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Abstract  

Monazite- (REPO4; RE = La to Gd) and xenotime- (REPO4; RE = Dy to Lu & Y) type materials 

have been proposed as host matrices for the immobilization of actinides. Aqueous alteration of 

monazite and xenotime minerals could result in the formation of rhabdophane (REPO4 · 0.667 

H2O; RE = La to Dy) and churchite (REPO4 · 2 H2O; RE = Gd to Lu & Y) phases, respectively. 

Among these structure types, the structure and properties of churchite materials are not well 

understood and this study aims to bridge this gap by providing a comprehensive insight into the 

structure and thermochemical properties of churchite materials. Churchite materials (REPO4 · 2 

H2O; RE = Gd to Lu) were synthesized by a low temperature precipitation route and their crystal 

structures were determined by powder X-ray diffraction (XRD). Examination of the powder 

XRD data has shown that the churchite materials crystallize in the monoclinic crystal system 

(space group: C2/c). The enthalpies of formation (ΔH°f,ox) of churchite-type REPO4 · 2 H2O (RE 

= Gd to Yb) determined by high temperature oxide melt solution calorimetry are more negative 

than their anhydrous counterparts (i.e., xenotime structure) and indicates that the formation of 

churchite is more exothermic than the xenotime phase. However, the churchite materials are 

likely to have a more negative entropy of formation (ΔS°f,ox) due to the presence of water 

molecules, resulting in a less negative Gibbs free energy of formation (ΔG°f,ox) than the 

xenotime structure. Therefore, churchite materials are expected to be stable at lower 

temperatures. For the unique case of GdPO4 and GdPO4 · n H2O materials which could adopt all 

the above discussed structure types, the ΔG°f,ox of monazite from oxides was observed to be 

more negative than those of xenotime, rhabdophane and churchite thereby suggesting the 

following order of stability: Gd-churchite < Gd-rhabdophane < Gd-xenotime < Gd-monazite.   
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Introduction 

Rare earth (RE) phosphate materials have been the subject of numerous investigations 

particularly owing to their potential use as a host matrix for the storage of high level wastes 

(HLW) arising from the reprocessing of spent nuclear fuel and dismantling of nuclear weapons.
1-

6
 RE phosphates are both compositionally and structurally diverse and occur in nature as 

monazite (REPO4; RE = La to Gd), xenotime (REPO4; RE = Gd to Lu & Y), rhabdophane 

(REPO4 · n H2O; RE = La to Dy; 0 ≤ n ≤ 0.667), and churchite (REPO4 · 2 H2O; RE = Gd to Lu 

and Y).
7-10

 Among these minerals, monazite and xenotime minerals contain the highest weight 

percent of rare earth elements. In addition, they also contain a large amount of U and Th thereby 

making these minerals radioactive. Even though, these minerals have been exposed to radiation 

events over geological timescales,
11-14

 it should be noted that the monazite mineral, in particular, 

is never completely found in the metamict state (i.e. amorphization due to radiation damages). 

Radiation studies on synthetic and natural monazite samples have shown that the monazite 

samples experience structural damage upon heavy-ion (e.g., Au ions) irradiation and can also 

recover completely from the structural damage upon annealing the irradiated samples at low 

temperatures or via light-ion (e.g., He ions) irradiation of the damaged samples.
15-20

 

Nevertheless, apart from a few radiation studies on synthetic xenotime samples, the structural 

response of xenotime minerals to radiation is not well documented.
17

 In terms of chemical 

durability, both monazite and xenotime minerals are reported to be chemically durable in 

aqueous environments.
21-25

 Such mineralogical evidence suggests that the synthetic analogues of 

monazite and xenotime minerals are promising matrices for the immobilization of high level 

nuclear waste (HLW).
2,26

 Moreover, hydrated RE phosphates, namely rhabdophane is found to 

form on the surface of monazite minerals during the aqueous alteration  and thus they efficiently 
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stop or delay the release of actinides to the environment.
8,27,28

 Besides applications as nuclear 

waste forms, the rare-earth phosphates also have wide ranging applications in photonics, as 

catalysts, as proton conductors, and in biolabeling.
29-33

 

Rare earth phosphates can adopt the monazite-, xenotime-, rhabdophane-, and churchite-

type structures depending on the ionic radius of the RE ions as well as the conditions of the 

synthesis. Using specific synthetic methods and conditions, it is possible to obtain all the above-

mentioned crystal structures for the following rare-earths: Gd, Tb, and Dy. Anhydrous RE 

phosphates adopting the monazite- (REPO4; RE = La to Gd) and xenotime structures (REPO4; 

RE’ = Tb to Lu and Y) crystallize in the monoclinic (space group: P21/n) and tetragonal (space 

group: I41/amd) crystal systems, respectively.
7
 Hydrated RE phosphates adopting the 

rhabdophane structure (REPO4 · n H2O; RE = La to Dy; 0 ≤ n ≤ 0.667) crystallize in the 

monoclinic crystal system (space group: C2) while the corresponding anhydrous form of 

rhabdophane materials (REPO4; RE = La to Dy) adopt the trigonal structure (space group: 

P3121).
8,34

 Detailed descriptions of the crystal structures of monazite, xenotime, and 

rhabdophane can be found elsewhere.
7,8,34 

While the structures of monazite, xenotime, and 

rhabdophane materials have been studied in much detail, the churchite (REPO4 · 2 H2O; RE = 

Gd to Lu and Y) materials have been less explored. To the best of our knowledge, there has been 

only two structural studies reported on churchite-type materials.
9,10

 Those were carried out on 

synthetic (YPO4 · 2 H2O) and natural churchite (Y1-x(Gd,Dy,Er)xPO4 · 2 H2O) samples.
9,10

 Both 

these studies have shown that the churchite materials adopt the gypsum structure (CaSO4 · 2 

H2O) and crystallize in the monoclinic system (space group: C2/c).
9,10

 With the exception of 

GdPO4 · 2 H2O, the synthesis and crystal structure of other members of the churchite group 

materials (REPO4 · 2 H2O; RE = Tb to Lu) have not been reported yet.
35

 While the 
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thermodynamic properties of anhydrous RE phosphates adopting the monazite and xenotime 

structures are fairly well understood, those of hydrous RE phosphates adopting the churchite 

structures are limited.
36-38

 

This study reports the synthesis, structure, and thermochemical properties of the churchite 

materials REPO4 · 2 H2O (RE = Gd to Lu). Members of the churchite series were prepared using 

a precipitation route and their crystal structures were determined using laboratory and 

synchrotron powder X-ray diffraction (XRD). Thermal analysis was conducted using differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The enthalpies of formation 

of the entire churchite series were determined by high temperature oxide melt solution 

calorimetry. The systematics of structure and thermodynamic stability are discussed. To the best 

of our knowledge, this represents the first study to carry out the synthesis and the structural and 

thermochemical characterization of all members of the churchite (REPO4 ·2 H2O; RE = Gd to 

Lu) series. 

Experimental methods  

Synthesis  

The synthesis of REPO4 · 2 H2O materials was performed using the following starting 

materials: GdCl3 · 6 H2O (Sigma Aldrich; 99 %), TbCl3 · 6 H2O (Sigma Aldrich; 99.9%), DyCl3 

· 6 H2O (Sigma Aldrich; 99.99 %), HoCl3 (Sigma Aldrich, 99.9 %), ErCl3 · n H2O (Sigma 

Aldrich; 99.9 %), TmCl3 (Sigma Aldrich; 99.9 %), YbCl3 (Sigma Aldrich; 99.9 %), LuCl3 

(Sigma Aldrich; 99.9% ), H3PO4 (85% Normapur), and HCl (37 % Carbo Erba). The 

hygroscopic nature of the lanthanide chloride salts prevents the accurate weighing of these 

powders. For this reason, these salts were dissolved in 1M HCl to prepare solutions whose 
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lanthanide concentration varied between 0.5 and 1M. The final concentrations of the dissolved 

lanthanides were further determined by ICP-AES. 

Pure REPO4 2 H2O (RE = Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) materials were synthesized by 

mixing lanthanide chloride solutions and H3PO4 (5 M) with 3 mol. % phosphate excess. Then, 

each mixture was transferred in a glass container (100 mL) and left aside in a refrigerator at 4°C 

for two years. Afterwards, the resulting powder was washed twice with water, and once with 

ethanol, separated from the solution by centrifugation and then finally dried at room temperature 

in air. In order to determine the thermodynamic stability of monazite-, xenotime-, rhabdophane-, 

and churchite type structures for a given RE element, Gd-phosphates adopting these structure-

types were also synthesized.  

Powder X-Ray Diffraction (PXRD)  

Synchrotron powder diffraction pattern of selected compounds REPO4 · 2 H2O (Ln = Gd, 

Dy and Er) were collected from the beamline "Cristal" at Synchrotron Soleil, France in high 

angular resolution mode using the two-circle diffractometer equipped with twenty one Si(111) 

crystals rear analyzers. Scans were recorded at room temperature with the powder inside a glass 

capillary (diameter 0.3 mm) mounted on a spinner to improve particle statistics. A wavelength of 

0.58403 Å was selected and calibrated using LaB6 standard NIST powder. With this setup, a 

single scan was collected up to 2 = 60 ° in about two hours. In order to avoid the degradation of 

the powder under irradiation, the capillary was shifted to a fresh zone every 15 minutes.  

All the as-synthesized powders were also analyzed using laboratory PXRD and the data 

were collected in reflection geometry mode using a Bruker D8-Advance diffractometer 

(LynxEye detector) employed with Cu Kα1,2 radiation (λ = 1.5418 Å) source. Data were recorded 

at room temperature from 5° to 120° using a step size Δ(2θ) = 0.0167 ° and a total counting time 
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of about 2 hours per sample. All the collected powder patterns (see Figure 1) have been refined 

by the Rietveld method using the Fullprof program suite.
39

 The refinement of the crystal 

structure was performed using the Thompson-Cox-Hastings pseudo-Voigt function convoluted 

with axial divergence asymmetry function.
40

 The instrumental function was extracted from LaB6 

mentioned above. During the refinement, in addition of the usual parameters the broadening 

effect was simulated by using an anisotropic size effect in agreement with the Laue group.  

Scanning Electron Microscopy 

SEM images were collected from powders of churchite-type ErPO4 · 2 H2O material using 

a Tescan Vega 3 electronic microscope. Powders of as-synthesized ErPO4 · 2 H2O were mounted 

on a double-sided carbon tape and no metallization was performed prior to image collection. The 

images were collected in secondary electron mode from various locations of the sample under 

high vacuum conditions and using an accelerating voltage of 30 kV.    

Thermal analysis 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) was 

performed using a Netzsch 449 TG/DSC instrument to determine the water content in the as-

synthesized churchite samples. The instrument was calibrated using sapphire heat capacity 

measurement. 10 - 15 mg of sample powder was heated in a Pt crucible under argon atmosphere 

from room temperature to 1000 °C at 10 °C/min.  

High temperature oxide melt solution calorimetry 

High temperature oxide melt solution calorimetry for all the samples was performed 

employing a custom built Tian-Calvet twin calorimeter.
41-44

 About 5 mg of pelletized samples 

were dropped into molten sodium molybdate (3 Na2O · 4 MoO3) solvent at 700 °C. The 

calorimetry glassware was flushed by argon gas at a flow rate of 30 mL/min and the solvent was 
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bubbled with the same gas at a flow rate of 5 mL/min throughout each measurement. At least 8-

10 experiments were done per sample and the results report are average values with error being 

two standard deviations of the mean. The calorimeter was calibrated using the heat content of 5 

mg pellets of α-Al2O3. The details of the calorimeter and procedures have been described 

previously.
41-44
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Results and discussion 

Synthesis and Microstructure  

According to the literature, the churchite-type REPO4 · 2 H2O materials were synthesized 

via wet-chemistry methods at temperatures between room temperature and 40 °C and using 

excess phosphoric acid (molar ratio P/RE = 20). Initial attempts to synthesize phase-pure 

churchite-type materials by following the reported synthetic protocols resulted in a mixture of 

churchite (major), rhabdophane (minor), and xenotime (minor) phases.
9
 For Gd, Tb and Dy 

elements, rhabdophane was observed as the secondary phase and for the heavier rare-earth 

elements ranging from Ho to Lu, xenotime was observed as the secondary phase. Therefore, 

several experiments were performed by varying the PO4/RE molar ratio (with RE= Gd, Er) and 

the temperature of synthesis. Based on our investigations into the syntheses, it was found that the 

decrease of temperature had a direct influence on the phase purity of the churchite. In this way, 

the temperature of the synthesis was decreased to 4 °C and pure churchite-type materials were 

synthesized.  

The microstructure of the churchite materials was determined by collecting the SEM 

images from one of the members of the churchite series (ErPO4 · 2 H2O). The SEM images of 

ErPO4 · 2 H2O obtained at different magnifications from two different locations are presented in 

Figure 2. It can be observed in Figure 2, that the churchite materials exhibit a rod-like 

morphology and is similar to the morphology exhibited by gypsum (CaSO4 · 2 H2O) materials.       
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Structure 

The crystal structure of churchite materials was determined by performing a Rietveld 

refinement of the synchrotron powder XRD pattern of ErPO4 · 2 H2O material using the 

monoclinic structural model (YPO4 · 2 H2O; Space group: C2/c) reported by Ivaskevich et al.
9
 

As is observed in Figure 1, the calculated XRD pattern matches well with the experimental 

powder XRD pattern which confirms that the as-synthesized churchite-type materials adopt the 

monoclinic system. The lattice constants and the refined structural parameters of ErPO4 · 2 H2O 

material are presented in Table 1. The synchrotron powder XRD patterns of other members of 

the churchite series (REPO4 · 2 H2O; RE = Gd, Dy) were also refined using the monoclinic 

structural model (See Figure S1 in the Supporting Information and Table 1). It should be noted 

that the as-synthesized GdPO4 · 2 H2O material was found to crystallize in both churchite-type 

(major) and rhabdophane-type (minor) structures (Figure S1a). The laboratory powder XRD 

patterns were also collected from REPO4 · 2 H2O (RE = Gd to Lu) materials and are shown in 

Figure 3. It can be observed from this figure that on moving from Gd to Lu, the XRD peaks 

shifted toward higher 2θ, which indicates the contraction of the unit cell dimension (Figure 3 and 

Table 3). This observation is consistent with the decreasing ionic radius of RE ion on moving 

from Gd to Lu. Similarly, the unit cell volumes of the REPO4 · 2 H2O materials were found to 

decrease with decreasing ionic radii (Table 3 and Figure 4). 

The obtained churchite phases crystallize in the gypsum structure type (CaSO4 · 2 H2O) in 

the monoclinic system in the C2/c space group with four formula units per cell. The asymmetric 

units contain one RE atom (2, symmetry site), one P atom (2, symmetry site) and three oxygen 

atoms located in a general position (1, symmetry site). The crystal structure of representative 

churchite type ErPO4 · 2 H2O material is presented in Figure 5.   
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The Er atom in the ErPO4 · 2 H2O is coordinated to eight oxygen atoms. Six of them are 

provided by the phosphate anions whereas the remaining two oxygen atoms are provided by 

water molecules. The resulting ErO8 polyhedron adopts a highly distorted square antiprism.
9
 The 

churchite phase exhibits a layered structure and the layers consist of edge-sharing one-

dimensional chains of alternating ErO8 and PO4 polyhedra running along the [100] direction 

(Figure 5a). The 1D chains in the structure are arranged in a zig-zag fashion along the [001] 

direction and these chains in turn are connected to one another via edge-sharing of ErO8 

polyhedra (Figure 5b). The connection of those chains leads to the formation of two-dimensional 

(2D) layers, which are parallel to each other in the [010] plane (Figure 5b). The structure of 

churchite is built by stacking these 2D layers along the b axis and with the water molecules 

occupying the interlayer regions (Figure 5b). The individual 2D layers are held together via 

formation of H-bonds between the hydrogen atoms of the water molecules present in one of the 

2D layers and the oxygen atoms of the neighboring 2D layer. This results in the formation of a 

three-dimensional (3D) framework. The H-bonds are also formed with the oxygen atoms present 

within the same layer. The oxygen atom of the water molecules also forms a part of the 

coordination environment of the erbium atom through bonding of oxygen atom with the erbium 

atom. 

Selected interatomic bond distances for REPO4 · 2 H2O (RE = Gd, Dy, Er) which were 

refined using synchrotron data are shown in Table 2. It can be observed in Table 2, that there are 

4 unique RE-O bond distances (4[2 RE-O]) in the REO8 polyhedra. The longest RE-O bonds are 

due to bidentate bonding with the adjacent phosphate anions (See Table 2 and Figure 5). In the 

case of PO4 tetrahedra, two distinct P-O bond distances (2[2 P-O]) were observed. The average 

P-O values are typical of those found in phosphate anions. Moreover, the O-P-O bond angles in 
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the PO4 tetrahedra exhibit a considerable deviation from the ideal tetrahedral angle thereby 

indicating the distortion of the PO4 tetrahedra (Table 2).
9
 Two of the four O-P-O bond angles are 

considerably lower than the ideal tetrahedral angle as a result of the participation of O atoms in 

the bidentate bonding with the erbium atom (Table 2).
9
 

Thermal analysis (TG-DSC) 

In order to understand the dehydration process and to determine the total water content in 

the as-synthesized churchite materials, TG-DSC experiments were performed on REPO4 · 2 H2O 

(RE = Gd to Yb) samples (Figure 6 and Table 4). The results show that all samples dehydrate 

endothermically between 210 and 230 °C (Figure 6b). The dehydration temperature increases 

gradually with decreasing RE ionic radius and unit cell volume. In the structure, water molecules 

reside in the interlayer between the 2D layers. As the RE ion radius decreases, the interlayer 

becomes shorter and water molecules are held more strongly between interlayers, resulting in a 

gradual increase in the dehydration temperature. Thus, the dehydration reaction appears to be 

kinetically controlled. The laboratory PXRD analysis of post TG-DSC samples show that all the 

churchite REPO4 · 2 H2O phases have dehydrated and transformed to the xenotime structure 

(Figure 7). It should be noted that the churchite-type GdPO4 · 2 H2O material transforms to 

metastable xenotime-type GdPO4 upon dehydration. Thus, dehydration of churchite-type GdPO4 

· 2 H2O appears to be one of the ways to produce xenotime-type GdPO4.
46

 TG-DSC analysis 

reveal the presence of slight excess amounts of water (more than 2 moles) in REPO4 · 2 H2O 

(Figure 6 and Table 4), which could be due to the presence of surface adsorbed water. Taking 

into account the surface adsorbed water, the chemical formulae of the as-synthesized churchite-

type materials becomes REPO4 · (2+n) H2O where “n” indicates the surface adsorbed water. The 
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enthalpies of drop solution of churchite materials were calculated using the molecular weight of 

this corrected molecular formula.  
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High temperature oxide melt solution calorimetry 

Churchite phosphates - REPO4 · (2+n) H2O 

The enthalpies of drop solution (∆Hds) of REPO4 · (2+n) H2O materials are shown in 

Figure 8 and Table 5. The enthalpies of formation from oxides (∆H°f, ox) were calculated for all 

compounds (Table 5) from the enthalpies of drop solution of the compounds and their respective 

rare earth oxides (RE2O3),
36,41

 phosphorus pentoxide (P2O5)
36,41

 and water.
47-50

 The 

thermochemical cycle employed to calculate the enthalpies of formation from oxides is given in 

Table 6. 

Figure 9 shows that the enthalpy of formation from oxides of churchite compounds 

REPO4 · (2+n) H2O becomes more exothermic with increase of the ionic radius of RE
3+

 in 8-fold 

coordination.
51

 This trend has been already observed for anhydrous REPO4 compounds.
36

 A 

comparison of the enthalpies of formation from oxides of churchites REPO4 · (2+n) H2O and 

anhydrous REPO4 phosphates (Figure 9) confirms that the enthalpies of formation of REPO4 · 

(2+n) H2O compounds are always more exothermic than their corresponding anhydrous phases. 

Therefore, the reaction, 

REPO4(s) + (2+n) H2O(l) → REPO4 · (2+n) H2O(s) 

is exothermic at room temperature by 15.0 to 25.5 kJ/mol for all churchite compounds, with no 

obvious dependence on ionic radius (Figure 10).  

Gadolinium phosphates - GdPO4 · n H2O  

Gd-phosphates adopting the monazite-, xenotime-, rhabdophane, and churchite-type 

structures were synthesized to determine and compare the thermodynamic stability of each 

structure for this element. The enthalpies of formation from oxides, ∆H°(f,ox), of Gd-monazite, 
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Gd-xenotime, Gd-rhabdophane, and Gd-churchite, obtained at 25 °C are reported in Table 7. The 

enthalpies of formation of rhabdophane GdPO4 · 0.533 H2O and churchite GdPO4 · 2.03 H2O are 

-303.67 ± 1.36 kJ/mol and -318.67 ± 1.67 kJ/mol, respectively. Thus the enthalpy of formation 

of rhabdophane is more exothermic than that of monazite, in agreement with the data reported by 

Shelyug et al.
52

 In that study, standard Gibbs free energies from oxides (∆G°f,ox) of rhabdophane 

(-278.80 ± 6.10 kJ/mol) and monazite (-291.80 ± 1.05 kJ/mol) calculated from solubility data,
53

 

confirmed that rhabdophane was metastable with respect to monazite plus water. That work
52

 

also found that standard entropy of formation from oxides (∆S°f,ox) of Gd-rhabdophane (-86.00 ± 

7.20 J mol
-1

 K
-1

), calculated by combining Gibbs free energy and enthalpy of formation at 25 °C, 

is more negative than that of Gd-monazite (-8.30 ± 7.60 J mol
-1

 K
-1

) due to the confinement of 

liquid water in the rhabdophane structure. Thus, the metastability of Gd-rhabdophane with 

respect to Gd-monazite plus water is driven by the significant negative entropy associated with 

hydration, which is not compensated by the negative enthalpy of hydration, even at room 

temperature. Similarly, churchite, which has more water than rhabdophane, is likely to have 

entropy of formation from oxides more negative than that of rhabdophane, monazite, and 

xenotime. Hence, churchite (GdPO4 · 2.03 H2O) materials is also expected to be metastable with 

respect to rhabdophane plus water, monazite plus water, and xenotime plus water. 

The enthalpy of formation of xenotime GdPO4, which was formed by dehydration of 

churchite GdPO4 · 2.03 H2O is -284.07 ± 0.95 kJ/mol. Since, there are no water molecules in the 

xenotime structure, the entropy of formation from oxides of Gd-xenotime can be assumed to be 

very similar to that of Gd-monazite (-8.30 ± 7.60 J mol
-1

 K
-1

). Then, the standard Gibbs free 

energy of formation from oxides of Gd-xenotime is calculated to be -281.59 ± 0.95 kJ/mol. It is 

less negative than that of Gd-monazite (-291.80 ± 1.05 kJ/mol) reflecting the difference in 
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enthalpy and confirming the metastability of Gd-xenotime. Thus, Gd-monazite is the 

thermodynamically most stable phase followed by Gd-xenotime, Gd-rhabdophane and Gd-

churchite (Figure 11 and Table 7). 

The more negative enthalpies of formation for churchite REPO4 · 2 H2O compared to 

anhydrous xenotime REPO4
52

 imply that the enthalpies of formation of churchite phases are 

more exothermic than those of anhydrous xenotime phases. However, the presence of water 

molecules in churchite REPO4 · 2 H2O means that their entropies of formation are likely to be 

more negative than those for anhydrous REPO4 (xenotime), which would significantly affect the 

Gibbs free energy of formation and stability. Thus, if churchite phases have any stability field 

relative to xenotime plus water, it would be limited to low temperature (probably room 

temperature or lower). In environmental conditions, the transformation of xenotime to churchite 

may be thermodynamically favorable at low temperatures. Such thermodynamic stability may 

explain why the precipitation of churchite materials is easier than their xenotime counterparts at 

lower temperatures when starting from heavy RE and phosphate ions in solution. Additionally, 

even if churchite is metastable, its precipitation may be kinetically favored as long as the free 

energies of the hydrous and anhydrous phases are similar. 

Such interplay between churchite and xenotime phases may be similar to that already 

observed for rhabdophane and monazite.
22,28

 Indeed, for light RE elements, it was found that 

rhabdophane was rapidly precipitated at the surface of monazite materials during leaching under 

weathering conditions and low temperatures. Rhabdophane precipitation then acts as a very 

efficient process in delaying the elemental releases in solution from the initial radwaste ceramic. 

Moreover, monazite materials have high chemical stability since associated normalized 

dissolution rates are found to be very low thereby reducing the source term in the field of an 
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underground repository of radioactive waste. The kinetic and thermodynamic stabilization of 

monazites can be proved by their common occurrence in natural assemblies and the use of such 

phases for geochronology (closed system over time). Thus, one could consider that the churchite-

xenotime system could follow the same trend for heavy RE: the churchite precipitates as a 

neoformed phase on the surface of the xenotime mineral during the dissolution at lower 

temperatures. Therefore, the thermodynamic data of churchite obtained in this work are essential, 

as they contribute to the better understanding about the stability of REPO4 phases in the presence 

of water.  

Conclusions  

Materials adopting the churchite structure (REPO4 · 2 H2O; RE = Gd to Lu) were 

synthesized and studied using PXRD and high temperature oxide melt solution calorimetry. 

Rietveld refinement of the synchrotron PXRD patterns of the REPO4 · 2 H2O (RE = Gd, Dy, Er, 

Tb) showed that the churchite materials crystallize in the monoclinic crystal system with a 

layered structure similar to gypsum (CaSO4 · 2 H2O). Enthalpies of formation of the churchite 

materials were determined using high temperature oxide melt solution calorimetry. The 

enthalpies of formation from the oxides of churchite-type REPO4 · (2+n) H2O compounds were 

always found to be more exothermic than those of xenotime-type REPO4 without significant 

dependence on the RE
3+

 ionic radius. From the obtained data, churchite materials appear of 

significant interest in the field of radioactive waste management. Under a failed container 

situation in the geological repository, the churchite materials which could form at the surface of 

the xenotime wasteform during aqueous alteration (including repository relevant conditions) 

could play an important role in delaying the release of actinides (e.g., americium and curium) to 

the biosphere.    
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Figures  

 

 

 

Figure 1. Rietveld refined synchrotron powder XRD pattern of churchite-type ErPO4 · 2 H2O 

material 
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Figure 2. SEM micrographs of Churchite-type ErPO4 · 2 H2O material  
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Figure 3. Laboratory powder XRD patterns of the churchite-type REPO4 · 2 H2O (RE = Gd to 

Lu) materials 

 



 22 

 

Figure 4. Evolution of the refined unit cell volume in the REPO4 · 2 H2O based compounds with 

RE = Gd to Lu 
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Figure 5. Crystal structure of churchite-type ErPO4 · 2 H2O (Space group: C2/c) oriented along 

the (a) ‘c’ and (b) ‘a’ direction. The crystal structures were generated using the VESTA 

program.
45
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Figure 6. TG (a) and DSC (b) scans of churchite-type REPO4 · 2 H2O (RE = Gd to Yb) 
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Figure 7. PXRD patterns of the churchite-type REPO4 · 2 H2O after TG-DSC at 1000°C 

showing the formation of xenotime-type REPO4 on dehydration 
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Figure 8. Enthalpies of drop solution (∆Hds) of REPO4 · (2+n) H2O vs ionic radius of RE
3+ 
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Figure 9. Enthalpies of formation from oxides (∆H°(f, ox)) of REPO4 and REPO4 · (2+n) H2O vs 

ionic radius of RE
3+

. Data for REPO4 is taken from Ref. 36. 
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Figure 10. Enthalpies of hydration reaction REPO4(s) + (2+n) H2O(l) → REPO4 · (2+n) H2O(s) vs 

Ionic radius of RE
3+ 
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Figure 11. Standard Gibbs free energy of formation from oxides (∆G°f,ox) obtained for GdPO4 · 

n H2O versus the number of water molecules, n, in GdPO4 · n H2O (*∆G°f,ox of churchite phase 

when ∆S°f,ox is considered twice that of rhabdophane phase) 
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Tables 

Table 1. Crystallographic data and Structure Refinement of REPO4 · 2 H2O (RE = Er, Dy, Gd) 

Sample ErPO4 · 2 H2O DyPO4 · 2 H2O GdPO4 · 2 H2O 

Formula weight 

(g/mol) 
298.26 293.50 288.25 

T (°C) 25 25 25 

Crystal System Monoclinic Monoclinic Monoclinic 

Space group C 2/c C 2/c C 2/c 

a 6.1527(1)  6.1889(1) 6.2359(1) 

b 15.0177 (1) 15.0797(1) 15.1777(1) 

c 5.5857(1) 5.6106(1) 5.6409(1) 

Β 115.47 (1) 115.22(1) 114.95(1) 

V (Å
3
) 465.94 (1) 473.71 (1) 484.07(1) 

Z 4 4 4 

Wavelength (Å) 0.58403 0.58403 0.58403 

Rp 0.099 0.104 0.095 

Rwp 0.127 0.137 0.122 

RBragg 0.072 0.062 0.046 

RF 0.073 0.057 0.044 

 

 

Table 2. Selected interatomic bond distances (Å) and bond angles (°) of REPO4 · 2 H2O (RE = 

Er, Dy, Gd) 

 

 

 

 

 

 

 

 

  

 ErPO4 · 2 H2O DyPO4 · 2 H2O GdPO4 · 2 H2O 

Bond distance (Å) 

(Ln-O1)  × 2 2.439 (4) 2.458(6) 2.480(4) 

(Ln-O2) × 2 2.453 (4) 2.465(5) 2.491(3) 

(Ln-O2) × 2 2.289 (5) 2.311(5) 2.333(3) 

(Ln-O3)  × 2 2.397 (5) 2.409(4) 2.431(3) 

(P-O1) × 2 1.557 (4) 1.550(4) 1.543(3) 

(P-O2) × 2 1.527 (4) 1.525(6) 1.536(4) 

Bond angle (°) 

O1-P-O2 103.7 (2) 103.7(5) 111.2(4) 

O1-P-O2 112.9(5) 111.2(5) 103.9(3) 

O1-P1-O1 113.2 (3) 114.7(4) 114.1(3) 

O2-P-O2 110.6 (4) 112.7(6) 112.9(5) 
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Table 3. Lattice constants of REPO4 · 2 H2O (RE = Gd - Lu) 

 

Table 4 Summary of weight loss measurements from TG-DSC studies 

 

 

Table 5. Enthalpies of drop solution (∆Hds) of churchite REPO4 · 2 H2O in 3 Na2O · 4 MoO3 

solvent at 700 °C and enthalpies of formation from oxides (∆H°f,ox) 

a
Error is two standard deviations of the mean and number in () is number of individual 

experiments performed.  

  

Sample a (Å) b (Å) c (Å) β (°) V (Å
3
)  

GdPO4 · 2 H2O 6.2103 (1) 15.1105 (24) 5.6163 (1) 114.96 (1) 477.82(1)   

TbPO4 · 2 H2O 6.1868 (1) 15.0437 (3) 5.6071 (1) 115.08 (1) 472.67(2)   

DyPO4 · 2 H2O 6.1671 (7) 15.0123 (5) 5.5844 (4) 115.26 (8) 467.58(6)   

HoPO4 · 2 H2O 6.1466 (2) 14.9854 (3) 5.5743 (2) 115.36 (2) 463.96(2)   

ErPO4 · 2 H2O 6.1265 (2) 14.9509 (3) 5.5602 (2) 115.47 (2) 459.79(2)   

TmPO4 · 2 H2O 6.1175 (8) 14.9114 (2) 5.5588 (8) 115.56 (6) 457.46(1)   

YbPO4 · 2 H2O 6.1000 (8) 14.8712 (2) 5.5401 (9) 115.66 (8) 453.00(1)  

LuPO4 · 2 H2O 6.0879 (2) 14.8546 (5) 5.5289 (2) 115.82 (2) 450.08(2)   

Sample 

Number of H2O molecules 

corresponding to weight loss 

 

Number of excess (surface adsorbed) 

H2O molecules 

'n' 

GdPO4 · 2 H2O 2.03 0.03 

TbPO4 · 2 H2O 2.05 0.05 

DyPO4 · 2 H2O 2.04 0.04 

HoPO4 · 2 H2O 2.08 0.08 

ErPO4 · 2 H2O 2.07 0.07 

TmPO4 · 2 H2O 2.06 0.06 

YbPO4 · 2 H2O 2.07 0.07 

Sample ∆Hds ( kJ/mol) ∆H°(f, ox) ( kJ/mol) 

GdPO4 · 2.03 H2O 302.17 ± 1.39 (8)
a
 -318.67 ± 1.67 

TbPO4 · 2.05 H2O 307.69 ± 2.14 (7) -311.33 ± 2.50 

DyPO4 · 2.04 H2O 306.81 ± 1.16 (9) -305.79 ± 1.67 

HoPO4 · 2.08 H2O 305.19 ± 1.15 (9) -299.83 ± 2.22 

ErPO4 · 2.07 H2O 306.64 ± 0.74 (8) -298.74 ± 1.52 

TmPO4 · 2.06 H2O 304.27 ± 0.53 (8) -292.99 ± 1.39 

YbPO4 · 2.07 H2O 296.23 ± 0.75 (7) -284.93 ± 1.82 
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Table 6. Thermochemical cycle for the calculation of enthalpy of formation from oxides for 

REPO4.(2+n) H2O churchite phase 

 

Table 7 Enthalpies of drop solution (∆Hds) in 3 Na2O · 4 MoO3 solvent at 700 °C and associated 

enthalpies, entropies and free Gibbs energies of formation from oxides, ΔH°f,ox, ΔS°f,ox and 

ΔG°f,ox obtained for Gd-xenotime, Gd-monazite, Gd-rhabdophane and Gd-churchite. ΔG°f,ox 

values were calculated at 298.15 K (25 °C) 

a
Error is two standard deviations of the mean and number in () is number of individual 

experiments performed.  
b
Determined in this study 

c
Determined by Shelyug et al(Ref. 52) 

  

Reaction  ∆H (kJ/mol) 

REPO4 · (2 + n) H2O(s,25) →  

½ RE2O3(sln,700) + ½ P2O5(sln,700) + (2 + n) H2O(g,700) 

[1]  ∆Hds(REPO4 · (2+n) H2O) 

[Table 5] 

RE2O3(s,25) → RE2O3(sln,700) [2]  ∆Hds(RE2O3)
[36, 41]

  

P2O5(s,25) → P2O5(sln,700) [3]  ∆Hds(P2O5)=-164.60±0.85
[36]

 

H2O(l,25) → H2O(g,700) [4]  ∆H(H2O)=69.00±
 
0.10

[47-50]
 

½ RE2O3(s,25) + ½ P2O5(s,25) + (2+n) H2O(l,25) →  

REPO4 · (2 + n) H2O(s,25) 

[5] ∆H°f,ox(REPO4 · (2+n) H2O) 

[Table 5] 

∆H[5] = -∆H[1] + ½ ∆H[2]+ ½ ∆H[3] + (2 + n) ∆H[4]   

Sample 

Number 

of water 

molecules 

'n' 

∆Hds 

(kJ/mol)
a
 

∆H°f, ox 

(kJ/mol)
b
 

∆S°f,ox 

(J mol
-1

 K
-1

)
c
 

∆G°f,ox 

(kJ/mol) 

GdPO4 – xenotime 0 127.47±0.29 (4) -284.07±0.95 -8.30±7.60 -281.59±0.95 

GdPO4 – monazite 0 137.71±0.53 (7) -294.28±1.05 -8.30±7.60 -291.80±1.05 

GdPO4 · 0.533 H2O – 

rhabdophane 
0.533 183.88±0.83 (8) -303.67±1.36 -86.00±7.20 -278.03±1.36 

GdPO4 · 2.03 H2O – 

churchite 
2.030 302.17±1.39 (8) -318.67±1.67 - - 
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Synopsis: 

Churchite-type materials (REPO4 ·2H2O; RE = Gd to Yb) adopt the gypsum structure and were 

synthesized using a precipitation route. The enthalpies of formation from oxides (ΔHf,ox) of 

churchite were determined using high temperature oxide melt solution calorimetry. The ΔHf,ox of 

churchite materials was more exothermic than their anhydrous counterparts adopting the 

xenotime structure. The Gibbs free energy of formation from oxides (ΔG°f,ox) of Gd-phosphates 

data suggests that the Gd-monazite is the thermodynamically stable phase.  

 


