrations in solution allowed to estimate that the saturation index relative to rhabdophane equaled -0.77, i.e. that the solution was close to equilibrium but still slightly under-saturated regarding to the rhabdophane precipitation. Nevertheless, AFM measurements were performed to focus on the usual most reactive sites, such as triple junction, grain boundary, cracks or inter-or intra-granular pores. The triple junction and crack created by an indentation mark onto the surface only evolved in depth during dissolution. This evolution stopped after 206 days of dissolution. In addition, the detachment of grains was only observed in the zones where indentation marks were applied to the surface of the pellet indicating that this mechanism occurred only for the grains, which were initially strained. In the absence of such residual strains, the grain boundaries were not specifically dissolved contrarily to that was observed for other materials such as lanthanide and/or actinide oxides. The roughness determined by AFM (25.0 ± 3.4 Å) and GI-XRR (19.3 ± 1.5 Å) were in good agreement and did not increase significantly even after 326 days of dissolution time. This constant value also showed that the surface of the grains remained almost unchanged. Moreover, the analyses of the single critical angle throughout the dissolution experiment by GI-XRR suggested the absence of a surface layer or a secondary phase precipitated at the surface. This value was also used to derive the porosity of the sample, which was found to slightly increase. GI-XRD also did not show any significant structural modification in the material. All these results led to conclude that under the tested conditions (0.1 M HNO3, T = 363 K), the monazite pellet was For the synthesis of the Nd1-2xCaxThxPO4•nH2O samples (x = 0, 0.05, 0.1, 0.15, 0.2), the calculated amount of each cation (Ca+Th+Nd) was mixed then poured slowly in a 5 M H3PO4 solution. The mixture was stirred at about 343 K during 15 minutes then transferred into a Teflon container and finally placed in a sand-bath for two days. Afterwards, the powder was separated from the solution by centrifugation twice in water then one time in ethanol. It was finally dried overnight in oven at 363 K.

Characterization

VI.1.2.1. SEM

The SEM observations were first conducted on selected samples (Figure .VI.1) in order to determine the morphology of the samples prepared. From the collected images, the formation of needle-like crystals or rods was observed, which appeared in very good agreement with the habit generally reported for rhabdophane-type compounds 7 . Also, the size of the grains appeared to be strongly dependent on the chemical composition targeted.

Indeed, the synthesized compounds exhibited a very fine powder for x = 0 and 0.05 while from x ≥ 0.1, the formation of larger rods was observed, with an average crystal length of 5 µm. This trend fits well with the observations reported in the second chapter of this manuscript, which showed a significant improvement of the crystallinity of rhabdophane compounds when considering heavy lanthanide elements 8 . This observation is then also verified during the incorporation of thorium and calcium within the rhabdophane structure.

However, for the highest thorium incorporation rates considered (typically above x = 0.10), 

VI.1.2.2. Determination of the chemical composition

The chemical composition of the synthesized Nd1-2xCaxThxPO4•0.667H2O powders was further determined through the total dissolution experiments. Complete dissolutions of the solids were performed in order to determine the composition of each synthesized solid and used before and after dissolution experiments. Small amounts of materials (~20 mg) were dissolved in 2.5 mL of aqua regia. Several dilution steps were made before the determination of the elementary concentrations by ICP-AES. The obtained results are gathered in the Table .VI.1. It can be noted that the initial composition of EDF52 sample presents a x(Th) slightly lower than DQ223 sample. Moreover, the unit cell volume of the EDF52 sample (V = 2176.7

(3) Å 3 ) is also slightly lower than DQ223 (2182 Å 3 ), suggesting the calcium is not completely incorporated. However, the unit cell volume seems to be in the same order of magnitude than the value determined for x = 0.05.

Definitions and calculations

The thermodynamic equilibrium between Nd1-2xThxCaxPO4•0.667H2O and the solution is expressed as follows: As in the case of LnPO4•0.667H2O (see Chapter IV), under the acidic conditions, the dominant species in solution are Nd 3+ (from 82-84% of the elemental concentration), Th 4+ (from 80-96% of the elemental concentration) and H3PO4 (from 93-99% of the elemental concentration). Thus, the dissolution reaction in acidic medium involving the predominant species can be written as: 

Summary

For the first time, a multiparametric study of the synthesis of Th-doped rhabdophane, Nd1-2xCaxThxPO4•0.667H2O was performed. The stoichiometric synthesis, based on du Fou de Kerdaniel's PhD work 6 , was conducted at 383 K for 2 days and for different compositions (x = 0, 0.05, 0.10, 0.15 and 0.20). SEM observations showed the formation of needle-like crystals, characteristic of the rhabdophane structure-type. The grain size increased with the chemical composition targeted: from very fine powder for 0 ≤ x ≤ 0.05 to larger needles (~5µm) from x ≥ 0.1. Thus, the chemical composition of the compounds was determined through the total dissolution experiments. It appeared that the cation amounts did not match with the expected composition. More precisely, a lack of calcium was always observed. Moreover, the P/cations ratio indicated an over-stoichiometry which could be attributed to the formation of secondary phases. PXRD characterizations showed an incorporation limit for x = 0.20 where traces of -ThP2O7 were detected.

Thus, the influence of heating temperature, heating time and calcium excess on the synthesis of Th-doped rhabdophane was evaluated. The synthesis seems to be sensitive to temperature, with the formation of TPHPH at 423 K. Finally, no dependency with the heating time was observed. On this basis, the influence of the calcium excess was evaluated during synthesis performed for 2 days at 383 K. The increase of the calcium excess showed an increase of the unit-cell volume which could be assigned to the complete incorporation of calcium and thorium in the structure. Up to now, the best synthesis conditions to prepare pure Thrhabdophane correspond to T = 383 K, t = 2 days and a calcium excess of 900%.

In a second time, the solubility products of Th-rhabdophanes samples were estimated from under-saturation experiments in 0.25 M HCl at various temperatures. The first sample used (DQ223) was synthesized thanks to the optimized synthesis conditions reported above whereas the second (EDF52) came from stoichiometric synthesis performed by du Fou de Kerdaniel during his PhD's work 6 . The solubility experiments were conducted at 298 K, 333 K and 363 K for DQ223 and at 298 K for EDF52. This latter showed a stoichiometric dissolution while DQ223 presented a preferential release of thorium. The calculations related to the precipitation of potential neoformed phases indicated that the solutions were under-saturated with respect to the rhabdophane end-member, but saturated with respect to TPHPH for DQ223

(1.87 ≤ SI (TPHPH) ≤ 2.48). However, PXRD patterns did not show any presence of this phase (and any other) for both leached samples. Moreover, the apparent solubility products were -Appendices -VI A In the context of the French research law dedicated to the radioactive waste management, several ceramics were proposed for the specific conditioning of actinides. Among them, monazites and monazite/cheralite solid solutions were particularly considered in this work.

A.3. Thermodynamic data

Thus, monazites LnPO4 (Ln = La → Gd) were prepared by thermal conversion of lowtemperature rhabdophane precursors, LnPO4•0.667H2O. From synchrotron experiments, the crystal structure of rhabdophane was solved. It was found to be monoclinic (space group C2) as monazite (space group P21/n).

The multiparametric study of the kinetics of dissolution of monazites LnPO4

(Ln = La → Gd) was performed in nitric acid solutions and using dynamic conditions. The normalized dissolution rates remained very low whatever the acidity, the temperature, and the lanthanide element considered. The partial order of the reaction related to the protons activity varied from 0.7 ± 0.2 to 1.5 ± 0.3. Moreover, the apparent activation energy of the dissolution mechanism was found to vary with temperature, suggesting a change in the rate-limiting step.

The decrease of the apparent activation energy for T  313 K was assigned to the impact of saturation processes with respect to the rhabdophane.

Thus, the solubility products as well as thermodynamic data associated to the formation of rhabdophanes were evaluated from over-and under-saturation conditions. The similar values obtained by both approaches confirmed the reversibility of the equilibrium associated to the rhabdophane precipitation. Solubility products as well as thermodynamic data only slightly varied along the lanthanide elements series : -2151 ± 13 ≤ ∆f H o (298K) ≤ -2130 ± 12 kJ.mol - , respectively, at 363 K after 300 days of dissolution). These different techniques also highlighted that pre-existing defects (pores, cracks, polishing marks) acted as preferential dissolution zones. However, no secondary phase was clearly evidenced onto the surface of the samples even if the solutions were found to be close to equilibrium with rhabdophane.

Finally, an original protocol of precipitation of Th-doped rhabdophanes, Nd1-2xCaxThxPO4•0.667H2O, was developed during this work. The first estimation of the apparent solubility constants, performed in under-saturated conditions in 0.25 M HCl solution, did not evidence any significant variation in the temperature range investigated.
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