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Abstract – In response to the 1991 French radioactive waste management act [1], a research program was set up between 
the CNRS, the CEA and French universities to propose effective minor actinide disposal matrices capable of loading 
10 wt% of actinide oxides and ensuring a hundred-fold better leaching performance than “R7T7” glass. 

The lanthanide orthophosphates LnPO4 could constitute an excellent matrix for this purpose. In this type of structure, 
the (PO4)3- negative entity is compensated by trivalent cations such as La, Ce, Gd, Pu, Am (monazite) or equal fractions 
of divalent and tetravalent cations such as Ca2+Th4+, Ca2+U4+, Ca2+Np4 (brabantite). Previous leach tests and geological 
discoveries have shown that these materials are highly resistant to leaching and conserve their crystalline state even in 
aqueous media. 

These points led us to investigate the incorporation of 10 wt% PuO2 in monazite and brabantite materials and to 
study the effects of self-irradiation on their structural states. Prior to plutonium conditioning tests, experiments were 
performed in the laboratory using cerium and thorium oxides according to the following reactions: 

(1-3x)LaPO4 + 2xCe4+O2 + xLa(PO3)3 → La1-2xCe2x
3+PO4 + x/2O2 (1) 

(1-3x)LaPO4 + xTh4+O2 + xCaO + xLa(PO3)3 → La1-2xCaxThx
4+PO4 (2) 

Cerium oxide was used to study the reduction of a tetravalent cation to a trivalent state in a phosphate structure and 
to prepare for Pu3+ conditioning. Thorium was used to study the conditioning of tetravalent cations such as Pu4+. The 
parameters and sintering reaction of the final product were optimized.  

In a radioactive laboratory, PuO2 was then substituted for CeO2 and ThO2 in reactions (1) and (2). The synthesis and 
sintering procedures were unchanged. X-ray diffraction analysis of the powder before and after sintering showed 
promising results that are discussed. 

 
INTRODUCTION 

The monazite matrix is based on a natural 
mineral, monazite, an orthophosphate of light rare 
earth elements, rich in U and Th. Monazite is a widely 
occurring mineral and is extensively used in 
geochronology. Three of its properties are of interest 
for actinide disposal [2]: 

 
 Its structure can accommodate actinides. 
 It is found as a detrital mineral in marine 

sand [3]. 
 It is not metamict. The presence of 

monazite in marine sand shows that it is 
chemically and mechanically resistant to 
an erosion-transport-deposition cycle on 
the earth’s surface. 

 
These grains of “sand” have been dated, showing 

that monazite provides leaktight containment during 
the cycle for the actinides and their decay products. 
Studies of rocks subjected to hydrothermal alteration 
show that monazite can be damaged to some extent by 
geological solutions at 350–400°C, and at lower 
temperatures (250°C) by more aggressive solutions, or 

at high fluid/rock ratios [4]. Ancient natural monazites 
are never metamict, despite being subjected to self-
irradiation at doses above the minimum amorphization 
dose. There is probably a defect self-healing 
mechanism that remains unidentified for the moment 
[5]. 

Its structure consists of juxtaposed series with 
alternating tetrahedral PO4 sites and large LaO9 sites 
(space group P21/n) [6]. Tetravalent actinides (U, Th, 
Np, Pu) can be incorporated by substitution: An4+ + 
Ca2+ = 2La3+ [7]. The resulting material is known as 
brabantite. The structural evolution between monazite 
LaPO4 and brabantite Ca0.5Th0.5PO4 is a continuous 
solid solution [7]. 

A large number of monazite-brabantite structures 
have been reported in the literature [8]: La3+PO4, 
Ce3+PO4, Nd3+PO4, Gd3+PO4, Pu3+PO4, Am3+PO4, 
Pr3+PO4, Ca0.5Th0.5

4+PO4, La1-2x
3+ CaxThx

4+PO4, 
Ca0.5U0.5

4+PO4, Ca0.5Np0.5
4+PO4, Ca0.5Np0.1

4+Pu0.4
4+PO4. 

All of these are isostructural compounds. 
The behavior of monazites under external 

irradiation has been studied [9]. Monazite appears to 
restore irradiation damage very easily, since the 
critical amorphization temperature is below 200°C. 
Leaching studies with LaPO4 [10] and NdPO4 [11] 
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confirm the data obtained with natural monazites [12]. 
The dissolution rates are consistent with the values 
required within the framework of the 1991 law [1], i.e. 
leaching resistance 100 times greater than for the 
R7T7 glass currently used for nuclear waste disposal 
[13]. The dissolution rates range from 10-5 and 10-9 
g/m2/d depending on the temperature and pH, with 
activation energies of about 40–50 kJ/mole. Although 
incomplete with respect to the behavior under 
irradiation, these studies show the potential interest of 
this type of matrix for conditioning tri- and tetravalent 
cations. 

EXPERIMENTAL 

Synthesis 

Monazite can be synthesized according to various 
protocols: liquid reaction between a lanthanide nitrate 
and phosphoric acid H3PO4 or dissolved ammonium 
dihydrogenphosphate NH4H2PO4 [14]; solid reaction 
between a lanthanide oxide and ammonium dihydrogen-
phosphate at high temperature [15]; heat treatment of a 
hexagonal lanthanum orthophosphate [16]; solid reaction 
between a lanthanide oxide and a lanthanide metaphos-
phate La(PO3)3 at high temperature. Brabantite can be 
synthesized in a similar way by adding calcium oxide 
CaO and the oxide of a tetravalent cation to the 
precursors. 

The objective of this study was to synthesize the 
following materials: (La,Ce3+)PO4, (La,Ce4+,Ca)PO4, 
(La,Th4+,Ca)PO4, (La,Pu3+)PO4, (La,Pu4+,Ca)PO4. 
Cerium was used as a plutonium surrogate; like 
plutonium, cerium exists at oxidation states +III and 
+IV, and their ionic radii are relatively similar: Ce3+: 
107 pm, Ce4+: 94 pm, Pu3+: 114 pm, Pu4+: 89 pm. 
Plutonium was used in the form of isotope 239Pu. 
Thorium was used exclusively as a surrogate for Pu4+. 

The reaction schemes for incorporating cerium, 
thorium and plutonium in monazite LaPO4 involved 
high-temperature reactions between monazite LaPO4, the 
test oxides and lanthanide metaphosphate La(PO3)3. The 
following reactions were expected: 

 
(1-3x)LaPO4 + 2xCeO2 + xLa(PO3)3 
→La1-2xCe2xPO4 + x/2O2 (1) 
 
(1-3x)LaPO4 + xCeO2 + xCa0 + xLa(PO3)3 
→La1-2xCexCaxPO4 (2) 
 
(1-3x)LaPO4 + xThO2 + xCa0 + xLa(PO3)3 
→La1-2xThxCaxPO4 (3) 
 

(1-3x)LaPO4 + 2xPuO2 + xLa(PO3)3 
→ La1-2xPu2xPO4 + x/2O2 (4) 
 
(1-3x)LaPO4 + xPuO2 + xCa0 + xLa(PO3)3 
→ La1-2xPu2xCaxPO4 (5) 
 
The loading factor x was calculated for 10 ox. wt% 

of CeO2, ThO2 and PuO2 with respect to the synthesized 
monazite or brabantite mass. For reaction (1), x = 0.068, 
x = 0.13 for (2), 0.088 for (3), 0.088 for (4) and 0.085 for 
(5). 

Synthesis reactions (4) and (5) with plutonium were 
performed in a glove box, i.e. under active conditions. 
The others were performed in conventional rooms under 
inactive conditions. Only reaction (1) was duplicated in a 
glove box. The grain size of the cerium oxide (Aldrich, 
99.9%) was about 5 µm. 

LaPO4 was available in hexagonal form (Interchim, 
99.9%). Heat treatment for 10 h at 800°C was necessary 
to obtain monazite. More generally, LaPO4 was formed 
by a reaction between lanthanum nitrate (Aldrich, 
99.9%) dissolved in distilled water and phosphoric acid 
(VWR, 99%). Lanthanum nitrate can also be fabricated 
by dissolving lanthanum oxide (Aldrich, 99.9%) in nitric 
acid (Aldrich, 70%). After synthesis, the final powder 
was ground to obtain a mean particle size of 0.5 µm 
measured by SEM. 

The metaphosphate La(PO3)3 was synthesized from 
a mixture of lanthanum oxide or nitrate and NH4H2PO4 
(VWR, 99%) heat treated for 10 hours at 800°C. The end 
product was ground to obtain a final powder size 
between 0.5 and 2 µm. 

Calcium oxide was obtained from calcium carbonate 
(Aldrich, 99.9%) calcined in air for 10 hours at 1000°C. 

Plutonium and thorium oxide were procured 
(Aldrich, 99.99%). 

The synthesis and sample preparation protocol was 
similar for all the reactions: 
• Comilling of the precursors in zirconia vessels for 

30 minutes with a Retsch MM200 mixer mill. The 
resulting powder particle size was about 1 µm. 

• Reaction of precursors for 10 hours in air at 1250°C. 
To prepare specimens for subsequent analysis the 
samples were sintered according as follows: 
• milling in zirconia vessels with a MM200 mixer 

mill, 
• pelletizing at 100 MPa to obtain pellets of about 2 

grams each, 
• natural sintering in air for 10 hours at 1450°C. 

X-ray diffraction analysis 

Under inactive conditions, X-ray diffraction spectra 
were obtained at room temperature using a Philips PW 
1820 automatic diffractometer with a radiation source 
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consisting of a copper cathode (λ = 1.54184 Å) contain-
ing a nickel filter; under active conditions, a nuclearized 
Bruker diffractometer was used with a molybdenum 
cathode (λ = 0.71070 Å). The radioactive sample holders 
were covered by Mylar film to prevent any material 
dispersal. The powder was mixed with cellulose in 
the sample holder to fill the entire device. Gold was 
added to the sample as an internal measurement 
standard to compensate for the offset due to sample 
positioning. 

The spectra were compared with the PDF data 
base. The crystal lattice parameters were refined 
with FullProf software [17] using a Rietveld 
technique. 

Microprobe 

Toulouse microprobe 
LMPA Microprobe 

XPS 

Odeillo XPS 

RESULTS 

The X-ray diffraction spectra for the 
synthesized samples are shown in Figure 1. 

Cellulose and Mylar were present for the 
active analyses, and were not taken into account in 
interpreting the results. The samples synthesized 
under inactive conditions (1) and (3) were single-
phase, whereas (2), (4) and (5) were two-phase 

samples, as was sample (1) when synthesized under 
active conditions. The spectrum analysis findings are 
indicated in Table I. 

XRD analysis was unable to definitely identify the 

 

7 12 17 22 2 théta
LaPO4

AuAuCellulose
Mylar

CeO2 Pu2O3
 

Figure 1. Overall X-ray diffraction diagrams 

Table I. XRD results 

 Desired 
phase 

Type
*/** Phases found V Den-

sity

A (LaCe)PO4 
(1) 
I R Monazite   

B (LaCe)PO4 
(1) 
I S Monazite   

C (LaCe)PO4 
(1)  
A R Monazite + CeO2   

D (LaCe)PO4 
(1)  
A S Monazite + ***   

E (LaCeCa)PO4 
(2)  
I R 

Monazite + 
LaCa3(PO4)3 

  

F (LaCaTh)PO4 
(3)  
I R Monazite   

G LaCaTh)PO4 
(3)  
I S Monazite   

H (LaPu)PO4 
(4)  
A R 

Monazite + PuO2 
+ Pu2O3 

  

I (LaPu)PO4 
(4)  
A S Monazite + Pu2O3   

J (LaPuCa)PO4 
(5)  
A R 

Monazite + PuO2 
+ Pu2O3 

  

K (LaPuCa)PO4 
(5)  
A S 

Monazite + Pu2O3 
+ ****   

*I: inactive, A: active 
**: R: reaction at 1250°C, S: sintering at 1450°C 
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actual compounds present because the 
desired phases are isomorphic. The crystal 
lattice parameters calculated for the various 
monazite phases indicated in Table II. were 
used to estimate the element loading 
fractions by comparing the values obtained 
with the theoretical values for the pure 
compounds LaPO4, CePO4, PuPO4 and 
CaTh(PO4)2. The theoretical values for the 
synthesized compounds were calculated 
from Vegard’s law, which was verified for 
this type of material [7]. 

The results obtained for synthesis (1) 
were different under active and inactive 
conditions: two-phase products were 
synthesized in the glove box experiments. 
The precursors came from different batches; 
the same batches were used for all the 
experiments performed under active 
conditions. 

The precision of the crystal lattice 
parameters, refined by FullProf was ***, due 
mainly to the presence of cellulose and 
Mylar, and to a significant change in the 
sample position. This shift was largely 
corrected using the gold peaks, but this 
increased the uncertainty. Microprobe 
analysis results on the samples (A, B, C, D, etc.) are 
shown in Figure 2. DISCUSSION 

The results of (La,Ce)PO4 synthesis in 
glove boxes and under inactive conditions 
were very different. These differences 
resulted exclusively from the quality of the 
precursor batches used. Subsequent analysis 
revealed the presence of La3PO7 in the 
LaPO4 phase used for the active 
experiments. This undesirable phase was the 
source of the secondary phases detected by 
XRD. The secondary phases were a solid 
solution of La2O3-Pu2O3 and La2O3-Ce2O3. 
It was not possible to repeat the experiments 
with new precursors. These phases are 
therefore disregarded in the discussion of 
the results. 

(La,Ce)PO4 and (La,Ca,Th)PO4 
synthesis under inactive conditions 

The synthesis under inactive conditions 
of monazite (La,Ce)PO4 (reaction (1)) and 
brabantite (La,Ca,Th)PO4 (reaction (3)) 
yielded excellent reaction products and 
sintered materials. The loading fractions 
calculated from the crystal lattice parameter 

Table II. Crystal lattice parameter 

Sample  Metho
d  

a 
(Å) 

B 
(Å) 

C 
(Å) β V 

(Å3) Loading 

LaPO4        
CePO4        
PuPO4        

CaTh(PO4)2        
(LaCe)PO4        

(LaCeCa)PO4        
(LaPu)PO4        

(LaPuCa)PO4 

Th
eo

re
tic

al
 

       
A        
B        
C        
D        
E        
F        
G        
H        
I        
J        
K 

A
ct

ua
l 

       
 

 

Sample Desired 
composition Photo Phases found

A  

2 µm 5 µm

 

B    
C    
D    
E    
F    
G    
H    
I    
J    
K    

Figure 2 Microprobe analysis results 
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and by microprobe analysis fully corresponded to the 
expected values. No secondary phases were observed. 
The homogeneity measured by microprobe analysis was 
excellent. 

The geometric density of the sintered brabantite 
pellets ranged from 95 to 97%TD, compared with only 
85%TD for monazite. This is a well known phenome-
non. The sintering properties of monazite and brabantite 
are different [18]. Sintering of monazite alone requires 
prior attrition milling to obtain densities above 95%TD. 
Brabantite sinters more easily, and a density exceeding 
95%TD can be obtained following classic natural 
sintering procedures.  

The grains observed by microprobe analysis only on 
brabantite were uniform with dimensions of about ten 
micrometers. 

(La,Ce,Ca)PO4 synthesis under inactive conditions 

Reaction (2) used to synthesize (La,Ce,Ca)PO4 is 
equivalent to reaction (3) with cerium oxide substituted 
for thorium oxide. The objective was to maintain the 
cerium tetravalent through the charge-compensating 
effect of calcium. The end product was analyzed by 
XRD and XPS, and found to comprise two phases: 
monazite (containing trivalent cerium) and LaCa3(PO4)3. 

This result indicates that cerium is reduced by 
reacting with the metaphosphate, and that calcium reacts 
with the remaining compounds but does not participate 
in the monazite matrix. La reduction of cerium overrides 
the charge-compensating effect of calcium. 

(La,Ce,)PO4 synthesis under active conditions 

Disregarding the secondary phases CeO2 and La2O3-
Ce2O3 due to impurities in the precursors, the XRD 
spectrum corresponds to a monazite phase. 

The crystal lattice parameters were used to calculate 
the mass fraction of cerium oxide that participated in 
reaction (1), which ranged from 5 to 10%. This indicates 
that a small percentage of cerium oxide reacted with the 
impurities, whereas most of it was reduced in the 
presence of the metaphosphate. The corresponding 
cerium was thus incorporated into the monazite matrix. 

The XRD analysis findings were confirmed by 
microprobe analysis indicating that, except for the 
impurities, the major phase was La0.94Ce0.06PO4. This 
phase was uniform and homogeneous. 

(La,Pu,)PO4 synthesis under active conditions 

The results were similar to the previous synthesis. 
Plutonium oxide was transformed during reaction (4) 
and during sintering. XRD analysis showed that the 
composition of the monazite phase obtained after 
reaction (4) followed by sintering corresponded (accord-
ing to Vegard’s law) to La0.94Pu0.06PO4. This composi-

tion was confirmed by microprobe analysis: the 
calculated structure was La0.95Ce0.05PO4. Neither PuO2 
nor any other tetravalent plutonium phase was present. 

Although the presence of impurities (La2O3-Pu2O3) 
prevents us from making any categorical assertions, 
these results suggest that plutonium oxide can perfectly 
well be substituted for cerium. The results of reactions 
(2) and (4) are very similar from the standpoint of both 
XRD and microprobe analysis. Plutonium is reduced at 
high temperature in the presence of metaphosphate and 
is incorporated into the monazite matrix. 

(La,Pu,)PO4 synthesis under active conditions 

The results differ from the preceding ones. The 
monazite phase was identified by analysis of the XRD 
spectra. The crystal lattice parameters differed from 
those of pure LaPO4, indicating that cations were 
inserted in the structure. Nothing, however, indicates 
whether these cations were exclusively (trivalent) 
plutonium, Ca-Pu4+ pairs, or a mixture of Pu3+ and 
Ca-Pu4+. 

In addition to the La2O3-Pu2O3 impurities, 
microprobe analysis identified two phases: a monazite-
brabantite (La0.95Pu0.04Ca0.01PO4) and LaCa4(PO4)2.5. 
This calcium-rich phase was not detected by XRD, 
although this is not surprising considering the presence 
of cellulose, Mylar and gold. Moreover, calcium-rich 
phases are known to be highly amorphous. The probe 
was about one micrometer in size, corresponding to the 
particle size for this phase. This implies that the 
proportions of the constituents in this phase are not ideal. 

The difference in the proportions of plutonium and 
calcium in the first phase indicates that the reaction 
between the precursors in reaction (5) was incomplete. 
To ensure the equilibrium of charges, there would be 
75% trivalent plutonium and 25% tetravalent plutonium. 

These results resemble those observed for reaction 
(2), i.e. most of the plutonium tends to be reduced in the 
presence of metaphosphate and is incorporated in the 
structure in the trivalent state. There is apparently very 
little tetravalent plutonium in the structure. 

CONCLUSION 

The experimental loading of cerium and plutonium 
in the trivalent and tetravalent states in a lanthanum 
orthophosphate gave unexpected results. The synthesis 
protocol in which an actinide oxide and/or lanthanide 
reacted with metaphosphate was unable to control the 
oxidation state of the cation, which are determined by its 
own thermochemical properties. The phosphate environ-
ment of the structure leads to reduction of cerium and 
plutonium. 
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Loading a monazite matrix with trivalent cerium and 
plutonium thus does not appear to raise any major 
difficulties. Conversely, the containment of these cations 
in the tetravalent state is not feasible with this type of 
protocol. 

This study will continue using ammonium dihydro-
genphosphate NH4H2PO4 to synthesize the powder. This 
solution should be more stable and reproducible, and 
should allow us to synthesize the continuous monazite–
brabantite solid solution capable of incorporating 
trivalent and tetravalent actinides. 
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