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This paper describes the synthesis of some apatite compounds, called britholites, by an
aerosol pyrolysis technique, which compared to conventional methods of solid-state
chemistry, presents the advantages of reducing noticeably the temperature and the
duration of the treatment. Britholites are minerals based on Ca10−xLnx(PO4)6−x(SiO4)xX2

formula (with X = F−, OH−, X2=O2−); they are promising materials for nuclear waste
storage. In a second part we have synthesized and characterized a new apatite phase where
the substitution of calcium by barium in britholite leads to a monophased solid solution
Ca9−xBaxNd(PO4)6−x(SiO4)F2 for 6<x < 9. The possible interest of this new material is
discussed. C© 2001 Kluwer Academic Publishers

1. Introduction
In order to confine high level radioactive wastes pro-
duced by processing irradiated nuclear fuel, confine-
ment inside solid matrices as glasses, glass-ceramics
and crystalline ceramics has been intensively studied
for several decades. Even if the “glass process” is now
an industrial method [1] a lot of researches are still go-
ing on to find more durable materials. Several host inor-
ganic matrices have been proposed such as zircon, mon-
azite, thorium-phosphate, barium-phosphate, apatite
[2–6]. Long-term storage requires a material able to
immobilize these elements (like neptunium, americium
and curium) for a long time (about 106 years). Among
these matrices, our choice was apatite compounds. The
durability of natural apatites is well demonstrated by the
apatites from the Oklo (Gabon) natural reactor which
have retained high fission-product elements in their
structure despite exposure to the geologic environment
for nearly 2 billion years [7]. Indeed, for some spe-
cial composition these apatitic minerals, usually called
britholite, can present a non-metamict behaviour [6].
Non-metamict means, that, at relative low tempera-
ture, (less than the storage temperature) the recovery
rate of the structure is faster than the amorphisation
phenomenon caused by the self-radioactive decompo-
sition of the incorporated actinide. This last behaviour
is a crucial advantage to consider britholite as the most
promising matrix for nuclear waste storage.

Apatites are very common in nature: they occur in
limited quantities in almost all igneous rocks, but they
constitute also the mineral part of bone and teeth of
vertebrate animals [8]. The term apatite refers to a
group of minerals presenting the same basic struc-
ture (hexagonal system, space groupP63/m) and the
same general formula, M10(XO4)6Y2, where M, XO4
and Y are generally a divalent cation (Ca. . .), a triva-

lent anion (PO4. . .) and a monovalent anion (F, OH. . .)
respectively [9]. One of the interesting properties of
the apatite structure is the extensive isomorphic sub-
stitution or charge-coupled substitution which occurs
in it [10]. For example, M can be a lanthanide or an
actinide; in this case the charge balance is provided
either by the replacement of phosphate by silicate or
by the replacement of fluoride ions by O2− ones. The
phosphate-silicate apatites are called britholites. Be-
cause of the similarities in the chemical features of
lanthanide and actinide, the former ones have been cho-
sen as models of britholite containing radioactive ac-
tinide. Such britholites, Ca10−xLnx(PO4)6−x(SiO4)xF2
and Ca10−xLnx(PO4)6−x(SiO4)xO❑ with 0≤ x≤ 6 and
Ln= La, Nd, have been prepared via solid state [11,
12]. The solid-state route requires high reaction tem-
peratures (1400◦C), long heating times and numerous
grinding processes to obtain pure phases. Therefore, the
particles obtained via this route are agglomerated par-
ticles of irregular shape which show poor sinterability.

Studies using the spray pyrolysis technique are rela-
tively scarce. This method, starting with solutions that
can be acidic, leads to homogeneous and stoichiometric
materials. For example, it has been used to synthesize
the calcium phosphate hydroxyapatite [13–16]. The re-
sulting hydroxyapatite, mixed with a small amount of
β-tricalcium phosphate, is composed of spherical par-
ticles with a diameter of about 1µm. In this paper, the
spray pyrolysis method is used to prepare firstly the cal-
cium phosphate hydroxyapatite and fluorapatite or their
corresponding barium apatites and secondly the britho-
lites, Ca9−xBaxNd(PO4)6−x(SiO4)F2 with 0≤ x≤ 9.

2. Experimental part
The spray pyrolysis apparatus is represented in Fig. 1.
This apparatus consists of three different parts:
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Figure 1 The spray pyrolysis process.

– the atomizer which forms an aerosol of thin
droplets with the help of an ultrasonic oscillator
with a frequency of 2.6 MHz. The droplet size
mainly depends on the oscillator frequency, but
also on the concentration and viscosity of the start-
ing solution. The droplet size can roughly range
from 2 to 5 µm [17]. As soon as droplets are
formed, they are carried away by an air flow (5l/mn)
to the next zones.

– the furnace zones, which are divided into three
parts. First, the drying zone (60–110◦C), where
solvents are evaporated and where precursor
salts precipitate. Secondly, the decomposition area
(300–500◦C), where precursor compounds are de-
composed, and finally the reactor zone (700–
1000◦C), where solid state reactions take place and
where the densification of particles begins. It is
worthwhile noticing the very short time necessary
for this process; in our conditions, the solid par-
ticles stay at the maximum temperature for a few
seconds only.

– the collecting zone, where an electrostatic filter
(20 KV) recovers most (60 to 80%) of the products.
This electrostatic filter temperature is maintained
around 110◦C to prevent solvent condensation on
the prepared compounds.

The tube where the reactions take place is made of
pyrex-glass and of silica.

The starting reactants were chosen so that they will
not precipitate in the solution. The metal elements
were in the form of nitrates (Ca(NO3)2 · 4H2O,
Ba(NO3)2, Nd(NO3)3 · 6H2O). The sources of phos-
phorus, silicon and fluorine were respectively tri-
ethylphosphate, tetramethylsilicate and trifluoroacetic
acid. The reactants were weighed in order to reach
the molar ratio of stoichiometric apatite, Ca+
Ba+Nd/(PO4)+ (SiO4)= 1.67. The reactants were
dissolved in aqueous medium (320 ml distillated water
and 80 ml methanol [18]). The concentration of the so-
lution, (6Ca+Ba+Nd), was fixed at 0.1 M. The rough
samples of the spray pyrolysis were annealed at differ-
ent temperatures (1000◦C–1300◦C) for some hours.

Preliminary experiments carried out on Ca10(PO4)F2
with a stoichiometric F/(PO4) atomic ratio equals to
1/3, reveal a fluoride deficiency. Therefore, this ratio
was increased (1/3, 1/1 and 3/1). Even by using the
latter concentration of fluoride ions, one can observe a
slight deficiency of these ions in the resulting apatites.
In this case, the proportion of the fluoride ions was in-
creased by using an ion-exchange process, OH−⇔F−
or O2−⇔ 2F,− realized at high temperature (800◦C)
under a stream of dry nitrogen [19]:

Ca10(PO4)6F2−2xOx❑x + 2xNH4F

⇒ Ca10(PO4)6F2+ xH2O+ 2xNH3.

Fluoride titrations were performed by a specific elec-
trode in aqueous medium. Powdered samples were dis-
solved in per-chloric acid and buffered with tri-sodium
citrate (1 M).

The phases obtained were characterized particu-
larly by X-ray diffraction powder using a Seifert
XRD3000 diffractometer (Cu Kα radiation). The crys-
talline phases were compared to the data on JCPDS
cards. When different phases were observed, their rel-
ative amounts were determined by comparing the main
X-ray reflections. The infrared spectra were obtained
in a range from 400 to 4000 cm−1 on KBr pellets by
using a Perkin-Elmer FT-IR 1725X.

3. Results and discussion
Before studying the preparation of britholites, we have
decided to check our technique of spray pyrolysis on
more simple apatites such as calcium phosphate hy-
droxyapatite and fluorapatite. Then these results will
be extended to barium-apatites. Ba-apatites are gener-
ally less studied than their calcium counterparts.

3.1. Non substituted apatite compounds
3.1.1. Preparation and characterization of

calcium apatite
The results of the synthesis of calcium hydroxyapatite
(Hap) are summarized in Table I. The X-ray diffraction
pattern (XRD) of the rough sample of the spray pyrol-
ysis presents a mixture of different phases: Ca3(PO4)2
(β-PTCa) (JCPDS card 09-0169), Hap (JCPDS card
09-0432 and CaO (JCPDS card 48-1467).β-PTCa is
preponderant and Hap is poorly crystallized.
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TABLE I Preparation of the hydroxyapatite: (Ca10(PO4)6(OH)2=
Hap,β-PTCa=Ca3(PO4)2 β-type)

crude sample sample heated
(rough spray- at 1000◦C,
pyrolysed sample) for 12 hour

XRD observations β-PTCa>Hap>CaO Hap>β-PTCa>
CaO (traces)

a= 9.401(5) Å a= 9.421(1) Å
c= 6.895(5) Å c= 6.884(1) Å

The unit-cells of the apatite compound (rough sam-
ple) are different from those of stoichiometric Hap
(a= 9.418 Å, c= 6.884 Å, JCPDS card 09-0432;
a= 9.421 Å, c= 6.883 Å) [20]. The introduction of
carbonate ions replacing the phosphate groups (B-type
carbonate apatite) can be responsible for such differ-
ences [8, 21]. In addition to the phosphate group, the
infrared spectrum of this compound shows some bands
at 1420, 1455 and 870 cm−1 which are a signature of
such substitution.

Hap becomes the main phase when the preceding
sample is annealed at 1000◦C in air atmosphere, for 1
or 12 hours, but it is always mixed with someβ-PTCa
(about 30%) and CaO (traces) (Fig. 2). Such a heating
treatment improves greatly the Hap crystallinity. The
unit-cell constants of this last compound are compa-
rable to the stoichiometric Hap ones (Table I). Fig. 3
shows the infrared spectra of the Hap and Fap apatites.
Hap presents the bands assigned to the phosphate func-
tion (1092, 1044, 966, 604 and 576 cm−1) and the bands
attributed to the hydroxyl group (3570 and 632 cm−1)
[8, 20].

Figure 2 XRD patterns of Hap and Fap apatites after annealing at
1200◦C under air for one hour.

Figure 3 Infrared spectra of Hap and Fap apatites after annealing at
1200◦C under air for one hour.

The preparation of the phosphocalcium fluorapatite
(Fap) is given in Table II. The rough sample of Fap, ob-
tained by spraying the reactants in stoichiometric com-
position (F−/PO3−

4 = 1/3) presents several phases (β-
PTCa>Fap>CaO). Annealing this product at 1200◦C
for one hour results in a decrease ofβ-PTCa with an in-
crease of the apatite phase which becomes well crystal-
lized. However its unit-cell constants are quite different
(a= 9.389(2)Å andc= 6.884(1)Å) from those of sto-
ichiometric Fap (JCPDS cards 15-0876,a= 9.3684Å
and c= 6.8841 Å; or 75-0915, a= 9.37(1) Å and
c= 6.88(1) Å). In particular, the a parameter differs
by 0.02 from the one of stoichiometric Fap. Such a
variation can be the result of the replacement of some
F− ions by some O2− or OH− [19]. This deficiency of
fluoride ions can be due to several reasons. First, the flu-
orine element, introduced as trifluoracetic acid, could
react with the silica tube to give gaseous SiF4, which
may not have enough time to react with the forming
apatite and may be carried away by the carrier gas.
Secondly, some fluoride ions of the apatite could be
lost during the heating treatment at high temperature.
Thus, the starting concentration of trifluoracetic acid
has been increased by 3 times and by 9 times according
to the stoichiometric proportions.

The increase of the F−/PO3−
4 starting ratio leads to an

increase of the apatite phase compared to the propor-
tion ofβ-PTCa. For F−/PO3−

4 = 3/1, the Fap is the only
phase even for the rough spray pyrolyzed sample. A
chemical dosage of the fluoride ions on this last sample
leads to about 90% of the stoichiometric proportion.
Moreover, as soon as the F−/PO3−

4 ratio of the start-
ing reactants is increased, the a unit-cell dimension of
the samples, annealed at 1200◦C for one hour, begins
to decrease. And for F−/PO3−

4 = 3/1, the unit-cell pa-
rameters are very close to those of stoichiometric Fap,
particularly the a parameter. The XRD pattern of flu-
orapatite, obtained with F−/PO3−

4 = 3/1 and annealed
at 1200◦C, is given in Fig. 2. The infrared spectrum of
this sample is presented in Fig. 3. In addition to phos-
phate bands, this spectrum shows weak bands, 1150–
1200 cm−1 and 750 cm−1, which are a signature of SiO2
vibrations. The presence of such phases is in agreement
with the reaction of fluoride on the silica tube.

In our conditions of spray pyrolysis, Ca-Hap can not
be prepared as a pure phase. This result agrees with
that of Aizawa [16]. It is likely that oxyhydroyapatite
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TABLE I I Preparation of the phosphocalcium fluorapatite: Ca10(PO4)6F2=Fap,β-PTCa= Ca3(PO4)2 β-type)

Sample annealed at Cell constants of Cell
F−/PO3−

4 Ratio Rough spray-pyrolysed sample 1200◦C, for 1 hour, under N2 annealed samples volume

1/3 β-PTCa>Fap>CaO Fap>β-PTCa>CaO a= 9.389(2) Å 525.5 Å3

c= 6.884(1) Å
1/1 Fap=β-PTCa>CaO Fap a= 9.3799(9) Å 524.7 Å3

c= 6.8864(7) Å
3/1 Fap Fap a= 9.3708(8) Å 523.8 Å3

c= 6.8876(7) Å

was formed at the spray-pyrolysis temperature, 1000◦C.
This last apatite is unstable and is easily decomposed
into β-PTCa and CaO orβ-PTCa and tetracalcium
phosphate [20, 22]. On the contrary, Ca-Fap can be
prepared as a pure phase as soon as the F−/PO3−

4 ratio
of the starting reactants is 9 times greater than the stoi-
chiometric proportion. This possibility may be due to a
competition between F− and O2− in the apatite forming
at 1000◦C.

3.1.2. Preparation and characterization
of barium apatite

Ba-apatite was prepared in the same way as its cor-
responding calcium. The rough sample of Ba-Hap
presents several phases: poorly crystallized apatite
(JCPDS card, 36-0272), Ba3(PO4)2 (JCPDS card 25-
0028), Ba2P2O7 (JCPDS card 30-0144 ) and BaCO3
(JCPDS card 44-1487). After an annealing treatment
at 1200◦C for one hour under a nitrogen stream,
the barium pyrophosphate and the barium carbonate
disappear but several phases still remain: Ba3(PO4)2
which is preponderant, well crystallized apatite and
BaO (JCPDS card 30-0143). This thermal treatment
induces a decrease of the intensity of the apatite. The
lattice parameters of this last apatite (a= 10.16(2)Å
and a= 7.76(2) Å) are close to the values of Ba-
Hap (JCPDS card, 36-0272;a= 10.1912(4)Å and
a= 7.7470(4)Å). The variation between these parame-
ters can be explained by a O2− substitution in the chan-
nel sites. Indeed, no OH− vibration is noted in the in-
frared spectrum of this last apatite.

Our attempts to prepare the Ba-Fap have completely
failed even by using an excess of fluoride ions in the
starting reactants (F−/(PO4)3− = 3/1). Neither in rough
sample nor in the sample heated in the previous con-
ditions (see Ba-Hap) any apatite phase is disclosed by
XRD. For example, in the sample heated for one hour,
a mixture of Ba2P2O7 and BaO is observed. Increasing
the time of this treatment up to 5 hours results in the
same phases mixed with Ba3(PO4)2. Unlike the calcium
pyrophosphate, which shows a great reactivity when it
is heated in the presence of CaO, the corresponding bar-
ium one is very stable in the presence of BaO. In our
conditions of spray pyrolysis, Ba-apatites, either Hap
or Fap, are more difficult to obtain than the calcium
counterparts.

3.2. Preparation of substituted apatites
(britholites)

The preparation of britholite will be carried out with a
ratio of F− to (PO4)3− + (SiO4)4− equal to three. We

will study particularly the Ca9Nd(PO4)5(SiO4)F2, and
then the calcium element will be progressively replaced
by the barium one.

3.2.1. Study of the Ca9Nd(PO4)5(SiO4)F2
The rough spray-pyrolysed sample presents only one
poorly crystallized apatite phase. By heating under an
atmosphere of nitrogen for one hour at different temper-
atures, the crystallinity of this phase is increased, but
this treatment leads to a modification of the unit-cell
constants (Fig. 4). An annealing treatment at 1000◦C
results in a slight decrease of the volume, compared
to the volume of the rough sample, but an increase of
this treatment up to 1300◦C leads to an increase of this
volume. Several reasons can be suggested for the first
decrease of this volume (see later, infrared analysis).
As the temperature of the annealing treatment is in-
creased up to 1300◦C, the volume increase can be due
to a decrease of fluoride ions. For example, the fluo-
ride percentage equals 66.1% and 61.1% for a heating
treatment at 1200◦C and 1300◦C respectively. This per-
centage of fluoride ions can be increased to 89.2%, if
a post-fluoridation (ion-exchange process) treatment is
performed, after the annealing treatment at 1200◦C.

In spite of some imprecisions, the determination
of the structure by X-ray diffraction (on powder)
associated with Rietveld refinement on this last
sample leads to the formula, Ca9.2Nd0.8(PO4)5.2
(SiO4)0.8F1.8O0.1❑0.1, which is close to the expected
formula. Some O2− atoms occur in the channel sites; a
slight amount of these ions is required for charge bal-
ance. Although there are some neodymium atoms in the
two cationic sites of the apatite structure, Rietveld

Figure 4 Evolution of the apatite volume cell versus the annealing tem-
perature under nitrogen.
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Figure 5 Infrared spectra of Ca9.2Nd0.8(PO4)5.2(SiO4)0.8F1.8O0.1❑0.1

britholite after annealing at different temperatures for 1 hour.

refinement localizes this element preferentially on
II sites which border the channels. A simi-
lar observation has already been reported from
a single crystal of Ca9.2Nd0.8 (PO4)5.1(SiO4)0.9F1.5
O0.25❑0.25 [23]. For a rare earth element such as
neodymium, it is admitted that it prefers site II of the

Figure 6 SEM image of a rough spray pyrolysed (1000◦C) sample Ca9.2Nd0.8(PO4)5.2(SiO4)0.8F1.2O/OH/❑complement.

calcium phosphate fluorapatite [24]. Lattice parameters
of this britholite (a= 9.3982(2)Å andc= 6.9060(2)Å)
agree well with those of the single crystal quoted above
(a= 9.3998(8)Å andc= 6.9010(5)Å), which reflects
the fact that the formulae of these compounds are nearly
identical. As we have reported in the introduction, this
identity is in favor of use of the spray pyrolysis tech-
nique for preparing such products: the single crystal
was obtained by heating at 1700◦C [11, 23].

The infrared spectra of this britholite are given in
Fig. 5 as a function of the temperature of the annealing
treatment. The spectrum of the rough sample shows sev-
eral bands attributed to the following functions: CO2−

3

(broad band around 1400–1500 cm−1), PO3−
4 (570, 604,

966, 1042, 1094 cm−1), SiO4−
4 (shoulder around 900–

950 cm−1) and SiO2 (727 cm−1, shoulder about 1150–
1210 cm−1) [25–27]. An annealing treatment at 1000◦C
(not represented) and 1200◦C lead to the disappearance
of carbonate ions and SiO2 and to an increase of the in-
tensity of the ortho-silicate group, SiO4−

4 according to
the intensity of PO3−4 groups. In this case, the infrared
observations, transformation of SiO2 into SiO4−

4 , are
more convenient than XRD ones to determine the pu-
rity of a product. Let us recall that the XRD of the rough
sample presents poorly crystallized apatite. Thus silica
must be in an amorphous state, as is often the case [28].
The infrared spectrum of the sample heated at 1300◦C
is practically the same as the one of the sample heated
at 1200◦C.

The SEM micrograph of the rough spray pyrolysed
sample is shown on Fig. 6. The distribution of the parti-
cles is quite homogeneous. Particles are spherical with
a mean diameter size a little bit lower than 1µm.
Attempts to evaluate the sinterability of this powder
are in progress. Rough pyrolysed britholites are too
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Figure 7 XRD patterns of Ca9−xBaxNd(PO4)6−x(SiO4)F2 series (spray
pyrolysed at 1000◦C and annealed at 1200◦C under nitrogen for 1 hour).

porous to be sintered directly. However, a quite soft
annealing treatment at 1200◦C leads to very well-
crystallised submicrometric particles which seem to be
easily sinterable.

Figure 8 Evolution of the apatite phases cell volume versus the content of barium in Ca9−xBaxNd(PO4)6−x(SiO4)F2 series (spray pyrolysed at
1000◦C and annealed at 1200◦C under nitrogen for 1 hour).

3.2.2. Study of the solid solution,
Ca9−xBaxNd(PO4)6−x(SiO4)F2

As reported in the introduction, some compounds based
on barium phosphate appear well suited for actinide
confinement [29]. This is the reason why we studied
the barium substitution in the previous calcium britho-
lite. In the case of phosphate hydroxyapatite, obtained
in aqueous medium, only a part of the solid solution
between calcium and barium was shown to exist. This
solid solution appears in a range from 60 to 100%at. of
barium atom [30].

The starting reactants always contained an excess of
fluoride ions (F−/(PO4)3− + (SiO4)4− = 3). The rough
samples were annealed for one hour at 1200◦C under a
stream of nitrogen. XRD patterns of all the compounds
with 0≤ x≤ 9 are presented in Fig. 7. For the sake of
clarity, some of the main peaks have been scaled down
to show the lowest intensity peaks.

For x= 1, two phases are present: apatite and a
barium-neodymium phosphate, Ba3Nd(PO4)3 (JCPDS
card 26-0194). The apatite peaks are a bit wider than
for x= 0 and a slight shift of the peaks occurs between
the two values ofx.

For 2≤ x≤ 3, the barium-neodymium phosphate
phase as well as the apatite phase previously observed
decrease and the intensities of several additional peaks
increase: these latter peaks can be attributed to an ap-
atite which will contain elemental barium rather than
elemental calcium.

For 4≤ x≤ 5, the mixed phosphate phase has com-
pletely disappeared, and the intensity of the two apatite
phases vary in opposite directions: barium apatite in-
creases while calcium apatite decreases.

Finally for 6≤ x≤ 9, XRD patterns show the pres-
ence of one apatite phase with a peak shift practically
proportional tox.
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Such a shift appears more clearly in Fig. 8, which
presents the volume of the apatite as a function ofx. For
6≤ x≤ 9, this volume is close to the Vegard’s law line,
which is represented by a dotted line. When the two ap-
atite phases are simultaneously present (5≥ x≥ 3), the
volume of the barium apatite tends to some asymptotic
limit. In the case of calcium apatite, the introduction of
one or two barium atoms results in a slight increase of
volume, but the increase is less than the corresponding
one of the Vegard’s law line. But the resulting apatite
is mixed with some mixed-metal phosphate.

The lower barium substitution limit in the apatite
formula corresponds tox= 6. It is worthwhile noticing
that, in the apatite structure, this last value corresponds
to an entire occupancy of one site (cationic site II). This
would be in favor of preferential localization of the bar-
ium atoms on these sites. It is known that the respective
volume of the two cationic sites greatly differs [31, 32]:
the volume of site I being greater (around 38%) than
that of site II. Knowing that the radius of barium(II) is
much larger the radius of calcium(II) (rBa2+ = 1.42Å;
rCa2+ = 1.12Å, [33]), we conclude it will not be con-
venient to localize the barium in the less bulky site.
Besides, several works have concluded that the barium
element occupied site II in mixed apatites [34, 35].

It is also noticeable, although we were unable to pre-
pare barium-based pure phosphate apatite (both Hap
and Fap), that barium britholite can be synthesized
without any difficulties. Thus we can conclude the sub-
stitution of one phosphate group by a silica one is
very beneficial for the stability of the barium apatite
structure.

4. Conclusion and perspectives
Even if pure calcium hydroxyapatite cannot be ob-
tained by the spray pyrolysis method, fluorapatite and
more particularly britholite with a composition close to
Ca9Nd(PO4)5(SiO4)F2 can be easily synthesised at rel-
atively low temperature using that spray pyrolysis appa-
ratus. This technique is a quasi-continuous elaboration
process which could be adapted without too many diffi-
culties in the nuclear industry. The particular britholite
composition including five phosphate groups for one
silicate group probably would play a strategic role in the
near future for minor actinides’ (Am, Cm, Np) confine-
ment because it seems to be the best balance between
a low solubility (given by silicate and fluoride anions)
and a high resistance to irradiation damage (given by
phosphate group) [4]. Thus, the next challenge is to
produce several kilograms of a final material, includ-
ing minor actinide, to test it as near as possible to the
real storage condition.

Substitution of elemental calcium by barium has an-
other goal: the confinement of the volatile fissiongenic
products, which are respectively129I and135Cs. Up to
now these two very bulky radioactive nucleids cannot
be easily stored in any matrix. Indeed, the biggest prob-
lems with these two elements are due to their volatility
and their size. To fix them both inside a mineral ma-
trix, it is necessary to find an host material which will
accept such bulky anions or cations in their structure

using an exchange process working at low tempera-
ture. Rough spray pyrolysed apatites, since they are
very porous, probably will present very interesting ex-
change properties but preliminary attempts have shown
that the calcium fluorapatite structure is not able to in-
corporate noticeable proportions of129I− and 135Cs+
ions. Thus, we put much hope in barium-based apatite,
but this is another story that we will present in another
paper.
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