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Abstract – Three phosphate based ceramics were studied for the immobilization of tri- and tetravalent 
actinides: britholites Ca9Nd1-xAnx

IV(PO4)5-x(SiO4)1+xF2, monazites/brabantites Ln III
1-2xCaxAnx

IVPO4 and 
Thorium Phosphate Diphosphate (TPD) Th4-xAnx

IV(PO4)4P2O7. For each material, the incorporation of Th, 
U(IV), or Ce(IV) in the structure was examined. This work was the early beginning of the incorporation of 
239Pu and/or 238Pu in order to evaluate the effects of α-decay on these three crystallographic structures. 
The syntheses were carried out using dry chemistry methods, involving mechanical grinding then heating 
treatment (1100°C ≤ θ ≤ 1400°C). For britholites, we showed that the incorporation of thorium was 
complete for weight loading lower than 20 wt.% through the (Nd3+, PO4

3-) ⇔ (Th4+, SiO4
4-) coupled 

substitution, leading to the preparation of solid solutions. Due to redox problems, the incorporation of 
uranium was limited to 5 to 8 wt.% and always led to a two-phase mixture of U-britholite and CaU2O5+y. 
For solid solutions based on TPD and for brabantites, the syntheses dealing with the incorporation of Th 
and/or U(IV) were improved by dry chemistry method using three mechanical grinding-calcination cycles. 
For both solids, homogeneous and single phase samples of the corresponding solid solutions were 
obtained. Finally, dense pellets of britholites, monazites/brabantites and TAnIVPD solid solutions were 
prepared in order to study their chemical durability during leaching tests. 

 
 

INTRODUCTION 
 
In the field of the immobilization of radwaste of 
high activity and long live radionuclides for a 
deep underground repository, several phosphates 
matrices were already proposed as good 
candidates to delay the release of actinides in the 
near field of such a disposal. 
Three phosphate based ceramics (britholite: 
Ca9Nd1-xAnx

IV(PO4)5-x(SiO4)1+xF2, monazite/ 
brabantite: Ln III

1-2xCaxAnx
IVPO4 and solid 

solutions based on Thorium Phosphate 
Diphosphate (TPD): Th4-xAnx

IV(PO4)4P2O7) were 
extensively studied. For each material, the 
incorporation of Th, U(IV) or Ce(IV) in the 
structure was tried. This work was the early 
beginning of the incorporation of 239Pu and/or 
238Pu (in the PuO2 form) in order to evaluate the 
effects of α-decay on the structure of these three 
matrices. The syntheses were carried out through 
dry chemistry methods, using mechanical 
grinding to improve the homogeneity and the 
reactivity of the initial powders. The mixtures 
were thus heated at high temperature  
(1100°C ≤ θ  ≤ 1400°C) then extensively 
characterized using several techniques (XRD, 
SEM, EPMA). 

INCORPORATION OF An(IV) IN 
BRITHOLITE 
 
Apatite structure, generally represented by fluoro-
apatite Ca5(PO4)3F seems to be able to anneal the 
defects generated by self-irradiation even at low 
temperature [1]. Studies of mineral phases 
crystallized during the natural nuclear reaction at 
Oklo showed that metamictization due to radiation 
damage did not affect silicate apatites with one 
silicate group and two fluorine atoms per unit 
formula [2,3]. In these conditions, britholite of 
formula Ca9Nd(PO4)5(SiO4)F2 was first optimized 
for the immobilization of trivalent actinides [4]. 
Studies realized by Boyer et al. on Nd-britholite 
led to a rather simple procedure of synthesis, and 
underlined the good capability of this material to 
sinter [5,6]. 
Previous studies dealing with the incorporation 
of tetravalent actinides were often realized on 
full silicated apatite. The incorporation of 
thorium was realized in Ca 6Th4(SiO4)6O2 [7]. 
More recently, incorporation of Pu(IV) was also 
performed in full silicated apatite, leading to 
Ca2.1Gd7.3Pu0.6(SiO4)6O2. Under reducing 
conditions, Pu(III) was incorporated leading to 
Ca2Pu8(SiO4)6O2 [8]. 
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In this work, the incorporation of tetravalent 
actinides like Th, U or Ce was examined through 
the elaboration of Ca9Nd1-xAnx

IV(PO4)5-x 
(SiO4)1+xF2 samples with several x values. 
 
Incorporation of Thorium in Britholites 
 
The incorporation of thorium was followed 
versus the heating temperature between 800°C 
and 1400°C, for x = 0.5. The refined unit cell 
parameters and EPMA experiments showed that 
apatite was first formed for θ ≤ 1000°C, while 
ThO2 and Nd2O3 were still present in the 
mixture. For θ ≥ 1100°C, the britholite structure 
was obtained (Figure 1): EPMA analyses showed 
a good incorporation rate and a better 
homogeneity when increasing the heating 
temperature up to 1390°C leading to the 
formation of Ca9.22Nd0.49Th0.51(PO4)4.54 
(SiO4)1.50F1.59O0.59 britholite. 
 

800 900 1000 1100 1200 1300 1400
522

524

526

528

530

532

(Nd,Th)-britholite

Nd-britholite

Apatite

V
 (Å

3 )

Heating temperature (°C)  
Fig. 1. Variation of the unit cell volume of 

(Nd,Th)-britholite versus the heating temperature. 

The synthesis was thus performed for several x  
values ranging from 0 to 1. The incorporation of 
thorium was complete up to 20 wt.%(Th). The 
linear increase of the unit cell parameters and 
volume versus the thorium amount in the solid 
confirmed the preparation of solid solutions 
(Figure 2). [9].  
Another kind of coupled substitution 
 (Nd3+, F-) ⇔ (Th4+, O2-) was studied leading to 
the preparation of Ca9Nd1-xThx(PO4)5(SiO4)  
F2-xOx samples. It only led to good incorporation 
of thorium for x ≤ 0.5 (10 wt.%(Th)). For higher 
x values, the samples were always polyphase, 
composed by huttonite ThSiO4 as secondary 
phase: the limit of incorporation of thorium was 
reached. It is clearly observed on Figure 3 which 
represents the incorporation rate of thorium 
(determined by EPMA) versus that expected, for 
both kinds of substitution studied. 
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Fig. 2. Variation of the unit cell volume of 

(Nd,Th)-britholite versus the average 
substitution rate x. 

The first type of coupled substitution  
(Nd3+, PO4

3-) ⇔ (Th4+, SiO4
4-) was necessary to 

guarantee the preparation of homogeneous and 
single phase samples and was used for the other 
elements studied. 
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Fig. 3. Variation of the experimental incorporation 
rate versus that expected for two kinds of coupled 
substitutions: (Nd 3+, PO4

3-) ⇔ (Th4+, SiO4
4-) (a), 

and (Nd3+, F-) ⇔  (Th4+, O2-) (b). 

 
Incorporation of Uranium in Britholites  
 
The incorporation of uranium in the britholite 
was examined for x = 0.5. After heating at 
1390°C under inert atmosphere, the 
incorporation of U(IV) remained incomplete. In 
most of the cases, only 5-6 wt.%(U) were 
incorporated instead of 10 wt.%(U) expected, 
while calcium uranate (CaU2O5+y) was formed as 
a secondary phase even under inert atmosphere 
(Figure 4). The presence of this phase was 
probably due to chemical reactions occurring 
between the initial reagents. 
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Fig. 4. XRD pattern of (Nd,U)-britholite (*). The 

presence of CaU2O5+y is pointed by arrows. 

In order to understand the mechanism of 
formation of CaU2O5+y and of (Nd,U)-britholite, 
the initial mixture was fired between 800°C and 
1400°C. XRD pattern and EPMA experiments 
were carried out after each calcination step. The 
formation of CaUO4 as intermediate was also 
evidenced between 800°C and 900°C which 
agreed with the results reported by Pialoux et al. 
[10]. At this temperature, apatite and small 
amounts of Nd-britholite were formed 
simultaneously. For higher heating temperature 
(θ ≥ 1100°C), neodymium was quantitatively 
incorporated in the britholite structure as well as 
a part of the initial uranium. Correlatively, 
CaUO4 turned into CaU2O5+y (f.c.c. structure-like 
UO2) [9]. 
The preparation of pellets of similar compounds 
led to the better incorporation of tetravalent 
uranium (near to 7-8 wt.%(U)), and to a better 
homogeneity of compounds, while CaU2O5+y 
was localized mainly at the surface of the 
samples and in open pores. These experiments 
underlined the importance of the atmosphere on 
the formation of the calcium uranate phase. 
 
Incorporation of Cerium in Britholites  
 
Since Ce(IV) is usually considered as a good 
surrogate of Pu(IV) in term of ionic radius (rP u

4+ 

= 0.91 Å and rCe
4+= 0.92 Å in the 7-fold 

coordination), the incorporation of cerium in 
britholite was tried considering the general 
formula Ca9Nd0.5Ce0.5(PO4)4.5(SiO4)1.5F2. The 
main results showed that it was incorporated in 
the britholite structure but was partly reduced to 
Ce(III) during the synthesis. 
 
 
 
 

INCORPORATION OF An(IV) IN TPD 
 
Several ways of preparation of TPD and 
associated solid solutions through either wet and 
dry chemistry methods were already reported in 
the literature [11,12]. Previous attempts of 
incorporation of U, Np or Pu were mainly 
realized through wet chemistry methods from a 
mixture of concentrated solutions of thorium, of 
the expected actinide and phosphoric acid. The 
precipitate formed was evaporated, ground then 
finally heated at 1050-1250°C for about 10 
hours. It led to the formation of TUPD, TNpPD 
and TPuPD solid solutions. One of the main 
advantages of this chemical way of synthesis 
results from the homogeneity of the final 
samples prepared. 
In this work, the incorporation of tetravalent 
uranium in the TPD structure was examined 
through a second chemical process involving dry 
chemistry method from a mixture of Thorium 
Phosphate HydrogenPhosphate hydrate (TPHP: 
Th2(PO4)2(HPO4).H2O), uranium dioxide UO2 
(used as a surrogate for PuO2) and thorium 
diphosphate α-ThP2O7, using several grinding-
calcination cycles. XRD study confirmed the 
formation of homogeneous and single phase 
TUPD for θ ≥ 850°C. EPMA experiments 
showed that, after the first cycle, the compound 
remained rather heterogeneous and showed the 
presence of residual reagents. On the contrary, 
TUPD was single phase after the second cycle, 
even though a large dispersion of the mole ratio 
U/(U+Th) was observed. Finally, the solid was 
found to be homogeneous and single phase after 
the third cycle (Figure 5). Correlatively, the unit 
cell parameters were found to be more accurate 
and in good agreement with that already reported 
for TUPD solid solutions in the literature [13]. 
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Fig. 5. Statistical variations of the U/(U+Th) 

mole ratio for TUPD samples: after 2 (gray) and 
3 (black) grinding-calcination cycles. 
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INCORPORATION OF An(IV) IN 
BRABANTITE 
 
The incorporation of large amounts of tetravalent 
thorium or uranium was carried out in the 
monazite structure by the simultaneous 
incorporation of calcium leading to the formation 
of CaTh(PO4)2 and CaU(PO4)2 brabantites [14-
16]. Several samples of composition CaNp(PO4)2 
and CaNp 0.7Pu0.3(PO4)2 were also synthesized 
with success by Tabuteau et al. from a mixture 
of powdered of NpO2, PuO2, CaCO3 and 
(NH4)(H2PO4) [17]. 
For this study, the incorporation of thorium and / 
or uranium (IV) in brabantites was also realized 
through dry chemistry routes using the same 
chemical way of synthesis (i.e. the same 
procedure as for TUPD). XRD confirmed that 
the formation of brabantites occurred near 
800°C. For higher heating temperatures, the 
samples were rather homogeneous and single 
phase. EPMA experiments revealed that three 
grinding-calcination cycles were necessary to 
prepare homogeneous samples (Table I). The 
same conclusions were also obtained considering 
the refined unit cell parameters, leading to the 
formation of solid solutions for several weight 
loading of thorium and/or uranium in the 
monazite/brabantite structure which appeared in 
good agreement with that reported in the 
literature [14-16]. 
 

TABLE I. EPMA results for brabantites after three 
grinding-calcination cycles (expected values are 
indicated in brackets). 

Sample at%(P) at%(Ca) at%(Th) at%(U) 

Calc. 16.67 8.33 8.33 

CaTh(PO4)2 16.7 ± 0.2 8.2 ± 0.2  8.4 ± 0.1 - 

CaU(PO4)2 16.3 ± 0.2 8.9 ± 0.1  - 8.3 ± 0.2 

CaTh0,8  
U0,2(PO4)2 16.5 ± 0,1 8.4 ± 0,1  

6.8 ± 0.1 
(6.67) 

1.7 ± 0.1 
(1.67) 

 
PROSPECTS 
 
For each matrix, dense pellets were prepared 
through a two -step procedure involving an 
uniaxial pressing at room temperature then a 
heating treatment. The conditions were 
optimized to improve the sinterability of each 
compound. 
The chemical durability of the three materials 
was studied during leaching tests by two 
methods: soxhlet and batch experiments in 

various media. We also showed the formation of 
neoformed phases at the surface of the leached 
samples in the back-end of the initial reaction of 
dissolution. These phases of very low solubility 
should delay significantly the release of 
tetravalent actinides. 
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