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a b s t r a c t

Thermal behaviour and lattice parameters of monazites MPO4 (M3+ = Ce3+, Nd3+ and Pu3+) and cheralite
CaTh(PO4)2 were studied using high-temperature X-ray diffraction. Heat treatment under inert atmo-
sphere caused the decomposition of PuPO4 and CaTh(PO4)2 into the corresponding oxides above
1473 K. The influence of the cation type within the crystallographic structure on the thermal expansion
coefficient and the possible cation substitutions are discussed in the frame of nuclear waste management.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The safe disposal of radioactive elements is a major concern of
nuclear industry, the main issue being the potential risk associated
with the radiotoxic inventory of long-lived elements such as pluto-
nium and minor actinides (MA) of high-level waste. The misuse of
such materials must be prevented to reduce risks proliferation, and
the environmental impact resulting from release of these elements
into the geosphere. For future fuel cycles, the recycling of pluto-
nium and the minor actinides in GEN-IV reactors is aimed at reduc-
ing this potential long-term hazard and at decreasing the overall
transuranium elements inventory. However, for plutonium and
minor actinides that cannot be re-used in reactors [1,2], immobili-
zation with high-level waste is under consideration [3–5].

On the basis of a number of favourable factors (high actinide
content, sintering capability, resistance to aqueous alteration and
to radiation damage, etc.), the minerals monazite, cheralite and
their solid solutions have been suggested as potential waste form
for plutonium and MA [6,7]. The mineral monazite, LnPO4 (Ln = La
to Gd, P21/n space group), has a remarkable ability to retain signif-
icant amounts of Th4+ and U4+ over geological time scale [6,8]. In
the natural systems, the charge-balance for the Ln3þ $ Th4þ sub-
stitution can be achieved by two major reactions [9,10]. In the first,
huttonite (ThSiO4) mechanism, incorporation of Th4+ occurs in
large and small cation sites simultaneously as:

Ln3þ þ PO3�
4 $ Th4þ þ SiO4�

4 ð1Þ

In the cheralite substitution:
ll rights reserved.

+40 232 201313.
2Ln3þ $ Th4þ þ Ca2þ ð2Þ

exchange takes place only over the large cation position. The
product of complete substitution (2) is the mineral CaTh(PO4)2

known as cheralite (previously often called in the literature
brabantite) [11–13].

The Pu3+ incorporation in such compounds is possible as the
end-member PuPO4 crystallizes in the same monoclinic P21/n
space group. The first synthesis of PuPO4 was reported by Bjorkl-
und [14] and the compound was further characterised in
references [15–17]. Its stability domain under vacuum was estab-
lished to be between 1273 K (below this limit the compound exists
in equilibrium with PuP2O7) and 1673 K, temperature at which it
starts to decompose in air to PuO2 [14]. Pure solid solutions (La,-
Pu)PO4 with monazite structure were also synthesised for 10 wt%
Pu by precipitation [18] or solid state reaction between phosphates
end-members [19]. The monazite–cheralite Ca0.18Th0.18Pu0.18-

La1.46(PO4)2 solid solution was obtained from oxide precursors at
1773 K [20], but the microstructure reveals the existence of two
secondary phases: PuO2 and one with the composition Pu:P:O =
1:1:1.

The possibility to incorporate of Pu4+ in the monazite structure
as a function of the ionic radii was studied in order to test the
upper limit of tetravalent actinide content. Solid solutions
CaNp1�xPux(PO4)2 with limited solubility of Pu (x 6 0.3) were ob-
tained [21,22]. This was explained by instability of Pu4+ relative
to Pu3+ at higher x. Recently, the plutonium mixed-valent com-
pound Pu3þ

0:8Pu4þ
0:6Ca2þ

0:6ðPO4Þ2 was obtained and characterized [17].
The valence state of plutonium in monazite and cheralite has been
studied by using diffuse reflectance spectroscopy [23], and the con-
clusion is that plutonium is mainly Pu3+ in the absence of the
charge compensators.
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Based on those references, we tested the incorporation of pluto-
nium in monazite–cheralite solid solutions by solid state reaction
starting from reactive end-members [24], on the basis of the chem-
ical sequence

xCaThðPO4Þ2ðsÞ þ ð2� 2x� yÞLnPO4ðsÞ þ yPuPO4ðsÞ

! CaxThxLn2�2x�yPuyðPO4Þ2ðsÞ ð3Þ

(Ln = La and Ce). Taking into account literature reports on the ther-
mal stability of LnPO4, CaTh(PO4)2, and PuPO4 under inert atmosphere
[14,17,20], the reaction temperature was selected to be 1673 K. Only
for a low Pu-loading the final solid solution was pure monazite [19];
in the others we found traces of Pu2O3 (and, eventually, ThO2). Based
on those results, we started to re-evaluate the thermal stability of
PuPO4 by thermogravimetry and high-temperature XRD.

The thermal stability and the thermal expansion of PuPO4 are
presented in this study, compared to two other monazites (CePO4

and NdPO4) and to CaTh(PO4)2. To our best knowledge, there are
no previous data concerning the thermal expansion coefficients
of CaTh(PO4)2 and PuPO4.

2. Experimental

2.1. Synthesis

Reactor grade plutonium(IV) oxide dissolved in nitric acid was
used as plutonium source. Pure end-members MPO4 (M3+ = Ce3+,
Nd3+ and Pu3+) monazites as well as CaTh(PO4)2 were synthesised
using high-purity (99.9% or higher, Merck and Sigma–Aldrich)
chemicals by the following procedures.

PuPO4 was prepared by sol–gel reaction starting from Pu(IV)-
solution, accordingly with the two-step procedure [15,16], in a
glove box operated under nitrogen:

PuðNO3Þ4ðaqÞ þ 2ðNH4Þ2HPO4ðaqÞ ! PuP2O7ðsÞ

þ 4NH4NO3ðgÞ þH2OðgÞ ð873 K for 5 h in airÞ ð4Þ
4PuP2O7ðsÞ þ 2H2ðgÞ ! 4PuPO4ðsÞ þ P4O10ðgÞ

þ 2H2OðgÞ ð1273 K for 10 h under Ar=H2Þ ð5Þ

The NdPO4 sample was prepared from a concentrated aqueous
solution (�5 mol dm�3) of neodymium, obtained by dissolution
of Nd(NO3)3 � 6H2O in distilled water. By addition of 85% H3PO4

(10% excess), a gel was obtained, filtered (Robu-Glas sintered fil-
ter-crucible, porosity 5) and washed 2–3 times with distilled
water. The precipitate was heated in an alumina crucible at
1473 K for 10 h (with heating and cooling ramps of 200 K h�1).
The final product was sintered at 1873 K for 5 h (with heating
and cooling ramps of 300 K h�1). CePO4 was prepared using an
identical procedure, although three weeks of precipitate ageing
were necessary in order to obtain pure monazite [25].

CaTh(PO4)2 was synthesized by solid state reaction, mixing in
an agate mortar CaCO3, ThO2 (stoichiometric amounts) and
(NH4)2HPO4 (10% excess) in a glove box operated under nitrogen.
The mixture was then heated in an alumina crucible at 1473 K
for 100 h (with heating and cooling ramps of 100 K h�1 and
300 K h�1, respectively) under nitrogen atmosphere. CaTh(PO4)2

forms in accordance with the general chemical reaction

CaCO3ðsÞ þ ThO2ðsÞ þ 2ðNH4Þ2HPO4ðsÞ

! CaThðPO4Þ2ðsÞ þ CO2ðgÞ þ 3H2OðgÞ þ 4NH3ðgÞ: ð6Þ

Lattice parameters at room temperature of MPO4 (M = Pu, Ce, and Nd) and CaTh(PO4)2

PuPO4 CePO4 NdPO4 CaTh(PO4)2

a (Å) 6.7641(2) 6.7989(2) 6.7426(3) 6.7088(1)
b (Å) 6.9841(2) 7.0226(2) 6.9574(2) 6.9166(9)
c (Å) 6.4536(2) 6.4735(2) 6.4097(3) 6.4158(1)
b (�) 103.640(2) 103.4755(2) 103.6624(3) 103.7031(1)
2.2. High temperature X-ray diffraction analysis

Thermal expansion of the monazites MPO4 (M = Pu, Ce, and Nd)
and CaTh(PO4)2 were investigated by high-temperature X-ray
diffraction (HT-XRD) using a Pt heating strip under helium (4.6).
Because the used PuPO4 sample was a half a year old, it was
annealed at 1273 K several days before HT-XRD experiment to
eliminate possible radiation effects.

The X-ray data were collected using a Siemens D8 diffractome-
ter mounted in a Bragg-Brentano configuration, with a curved Ge
monochromator (111), a ceramic Cu X-ray tube (40 kV, 40 mA), a
PSD (Position Sensitive Detector) Braun detector covering 6� in
2h and was equipped with a Anton Paar HTK2000 heating chamber.
Scans were collected from 10� to 110� in 2h using 0.0146� step-
intervals with counting steps of 3 s in the 303–1473 K temperature
range in helium atmosphere. In the case of PuPO4 and CaTh(PO4)2

measurement were performed up to 1673 K in order to observe the
phase decomposition. Unit cell parameters were refined on pow-
dered samples by a Le Bail-type method using the Fullprof
software.

It is important to note that the heating chamber was firstly cal-
ibrated using magnesium oxide MgO (Periclase type) as standard.
In the 303–1673 K temperature range, we calculated a thermal
expansion coefficient (TEC) of 12.37 � 10�6 K�1 which is in good
agreement with previous studies [26–29].

2.3. Thermogravimetric analysis

Thermal behaviour from room temperature up to 1793 K of
45.0 mg of PuPO4 powder was investigated by TG-DSC in a
10 ml min�1 argon (4.6) flow with a heating rate of 10 K min�1

using a Netzsch STA 409 apparatus. The experimental error is less
than 1%.

3. Results

The lattice parameters at room temperature of the monoclinic
crystal structure of monazites MPO4 (M = Pu, Ce, and Nd) and
CaTh(PO4)2 are given in Table 1. Our values are comparable with
published data [14,30,31].

The structural and thermal properties of the phosphate samples
were investigated by in situ high-temperature powder X-ray
diffraction technique. Lattice parameters and volume have been
measured at temperature intervals of 100 K in the range 303–
1473 K from the refinement. The plots of Dl/l0 as a function of tem-
perature are shown in Fig. 1–4. The best fit was obtained using a
quadratic function.

Figs. 1–3 show some general trends. The largest lattice param-
eter (b) has the smallest thermal expansion behaviour compared
to a and c parameters. This can be explained by more rigid chains
comprising MO9 nine-vertex polyhedra along the b direction. The
parameter b is only slightly affected by temperature and remains
almost constant over the entire range.

Comparing the different phosphates investigated in this study,
it can be noticed that the parameter a of CaTh(PO4)2 expands more
than that of the monazites MPO4 (M = Pu, Ce, and Nd) (Fig. 1). A
similar behaviour was observed for the b lattice parameter, but
to a lesser extent (Fig. 2). From all data fits, including the volume
(Fig. 4), it can be noticed that the PuPO4 sample shows a signifi-
cantly smaller thermal expansion compared to the other com-
pounds. This may originate from the different behaviour of the 4f



Fig. 2. Thermal expansion along b direction in the temperature range 300–1500 K
for CaTh(PO4)2, CePO4, NdPO4 and PuPO4.

Fig. 3. Thermal expansion along c direction in the temperature range 300–1500 K
for CaTh(PO4)2, CePO4, NdPO4 and PuPO4.

Fig. 4. Thermal expansion in volume in the temperature range 300–1500 K for
CaTh(PO4)2, CePO4, NdPO4 and PuPO4.

Fig. 1. Thermal expansion along a direction in the temperature range 300–1500 K
for CaTh(PO4)2, CePO4, NdPO4 and PuPO4.

Table 2
Thermal expansion coefficients obtained from the expression Dl/l0 = aDT + bT2 over
range 303–1473 K

a 10�6 b 10�9

PuPO4 a (Å) 8.7(3) 3.9(3)
b (Å) 7.0(1) 0.3(1)
c (Å) 7.9(2) 1.4(1)
V (Å3) 7.9(2) 0.7(1)

CePO4 a (Å) 7.4(1) 2.8(1)
b (Å) 7.0(2) 1.5(1)
c (Å) 9.1(2) 2.5(2)
V (Å3) 8.1(2) 2.1(2)

NdPO4 a (Å) 8.8(5) 2.6(4)
b (Å) 7.8(5) 1.2(4)
c (Å) 12.6(8) 0.5(7)
V (Å3) 9.8(6) 1.5(5)

CaTh(PO4)2 a (Å) 9.6(4) 2.4(3)
b (Å) 7.7(3) 1.4(2)
c (Å) 8.9(3) 1.9(2)
V (Å3) 8.6(3) 2.0(2)

The standard deviation is comprised between 2% to 6%, higher for CaTh(PO4)2 and
NdPO4 compounds, and smaller for CePO4 and PuPO4 ones.
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and 5f electrons of the M3+ ions in these compounds and from the
pivotal position of plutonium in the actinides series [32]. As a re-
sult of their itinerant character, the 5f electrons in the early actin-
ides participate in the chemical bonding, unlike the 4f electrons in
the lanthanides that are localised.

The mean linear thermal expansion coefficients (a) were ob-
tained by fitting the polynomial equation Dl/l0 = a � DT + b � DT2,
where l0 is the lattice parameter at room temperature, over the
range from 303 to 1473 K. The lattice thermal expansion coeffi-
cients along a (aa), b (ab) and c (ac) directions and the volume ther-
mal expansion coefficients (aV = DV/3V) are given in Table 2. The
smallest volume expansion coefficient was observed for PuPO4, fol-
lowed by CePO4, CaTh(PO4)2, and NdPO4.

The expansion coefficients of CePO4 are not very different from
those reported by Bakker et al. [33] calculated from 293 to 1323 K
using X-ray diffraction. They found aa = 7.32 � 10�6 K�1,
ab = 7.77 � 10�6 K�1, ac = 9.00 � 10�6 K�1 and aV = 8.25 �
10�6 K�1, compared to our values, aa = 7.48 � 10�6 K�1, ab =
7.07 � 10�6 K�1, ac = 9.18 � 10�6 K�1 and aV = 8.14�10�6 K�1, cal-
culated up to 1303 K. However, the error of their experimental
setup (ca. 10%) was higher than ours (ca. 1–2%). Perrière et al.
[34] have extrapolated from dilatometry data that the thermal
expansion coefficient for CePO4 is 10.5 � 10�6 K�1, while our value
is 8.14 � 10�6 K�1. In case of NdPO4, the same authors reported the
value of 10.6 � 10�6 K�1, as obtained from high-temperature XRD
over 373�1273 K, compared to 9.26 � 10�6 K�1 (aV) obtained by
us in this work up to 1473 K. The small differences most probable
originate from the fact that Perrière et al. [34] have used a linear fit,
while we applied a second-order polynomial equation.

CePO4 and NdPO4 were found to be thermally stable throughout
temperature interval considered. However, above 1473 K,
CaTh(PO4)2 and PuPO4 start to decompose into the corresponding



Fig. 7. TG-curve of PuPO4 heated under argon.
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oxides. For CaTh(PO4)2 this is in fair agreement with previous re-
ports [35] and with the thermodynamic data for this compound
[36], from which we can calculate that the Gibbs energy for the
reaction:

2CaThðPO4Þ2ðsÞ ! 2CaOðsÞ þ 2ThO2ðsÞ þ P4O10ðgÞ ð7Þ

is zero at T = 1410 K. Above this temperature CaTh(PO4)2 is not sta-
ble with respect to the pure oxides.

Fig. 5 shows the XRD patterns of CaTh(PO4)2 phase at 1473,
1573, and 1673 K. The diffractions at about 27.2 and 31.5� (2h) cor-
respond to the (111) and the (200) diffractions of ThO2. The re-
fined unit cell parameter for ThO2 [5.6008(3) Å at 273 K,
5.6606(3) Å at 1473 K, 5.6691(1) Å at 1573 K and 5.6746(1) Å at
1673 K] are in very good agreement with the data obtained by
Tyagi et al. [37], confirming the decomposition mechanisms of
CaTh(PO4)2 in the more stable oxides.

The decomposition of PuPO4 into Pu2O3, was observed at
1573 K; the intensity of the specific diffractions of Pu2O3 [28.05
and 32.5� (2h)] increases at higher temperatures (Fig. 6).

The TG-curve (Fig. 7) indicates that PuPO4 starts to decompose
at about 1550 K, accordingly with the HT-XRD results, the weight
loss being 2.05 wt%. The XRD pattern of the compound collected
from the TG device after heating at 1793 K (Fig. 8) indicates the for-
mation of cubic Pu2O3 as secondary phase. However, in previous
studies [14,20] PuO2 was found to appear as decomposition prod-
uct; this is because of the oxidising conditions applied in the men-
tioned works, which cause Pu-sesquioxide to immediately oxidise
Fig. 8. XRD pattern, fitting and difference curve for PuPO4, used in the thermo-
gravimetric measurement under helium, showing the formation of Pu2O3 as
secondary phase. The upper Bragg positions correspond to PuPO4, while the lower
to Pu2O3.

Fig. 6. The X-ray diffraction patterns of the PuPO4 phase at 1473, 1573 and 1673 K.
The asterisks correspond to Pu2O3 phase.

Fig. 5. The X-ray diffraction patterns of the CaTh(PO4)2 phase at 1473, 1573, and
1673 K. The asterisks correspond to ThO2 phase.
to Pu(IV) dioxide. The chemical reaction which can explain the ob-
served behaviour is

4PuPO4ðsÞ ! 2Pu2O3ðsÞ þ P4O10ðgÞ ð8Þ

The amount of Pu2O3 evaluated from the XRD measurement
corresponds to 8.2 wt% Pu2O3 (3.69 mg). The weight loss associated
to the P4O10 release of 2.17 wt% (0.98 mg) is in good agreement
with the one observed in the TG experiment. This is in line with
the conclusion of Deschanels et al. [20], namely that such com-
pounds are not pure phases at 1523 K.

4. Conclusions

The thermal expansion curves of PuPO4 and some lanthanide
counterparts as well as CaTh(PO4)2 were measured and compared.
The dilatation mechanism of the compounds tested is isotropic,
even if there are some differences between the three axes. The
results indicate that the volume expansion of those phosphate
samples are quite similar, except for the PuPO4 case that is system-
atically lower.

The decomposition of PuPO4 was found to occur at lower tem-
perature than previously reported in the literature [14]. In practice,
the decomposition can limit the incorporation of Pu in monazite–
cheralite solid solutions since these normally form above 1550 K,
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i.e. above the stability limit of PuPO4 in inert atmosphere found
here. A similar behaviour was observed in the case of CaTh(PO4)2.
These findings are limiting both for Pu-loading in monazite–chera-
lite solid solutions via end-members precursors and for the sinter-
ing of the Pu-containing monazites. The result of the present study
limits the existence domain of the pure Pu-containing compounds
with monazite–cheralite structure to the range between 1273 and
1473 K.
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