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Abstract

A phosphate-based material with rhabdophane structure, K(1�x)CsxCaNd(PO4)2, was investigated as a possible host matrix for cae-
sium extracted from reprocessed spent fuel. Its synthesis was studied by means of thermogravimetry, X-ray diffraction and scanning elec-
tronic microscopy for ‘x’ values comprised between 0 and 0.33. These characterizations show that both potassium and caesium are
incorporated with the expected ratio and that the thermal stability extends to 1373 K. Two transient phases are identified: a mona-
zite-type compound, NdPO4 and a soluble phosphate, K(1�x)CsxCaPO4. Several heatings at 1173 K for 6 h lead to the incorporation
of only 80% of caesium in the rhabdophane compound. The rhabdophane-like phase has a leach rate which ranges from 1.15 g m�2 d�1

to 8.2 · 10�3 g m�2 d�1 at 373 K depending on the surface taken into account which could be satisfactory. However, the yield of the
reaction is still too low and needs to be improved to avoid the formation of soluble phosphates of which the presence is redhibitory.
Dry methods do not seem to be compatible with this objective and other routes should be studied.
� 2007 Elsevier B.V. All rights reserved.

PACS: 81.05.Je; 81.40.�z; 81.20.Ev
1. Introduction

With a radioactive period of 2.3 million years [1], 135Cs
is among the fission products with the longest half-life. In
France, one of the strategies investigated for the manage-
ment of such radionuclides consists in an enhanced parti-
tioning from high-level liquid waste followed by an
immobilization in a specific host matrix for storage in a
deep geological repository [2]. Consequently, a host matrix
with a high chemical durability is required to prevent cae-
sium release toward the biosphere. A previous work had
already studied apatite-structured compounds with this
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objective [3]. This study highlighted the formation of a cae-
sium–calcium–neodymium substituted double phosphate
CsCaNd(PO4)2. This phosphate has a rhabdophane-like
structure [4] with large channels running along the ‘c’ axis
of the hexagonal cell which enables caesium incorporation
[5]. As this phase remained in the apatitic material at the
end of a leach test performed at 373 K in a soxhlet extrac-
tor [3], further characterizations strengthened the idea of its
potential use as a caesium host matrix [6].

As several alkaline cations could be extracted simulta-
neously to caesium, the versatility of the rhabdophane-like
compounds towards the incorporation of these elements
needed to be evaluated. Another benefit of the partial sub-
stitution of caesium by other alkaline cations could be the
decrease of the global heat output due to the decay of 137Cs
which is present with 135Cs and could lead to unacceptable
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temperatures during the first decades of repository. The
substitution of caesium for potassium in a solid solution
with a composition of formula K(1�x)CsxCaNd(PO4)2

(0 6 x 6 0.33) was here considered. In order to understand
the behaviour of the material during its sintering or the
leach test, the determination of caesium distribution at
the end of the synthesis step was carefully examined.
2. Experimental

2.1. Starting materials for the synthesis

K(1�x)CsxCaNd(PO4)2 (0 6 x 6 0.33)

The different samples were synthesized from stoichiom-
etric amounts of the following reactants: KNO3 (99%,
Merck, Germany), CsNO3 (99%, Merck, Germany),
CaCO3 (99%, Rectapur, Prolabo, France), Nd2O3 (99%,
Merck, Germany), Al2O3 (99%, Merck, Germany) and
(NH4)2 HPO4 (99%, Normapur, Prolabo, France). How-
ever, it should be noted that neodymium oxide was dehy-
drated at 1273 K for 3 h before weighing because of the
presence of neodymium hydroxide as a secondary phase.
The synthesis reaction can be written as

ð1� xÞKNO3 þ xCsNO3 þ CaCO3

þ 1

2
Nd2O3 þ 2ðNH4Þ2HPO4 ! Kð1�xÞCsxCaNdðPO4Þ2

þ 1

2
N2O5 þ CO2 þ 4NH3 þ 3H2O ð1Þ

with 0 6 x 6 0.33.
After weighing, reactants were mixed in porcelain mor-

tars with acetone and dried at 373 K for one night. The
samples were then heated to 1173 K for 6 h in platinum
crucibles.
2.2. Characterizations

The synthesis reaction was followed by thermogravimetric
analysis (TGA) to pinpoint the thermal stability of the mate-
rials and determine the temperature of the heat treatment.
The samples were subsequently characterized using X-ray
diffraction (XRD) to determine the phase composition and
the cell parameters and then, further analyzed by scanning
electronic microscopy (SEM) associated with an energy
dispersive X-ray (EDX) analyzer for the microanalysis.

TGA was performed on a Setaram TG-DTA 92-16.18
analyzer. A few milligrams of the dried mixture of reac-
tants (50 · 10�3 g) were introduced into a platinum cruci-
ble and then heated in air at a rate of 10 K/min. The
crystalline phases in the heat-treated powders were identi-
fied using a Brüker AXS D8 Advance diffractometer
(kCu = 1.5406 Å). Cell parameters were determined from
Brüker AXS software Eva 6.0 using SrF2 as an internal
standard. Before being observed by SEM, samples were
carbon-coated. Images were acquired on a Philips XL30
equipped with an Oxford Instruments EDX Isis analyzer.
The sinterability was assessed by means of the shrinkage
curve of a pellet of 10�2 m in diameter, pressed under
100 MPa, using a Setaram TMA 92-16.18 analyzer.

Leaching experiments were performed at 373 K on sin-
tered pellets using a stainless steel soxhlet extractor appara-
tus where leaching solution was distilled water. Duration of
the test varied from 35 days to 37 days. An overview about
this procedure is more precisely described in [7]. These
experiments were done in two steps: the first seven days
allowed to determine the behaviour of potentially highly
soluble secondary compounds; after this period, the boiler
was changed without stopping the experiment. Finally, the
dissolution rate of the most durable caesium host phase
was measured during the remaining time of the test.

The normalized weight loss, here given in the case of
caesium, was calculated as

NLCs ¼
mCs

fCsA
;

where NLCs is the normalized weight loss based on caesium
release (g m�2); mCs is the weight of caesium in the leachate
(g); fCs is the mass concentration of caesium in the waste
form; and A is the surface area of the sample (m2). The dis-
solution rate (viz. the leach rate) RCs (g m�2 d�1) is then gi-
ven by the slope of the normalized weight loss as a function
of time t (d)

RCs ¼
dNLCs

dt
:

Caesium was chosen as an indicator of the dissolution of
the soluble fraction during the first part of the test as well as
the more durable phase during the second period because it
is not incorporated in precipitated by-products. Only the
dissolution rate (RCs) of the most durable phase, deter-
mined from the second part of the leaching test procedure,
after the change of the boiler, will be considered. This value
is calculated from the linear part of the normalized weight
loss curve by a least squares-based algorithm (R2 > 0.65).

Caesium and calcium were measured out by atomic
absorption spectroscopy and phosphorus by inductively
coupled plasma mass spectrometry. Neodymium data is
not presented because the concentrations were under the
detection limits. Potassium was not measured out.

Measurement of specific area for powders was per-
formed on a MicromeritiCs GEMINI 2360 using nitrogen
adsorption. Surface area for sintered bodies was measured
by krypton adsorption at the Pôle de Ressources Industriel
Matériaux et VERRE (Montpellier, France). Apparent
powder density was determined by He-pycnometry on a
MicromeritiCs ACCUPYC 1330.

3. Results and discussion

3.1. Study of the solid solution K(1�x)CsxCaNd(PO4)2

(0 6 x 6 0.33)

Fig. 1 shows a typical TGA curve of the synthesis of the
solid solution K(1�x)CsxCaNd(PO4)2 (0 6 x 6 0.33) for the
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Fig. 2. XRD pattern of ‘K0.92Cs0.08CaNd(PO4)2’ reactant mixture Eq. (1)
after annealing at 1173 K for 6 h.
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particular composition K0.92Cs0.08CaNd(PO4)2. After the
decomposition of the nitrates and carbonates, correspond-
ing to the first temperature range (I), a plateau for which
expected and measured mass losses are equal (II), is
observed. The calculation of the expected mass loss is
based on the theoretical synthesis reaction and takes into
account (NH4)2HPO4 partial dissociation during the dry-
ing step at 373 K according to the following reaction:

(NH4)2HPO4 ! NH4H2PO4 + NH3.

At the end of the plateau a new mass loss is identified on
the TGA curve and this event was assigned to the decom-
position of the freshly synthesized phases (III). Whatever
the composition which was considered, TGA data point
out that no significant difference was found between
expected and observed mass loss (viz. greater than 0.2%)
between room temperature and 1073 K (Table 1).

This indicates that, for short heating times, volatiliza-
tion phenomena could be assumed as negligible. The ther-
mal stability for all the studied compositions was higher
than 1373 K which is satisfactory enough regarding the
radioactive caesium heat output.

Considering this result, the dried mixtures of the reac-
tants were annealed at 1273 K for 18 h and characterized
Table 1
TGA data of the solid solution K(1�x)CsxCaNd(PO4)2 (0 6 x 6 0.33)
synthesis

x DMth. (%)a DMexp (%)b Tmin (K)c Tmax (K)d

0 31.04 30.90 1043 >1773
0.08 30.65 30.69 1083 1406
0.16 30.27 30.21 1080 1423
0.25 29.87 29.82 1056 1459
0.33 29.51 29.53 1063 1443

a Theoretical weight loss ((NH4)2HPO4 decomposition into NH4H2PO4

before the analysis was performed was taken into account).
b Observed weight loss between room temperature and 1073 K.
c Temperature of the beginning of the plateau on the thermogravimetric

curve after decomposition of the reactants.
d Thermal stability limit.
by XRD. Fig. 2 shows the XRD pattern for the sample cor-
responding to KCaNd(PO4)2. From the comparison with
the ICDD card 34-0112, the main phase detected was effec-
tively assigned to the rhabdophane-like double phosphate
KCaNd(PO4)2. However, two other compounds were also
identified: a monazite-type phosphate with NdPO4 formula
and another phosphate corresponding to KCaPO4. These
two latter phases should be considered as transient
compounds to form the rhabdophane-structured phase.
Such a mechanism was already established in a former
work for the entirely caesium-substituted compound
CsCaNd(PO4)2 [6]. The reaction can then be rewritten as

NdPO4 + KCaPO4 ! KCaNd(PO4)2.

Similar trends were observed for the other studied com-
positions (0 6 x 6 0.33) and that is why it was assumed
that the same mechanism was also involved.

Table 2 shows the cell parameters obtained for the hex-
agonal system as a function of the composition. A linear
increase of the ‘a’ parameter and a linear decrease of the
‘c’ parameter are observed for increasing values of ‘x’
(Fig. 3). This trend is in agreement with an increase of
the mean ionic radius of the alkaline cation when the cae-
sium amount increases in the material. This phenomenon
was also described by Keller et al. [5] for related rhabdo-
phane compositions. These authors suggested that the
structure could expand and contract more easily along
the [100] direction. This statement is confirmed by our
results which show a stronger effect of the increase of the
mean ionic radius on the ‘a’ parameter than on the ‘c’
Table 2
Cell parameters (hexagonal system) of the rhabdophane-like phase as a
function of the composition

x a (Å) (±0.002) c (Å) (±0.002)

0 7.020 6.409
0.08 7.030 6.404
0.16 7.038 6.401
0.25 7.045 6.398
0.33 7.050 6.392
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Fig. 3. Evolution of the cell parameters (hexagonal system) along the
K(1�x)CsxCaNd(PO4)2 solid solution for ‘x’ values between 0 and 0.33.

Fig. 4. SEM micrograph of the K0.67Cs0.33CaNd(PO4)2 composition
issued from the synthesis route described by Eq. (1) annealed at 1273 K for
18 h.
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parameter. Finally, these observations were found to be
consistent with an effective increase of the caesium amount
Table 3
Structural formula of the different phases which were identified from their ED

x Phase K Cs Ca

0 1 0.98 (0.05) – 0.96 (0.01
2 0.91 (0.04) – 0.96 (0.04

0.08 1 1.01 (0.04) 0.01 (0.01) 1.00 (0.03
2 0.82 (0.08) 0.09 (0.01) 0.98 (0.14

0.16 1 1.03 (0.05) 0.04 (0.01) 1.02 (0.04
2 0.78 (0.06) 0.18 (0.01) 0.98 (0.07

0.25 1a 0.91 0.06 1.05
2 0.70 (0.07) 0.24 (0.03) 0.96 (0.04
3 1.00 (0.04) 0.12 (0.04) 10.00 (0.1

0.33 1a 1.00 0.10 0.99
2 0.68 (0.02) 0.34 (0.02) 0.99 (0.02
3b 2.20 0.50 23.29

Values in parenthesis give standard deviation for seven to ten analyzed grains
a Standard deviation is not given for these phases since only a grain was an
b This phase was not assigned to a defined compound. Only the atomic wei
within the rhabdophane structure along the solid solution,
from KCaNd(PO4)2 to K0.67Cs0.33CaNd(PO4)2. In order to
determine the K/Cs ratio in the rhabdophane-like phase,
the heat-treated samples were observed by SEM and ana-
lyzed by EDX.

Fig. 4 shows a typical observation of these samples for
the solid solution K(1�x)CsxCaNd(PO4)2 (0 6 x 6 0.33) in
the particular case of the K0.67Cs0.33CaNd(PO4)2 composi-
tion. The rhabdophane grains are unambiguously identi-
fied on this micrograph thanks to their characteristic rod-
shaped crystals. Their microanalysis is presented in Table
3. This characterization confirms that the K/Cs ratio is
close to the expected value and that caesium and potassium
are simultaneously incorporated in the rhabdophane. Neo-
dymium amount seems to be higher than the theoretical
value and this could be explained by the presence of free
neodymium oxide/hydroxide in the near surface of the ana-
lyzed grains. The microanalysis also reveals the presence of
secondary phases. In agreement with XRD analysis, a
phosphate with a composition close to KCaPO4 was found
in all samples. This phase contains small amounts of cae-
sium increasing with ‘x’. If the synthesis mechanism of
the rhabdophane phase involves the preliminary formation
of monazite and K(1�x)CsxCaPO4 the caesium amount
immobilized in K(1�x)CsxCaPO4-type compounds is lower
than that could be expected. This can be explained by the
partial volatilization of this element in the near surface
due to a long heating time of 18 h at 1273 K. The loss of
alkaline cations in MIMIIPO4 (MI = K, Rb, Cs; MII = Ca,
Eu)-type phases with temperature was already reported by
some authors [6,8]. The release of the alkaline cation MI

leads to the formation of a whitlockite-type phase,
MII

3(PO4)2. In the present work, in the case of
K(1�x)CsxCaPO4 it is shown that caesium is released first
because of a higher volatility of this element compared to
potassium. The K(1�x)CsxCaPO4/Ca3(PO4)2 conversion
kinetics seems to increase with the increase of ‘x’. De facto,
for x = 0.25, a Ca10K(PO4)7-type phase which is isostruc-
X microanalysis spectrum

Nd P O Assignment

) 0.07 (0.02) 0.98 (0.01) 4 KCaPO4

) 1.30 (0.08) 1.85 (0.05) 8 Rhabdophane

) 0.03 (0.01) 0.97 (0.01) 4 KCaPO4

) 1.27 (0.12) 1.86 (0.04) 8 Rhabdophane

) 0.06 (0.02) 0.95 (0.02) 4 KCaPO4

) 1.34 (0.08) 1.82 (0.04) 8 Rhabdophane

0.04 0.97 4 KCaPO4

) 1.30 (0.06) 1.85 (0.05) 8 Rhabdophane
3) 0.27 (0.08) 6.80 (0.08) 28 Ca10K(PO4)7

0.05 0.96 4 KCaPO4

) 1.29 (0.03) 1.83 (0.03) 8 Rhabdophane
0.75 13.57 59.69 ?

.
alyzed.
ght percent is listed.
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tural to whitlockite, Ca3(PO4)2 was detected. Such a com-
pound was not observed for lower values of ‘x’. The fol-
lowing equations, written for x = 0.25, can be proposed
to describe the overall process:

30K0:75Cs0:25CaPO4 ! 3Ca10K0:75Cs0:25ðPO4Þ7
þ 9ð0:75K3PO4; 0:25Cs3PO4Þð"Þ;

3Ca10K0:75Cs0:25ðPO4Þ7 ! 10Ca3ðPO4Þ2
þ ð0:75K3PO4; 0:25Cs3PO4Þð"Þ:
It should be noted that these equations do not take into

account caesium volatilization which leads to an enrich-
ment in potassium in the solid.

3.2. Study of ‘K0.67Cs0.33CaNd(PO4)2’

The choice of K0.67Cs0.33CaNd(PO4)2 as a standard
composition was done because it corresponds to a caesium
load of 10 wt% and it is not suitable to increase this value.
De facto, the global heat output of a radioactive waste in
which isotopic spectrum includes high amounts of 137Cs
limits the caesium amount that can be incorporated in a
host matrix. As described in the previous paragraph, the
rhabodphane-like phase K0.67Cs0.33CaNd(PO4)2 can be
obtained according to the following equation:

0:67KNO3 þ 0:33CsNO3 þ CaCO3 þ
1

2
Nd2O3

þ 2ðNH4Þ2HPO4 ! K0:67Cs0:33CaNdðPO4Þ2

þ 1

2
N2O5 þ CO2 þ 4NH3 þ 3H2O:

This synthesis route will be called ‘R-mode’. Neverthe-
less, the formation of this compound involves two transient
phases which are the Nd-monazite and K0.67Cs0.33CaPO4.
That is why another synthesis route might consist in the
following reaction:

K0:67Cs0:33CaPO4 + NdPO4 ! K0:67Cs0:33CaNd(PO4)2.

It will be called ‘D-mode’. To study this specific route,
each transient phase was specifically prepared. Nd-mona-
zite was obtained from a solid state reaction at 1673 �C
for 6 h between Nd2O3 and (NH4)2HPO4 with an Nd/P
molar ratio equal to 1. For K0.67Cs0.33CaPO4 a two-step
synthesis was developed with the same protocol used by
Jinlong et al. [9] for K0.5Na0.5CaPO4. In this way, 0.5 CaH-
PO4 Æ 2H2O, 0.335 K2CO3 0.165 Cs2CO3 and 0.5 CaCO3

were first mixed in distilled water at room temperature.
Then, stoichiometric amounts of H3PO4 (85%) were slowly
added and the solution was allowed to cure for half an
hour before being dried at 393 K for one night. Finally, this
intermediate was heated at 1223 K for 6 h. As alkaline car-
bonates which have been used for this synthesis are highly
hygroscopic, they were beforehand dehydrated at 573 K
before weighing.

3.2.1. Chemical efficiency
In order to quantify the chemical efficiency of the reac-

tion, that is to say the effective amount of rhabdophane
finally synthesized compared to secondary by-products
(NdPO4 K0.66Cs0.33CaPO4), a specific protocol was
developed.

Whatever the synthesis route, either R-mode, either D-
mode, the starting mixture was heated at 1173 K during
2 h. The samples were heated several times with intermedi-
ate grinding and pelletizing to improve the reaction. The
grinding was performed in ethanol with a S-1/2 type or
MM-2 type RetschTM grinder. One gram of raw material
was sampled between some heatings to undergo a washing.
One gram of powder was washed with 20 mL of distilled
water under magnetic stirring for half an hour at room
temperature (S/V < 50 cm�1). Liquid phase was then col-
lected and analyzed by inductively coupled plasma atomic
absorption spectroscopy. This was done to determine the
instantaneously released caesium fraction (IRCsF) as a
function of the number of heatings.

On one hand, monazites are quite insoluble in geological
environments [10] and the behaviour of CsCaNd(PO4)2 in
leaching conditions was considered to be satisfactory in a
previous work [3]. On another hand, Wu et al. [8] have
already shown that MIEuPO4 (MI = K, Rb, Cs), isotype
of K0.66Cs0.33CaPO4 could be easily dissolved. The mecha-
nism of the hydrolysis of K(1�x)CsxCaPO4 can be described
by the following general equations (here given for
CsCaPO4):

5CsCaPO4 ! 5Csþ þ 5Ca2þ þ 5PO3�
4 ;

5Ca2þ þ 3PO3�
4 þOH� ! Ca5ðPO4Þ3ðOHÞð#Þ:

That is why a high IRCsF can be associated to the pres-
ence of K0.66Cs0.33CaPO4 and yet is a good indicator of the
degree of conversion for the reaction which proceeds by
progressive consumption of K0.66Cs0.33CaPO4.

Fig. 5 shows the evolution of the IRCsF by normaliza-
tion to the caesium initial amount in the case of a R-mode
prepared powder. It is compared to the evolution of an
entirely substituted Cs-rhabodphane, CsCaNd(PO4)2.
Trends are similar for the two studied compositions and
show high IRCsF values; the reaction is incomplete even



Table 5
Sintered bodies characteristics

Sample R D

Sintering
conditionsa

1423 K-12 h 1403 K-7 h

Relative density
(%)b

88.5 85.9

Chemical
analysis
(wt%)c

K: 6.06; Cs: 7.56; Ca:8.53;
Nd: 29.90; P: 14.00; Al:
3.38

K: 5.70; Cs: 7.26; Ca:8.22;
Nd: 29.30; P: 13.19; Al:
3.95

a Powders were initially pressed under 100 MPa into pellets of 2 · 10–2 m
in diameter before heating.

b Relative density is the ratio between the apparent density of the sin-
tered pellet and the density of the powder determined by He-pycnometry;
the apparent density of the sintered pellet is determined from dimensional
measurements.

c The different elements were measured out by inductively coupled
plasma optical emission spectroscopy at the Centre Européen de
Recherche et d’Enseignement de Géosciences de l’Environnement (Aix-en-
Provence, France).
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in the case of five consecutive heatings. Nonetheless, one
can note that a significant decrease of the IRCsF is
observed for the three first heatings but then, this protocol
seems to be less and less efficient.

It is important to note that the IRCsF presented here is
probably underestimated because the washing might not be
optimized. Consequently, only a trend can be deduced.
However, this characterization shows that a direct evalua-
tion of rhabdophane leach resistance from the release of
caesium should take into account the remaining presence
of K0.67Cs0.33CaPO4 and consequently, might be impossi-
ble. That is why a specific protocol with two steps was used
(see Section 2.2) for this experiment. For the first seven
days of the test, the release of caesium is mainly due to
the dissolution of K0.67Cs0.33CaPO4. The own behaviour
of the rhabdophane-like phase can only be determined
after the change of boiler at the end of this time, which
allows the system to ‘forget’ the initial leaching.
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Fig. 6. Densification behaviour of the K0.67Cs0.33CaNd(PO4)2 composi-
tion issued from the synthesis route described by Eq. (1) (annealing: five
cycles (1173 K-2 h); initially pressed to a pellet of 10�2 m in diameter
under 100 MPa). (1): Melting of K(1�x)CsxCaPO4-type phase.
3.2.2. Sinterability of the K0.67Cs0.33CaNd(PO4)2

composition

Rhabdophane samples with K0.67Cs0.33CaNd(PO4)2

composition were prepared according to the R-mode or
D-mode in order to compare the synthesis route influence
on sintering. Aluminum comes from the grinding which
is responsible for a slight contamination of the samples
with alumina.

Table 4 summarizes some physical characterizations of
the powders at the end of the series of heatings. Surface
areas are quite similar whatever the synthesis route and
vary from 1.3 m2/g to 1.6 m2/g whereas apparent density
is close to the theoretical value of 4.01 which can be calcu-
lated using a linear regression with qth = 3.764 for
KCaNd(PO4)2 and qth = 4.504 for CsCaNd(PO4)2. Slightly
higher values for D-mode prepared powders can be inter-
preted in terms of a higher contamination with alumina
(see Table 5). Fig. 6 shows the typical shrinkage of a pellet
uniaxially pressed under 10 · 106 Pa in the case of a R-
mode synthesis route. Shrinkage due to sintering begins
at 1070 K and is not finished at the maximum temperature
of 1465 K. Such a temperature is higher than the thermal
stability determined by TGA (see Table 1). This means that
the sintering temperature range partially overlaps the
decomposition of the material above 1440 K. The derived
curve of the shrinkage also enables to identify an increase
of the densification rate within the temperature range
1333–1398 K. Such behaviour can be assigned to the melt-
Table 4
Powders characteristics for sinterability studies

Synthesis way R-mode D-mode

Sample R D
Annealing (1173 K-2 h) · 5 (1173 K-2 h) · 2 + (1173 K-6 h) · 4
SBET (m2/g) 1.3 1.6
q (g/cm3) 4.01 4.10
ing of K0.67Cs0.33CaPO4 which remains in the material fol-
lowed by its transformation into a whitlockite-type
compound. A clear evidence of this assumption is that this
increase disappears if the powder was first washed before
performing TMA. The return to a normal the densification
rate above 1398 K can be linked to the end of this conver-
sion. Similar trends are observed for all the studied
samples.

Relative densities are close for R and D samples (88.5%
and 85.9%, respectively). In none case, the relative density
was found higher than 92% which implies the presence of
an opened porosity in the sintered bodies. A too large pro-
portion of K0.67Cs0.33CaPO4-type phase into the material
was assumed to be responsible for the low value obtained.
This porosity can then contribute to the reactive surface
during the leach test. Moreover, an increase in porosity is
expected with the dissolution of K0.67Cs0.33CaPO4.
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3.2.3. Leaching properties of the K0.67Cs0.33CaNd(PO4)2

composition

The amount of released caesium after the first sequence
of seven days was determined after acidification and by
analyzing the solution in the boiler. It reaches 22.0% and
18.5% of the initial amount in the solid for R and D sam-
ples, respectively. These values count for the IRCsF due to
the quick hydrolysis of K0.66Cs0.33CaPO4. One can note
that they are very close and no significant influence of
the synthesis mode was underlined. This could be explained
by the accumulation of grindings and heatings which
erased the initial differences between each synthesis mode.

During the second sequence the own behaviour of
K0.67Cs0.33CaNd(PO4)2 was characterized. Figs. 7 and 8
show the normalized weight losses for caesium release
and for calcium and phosphorus release as a function of
the leaching time respectively. These values take into
account the first sequence of seven days before the change
of boiler. The leach rates are equal to 1.15 and
1.36 g m�2 d�1 for D and R samples on the basis of cae-
sium release. The leach rates deduced from phosphorus
or calcium are lower, with one or two orders of magnitude
less. This could be linked to the crystallographic structure
of rhabdophane compounds which are composed of chan-
nels running along the ‘c’ axis in which elements like cae-
sium and potassium are more easily exchanged compared
to elements of the ‘skeleton’ made of alkaline-earth/rare
earth oxygen octahedrons and phosphate tetrahedrons. In
addition, calcium and phosphorus can sometimes precipi-
tate in the boiler during the leach test as suggested by
higher amounts found after acidification compared to the
sum in the sampled aliquots. The precipitation of calcium
phosphates might be responsible for this statement. The
reason why neodymium was not detected might also been
explained by the precipitation of NdPO4, 0.5H2O which
has the rhabdophane structure.

Taking into account the low relative density of the pel-
lets, the assumption of the equality between the geometric
surface area of the sample and the efficient surface area for
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Fig. 7. Normalized weight loss based on caesium and potassium release
and for the geometric surface area of the samples (7.844 · 10�4 for R
sample, 7.283 · 10�4 m2 for D sample) as a function of leaching time.
water could be questionable because of the presence of
opened porosity in the material. That is why the specific
surface area for the D sample was measured by means of
krypton adsorption before the leach test was performed.
It equals 1020 · 10�4 m2 (geometric area: 7.283 ·
10�4 m2). In fact, as the leach rates are determined for
the second sequence of the experiment, it is difficult to
determine the true surface because of the presence of cracks
that have resulted from the dissolution of
K0.66Cs0.33CaPO4 during the first seven days before the
change of boiler. Consequently, the leach rate value prob-
ably overestimates the true one. Finally, the normalized
leach rate based on caesium release and for a specific sur-
face of 1020 · 10�4 m2 leads to a value of 8.2 · 10�3 g
m�2 d�1. The true leach rate probably lies between the
assessment given by the geometric surface and that given
by the specific surface which indicates good retention
efficiency.

4. Conclusion

The existence of a solid solution of K(1�x)Csx-
CaNd(PO4)2 type for ‘x’ values between 0 and 0.33 was
demonstrated. These rhabdophane-like compounds were
successfully synthesized within the temperature range
1173–1273 K with a thermal stability higher than 1373 K.
A secondary Cs-bearing phase which can be written as
K(1�x)CsxCaPO4 was also identified in the same time as
Nd-monazite, NdPO4. The rhabdophane was thus assumed
to be issued from the reaction between these two transient
phases. The K0.67Cs0.33CaNd(PO4)2 composition has been
further characterized to determine its sinterability and
leach resistance. The melting of K0.67Cs0.33CaPO4 during
sintering is responsible for an increase of the densification
rate but a too high amount of this phase led to a relative
density below the closure of opened porosity. In addition,
caesium volatilization limits the sintering temperature
and the relative density which can be obtained (less than
90%). As a matter of fact, after several heatings, the
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reaction yield, which was assessed from the quick caesium
release due to the dissolution of K0.67Cs0.33CaPO4 during
the first seven days of leaching at 373 K, is only 80%. This
value represents the amount of caesium efficiently immobi-
lized in the rhabdophane structure. Once K0.67Cs0.33CaPO4

is removed from the system, the material shows satisfactory
properties. The leach rate on the basis of caesium release is
found to range from 1.15 g m�2 d�1 to 8.2 · 10�3 g m�2

d�1 depending on the surface taken into account. However,
in order to get a suitable host matrix for caesium immobi-
lization, the improvement of the synthesis yield and the sin-
tering is of critical importance. Clearly, with a yield of 80%,
these materials cannot be retained for this application and
the incomplete conversion seems difficult to overcome by
dry synthesis routes. This lack of reactivity could be
explained by the segregation during the heating of mona-
zite. Indeed, such a structure was already observed for
the dry synthesis of CsCaNd(PO4)2 [6] where monazite is
preferentially located in the centre of agglomerates made
of rhabdophane grains in the near surface which embed
the soluble phosphate. Unfortunately, the two methods
here described are not successful in creating the homogene-
ity necessary to improve the rhabdophane formation.
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