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Abstract 24 

 Monazite (LnIIIPO4) and related solid solutions are a well known source of rare earth 25 

elements on earth. They may also accommodate large amounts of thorium and uranium 26 

without sustaining damage to the structure by self-irradiation. Such observations led to 27 

monazite-type structures being proposed as a potential host matrix for sequestering long-lived 28 

radionuclides produced during the nuclear fuel cycle and/or plutonium and americium from 29 

dismantled nuclear weapons. Monazite has two main advantages as a radwaste matrix. The 30 

first is a high flexible structure that permits accommodation of high concentrations of 31 

actinides. The incorporation of trivalent elements may be obtained by direct synthesis of 32 

AnIIIPO4 (AnIII = Pu – Es), while tetravalent cation incorporation requires coupled 33 

substitutions, either on the anionic site (leading to monazite-huttonite solid solutions) or on 34 

the cationic site (monazite-cheralite solid solution). The various methods developed for the 35 

preparation of such compounds are summarized here, as well as the operating conditions 36 

required for the production of sintered pellets, with a particular focus on plutonium-bearing 37 

compositions. The second highly favorable property of monazite is its very high chemical 38 

durability. Several experimental procedures developed to determine normalized leaching rates 39 

are reviewed, as well as results obtained from natural and synthetic monazite. Potential phases 40 

formed during dissolution were considered because they strongly influence/control the 41 

concentration of actinides in the media. A preliminary list for such phases of interest, as well 42 

as corresponding thermodynamic data, is proposed.  43 

 44 
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Introduction 49 

The French Bataille’s law related to nuclear waste management required to study 50 

potential conditioning of long-lived radionuclides, especially minor actinides and plutonium 51 

derived from dismantled nuclear weapons. To meet this law several dedicated ceramic 52 

materials were selected and extensively studied within the framework of NOMADE and 53 

MATINEX, which are large collaborative French Research Groups 54 

(CNRS/CEA/AREVA/EDF/French universities) (Dacheux et al. 2004; Terra et al. 2006). 55 

Three phosphate-based materials were identified as promising candidates on the basis of 56 

several properties that included ability to accommodate high concentrations of actinides 57 

(Dacheux et al. 2004 ), favourable response to sintering (Dacheux et al. 2002; Clavier et al. 58 

2004; Montel et al. 2006), resistance to aqueous alteration (Oelkers et al. 2002; Poitrasson et 59 

al. 2004; Cetiner et al. 2005; Clavier et al. 2006a, 2006b; Dacheux et al. 2006, 2010; du Fou 60 

de Kerdaniel et al. 2007; Veilly et al. 2008), and radiation damage (Ewing and Haaker 1980; 61 

Karioris et al. 1981; Meldrum et al. 1998; Burakov et al. 2004; Bregiroux et al. 2007). The 62 

approach taken when selecting the materials was based on two steps. The first one, called 63 

« Scientific Feasibility », involved identifying materials that incorporated inactive actinide 64 

surrogates in their crystalline structures during synthesis, preparation of few grams of 65 

homogeneous material for complete materials characterization, evaluation of their response to 66 

sintering, then finally, their behaviour during leaching tests. This was followed by evaluating 67 

their “Technical Feasibility”, which focussed on the preparation and characterization of 68 

actinide-based materials, the study of their structural stability under irradiation (samples 69 

doped with highly radioactive radionuclides (Deschanels 2006, Picot 2008), external 70 

irradiation, and study of natural analogues), and monitoring their long-term behaviour to 71 

enable the development of predictive models of their behaviour over time. Both steps argued 72 

for researchers to consider these properties in four matrices: britholites Ca9AnIII
1-xAnIV

x(PO4)5-73 
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x(SiO4)1+xF2; monazite/cheralite solid solutions Ln1-x-2yAnIII
xCayAnIV

yPO4; Thorium Phosphate 74 

Diphosphate (β-TPD) with associated β-Th4-xAnIV
x(PO4)4P2O7 solid solutions and 75 

combinations of monazite Ln1-yAnIII
yPO4 / β-TAnIVPD, and zirconolite (Ca1-xAnx)(Zr1-76 

yAnIV
y)Ti2-xAlxO7. (Dacheux et al. 2004, Guy et al. 2002). 77 

There are several important reasons for considering monazite as a potential radwaste 78 

matrix, which include several geochemical considerations. From a geochemical point of view, 79 

monazite (LnPO4 with Ln: La−Tb) is the most abundant lanthanide phosphate observed in 80 

natural samples (Förster 1998, Cuney and Mathieu 2000). It usually appears as an accessory 81 

mineral in granites, gneisses and pegmatites (Boatner 2002). It is also found in alluvial 82 

deposits and beach sands resulting from the weathering of the previously described host 83 

rocks. In addition to the major lanthanide element contents, many monazite samples contain 84 

large amounts of the natural radioactive elements thorium and uranium (Slodowska-Curie 85 

1898; Overstreet 1967; Cuney and Mathieu 2000). As the major thorium source on earth, 86 

thorium contents in monazite ores can reach up to about 29 wt.% and 16 wt.% in ThO2 and 87 

UO2, respectively (Gramaccioli and Segalstad 1978; Boatner 2002; Lumpkin 1998). 88 

Individual samples of monazite may incorporate up to 50 wt.% of ThO2 (Förster 1998; Förster 89 

and Harlov 1999; Montel et al. 2000). These results show that the monazite structure can 90 

accept large amounts of heavy actinide elements. Analyses of some natural samples have 91 

demonstrated a predominant coupled substitution between lanthanide elements and calcium + 92 

thorium (Kucha 1980; Rose 1980; Van Emden et al. 1997). The existence of a complete and 93 

ideal monazite-cheralite solid solution MIII
1−2xMII

xMIV
xPO4 has been proven (Rose 1980). 94 

Monazite’s exceptionally high chemical stability also strongly argues for their use as a 95 

radwaste matrix (Lumpkin and Geisler-Wierwille 2012, Boatner 1988). Only few media, such 96 

as CaCl2 or Pb-bearing fluids at 1000°C or alkali elements enriched fluids, induced significant 97 

dissolution/reprecipitation process with formation of secondary phases then discordancy 98 
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(Seydoux-Guillaume et al. 2002, Hetherington et al. 2008, Lumpkin G.R. and Geisler-99 

Wierwille 2012). There are many documented cases where the mineral has survived multiple 100 

sedimentation and metamorphic cycles occurring over several hundred million years (Boatner 101 

2002). Specific examples include the occurrence of ~2 Ga inherited monazite cores in 102 

younger metamorphic and igneous rocks (Rasmussen et al. 2007, Rasmussen et al. 2010, 103 

Paquette et al. 2004, Krenn et al. 2008) and, a comparative study between detrital monazite 104 

and monazite in the source rock from samples collected around Trolongnaro (Fort-Dauphin, 105 

Madagascar) (Montel et al. 2011) demonstrated that weathering, erosion and transport 106 

processes only mechanically abraded monazite, but did not chemically alter the mineral. 107 

Finally, detrital monazite grains constitute closed systems for the U-Th-Pb decay chains and 108 

allow geochronology demonstrates the capability of their structure to retain divalent elements 109 

(Montel et al. 2011). An additional indication of the high chemical durability of monazites 110 

comes from the extreme chemical conditions required to quantitatively dissolve natural 111 

monazite (concentrated H2SO4 at 210°C or concentrated NaOH at 140°C) for industrial 112 

applications (El-Nadi et al. 2005).  113 

The resistance of the monazite structure to radiation damage is the third important 114 

parameter to consider in the field of long-term waste conditioning. Many minerals with large 115 

amounts of uranium or thorium are known to become more metamict over time. They thus 116 

became amorphous due to self-irradiation. The consequences of metamictization on the 117 

chemical (and mechanical) durability are more often explained by decrease of energy of 118 

cohesion associated to the damage of sample cristallinity (Roy and Vance 1981; Tamain et al. 119 

2006, 2007). However, several authors have reported that natural monazite has never been 120 

found in the metamict state, which is probably due to the structures ability to self-anneal and 121 

recover easily its crystallization state (Boatner and Sales 1988, Lumpkin and Geisler-122 

Wierwille 2012). Moreover, synthetic monazite samples exhibited a high resistance to 123 
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radiation damage (Ewing and Haaker 1980; Karioris et al. 1981; Meldrum et al. 1998; 124 

Burakov et al. 2004). Even though the critical amorphization temperature (i.e. temperature 125 

beyond which amorphization does not occur and only atomic scale defects are produced) 126 

ranged from 200°C to 300°C, monazite exhibits the same tendency for low temperature 127 

recovery and recrystallization as apatite and thus appears to be "radiation-resistant” (Ewing 128 

and Wang 2002). The negative consequence of amorphization are low since normalized 129 

dissolution rates for monazite are less than 2.6 × 10-3 g.m-2.d-1 (compared to RL < 10-3 130 

g.m-2.d-1 for irradiated samples) even after heavy particle bombardment (Sales et al. 1983). 131 

Along similar lines, the preferential release of 238U and 232Th daughter products (i.e. 234U, 132 

230Th, 228Th) remained very low (increase by a factor of 1.1 to 10 relative to the structurally 133 

incorporated 238U and 232Th radionuclides) (Eyal and Kaufman 1982, Eyal and Olander 1990, 134 

Olander and Eyal 1990a,b). This isotopic fractionation was attributed to radiation damage in 135 

the tracks of the recoil nuclei emitted during α decay of the parent radionuclides and appeared 136 

to be dependent on the degree of radiation damage and the nature of the daughter products 137 

(Eyal and Olander 1990). 138 

These geochemical and chemical considerations, and their consequences, argue for the 139 

use of monazite as a long-term radwaste host matrix, especially for actinides (Boatner and 140 

Sales 1988, Montel et al. 2011, Krauskopf 1986, Vance 2012). In this paper, we will only 141 

describe the impressive chemical flexibility of the monazite structure and the high chemical 142 

durability of synthetic materials doped with actinides that it imparts, even though the 143 

resistance of the ceramics to radiation damage can not be neglected.  144 

 145 

1. Incorporation of actinides in the monazite structure : benefits from a great structural 146 

flexibility. 147 

 148 
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The AXO4 monazite-type structure (monoclinic, space group P21/n, Figure 1) will 149 

incorporate a remarkably wide range of elements, which makes it a ceramic material of 150 

interest in several fields of research (Clavier et al. 2011). This surprising structural flexibility 151 

is generally correlated to the low symmetry of the LnO9 coordination polyhedron, which does 152 

not induce severe charge or size constraints on which cations may be accommodated in the 153 

site (Boatner et al. 1980b). Among the cations observed in the monazite structure, actinides 154 

were generally observed in phosphate or silicate compounds. On this basis, several 155 

substitution mechanisms were described and were found to be derived from two naturally 156 

occuring accessory minerals i.e. monazite (LnPO4) and associated cheralite 157 

)(POAnMLn 4
IVIIIII

21 xxx− , and huttonite (ThSiO4).  158 

 159 

The incorporation of trivalent actinides in the LnPO4 monazite structure was readily 160 

performed through the direct substitution of rare earth elements by actinides. Indeed, several 161 

AnIIIPO4 samples (An = Pu, Am, Cm, Bk, Cf and Es) are known to be stable (Bjorklund 1958; 162 

Keller and Walter 1965; Haire et al. 1983; Hobart et al. 1983; Bregiroux et al. 2007b). This 163 

was particularly interesting in the case of EsPO4, which is one of the few einsteinium-based 164 

compounds that has been synthesized at the weighable scale. Moreover, their preparation may 165 

be completed via either wet or dry chemistry processes. On the one hand, wet chemistry 166 

routes generally involved the initial precipitation of AnIIIPO4 . ½ H2O rhabdophane 167 

(hexagonal, space group P6222) followed by heating of this intermediate phase between 168 

800°C and 1500°C producing monazite-structure ceramics (Bjorklund 1958; Keller and 169 

Walter 1965; Haire et al. 1983; Hobart et al. 1983). Through this approach, plutonium 170 

monazite PuPO4 was prepared by initially precipitating PuIIIPO4 . ½ H2O rhabdophane from a 171 

mixture of plutonium trichloride and (NH4)2HPO4 between 75°C and 90°C, then firing the 172 

precipitate above 950°C (Bjorklund 1958). The precipitation of UIIIPO4 in formic acid media 173 
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was also reported (Drozdziynski 1979) but this has been questioned given the high instability 174 

of U(III) compared to U(IV) and U(VI) in phosphate-based media (Brandel 2004a,b). It is 175 

also noted that wet chemistry routes can be used to control the final morphology of the 176 

precipitate. For example, the addition of urea to an aqueous mixture of lanthanides and 177 

ammonium phosphate was investigated and found to produce monodisperse powders with 178 

grain sizes that varied as a function of the amount of urea added (Abraham et al. 1980; 179 

Boatner 2002). On the other hand, solid state approaches to synthesis begin with a mixture of 180 

powdered reagents followed by several cycles of grinding and heating. The repetition of such 181 

cycles was generally required to reach the quantitative reaction between the powdered 182 

precursors and avoid the presence of residual undesired secondary phases. As an example, the 183 

preparation of AmPO4 was successfully performed from a mixture of AmO2 and NH4H2PO4 184 

fired two times at 1400°C (Bregiroux et al. 2007b). The direct substitution of trivalent 185 

actinides on the cation site also led to the possible formation of complete solid solutions (such 186 

as La1-xPuxPO4 (Burakov et al. 2004; Popa et al. 2007) and La1-xAmxPO4 between pure end-187 

members (Abraham et al. 1980; Anderson and Burakov 2004; Kitsay et al. 2004; Zhang and 188 

Vance 2008)). Single crystals of LaPO4 doped with 241Am or 246Cm were also grown from a 189 

Pb2P2O7 flux then separated from solidified flux by mechanical steps and/or boiling in 190 

concentrated HNO3 (Kelly et al. 1980, Boatner et al. 1980b). 191 

 192 

In contrast to the incorporation of trivalent actinides in the monazite structure, 193 

accommodation of actinides with higher oxidation states generally required coupled 194 

substitutions, either on the cationic or on the anionic site. However, a direct mechanism of 195 

incorporation, based on the replacement of 4 REEIII by 3 AnIV and the simultaneous formation 196 

of a vacancy, was also reported in natural and synthetic samples (Podor 1994) : 197 

 198 
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4 LnIII   3 (Th,U)IV +      (1.) 199 

 200 

However, this substitution appeared to limit the incorporation of thorium and uranium 201 

to a few wt% in natural monazites and up to 18 wt% ThO2 in synthetic samples (Podor 1994). 202 

Other authors have also argued for the direct incorporation of up to 10 wt% UO2, PuO2 or 203 

NpO2 in LaPO4 (Boatner et al. 1980a; Kelly et al. 1981). A second mechanism involving the 204 

formation of vacancies in the structure required the simultaneous incorporation of divalent 205 

elements : 206 

 207 

(1 – x) LnIIIPO4 + x/6 MII + 2x/3AnIV + x PO4
3- +  x/6    )(POAnMLn 4/6

IV
/32

II
6/

III
1 xxxx−  (2.) 208 

 209 

This mechanism led to the 34
IV
2

II
0.5 )(POAnM  family which was studied by Orlova et al. 210 

with AnIV = Np, Pu (Kitaev et al. 2004). Nevertheless, these compounds were prepared 211 

through crystal growth methods involving Pb/PbO melts that might induce the presence of 212 

significant amounts of lead in the final samples, leading to a cheralite-type substitution (see 213 

below). These compounds were never considered for the immobilization of actinides because 214 

of the probable decrease in chemical durability caused by the presence of vacancies in the 215 

structure (Horlait et al. 2012a, Horlait et al. 2012b).  216 

Two approaches were taken to avoid the formation of such crystal defects during the 217 

incorporation of tetravalent actinides in the monazite structure. The first one involved the 218 

substitution of LnIII by AnIV coupled with the substitution of phosphate by silicate groups 219 

such as : 220 

 221 

(1 – x) LnIIIPO4 + x AnIV + x SiO4
4-   xxxx )(SiO)(POAnLn 4-14

IVIII
1−   (3.) 222 

 223 



 11

Only a few complete studies reported a full and complete characterization of the 224 

substitution in such systems (Hikichi et al. 1978) and are mainly based on natural analogues 225 

containing high thorium contents (Montel et al. 2011). Indeed, monoclinic ThSiO4 (huttonite) 226 

(Hutton 1951), as well as PaSiO4 (Keller 1963; Myasoedov et al. 2006), are stable actinide 227 

silicates with the monazite structure, even if thorium silicate is most commonly known in its 228 

tetragonal form, called thorite. Tetravalent uranium, neptunium, plutonium and americium 229 

silicates also crystallize in such zircon-type structure (Keller 1963; Speer 1980; Pointeau et al. 230 

2009). Some recent work on detrital monazite with both uranium and thorium from 231 

Trolognaro (Madagascar) revealed that uranium was preferentially associated to calcium in a 232 

monazite-cheralite type solid solutions (through MIII ⇔ (MII+MIV) substitution) while 233 

thorium involved a coupled mixed substitution (MIII + PO4) ⇔ (MIV + SiO4), leading to the 234 

formation of a monazite-huttonite solid solution (Montel et al. 2011). Furthermore, it is noted 235 

that this latter mineral family also exhibits long-term durability in geological media (Helean 236 

et al. 1999) and was proposed as a host matrix for the immobilization of weapon-grade 237 

plutonium (Ewing 2007; Ewing et al. 1995) and the treatment of highly radioactive liquid 238 

241Am waste generated by the metal to oxide conversion of plutonium derived from 239 

dismantled nuclear weapons (Aloy et al. 2001). 240 

 241 

The second mechanism reported in the literature, and by far the most well-242 

documented, for the incorporation of tetravalent actinides in the monazite structure leading to 243 

the formation of )(POMAnLn 4
IIIVIII

21 xxx−  compounds is generally called “cheralitic substitution” 244 

(with reference to cheralite, previously reported as brabantite (Linthout 2007)) : 245 

 246 

(1 – 2x) LnIIIPO4 + x AnIV + x MII + 2x PO4
3-   )(POAnMLn 4

IVIIIII
21 xxx−

  (4.) 247 

 248 
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Due to their common occurrence in natural samples, thorium and uranium were the 249 

most studied tetravalent actinides in cheralite. Indeed, the preparation of Ca0.5Th0.5PO4, in 250 

inert or reducing atmosphere (Davis et al. 1981), and of Ca0.5U0.5PO4, as well as associated 251 

solid solutions with LnPO4, was reported possible by dry chemistry experiments (Bregiroux et 252 

al. 2007c). Such chemical routes were usually based on powdered mixtures of AnO2 and MIIO 253 

oxides and NH4H2PO4, which were ground and fired several times to obtain homogeneous 254 

single phase monazite-type compounds at high temperature. Conversely, wet chemistry 255 

methods, including those involving hydrothermal conditions, have so far failed to prepare 256 

pure and single phase compositions on the cheralite-monazite solid solution (Podor et al. 257 

1995; Podor and Cuney 1997). This is also the case for uranium-based equivalents, the 258 

synthesis experiments for which have produced polyphase products composed by 259 

Ca0.5U0.5PO4 and U2(PO4)(P3O10) (Muto et al. 1959, Podor et al. 2003). Similarly, the 260 

formation of HTh2(PO4)3 and ThP2O7 in the mixtures resulting from hydrothermal reactions 261 

was commonly observed in experiments designed to prepare pure Ca0.5Th0.5PO4 (Podor 1994); 262 

these also contributed to the production of polyphase samples composed by cheralite and 263 

thorium-phosphate diphosphate (du Fou de Kerdaniel 2007). 264 

 265 

Neptunium and plutonium have also been stabilized in monazite in the tetravalent 266 

oxidation state. Pure end-member 24
IV
0.50.5 )(PONpCa  was synthesized via a dry chemistry 267 

route (Raison et al. 2008). However, the replacement of calcium by another divalent cation 268 

was found to induce a slight structural change, leading to a substance of cheralitic-269 

composition with an orthorhombic structure (space group Cmca) for Sr0.5Np0.5PO4 (Popa et al. 270 

2010). On the other hand, plutonium was a special case since it was stabilized with both III 271 

and IV oxidation states. Although the stabilization of trivalent plutonium PuIIIPO4 was readily 272 

achievable via different chemical synthesis mechanisms, attempts to incorporate pure 273 
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tetravalent plutonium in the monazite structure, producing )(POPuM 4
IV
0.5

II
0.5 cheralite, always 274 

failed and produced samples exhibiting mixed oxidation states. Indeed, even if the steric 275 

criterion reported by Podor and Cuney (1997) are satisfied for such compounds, PuIV was 276 

easily reduced to the trivalent oxidation state during the experiment thus limiting the 277 

availability of PuIV for incorporation in the monazite structure. Indeed, under argon or inert 278 

atmospheric conditions, plutonium was fully reduced to PuIII, which is the most stable 279 

oxidation state of plutonium in phosphate media, and only PuPO4 was obtained (Bregiroux et 280 

al. 2007b). Even when preparing the material in air and using Ca2+ as a charge compensator, 281 

resulted in the formation of )(POPuCaPu 4
IV
0.3

II
0.3

III
0.4 (Bregiroux et al. 2007b). Very similar 282 

results were obtained when trying to incorporate the analogous tetravalent cerium in the 283 

monazite structure (Pepin et al. 1981; Bregiroux et al. 2007c). However, the presence of 284 

another tetravalent actinide in the system seems to partly stabilize PuIV, as in the example of 285 

)(POPuNpCa 4
IV
0.15

IV
0.35

II
0.5  that was prepared by Tabuteau et al. (1988). Pentavalent neptunium 286 

and plutonium were never observed in the monazite structure (Vance et al. 2011). 287 

All the MII/AnIV couples reported in the literature are summarized in Table 1. Many 288 

intermediate compounds between the pure cheralite end-members have also been successfully 289 

prepared, particularly the thorium and uranium form (Clavier et al. 2011). The diversity and 290 

range of compositions that can be synthesized, which can be extended to all the AnIIIPO4 291 

compounds, demonstrates that the monazite structure appears to be particularly suitable for 292 

the immobilization of actinides. Indeed, from a preparation and synthesis perspective, 293 

monazite fulfills several crucial criterion required for radwaste matrices i.e. high weight 294 

loading in actinides, capability to host tri- and tetravalent radionuclides simultaneously, and 295 

adaptability of the routes used to chemically prepare the material (from powder metallurgy to 296 

dustless wet chemistry methods) (Table 2). Also, it is noted that other stable compounds with 297 

the monazite structure (such as Na3(Pu,Am)2(PO4)3 and K3(Am,Cm)2(PO4)3) are reported in 298 
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the literature but were not envisaged as radioactive waste matrices (Burnaeva et al. 1992; 299 

Volkov et al. 2002), probably because the presence of the monovalent cation could drastically 300 

decrease the chemical durability of such samples. Similarly, thorium-containing vanadates 301 

(Calestani et al. 1984, Nabar and Mahtre 1987, 2001) and arseniates (Nabar and Sakhardande 302 

1985, 1999), as well as pure PuAsO4 and AmAsO4 end members (Keller and Walter 1965) 303 

were prepared; they too belong to the actinide-bearing monazite group.  304 

 305 

The second property required of an actinide-bearing conditioning material is its 306 

response to sintering. High density pellets of actinide-containing compounds with a monazite-307 

type structure were prepared by high temperature sintering of powders to demonstrate the 308 

feasibility of monazite manufacturing and/or to perform chemical durability tests. The 309 

optimum sintering temperature reported for LnPO4 monazites (doped or not with actinides) 310 

generally ranges from 1350 to 1500°C (Bregiroux et al. 2006, 2007a; Cho et al. 2009, Aloy et 311 

al. 2001), although this may be slightly lowered when sintering nanopowders (Rajesh et al. 312 

2004). Without any additives and/or additional external pressure, densification rates up to 313 

98% of the calculated value were obtained. Also, grain growth may be controlled to tailor the 314 

final average grain size in the samples: slow heating rates are needed to reach higher density 315 

values and avoid the inhibition of grain growth by porosity (Bregiroux et al. 2009). The 316 

sintering of lanthanide phosphates also appears to be limited by phosphate decomposition 317 

and/or by the presence of impurities (Morgan et al. 2005). In particular, the presence of 318 

residual polytrioxophosphate species in the samples, Ln(PO3)3, was found to induce the 319 

formation of a glassy phase surrounding the grains (Hernandez and Martin 2008) as well as 320 

promote abnormal grain growth which led to the formation of numerous intragranular pores 321 

(Bregiroux et al. 2006). 322 
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Very few papers report the response to sintering of monazite-cheralite solid solutions 323 

containing actinides (Terra et al. 2006). Nevertheless, all published results agree that their 324 

response to sintering is similar to LnPO4. For example, a 95% densification rate for Th-325 

bearing samples was achieved after 4 hours of heating at 1450°C (Montel et al. 2006; 326 

Glorieux et al. 2009). Similar relative densities were reported when performing densification 327 

through a reactive sintering process : in this case, a mixture of CaHPO4.2H2O, ThO2 and 328 

NH4H2PO4 was mechanically ground, pre-treated at 800-900°C, ground again, shaped then 329 

fired at 1300°C to simultaneously form the cheralite phase and to obtain dense pellets (figure 330 

2) (Terra et al. 2006). 331 

 332 

2. Evidence for remarkable chemical durability 333 

 334 

2.1. Dissolution tests 335 

 336 

 The stability of natural monazites in alluvial deposits or beach sands, as well as the 337 

extreme conditions required to dissolve and quantitatively recover thorium or uranium from 338 

monazites, argue for a remarkable chemical stability. To test that synthetic samples 339 

(monazite, monazite-cheralite, cheralite) conform to observations made on natural samples, 340 

normalized dissolution rates were evaluated using several leaching tests developed using 341 

either static (low renewal of the leachate, e.g. 10-1 mL.d-1) or dynamic (high renewal, e.g. 0.5 342 

and 50 mL.h-1) conditions (Figure 3). High density polyethylene (HDPE) or 343 

polytetrafluoroethylene (PTFE) vessels were usually used to avoid adsorption of released 344 

elements on the containers walls (Ranney and Parker 1998). Prior to dissolution tests, sintered 345 

pellets or powdered samples were first washed for several days in 10-1M HNO3 at room 346 

temperature to remove minor phases or crystal defects at the surface of the samples that may 347 
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generate a bias in the element release from the surface of the samples in the early stages of the 348 

experiments. For static experiments, the slow leaching flow rate did not significantly impact 349 

the system and usually enabled examination of the behaviour of the pellets close to the point 350 

of solubility equilibrium, i.e. when saturation conditions are reached in the leachate. 351 

 Conversely, dynamic-type leaching tests avoid the thermodynamic consequences of 352 

neoformed phases at the surface of the leached samples, and by extension, avoid the 353 

discrepancies that such phases may introduce when determining leaching rates. Rapid 354 

removal of the leachate was achieved by the means of PTFE leaching flow reactor (Dacheux 355 

et al. 2010) in which powdered samples were placed in contact with acidic solution. The 356 

circulation of the leaching solution was achieved by a peristaltic pump that ensured complete 357 

renewal of the leachate fluid twice an hour. The temperature of the experimental set-up was 358 

adjusted by the means of an aluminium dry-bath, and varied between room temperature and 359 

90°C. Higher temperatures were achieved in a similar experimental set-up by use of titanium 360 

autoclaves (Deberdt et al. 1998). Regular aliquots extracted from the experiments were 361 

centrifuged to remove colloids then elemental concentrations were determined by 362 

conventional techniques, including Inductively Coupled – Atomic Emission Spectroscopy 363 

(ICP-AES) or Mass Spectrometry (ICP-MS) and PhotoElectron Rejecting Alpha Liquid 364 

Scintillation (PERALS). 365 

 366 

2.3. Determination of the normalized dissolution rates 367 

To make accurate comparisons between the various materials studied, and the different 368 

experimental techniques, the results for element leachability, i, were normalized to determine 369 

a value of NL(i) (expressed in g.m-2), i.e. considering Eq.5 and Eq.6. for static (Dacheux et al. 370 

2006) and dynamic (Wintergerst et al. 2009) leaching experiments, respectively. 371 
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For static experiments, mi is the total amount of i measured in solution (g), S the 374 

effective surface area (m2) of the pellet in contact with the solution and fi is the mass ratio of 375 

the element i in the solid. For dynamic experiments, NL(i, t + Δt) and NL(i, t) correspond to the 376 

cumulative normalized leachings for i element for a leaching time equal to t and t + Δt, 377 

respectively; t and t + Δt, the cumulative leaching times (hours or days), respectively, and Δt, 378 

the time interval between two withdrawals ; Ci(t), the concentration of the element i and d, the 379 

water flow rate (L.d-1).  380 

The normalized dissolution rate RL (g.m-2.d-1), which stands as the mass loss of the 381 

dissolved material per unit time and surface units, was determined from the evolution of the 382 

normalized leachings, NL (g.m-2), and calculated using the equation presented by Dacheux et 383 

al. (2006) :  384 

 
td

)i(dN  =  )i(R L
L  (7.) 385 

By this approach, the chemical durability of the samples is normalized to the reactive 386 

surface of the solid in contact with the solution and by the elementary weight loading. When 387 

the dissolution occurred far from equilibrium, the normalized dissolution rates were usually 388 

found to be constant (Dacheux et al. 2006) and are noted RL,0. Conversely, near the 389 

establishment of equilibrium, saturation processes associated with the precipitation of 390 

neoformed phases onto the surface of the solids occurs, and generally led to a decrease of 391 

normalized dissolution rates. The associated value, which corresponds to the release of the 392 
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elements from the crystalline matrix followed by a diffusion step through the surface layer 393 

was then distinguishable from the real normalized dissolution rate and is noted RL,t (Dacheux 394 

et al. 2006) (Figure 3).  395 

 396 

2.3. Dissolution of LnPO4 monazites 397 

 398 

 Despite their wide abundance in the geosphere coupled to an increasing economic 399 

interest (Alonso et al. 2012), the dissolution of lanthanide bearing monazites appears to be 400 

poorly documented in the literature. Indeed, only a few studies deal with the behaviour of 401 

natural samples, and even fewer are dedicated to synthetic materials (Aloy et al. 2001, Terra 402 

et al. 2003; Kamel et al. 2010).  403 

From a geochemical perspective, the alteration of monazite was frequently 404 

investigated at non-ambient hydrothermal conditions since its interaction with aqueous fluids 405 

is one of the major factors controlling rare earth element and thorium mobility in crustal 406 

fluids (Schmidt et al. 2007). In this context, extreme experimental conditions, typically about 407 

T = 700-1000°C and P = 1-2 GPa, are frequently used (Pourtier et al. 2010; Tropper et al. 408 

2011). Nevertheless, monazite still appears to be highly durable, with the time needed to 409 

completely dissolve 5 µm or 10 µm crystals calculated to be t < 50,000 years or t < 100,000 410 

years, respectively; as although these are still deemed to be "rapid" at the geological timescale 411 

(Rapp and Watson 1986). Also, no fractionation between light (LREE : La - Sm) and heavy 412 

rare earth elements (HREE : Gd - Lu) was observed, meaning that the dissolution remained 413 

congruent over the whole composition range (Poitrasson et al. 2000). Conversely, the long-414 

term degradation of monazite from Steenkampskraal mine (South Africa) was studied through 415 

an integrated geological, hydrogeological and mineralogical approach and revealed the 416 
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preferential release of heavy rare-earths and enrichment in thorium after leaching (Read 417 

2002). 418 

Even if the studies dedicated to the aqueous geochemistry of monazites stated their 419 

very high chemical durability, they often lacked data of absolute dissolution rates. Indeed, 420 

only general trends or solubility measurements were reported (Poitrasson et al. 2004; Cetiner 421 

et al. 2005). The studies conducted in less aggressive environments allowed the determination 422 

of normalized dissolution rates in various experimental conditions, as well as evaluation of 423 

several parameters such as temperature, pH or nature of the complexing ligand. Whatever the 424 

media and the nature of the sample considered (natural or synthetic), the chemical durability 425 

of monazite always appeared to be very high. Indeed, the RL(La) values determined during the 426 

dissolution of natural monazite samples from Manangotry (Madagascar) at pH = 2 varied 427 

between about 5 × 10-7 g.m-2.d-1 (T = 50°C) and 10-4 g.m-2.d-1 (T = 200°C) (Oelkers and 428 

Poitrasson 2002) and an apparent activation energy of about 40 kJ.mol-1. This is in good 429 

agreement with the data reported for other phosphate-based ceramics (Thomas et al. 2001; 430 

Robisson et al. 2002; Dacheux et al. 2006) and is characteristic of surface controlled 431 

dissolution. The normalized dissolution rates were always found to vary as a function of the 432 

leachate acidity and reached a minimum value for near-neutral pH with RL ≈ 5 × 10-8 g.m-2.d-433 

1. These results, obtained on natural samples, were comparable to data collected during the 434 

dissolution of synthetic Gd-monazite sintered pellets at 90°C (Terra et al. 2003). With less 435 

than one order of magnitude between both data sets (Table 3), synthetic samples exhibited 436 

almost the same chemical durability as natural analogues, provided that homogeneous and 437 

single phase samples were prepared (Terra et al. 2003). The high chemical durability of 438 

monazite was also confirmed in the presence of organic media, such as in humic acid 439 

solutions (Polyakov et al. 2009; Goyne et al. 2010). 440 
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The measured normalized dissolution rates of monazite are several orders of 441 

magnitude lower than those reported for other ceramic materials studied, such as britholite 442 

(Dacheux et al. 2010) or zirconolite (Leturcq et al. 2001), but similar to those for Thorium 443 

Phosphate-Diphosphate (β-TPD) (Robisson et al. 2002; Dacheux et al. 2004, 2006) or β-444 

TPD/monazite composites (Clavier et al. 2006a). Monazite may thus be considered as durable 445 

as β-TPD which is one of the least soluble inorganic phases reported in the literature (Sillen 446 

and Martell 1964). Sales et al. (1983) also argued that La-monazite leaching rates are about 447 

1000 times lower than borosilicate glasses. However, they based their conclusions on results 448 

from MCC-1 type leaching tests (distilled water, T = 90°C, S/V = 0.1 cm-1, t = 28 days) which 449 

did not take into account the possible precipitation of neoformed phases in the back-end of the 450 

initial dissolution process. Indeed, such method is based on a single data point determined 451 

from the concentrations in the leachate after 28 days and therefore supposed that the evolution 452 

of the elementary releases is linear. Conversely, the values reported by Kamel et al. (2010) are 453 

significantly higher than those reported elsewhere in the literature (6 g.m-2.d-1 at pH = 1). This 454 

lower chemical durability was assigned to the chemical routes used for monazite preparation 455 

(sol-gel or dry methods) that induced the formation of less durable secondary phases.  456 

The dissolution of La-monazite sintered samples doped with high 241Am radioactivity 457 

(specific activity of 2.13 × 107 Bq.g-1) was also examined in distilled water at 90°C. The 458 

normalized dissolution rates ranged between 1.2 × 10-4 g.m-2.d-1 for RL(La) and 2.3 × 10-4 459 

g.m-2.d-1 for RL(Am), which are of the same order of magnitude to those of undoped ceramics 460 

(Aloy et al. 2001). On this basis, the self-irradiation of the sample, as well as the alpha 461 

radiolysis, do not appear to significantly influence the dissolution kinetics. 462 

 463 

2.4. Dissolution of actinide-bearing cheralite and monazite-cheralite solid solutions  464 

 465 
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 Literature dealing with the chemical durability of synthetic cheralite (and monazite-466 

cheralite solid solutions) is almost inexistent. Only few results were recently published on the 467 

dissolution of homogeneous and single phase )(POUCaTh 4
IVIV

5.0 xx−  at 90°C in 10-1 and 10-4M 468 

HNO3 (Terra et al. 2003; du Fou de Kerdaniel et al. 2007; Veilly et al. 2008). What data there 469 

is reveals two different behaviors for the typical evolution of normalized leaching (Figure 4), 470 

which depend on the chemical composition considered.  471 

The dissolution of sintered Ca0.5Th0.4U0.1PO4 was mainly characterized by the rapid 472 

precipitation of thorium while uranium was released into solution (RL(U) ≈ 2.4 × 10-4 473 

g.m-2.d-1 ), probably due to its oxidation to a uranyl molecular ion at the surface of the leached 474 

material. When studying various monazite samples, Eyal and Olander (1990) also reported 475 

non-stoichiometric leaching of the actinide elements due to different transport properties 476 

(especially in presence of carbonate species). Moreover, the RL,0(U) value determined agreed 477 

well with those reported for natural samples of monazite-cheralite solid solutions (Sales et al. 478 

1983; Oelkers and Poitrasson 2002). For longer leaching times, uranium release significantly 479 

slowed down (RL,t(U) ≈ 2.5 × 10-5 g.m-2.d-1 ) probably due to the formation of a passivative 480 

thorium-enriched layer at the surface of the leached pellet (like in Clavier et al. 2006b). This 481 

layer acted as a diffusion barrier for uranium, as suggested by the linear evolution of NL(U) 482 

versus the square root of time (Lasaga 1998) (Figure 4b). The behaviour of pure Ca0.5U0.5PO4 483 

end-member differed significantly from that of Ca0.5Th0.4U0.1PO4. Its solubility was mainly 484 

controlled by kinetics (RL,0(U) ≈ 4.2 × 10-6 g.m-2.d-1 ) and did not involve any saturation 485 

phenomena, probably because of the absence of thorium in the sample. However, the 486 

normalized dissolution rate of powdered Ca0.5U0.5PO4 remained very low since no alteration 487 

was observed by XRD after 3 weeks of contact with deionized water at 200°C and 300 bars 488 

(Davis et al. 1981). 489 
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For comparison purposes, the dissolution of La0.4Eu0.1Ca0.25Th0.25PO4 and 490 

La0.4Eu0.1Ca0.25U0.25PO4 monazite-cheralite solid solutions was also examined in 10-1M HNO3 491 

at 90°C (Table 4). As observed for pure cheralite, the nature of the actinides incorporated in 492 

the monazite-type structure significantly affected the behaviour of the material during 493 

leaching tests. Materials such as La0.4Eu0.1Ca0.25Th0.25PO4 sample exhibited two orders of 494 

magnitude higher chemical durability (1.7 × 10-6 g.m-2.d-1 < RL,0(Ln) < 4.3 × 10-6 g.m-2.d-1 ) 495 

than La0.4Eu0.1Ca0.25U0.25PO4 (2 – 4 × 10-4 g.m-2.d-1). Moreover, the rapid precipitation of 496 

thorium at the solid/liquid interface induced a decrease of the normalized dissolution rate by 497 

at least one order of magnitude (RL,t(Ln) ≈ 10-7 g.m-2.d-1 ) after only 7 days of leaching. 498 

Conversely, uranium did not precipitate in the experiments. The dissolution of 499 

La0.4Eu0.1Ca0.25U0.25PO4 was found to be congruent during the early stages of leaching since 500 

uranium, lanthanum and europium releases were similar. 501 

The substitution of thorium by uranium (IV) in the structure led to an increase of the 502 

normalized dissolution rate by two orders of magnitude. The decrease of the chemical 503 

durability was probably linked to the oxidation of uranium (IV) to UO2
2+ at the interface 504 

between the solid and the solution, weakening the cohesion of the lattice (Veilly et al. 2008) 505 

then enhancing the release of uranium in solution. The formation of uranyl phosphate 506 

pentahydrate, (UO2)3(PO4)2. 5 H2O (log KS = -55.1 ± 0.9) and the less soluble thorium 507 

phosphate-hydrogenphosphate hydrate Th2(PO4)2(HPO4) · H2O (log KS = -66.6 ± 1.1) near the 508 

point of saturation explains the different behaviour of thorium and uranium (Thomas et al. 509 

2001; du Fou de Kerdaniel et al. 2007; Robisson et al. 2002; Clavier et al. 2006b; Tamain et 510 

al. 2007). The rapid formation of lanthanide phosphate (either in the rhabdophane or hydrated 511 

monazite form) also occurred at the solid/liquid interface (du Fou de Kerdaniel et al. 2007; 512 

Clavier et al. 2006), leading to a significant decrease of the lanthanide concentration in the 513 

leachate and to the establishment of diffusion phenomena. 514 
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However, despite the presence of redox phenomena, the normalized dissolution rates 515 

determined for uranium-bearing monazite-cheralite solid solution during the first days of 516 

leaching remained very low compared to other ceramics studied. From this point of a view, 517 

monazite, compared to britholite, combines an important structural flexibility with an 518 

impressively high chemical durability. In the case of britholite, its favorable properties in 519 

terms of actinide loading, which are related to a channel-framed structure, may be responsible 520 

for the much lower durability during dissolution tests. The contrasting behavior was examined 521 

in the light of periodic DFT calculations, especially when considering the promotor effect in 522 

both matrices (Veilly et al. 2008). This promotor effect was significant in thorium bearing 523 

britholites, but remained very low for thorium bearing monazite-cheralite solid solutions. In 524 

such conditions, calcium atoms should be less easily released from monazite due to a higher 525 

cohesive energy, suggesting that the high resistance of the monazite structure to aqueous 526 

alteration may be due to the distorted and flexible cationic environment in such structure. 527 

 528 

To account for the influence on normalized leaching rates caused by the rapid 529 

precipitation of neoformed phases, the dissolution of several Ca0.5Th0.5-xUxPO4 solid solutions 530 

were studied in dynamic conditions, i.e. with high and continuous renewal of the leaching 531 

solution (Figure 5, Table 3). Comparison of the normalized dissolution rates determined in 10-532 

1M HNO3 at 70°C illustrates once again the key role of uranium on the chemical durability of 533 

the cheralite matrix. Indeed, the RL values obtained from uranium release into solution were 534 

found to increase by about one order of magnitude when x varied between 0.1 and 0.3 before 535 

reaching a plateau. The precipitation of thorium was not avoided even for such high leachate 536 

renewal rates. Conversely, the dissolution of cheralite samples with lower uranium contents (x 537 

≤ 0.2) appeared to be controlled only by kinetics since the variation of the normalized 538 

leaching rates versus time was found to be strictly linear, even after several days of contact 539 
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between the solid and the solution. At these conditions, the slope in the evolution of the 540 

normalized weight loss reflects the true dissolution rate of the solid, i.e. exempt from any 541 

perturbation due to surface precipitation.  542 

Finally, it is generally agreed in the abundant literature from the fields of geochemistry 543 

and chemistry (Furrer and Stumm 1986; Ganor et al. 1995; Walther 1996; Pokrovsky and 544 

Schott 2000; Heisbourg et al. 2003, 2004), that the normalized dissolution rates determined 545 

for monazite-like samples were systematically found to increase with the proton concentration 546 

in 10-1-10-4M HNO3. Nevertheless, the influence of acidity was found to be moderate since 547 

the RL values were only doubled between pH = 4 and pH = 1. Whatever the chemical 548 

composition of the samples, such fractional and low dependence (partial order related to the 549 

proton activity of 0.1-0.2) (Table 5) has been discussed by several authors, and relates directly 550 

to the concentration of active sites at the solid/liquid interface, and by extension is a surface 551 

reaction controlled dissolution. 552 

 553 

2.5. Thermodynamic aspects of the monazite-cheralite dissolution 554 

 555 

Phosphate-based neoformed phases are usually rapidly developed at the solid/liquid 556 

interface shortly after the establishment of saturation processes when dissolving phosphate-557 

based ceramics. It is well known that such phases are associated with very low solubility 558 

constants and thus to high retention of actinides (Table 6). For trivalent elements, the nature 559 

of the precipitated phases is controlled by several parameters (ionic radius of the trivalent 560 

element, temperature and time, supersaturation index). For example, at 150°C, monazite 561 

(monoclinic, P21/n) is formed for lanthanum and cerium, rhabdophane (hexagonal, P6222) 562 

from neodymium to dysprosium and xenotime (tetragonal, I41/amd) for heavy lanthanides 563 

(Ho-Lu) (du Fou de Kerdaniel et al. 2007). When extending the study to other temperatures, 564 
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monazite is clearly stabilized at higher temperatures compared to rhabdophane (which 565 

constitutes a low-temperature actinide-phosphate form). This is in good agreement with 566 

geological observations in the literature where monazite is more common than the rarely 567 

observed rhabdophane. On the basis of steric considerations, americium and curium should 568 

thus be precipitated as (Am,Cm)PO4 . ½ H2O rhabdophane up to 170°C, and as monazite-type 569 

minerals at higher temperatures (du Fou de Kerdaniel et al. 2007). For trivalent plutonium, the 570 

rhabdophane to monazite transition should occur between 140°C and 150°C. Such results 571 

appear in good agreement with those reported by Keller and Walter (Keller and Walter 1965) 572 

who precipitated crystalline Am-rhabdophane samples from a supersaturated mixture of 573 

Na2HPO4 and Am(III) nitrate solution under hydrothermal conditions at 150°C. They also 574 

reported the transformation of Am-rhabdophane to Am-monazite above 200°C. As previously 575 

stated, PuPO4 . ½ H2O also formed by precipitation and was found to be stable with very low 576 

solubility in various acidic and basic concentrated media (Bjorklund 1957). 577 

The behaviour of tetravalent elements in the presence of phosphate species is also 578 

described in literature. In anoxic conditions, tetravalent thorium, plutonium and uranium are 579 

usually precipitated as An2(PO4)2(HPO4).H2O (Dacheux et al. 2007b) previously identified as 580 

An3(PO4)4.xH2O or HAn2(PO4)3.yH2O (Cleveland 1970, King 1949). On the other hand, in 581 

oxidizing conditions, tetravalent uranium is oxidized to uranyl ions and forms (UO2)3(PO4)2 . 582 

5H2O (du Fou de Kerdaniel et al. 2007, Thomas et al. 2001). While the dissolution of 583 

monazites should all follow the same trend, the behavior of monazite-cheralite solid solutions 584 

may vary due to the incorporation of divalent elements. The precipitation of tetravalent 585 

elements with phosphate species in the presence of large amounts of calcium was examined 586 

using super-saturation experiments. It was found that an original rhabdophane-type solid of 587 

formula Nd0.8Ca0.1Th0.1PO4 . ½ H2O was rapidly precipitated. The refinement of unit cell 588 

parameters confirmed the simultaneous incorporation of calcium and thorium within the 589 
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crystal structure. Nevertheless, the evolution of such neoformed phase as a function of 590 

leaching time underlines its meta-stability : indeed, thorium and calcium were progressively 591 

released during the chemical conversion, leading to additional phases such as 592 

Th2(PO4)2(HPO4).H2O. These conclusions appear consistent with those given by Jonasson et 593 

al. who studied the solubility of some hydrated rare-earth element phosphates with 594 

implications for diagenesis and sea water concentrations (Jonasson et al. 1985). Indeed, they 595 

suggested that hydrated phosphates were important phases in controlling rare-earth element 596 

concentrations in sea waters but also noted that rhabdophane could be considered as a meta-597 

stable phase compared to monazite. 598 

In order to complete the description of the monazite, cheralite and monazite-cheralite 599 

solid-solution solubility close to the point of saturation, experiments with under-saturated 600 

conditions were also conducted. For this purpose, the surfaces of leached powdered or 601 

sintered samples of monazite/cheralite solid-solutions were characterized by several 602 

techniques including SEM, EPMA or grazing incidence XRD (GI-XRD). From these results, 603 

the surface of sintered altered pellets was not strongly modified compared to that of the raw 604 

materials (Figure 6). Indeed, neither preferential dissolution at grain boundaries nor the 605 

formation of corrosion pits was detected on the micrographs, which are features that were 606 

observed on other phosphate-based matrices such as β-TPD and associated solid solutions 607 

(Clavier et al. 2006). Nevertheless, a gelatinous, probably amorphous phase formed on the 608 

surface of the samples. Such observations suggested that the dissolution occurred 609 

homogeneously on grains, grains boundaries and triple junctions. It probably corresponds to 610 

the first dissolution step where the progress of the reaction was not high enough to exploit 611 

surface heterogeneities on the surface of leached samples.  612 

The progress of the dissolution reaction was increased by conducting similar leaching 613 

tests for 3 years in 10-1M HNO3 at 90°C on Th-based cheralite sintered samples (du Fou de 614 
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Kerdaniel 2007). Under such experimental conditions, two phases were observed on the SEM 615 

micrographs (Figure 6). The first phase was the initial Ca0.5Th0.5PO4 cheralite, while the 616 

second appeared as 1 to 10 µm aggregates exhibiting a layered morphology very similar to 617 

that of thorium phosphate hydrogenphosphate hydrate (TPHPH) (Dacheux et al. 2005). The 618 

small size of such grains precluded reliable EPMA-based identification. Conversely, XRD 619 

analysis of the leached powder (Figure 7) confirmed the presence of TPHPH (Dacheux et al. 620 

2005) as well as two small XRD lines that could be assigned to thorium hydroxophosphate 621 

Th(OH)PO4 (Dacheux et al. 2007a).  622 

 If the formation of such thorium phosphates was expected during the dissolution process 623 

of Th-cheralites (Table 6), it is not likely to happen when dealing with monazite-cheralite 624 

solid solutions. Indeed, in such cases, the dissolution always appeared to be congruent which 625 

implies a similar behaviour for thorium and rare earth elements. On the basis of results 626 

reported in literature, one can expect that thorium and lanthanide concentrations should be 627 

controlled in the leachate by the precipitation of Ln1-2xCaxThx(PO4) . nH2O rhabdophane. 628 

Nevertheless, due to the high chemical durability of the sintered samples studied, the 629 

formation of such phase onto the surface of the leached pellet was not observed directly for 630 

the leaching times considered.    631 

 632 

Conclusion 633 

 634 

Several properties of monazite argue for their use as a promising specific conditioning 635 

matrix for minor actinides. Among them, one can cite its structural flexibility, good response 636 

to sintering, high chemical durability and resistance to radiation damage. 637 

From a chemical point of view, the monazite structure allows for a large variety of cationic 638 

and anionic substitutions that leads to a very broad panel of chemical composition. In this 639 
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structure, actinides are mainly incorporated in monazite-cheralite or monazite-huttonite solid 640 

solutions through coupled MIII ⇔ (MII+MIV) and (MIII + PO4) ⇔ (MIV + SiO4) coupled mixed 641 

substitutions, respectively. While wet chemistry methods, especially those involving 642 

rhabdophane-type precursor precipitates can be used to promote the incorporation of trivalent 643 

actinides (Am, Cm), dry chemistry routes are still favoured for tetravalent actinides (Th, U, 644 

Np) incorporation. Plutonium appears to be particularly sensitive the method of preparation 645 

since it can be stabilized either in the trivalent or tetravalent oxidation state. Until now, all the 646 

chemical approaches to synthesis argue for the incorporation of plutonium (III) in monazite 647 

rather than plutonium (IV) in cheralite or monazite-cheralite solid solutions. However, given 648 

the structural flexibility of monazite, it is probably that other substitutions involving actinides 649 

are available. 650 

To avoid dust contamination during the handling of actinide based powders, sintering of 651 

monazite and monazite/cheralite was also examined. Once again, the interesting properties of 652 

this material were observed through its rather good sintering response (1350 – 1500°C). The 653 

use of wet chemistry methods or very reactive precursors allowed for significantly lower 654 

sintering temperatures. 655 

 Efficient actinide conditioning requires the ceramics to have a high resistance to aqueous 656 

alteration. The study of monazite dissolution (natural, undoped or doped with actinides) 657 

confirmed the geochemical observations made on natural systems. Indeed, the chemical 658 

durability of the material remains very high whatever the dissolution conditions when 659 

normalized dissolution rates are compared (10-6 g.m-2.d-1 < RL(i) < 10-3 g.m-2.d-1), and they are 660 

103 to 106 times slower than those reported for other ceramics such as britholite. The high 661 

resistance of pure monazite to aqueous alteration was maintained when tetravalent actinides 662 

are incorporated via the monazite-cheralite solid solution. Moreover, the very low solubility 663 

of phosphate phases generally led to the precipitation of neoformed phases in the back-end of 664 
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the initial dissolution process. Among them, the frequent formation of rhabdophane-type 665 

phases illustrates their links with monazite since they may act either as precursors during wet 666 

chemistry routes or as solubility controlling phases during dissolution tests (Figure 8). In the 667 

latter case, their precipitation onto the surface of the leached samples usually enhances the 668 

high chemical durability, and therefore positively impacts the long term behaviour of the 669 

ceramics were they to be used for long-term storage in geological repository. 670 
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Figure Caption 1056 

 1057 

Figure 1.  Representation of the monazite structure (a) (after Ni et al. 1995) and LnO9 1058 

polyhedrons connection (b). 1059 

Figure 2.  SEM micrographs of Ca0.5Th0.4U0.1PO4 (a) and Ca0.5Th0.2U0.3PO4 (b) pellets 1060 

sintered at 1300°C for 10 hours. 1061 

Figure 3.  Determination of RL,0 and RL,t values during static and dynamic dissolution 1062 

tests (inspired from Dacheux et al. 2010). 1063 

Figure 4.  Evolution of normalized weigth loss during the dissolution of Ca0.5Th0.4U0.1PO4 1064 

(NL(Th) ( ), NL(U) ( )) at T = 90°C (10-1M HNO3) (a) and variation of NL(U) 1065 

versus square root of time (b), revealing the apparition of diffusion phenomena 1066 

(Lasaga 1998). 1067 

Figure 5.  Evolution of NL(U) normalized weight losses during the dissolution of 1068 

Ca0.5Th0.3U0.2PO4, Ca0.5Th0.4U0.1PO4, Ca0.5Th0.2U0.3PO4 samples and of1069 

 Ca0.5Th0.1U0.4PO4 in 10-1M HNO3 (T = 70°C). 1070 

Figure 6.   SEM micrographs of leached Ca0.5Th0.5PO4  pellets (a : 10-1M HNO3 and T = 1071 

90°C; b : 10-1M HCl and T = 70°C) and powder (c,d : 10-1M HNO3 and  1072 

T = 90°C, t = 3 years) 1073 

Figure 7.   XRD pattern of Ca0.5Th0.5PO4  powdered sample altered during 3 years in 1074 

10-1M HNO3 (T = 90°C). XRD lines of initial cheralite (x), TPHPH (+) and 1075 

Th(OH)PO4 (♠). 1076 

Figure 8.    Links between rhabdophane and monazite during heat treatment or leaching 1077 

steps (after Clavier et al. 2007). 1078 

 1079 

 1080 
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Table 1. Incorporation of tetravalent actinides in the monazite structure through the 1081 

“cheralitic coupled substitution”. Green cells indicate successful attempts while 1082 

orange corresponds to failed ones. No data was reported yet for the grey-colored 1083 

couples. 1084 

  MII 

  Mg Ca Sr Cd Ba Pb 

AnIV 

Th Yes Yes Yes Yes Yes Yes 

U Yes Yes Yes    

Np  Yes No    

Pu  No     

 1085 

 1086 

Table 2. Reported possibilities of incorporation of actinides in the monazite structure. W 1087 

stands for wet chemistry methods of preparation, D for dry chemistry routes and N 1088 

for Natural analogues. 1089 

 Th U Pa Np Pu Am – Cm  Bk – Es 

 IV III IV IV IV III IV III III 

AnIIIPO4  W?    W/D  W/D W 

MII
0.5AnIV

0.5PO4 W/D/N  D/N  D  D?   

LnIII
1-xAnIV

x(PO4)1-x(SiO4)x N  N       

AnIVSiO4 W/D/N   W      

AnIIIAsO4      W  W W 

MIILnIIIAnIV(AsO4)3 D         

W? : doubtful based on the very low stability of U(III) in phosphate media 1090 

D? : Pu(IV) incorporation only obtained simultaneously to that of Np(IV) (Tabuteau et al. 1988) 1091 
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Table 3.  Normalized dissolution rates determined for monazite-cheralite solid solutions in various acidic media (T = 70°C) and comparison 1092 

with data reported for LnPO4 monazites. 1093 

   RL (i) (g.m-2.d-1) Reference 
  pH Th U Ln  

Ca0.5Th0.4U0.1PO4 RL,0 1 N.D. (9.7 ± 0.8) × 10-5 --- 
Veilly et al. 2008 

Ca0.5Th0.3U0.2PO4 RL,0

1 N.D. (1.3 ± 0.1) × 10-3 --- 
3 (8.9 ± 0.9) × 10-4 N.D. --- 

du Fou de Kerdaniel 2007 
4 N.D. (6.0 ± 0.6) × 10-4 ---

Ca0.5Th0.2U0.3PO4 
RL,0 1 N.D. (4.6 ± 0.5) × 10-3 --- 

Veilly et al. 2008 RL,t N.D. (1.4 ± 0.1) × 10-3 --- 
RL,0 3 N.D. (1.9 ± 0.2) × 10-3 --- du Fou de Kerdaniel 2007 

Ca0.5Th0.1U0.4PO4 

RL,0 1 N.D. (2.4 ± 0.2) × 10-3 --- 
Veilly et al. 2008 RL,t N.D. (1.8 ± 0.2) × 10-3 --- 

RL,0 4 N.D. (1.1 ± 0.1) × 10-3 --- 
du Fou de Kerdaniel 2007 RL,t N.D. (3.1 ± 0.3) × 10-4 --- 

La0.50Ca0.25Th0.15U0.10PO4 

RL,0 1 N.D. (1.7 ± 0.2) × 10-3 N.D. Veilly et al. 2008 
RL,t N.D. (7.9 ± 0.8) × 10-4 N.D. 
RL,0 2 N.D. (1.6 ± 0.1) × 10-3 N.D. 

du Fou de Kerdaniel 2007 
RL,t N.D. (5.0 ± 0.5) × 10-4 N.D. 
RL,0 3 N.D. (3.5 ± 0.4) × 10-4 N.D. 
RL,0 4 N.D. (3.9 ± 0.4) × 10-4 N.D. 

Natural monazite 
(Ln = Ce) 

--- 1 --- --- 6 × 10-4 

Oelkers and Poitrasson 2002--- 2 --- --- 2 – 3.2 × 10-5 
--- 2.6 --- --- 7 × 10-6 
--- 6 --- --- 8 × 10-7 

GdPO4 
--- 1 --- --- (3.8 ± 0.8) × 10-4 Terra et al. 2003 

(T = 90°C) --- 4 --- --- (4.8 ± 1.4) × 10-6
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Table 4.  Normalized leaching rates of cheralite and monazite-cheralite solid solutions leached in static 1094 

conditions (HNO3, T = 90°C). 1095 

 1096 

  pH
RL(i) (g.m-2.d-1) 

Th U La Eu 

Ca0.5Th0.4U0.1PO4 
RL,0

1 < L.D.
(2.4 ± 0.2) × 10-4

--- --- 
RL,t (2.5 ± 0.3) × 10-5

Ca0.5U0.5PO4 RL,0 4 --- (4.2 ± 0.4) × 10-6 --- --- 

La0.4Eu0.1Ca0.25Th0.25PO4
RL,0

1 < L.D. --- 
(1.7 ± 0.2) × 10-6 (4.3 ± 0.4) × 10-6

RL,t (1.9 ± 0.2) × 10-7 (9.4 ± 0.9) × 10-7

La0.4Eu0.1Ca0.25U0.25PO4 
RL,0

1 --- 
(3.1 ± 0.3) × 10-4 (1.8 ± 0.3) × 10-4 (4.5 ± 0.5) × 10-4

RL,t (1.8 ± 0.2) × 10-5 (7.2 ± 0.7) × 10-5 (2.5 ± 0.3) × 10-5

L.D. : Limit of detection 1097 
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Table 5.  Partial order related to the proton concentration and associated apparent normalized 1098 

dissolution constant determined for several monazite-cheralite solid solutions. The 1099 

extrapolated value of RL(U) at pH = 7 (T = 70°C) is supplied for comparison 1100 

purposes. 1101 

 n kT' (g.m-2.d-1) RL(U) at pH =7 
(g.m-2.d-1) 

Ca0.5Th0.3U0.2PO4 0.11 ± 0.01 (1.7 ± 0.1) × 10-3 (2.9 ± 0.3) × 10-4 

Ca0.5Th0.2U0.3PO4 0.20 ± 0.02 (7.4 ± 0.8) × 10-3 (2.9 ± 0.3) × 10-4 

Ca0.5Th0.1U0.4PO4 0.12 ± 0.01 (3.3 ± 0.4) × 10-3 (4.8 ± 0.5) × 10-4 

La0.5Ca0.25Th0.15U0.10PO4 0.18 ± 0.02 (1.1 ± 0.1) × 10-3 (6.0 ± 0.4) × 10-5 

 1102 

1103 
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Table 6. Values of log (KS,0°) reported for some actinides and lanthanides phosphates 1104 

(from du Fou de Kerdaniel et al. 2007)  1105 

Compound Log (KS,0°) T (K) Reference 

Th2(PO4)2(HPO4).H2O − 66.6 ± 1.1 298 Clavier et al. 2006 

Th2-xPux(PO4)2(HPO4).H2O − 63.2 ± 1.1 298 Robisson et al. 2002 

LaPO4 . ½ H2O (rhabdophane) − 24.5 / − 27.4 298 Jonasson et al. 1985 

NdPO4 . ½ H2O (rhabdophane) − 26.0 373 Poitrasson et al. 2004   

PrPO4 . ½ H2O (rhabdophane) − 25.7 373 Jonasson et al. 1985 

ErPO4.nH2O (xenotime) − 25.5 373 Jonasson et al. 1985 

AmPO4.nH2O − 24.8 / − 27.2 ± 0.5  298 Rai et al. 1992 
Robisson et al. 2002 

CmPO4.nH2O − 29.2 ± 0.4 298 Robisson et al. 2002 

Ca0.1Nd0.8Th0.1PO4 . ½ H2O Work in progress 

(UO2)3(PO4)2.5H2O − 55.1 / − 53.3 298 Sandino and Bruno 1992 
Thomas et al. 2001 

 1106 

 1107 

1108 
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 1109 

 

Figure 1. Representation of the monazite structure (a) (from Ni et al. 1995) and LnO9 1110 

polyhedrons connection (b). 1111 

 1112 

Figure 2. SEM micrographs of Ca0.5Th0.4U0.1PO4 (a) and Ca0.5Th0.2U0.3PO4 (b) pellets 1113 

sintered at 1300°C for 10 hours. 1114 

 1115 

(a) (b) 

(a) (b) 
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Figure 3.  Determination of RL,0 and RL,t values during static and dynamic dissolution 1116 

tests (inspired from Dacheux et al. 2010). 1117 
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Figure 4. Evolution of normalized mass loss during the dissolution of Ca0.5Th0.4U0.1PO4 (NL(Th) 1119 
( ), NL(U) ( )) at T = 90°C (10-1M HNO3) (a) and variation of NL(U) versus square root 1120 
of time (b), revealing the apparition of diffusion phenomena (Lasaga 1998). 1121 
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(T = 70°C) 1127 

1128 



 54

 1129 

Figure 6.  SEM micrographs of leached Ca0.5Th0.5PO4  pellets (a : 10-1M HNO3 and T = 90°C; b : 1130 
10-1M HCl and T = 70°C) and powder (c,d : 10-1M HNO3 and  T = 90°C, t = 3 years) 1131 

 1132 
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 1133 

Figure 7.  XRD pattern of Ca0.5Th0.5PO4  powdered sample altered during 3 years in 10-1M HNO3 1134 

(T = 90°C). XRD lines of initial cheralite (x), TPHPH (+) and Th(OH)PO4 (♠). 1135 
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Figure 8.  Links between rhabdophane and monazite during heat treatment or leaching steps of 1140 
trivalent lanthanide bearing samples (after Clavier et al. 2007). 1141 
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