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Apatitic structure has been investigated as a potential host matrix for cesium issued from
high level nuclear wastes. The aqueous behavior of such a substituted silicate compound
revealed poor properties to retain this element. They were mainly due to the presence of
Cs-bearing quickly soluble phases. Attempts to synthesize materials with different
composition or cesium content showed that this element was still distributed between
several phases. Particularly, in the case of calcium compounds, a new phosphate,
CaCsNd(PQOy),, was usually formed when cesium was added and remained in the system
after being exposed to a leach test procedure. © 2004 Kluwer Academic Publishers

1. Introduction

During the reprocessing of spent nuclear fuel, high
level wastes containing fission products are generated.
Because of their toxicity over several decades, these
wastes have focused the attention of governments as
well as public opinion. De facto, some radionuclides,
like '*°T and '3°Cs, exhibit a radioactive half-life greater
than one million years [1] and could remain harm-
ful even after their conditioning and disposal into a
geological repository.

In case of a groundwater contamination, iodine and
cesium are believed to be the first radionuclides to reach
the biosphere due to their high mobility [2]. That is
why, they have to be efficiently immobilized. There-
fore, the study of natural minerals at the fossil nuclear
reactor of Oklo (Gabon) gave information of great im-
portance about the structures able to retain these ra-
dionuclides [3]. Crystalline phases with apatitic struc-
ture have proven to be in this way interesting candidates
[4].

A general formula for apatites could be written as
Me0(XO04)6Zr Me =Ca, Sr,...; X=P V,...; Z=
F, Cl, .. .). If their inner ability to restore their lattice at
low temperature after being exposed to an irradiation
damage [5] was the origin of their investigation in the
nuclear field, apatites also have other interesting prop-
erties. Specifically, they are highly stable in neutral to
alkaline pH [6]. This point could be therefore consid-
ered as advantageous for their durability in geological
environments. Within the apatite family, fluorine sub-
stituted ones appear to be the less soluble and those
with the highest thermal resistance [7].

Many works deal with the incorporation of stable
isotopes of fission products into apatites. For example,
iodine confinement was established in such a structure
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of formula Pb1g(VO4)4 3(PO4); 215 [8—11] and trivalent
cations, like earth elements, were successfully immo-
bilized in a pure CagNd(POy4)5(Si04)F, phase [12, 13].
The introduction of a trivalent cation like neodymium
then required the replacement of a trivalent phosphate
group by a tetravalent silicate. These silicate substi-
tuted apatites are called britholites. Apatitic structure
also seems to be able to incorporate monovalent cations
like alkaline elements [14—16]. Nevertheless, a little
was found about cesium specific incorporation.

Literature survey points out that cesium could be
immobilized in a CayNdyCs(PO4)s(Si04)FOq s-type
phase [17, 18]. That is why this particular composition
with different cesium amounts (10 and 4 wt%) was in-
vestigated and an extrapolation to a barium apatite was
performed (this latter composition taking into account
135Cs disintegration into '3°Ba).

2. Materials and methods

2.1. Materials

The different powders were synthesized via con-
ventional ceramic route, viz., the solid-state reac-
tion. CaCO3 (99%, Rectapur, Prolabo, France), SiO;
(99%, Prolabo, France), Nd,O3 (99%, Merck, Ger-
many), CaF; (98%, Rectapur, Prolabo, France), BaCO3
(99.5%, Normapur, Prolabo, France), BaF, (98%,
Normapur, Prolabo, France), (NH4);HPO4 (99%,
Normapur, Prolabo, France), Ba(NO3), (99%, Merck,
Germany), tri-calcium phosphate (Rectapur, Prolabo,
France), CaHPO4, 2H,O (98%, Fluka Chemika,
Switzerland) and Cs,COs (98%, Rectapur, Prolabo,
France) were used as starting materials. Before weigh-
ing, Nd,O3 was annealed at 1000°C for 3 h to decom-
pose Nd(OH)j3 traces. In the same way, Cs,COj3, which
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TABLE I Chemical formula of Cs-bearing apatites and stoichiometric coefficients of Equations 1 and 2 for different cesium concentrations

Cs bearing apatite formula a c d e f
1—Ca7Nd,Cs(PO4)5Si04FOg 5 2.5 1.5 1 1 0.5 0.5
2—Cag 1Ndj 54Cs0.36(PO4)5S104F 8200.13 2.5 2.19 1 0.77 0.91 0.18
3—CagNdCs(PO4)6FOo 5 3 1.5 0 0.5 0.5 0.5
4—Cag.1§Nd(.49Cs0.32(PO4)6F1.8400.16 3 2.26 0 0.245 0.92 0.16

is a highly hygroscopic compound, was annealed at
300°C for 1 h to remove adsorbed water.

CayP,07 was obtained from CaHPOy4, 2H,0 dehy-
dration performed at 1000°C for 3 h:

2CaHPO4, 2H20 d C32P207 + 3H20

Ba;P,0; was obtained in the same way from
the dehydration of BaHPO, (water precipitated from
Ba(NO3)2 and (NH4)2HPO4).

The synthesis route was in two steps. Firstly, the an-
nealing of all the required elements, except cesium, in
order to carry out a primary reaction to form an in-
termediate precursor. Secondly, cesium carbonate was
added to that precursor and both were annealed in such
a way that cesium volatilization could be prevented. In
fact, as cesium carbonate is decomposed above 800°C
with cesium loss, the annealing temperature for the sec-
ond step was limited to 800°C. Equations 1 and 2 are
representative of the overall process and Table I gives
the values of the different stoichiometric coefficients
depending on the cesium concentration and the apatitic
composition. The barium apatite BagNdCs(PO4)sFOg 5
was synthesized similarly to the calcium apatite “3” in
Table I.

Equation 1, step 1 (intermediate precursor synthesis):

aCayP,07 4+ bCaCOj3 + ¢SiO; 4+ dNd,O3 + eCaF,
— “CayNdyO(10-x-y)(PO4);(8104) (6-7)F2¢0(2-2¢)”
+bCO,

Equation 2, step 2 (Cs-bearing apatite, synthesis)

“CayNdy0(10-x-y) (PO4)(S104)(6-2) FoeO2-2¢)”
+fCS2CO3 — Cadest(lo-x_y)(POAt)Z
X (S104)(6-2)F2¢O10(2-2¢-1) + fCO2

9

0" stands for a vacancy and “Ca,Nd,0(10-x—y)
(PO4);(Si04)(6—7)F2e0(2—2¢)” for the expected precur-
sor. “e” and “t” values are set by those of “x”,
“y” and “z”. It should also be noted that the real
precursor is a framework of several phases (see
Section 3.1). For a better understanding we have cho-
sen to change its writing into the equivalent formula
of a cationic-deficient apatite surrounded by a ¢ »
symbol. In the same way, in order to make the read-
ing of tables easier, vacancies are not marked. This
convention is applied in the remaining part of this
document.

E]
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2.2. Characterizations

The crystalline phases obtained were identified using
a Briiker AXS D8 Advance diffractometer (Acy, =
1.5406 A). The diffractograms were compared to the
ICDD base data. When different phases were ob-
served, their relative amounts were qualitatively de-
termined by comparing the intensity of their main
reflections.

Thermogravimetric and differentialthermo analysis
(TGA-DTA) were performed on a Setaram TG-DTA
92-16.18 analyzer. A sample of 50 mg was introduced
in a platinum crucible and then heated at a rate of 5 or
10°C/min. The carrier gas used was air.

Sintering was carried out on a pellet of 10 mm in
diameter, pressed under 100 MPa, using a Setaram
TMA 92-16.18 analyzer. Specific surface area was de-
duced from the measurement of the BET surface on
a Micromeritics GEMINI 2360 with nitrogen as ad-
sorbing gas. Bulk density of the sintered pellet was
obtained through a geometric measurement and fur-
ther determined on a Micromeritics ACCUPYC 1330
He-pycnometer.

Samples were carbon coated before being observed
by scanning electron microscopy (SEM). Images were
acquired on a Philips XL30 equipped with an Oxford
Instruments EDX Isis analyzer. Because of poor assess-
ment of fluorine amounts due to this technique, this
amount has been arbitrarily set to 0.75 atoms per unit
cell in the calculation of the apatite formula. The other
elements were calculated from an algorithm based on
the presence of 40 atoms per cell (42 minus 2 fluorine)
with a filling of channels by oxygens to respect electric
neutrality. For phases other than apatite, conventional
calculation from the software was used. Non-sintered
materials were inserted into a resin before polishing and
coating.

Chemical analyzes were performed at the Bureau de
Recherches Géologiques et Minieres (Orléans, France).
Neodymium was measured out by inductively coupled
plasma mass spectrometry (ICP/MS), calcium and ce-
sium by inductively coupled plasma optical emission
spectroscopy (ICP/OES), phosphorus and silicon by
atomic absorption spectroscopy (AAS) and fluorine by
ionic chromatography.

Leaching experiment was performed at 100°C using
a stainless steel soxhlet extractor apparatus where the
leaching solution was distilled water. The test was run
over 30 days. An overview of this procedure is more
precisely described in [19]. Leachates were analyzed
by AAS for cesium and calcium, by ionic chromatog-
raphy for fluorine and by ICP/MS for neodymium and
phosphorus. Only cesium data will be presented in this
document.



TABLE II Operating data for the precursor synthesis

Precursor AMy, (%) AMexp (%) Tmin (°C) Tiax (°C) TAnnealing (§®)
1 “Ca7Nd,(PO4)5Si04F” 5.41 5.34 860 1500 1400
2 “Cag.10Nd|.54(PO4)5SiO4F 82" 7.74 8.22 920 1250 1200
3 “CagNd(PO4)6F” (*) 5.89 n.p. n.p. n.p. 1400
4 “Cag,13Ndg 49(PO4)6F1 84”7 8.69 8.27 860 1250 1200
5 “BagNd(PO4)6F” 3.48 3.68 950 1300 1200

A My, expected weight loss; A Meyp, observed weight 10ss; Tinin, lower limit; Tax, upper limit; Tannealing, Synthesis temperature; (*) from: [18]; n.p.:

non precised.

Temperature (°C) Weight loss (%) TABLE III Phases identification of the synthesized precursors
1600 1
1400 pe=ssmmamg -~ -+ 0 Precursor Phases detected by means of X-ray diffraction
1200 == -1
1000 T " 1‘ I g . 1 “Ca7Nd2(PO4)5 CagNd(P04)5(SiO4)F2 (M), NdPO4 (M),
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600 -~ “\[ss0°C 1440°c] T L -4 2 “Cag 10Nd; 54(POy4)s  Cajo(POs)eFa2 (M), Nd3(PO4)03 (M),
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Figure 1 TGA of “Ca7Ndy(PO4)5SiO4F” synthesis: I, gas release; 11,
annealing zone; 111, decomposition.

3. Results and discussion

3.1. Synthesis of intermediate precursors
The reactions (Equation 1) were followed by thermo-
gravimetric analysis (TGA) to set the lower and the
upper annealing temperature to be used (Fig. 1). These
values were determined from the comparison between
observed and expected weight loss: a lower loss being
inadequate for a complete reaction and a higher loss
being indicative of a volatilization phenomenon. Ex-
pected weight loss was deduced from the theoretical
Equation 1. Table II summarizes these results and the
operating data finally exploited.

Because of cesium volatilization during Cs;COs
melting above 800°C, the reaction between the inter-
mediate precursor and Cs,CO3 should occur for a tem-
perature lower than 800°C. Therefore, a thermal sta-
bility of the intermediate precursor up to 800°C was
required. Table II shows that this prerequisite is veri-
fied and that no significant difference between observed
and expected weight loss was noted. Annealing times
for the precursors syntheses were then arbitrarily set to
6 h.

Annealed powders after cooling were characterized
by X-ray diffraction. All the materials obtained were
found to be composed of several phases. It is worth
noting that silica was not expected to be detected by this
technique as it was mainly amorphous. The equivalent
cationic deficient apatite given previously as a writing
convenience was never observed (Table III).

Moreover, the composition of the precursor changed
with the annealing temperature. This point was illus-
trated in the case of “Ca;Nd,(PO4)5(Si04)F: Table IV
shows the identification of the different phases as a
function of annealing conditions.

Finally, the reactivity toward cesium carbonate could
be expected to greatly depend on annealing conditions
of the precursor. This point will be discussed later.

5 “BagNd(POy4)F” Cajo(PO4)sF2 (M), Ba3(PO4)2 (M),

Ba3zNd(PO4)3 (M).

M: major; m: minor; PDF 09-0169 and 45-0346 were found to explain
the indexation of a same group of reflections. They corresponded to the
theoretical formula Ca3(POy4), and CagNd(POy4)7 respectively. To make
easier the reading of the following tables, we arbitrarily decided to only
make appear the first writing. This choice do not presume of the possible
presence of the second phase.

TABLE IV Phases identification for the synthesis of “Ca;Nd;
(PO4)5(Si04)F” as a function of annealing conditions

Annealing conditions Phases detected by means of X-ray diffraction

800°C-6 h Nd, O3 (M), CaP,07 (m), CaF; (m), CaO (m),
Cayo(PO4)6F2 (0).

1000°C-6 h Caio(PO4)sF2 (M), Nd»O3 (M), NdPO4 (M),
Nd3(PO4)03 (M), CaO (m).

1200°C-6 h Caio(PO4)sF2 (M), NdPO4 (M), Caz(PO4)s (1),

Nd3(PO4)O3 (m).

CagNd(PO4)s5(SiO4)F, (M), NdPO4 (M),
Ca3(PO4)2 (M).

CagNd(PO4)5(SiO4)F2 (M), Ca3(PO4)2 (M).

1400°C-6 h (*)

1500°C-6 h

M: major; m: minor; t: traces; (*): from [18].

3.2. Synthesis of the Cs-bearing
calcium/barium apatite

Synthesis of the Cs-bearing calcium/barium apatite was
followed by TGA. Equation 2 shows that the reaction
between Cs;CO3 and the calcium/barium deficient ap-
atite leads to a loss of carbon dioxide. This release
was thus observed on the thermogravimetric curves and
temperatures at which synthesis occurred were deduced
(Fig. 2, Table V).

No significant difference between the expected and
the observed weight loss was noted. In all cases, the re-
actions occurred below 800°C. Consequently, powders
were annealed for 1 h at various temperatures within
the reaction temperature range.

The chemical composition of the sample after an-
nealing was determined by XRD analysis and is
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TABLE V Operating data for the Cs-bearing apatites syntheses

Cs—bearing apatite AM, (%) AIuexp (%) Tstart (OC) Tena (OC) TAnnealing (OC)

1 CazNdyCs(PO4)5(Si04)FOg 5 1.67 1.30 500 800 500
700
750
800
820 (*)

2 Cag.10Nd| 54Cs0.36(PO4)5(Si04)F| 820018 0.66 0.56 530 760 500
800

3 CagNdCs(PO4)eFOy 5 1.81 1.10 (*) 640 (*) 790 (*) 770 (*)

4 Cag‘18Nd0A49CSO.33(PO4)6F1'840()‘16 0.67 0.46 560 740 500
800

5 BagNdCs(PO4)6FOg 5 1.10 0.60 500 800 500
900

A My, expected weight loss; A Mexp, observed weight loss; Ty, beginning of CO; release; Tend, end of CO; release; Tannealing» choice of annealing

temperature; (*): from [18].
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Figure 2 TGA of the reaction between “Ca7Nd,(PO4)5(SiO4)F” (an-
nealed at 1400°C for 6 h and 0.5 Cs,CO3).
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Figure 3 XRD patterns of Ca7NdyCs(PO4)s5SiO4FOy s: after Cs,CO3
addition, and further annealing at, 500°C for 1 h (a), 700°C for 1 h (b),
750°C for 1 h (c), 800°C for 1 h (d).

summarized in Table VI. Because they were poorly
crystallized silica and cesium carbonate were not de-
tected by this technique.

As itcan be seen in Table VI, except for a Cs-bearing
apatite containing 10 wt% of cesium annealed at 800°C
(Fig. 3), the materials obtained were found to be mul-
tiphase. All the detected phases (except for Nd;PO»)
had a molar ratio Me/X (Me = Ca or Ba 4+ Nd + Cs;
X =P + Si) equal to or below 1.667 which was the
expected value for this parameter. With no evidence
of additional weight losses on TG curves, this implied
the presence of other phases with a Me/X ratio above
1.667. The reason why these phases were not identified
could rely on their amorphous state or the overlapping
of their reflections with those of the major phases. An-
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other point was the fact that the localization of cesium
(except for CaCsNd(POy),) was not clearly established
from these results. Indeed, it was difficult to assess the
concentration and phases which had incorporated this
element.

The incorporation of cesium in apatites was ex-
pected to induce an increase of cell parameters
due to a bigger ionic radius compared to cal-
cium, neodymium or barium. But this was not ob-
served in these experiments. It might be thus in-
dicative of a weak trapped proportion and in order
to further characterize these materials, a microanal-
ysis by EDX was performed. Corresponding pow-
ders were pointed out in Table VI by a (&) sym-
bol. The data for Ca;Nd,Cs(PO4)5(Si04)FOq 5 and
CagNdCs(PO4)¢FOg 5 were extracted from [18] and
were obtained by an electron probe analysis. Corre-
sponding compositions were pointed out in Table VI
by a (e) symbol. These analyses are presented and dis-
cussed below (Table VII).

3.2.1. Ca7Ndch(PO4)5(SIO4)FOO5

The first phase was clearly assigned to the apatitic struc-
ture with a cesium content of 1.75 wt%. If this result
was in agreement with the XRD analysis, the second
phase, called “B”, did not correspond to a defined com-
pound. As it was not visible on XRD patterns, “B” was
assumed to be partially amorphous.

3.2.2. Cag10Nd;.54C50.36(PO4)5(Si04)F1.6:00.15
Three phases were found on the basis of EDX spec-
tra: an apatite (1.85 wt% of cesium), a neodymium
phosphate similar to Nd;PO; and a CaCsNd(POy),-
type structure with 26.56 wt% of cesium. This lat-
ter phase was not detected on XRD patterns and this
should be explained by the overlapping of its main re-
flections (260 = 28.861 (I /Io = 100) and 20 = 31.612
(I /1o = 25)) with those of the apatite. In addition, this
effect could have been strengthened by a small pro-
portion compared to the apatite. On the contrary, the
monazite-type compound, NdPO,4, which was visible
on the XRD patterns, was not identified due to the lack
of grains belonging to this phase on the surface of the
pellet.



TABLE VI Phases identification for the Cs-bearing apatites

Cs-bearing apatites/britholites T (°C) Phases detected by means of X-ray diffraction

1 “Ca7Nd2CS(PO4)5(Si04)FOO‘5” 500 CagNd(PO4)5(SiO4)F2 (M), CagNd(PO4)7 (m), NdPO4 (m)
700 CagNd(PO4)5(Si04)F, (M); CagNd(POy4)7 (m); NdPO4 (m).
750 CagNd(PO4)5(Si04)F; (M); CagNd(POy4)7 (t); NdPO4 (t).
800° CagNd(PO4)5(Si04)F, (M).
820 CagNd(PO4)5(SiO4)F2 (M), CsCaNd(PO4)2 (m)

2 “Cag.10Nd1.54Cs0.36(PO4)5(Si04)F}.8200.18” 500 Cay0(POy4)sF2 (M); Nd3PO7 (m); NdPOy (1).
800* Caj9(POy)sF> (M); Nd3PO7 (m); NdPOy (t).

3 “CagNdCs(PO4)sFO0 5" (*) 710° Cajo(PO4)sF2 (M); Caz(PO4)2 (m).

4 “Cag.138Ndp.49Cs0.33(PO4)6F1.8400.16” 500 Cayo(POy4)sF2 (M); Ca3(PO4)2 (1); NdPOy4 (1).
800* Cajg(POy4)6F2 (M); CaCsNd(POy) (t); NdPOy (t).

5 “BagNdCS(PO4)6FOO‘5” 500 Balo(PO4)6F2 (M), Ba3(PO4)2 (M), Ba3Nd(PO4)3 (M)
900* Bajg(PO4)sF2 (M), Baz(PO4)2 (M), BazNd(PO4)3 (M).

M: major; m: minor; t: traces; (¥): from [18];®: electron microprobe analysis performed; *: EDX microanalysis performed.

TABLE VII Compositions deduced from microanalysis (standard deviation is given in parenthesis for non calculated and/or non set values)

Cpd® Phase Ca (or Ba) Nd Cs p Si ¢} F 0 (Ch)@® Cs wt (%)
1® 1 8.66 1.15 0.17 5.26 0.74 24.53 1.15 - 1.75
(0.88) (0.63) 0.13) (0.18) 0.18) (0.36) 0.51)
24 24.13 18.19 1.99 11.88 1.13 33.23 0.02 - 2.19
(0.29) (0.83) 0.39) (0.63) 0.23) (1.07) (0.04)
2 1 9.2 0.7 0.2 5.4 0.6 24 0.75 0.60 1.85
0.5) 0.4) 0.2) 0.4) (4)
2 0.4 22 0.13 1.18 0.17 6.99 - - 3.45
0.3) 0.4) 0.02) (0.09) 0.02)
3 1.25 0.8 0.96 1.78 0.3 7.99 - - 26.52
(0.03) 0.1 0.01) (0.08) 0.2)
33 1 8.58 1.09 0.27 5.99 - 25.02 0.73 - 2.70
(0.68) 0.27) 0.19) (0.01) (0.28) (0.65)
2 2.56 0.43 0.10 1.99 - 7.98 - - 331
(0.10) (0.06) 0.05) (0.00) 0.01)
4 1 9.87 0.10 0.03 5.83 0.17 24 0.75 0.58 0.03
(0.03) (0.02) 0.02) 0.17) 0.07)
2 0.04 0.91 0.05 0.96 0.05 3.94 - - 0.03
0.02) (0.09) 0.03) 0.07) (0.03)
33 0.95 0.80 0.95 1.97 0.22 7.99 - - 26.57
5 19 2.97 0.89 0 3.08 - 12 - - 0
2 2.66 0.04 0 2.11 - 8 - - 0
3 8.79 0.46 0.76 6 - 24 0.75 0.48 5.12
(1.52) (0.46) 0.76)
40 1.23 0 0.6 0.98 - 4 - - 45.81
58 0.15 2.68 0.37 1.07 - 7 - - 8.18

(: Cpd = Compound; this value refers to our notation for the different apatitic compounds as presented in Tables V or VL.
@) Ch = Channel; this value is calculated from the electric neutrality equation.
®: These results were reported in [18]. The materials were characterized by electron probe microanalysis and only a global value for the oxygen

amount in the apatite is given.
®: Composition given with weight percents.

®: For these phases, only one measurement could be performed. No standard deviation is therefore indicated.

3.2.3. CagNdCS(PO4)6FOo,5

The first phase with a Me/X ratio equal to 1.667 was
assigned to the apatite (2.70 wt% of cesium) and the
second to a Caz(POy4);,-type phase. In spite of a global
Me/X ratio less than 1.667 in this material, no other
phase with Me/X > 1.667 was detected.

3.2.4. Cag,15Ndp.49CS0.33(PO4)6F1.5400.16

The three already identified phases were confirmed by
this analysis. The presence of small amounts of sili-
con could have resulted from a contamination due to
the polishing on SiC papers. Both the apatite and the
monazite-type compound have incorporated less than
1 wt% of cesium. In this way, it was clearly shown
that the element was preferentially immobilized in a

CaCsNd(POy),-type phase. The proportion of which
was moreover found to increase with annealing time.

3.2.5. BagNdCS(PO4)5FOO.5

Phases “17, “2” and “3”, were already identified on
XRD patterns. As usual, small cesium amounts were
quantified into the apatitic form, “3”. This element
was found to be heterogeneously distributed within this
compound as indicated by an important standard de-
viation. A particular Cs-bearing phase was also de-
tected into agglomerates. As illustrated on Fig. 4a,
the core of these agglomerates was made of small
grains containing neodymium, phosphorus and oxygen
(Fig. 4b). Their composition indicates a Nd3;PO;-
type compound. The Cs-bearing phase was located
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Figure 4 (a) SEM micrograph of Cs-bearing agglomerates in BagNdCs(PO4)sFOy 5: secondary electrons on the left side, backscattered electrons on
the right side. (b) EDX spectra of Nd-bearing phase (left) and Cs-bearing phase (right) in BagNdCs(PO4)¢FOy 5 agglomerates.

around this neodymium phosphate. Its general formula
could not be correctly assessed because it was par-
tially decomposed under the electronic beam. How-
ever, by comparison with other alkaline-alkaline earth
phosphates with close molar ratio like CaKPO4 [20],
SrKPOy4 [21] or Cay(K, Na)(POy), [22], its formula
was assumed to be BaCsPOy.

BaCsPQy, as well as Nd3PO7, did not appear on XRD
patterns and were probably amorphous.

Finally, whatever the composition which was consid-
ered, we found that cesium was effectively distributed
among several compounds. Some, like CaCsNd(POy),,
seemed to have a strong affinity for this element. Poorly
crystallized compounds, like BaCsPOy4, with a similar
property, were also detected.

3.3. Densification behavior of
Ca;Nd,Cs(P0O4)s(Si04)FO¢ 5
(10 wt% of cesium)
The initial material consisted of a powder annealed at
800°C for 1 h. This powder was ground in an attritor
for 4 h in ethanol. Its surface then equaled 6.39 m?/g. In
order to determine the sintering temperature, the shrink-
age of a pellet was followed by TMA (Fig. 5).

Two steps were identified. The first occurred between
890 and 1070°C with an inflection point at 993°C and
the second, for temperatures above 1070°C, where a
dramatic increase of the pellet height is observed. As
weight losses due to a cesium release were observed
above 1100°C, the second part of the shrinkage curve
overlapped with the decomposition of the material.

In order to confine cesium during the sintering pro-
cess, hot uniaxial pressing was performed under an
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Figure 5 TMA of Ca7Nd;Cs(PO4)5(SiO4)FOp 5.

argon flow. The ground powder was introduced in a
cylindrical graphite matrix and boron nitride was used
to isolate the pellet from the surface of the matrix and
thus avoid carbon diffusion with temperature. Initial
heating rate was set to 30°C/min. until a temperature of
900°C was reached. This temperature was then main-
tained for one hour before the material was allowed to
cool. A pressure of 25 MPa was applied during the rise
in temperature and the step at 900°C.

Final density, measured by He-pycnometry on a pow-
der produced by grinding of a sintered pellet, was equal
to 3.931 g/cm®. Compared to a geometric measure-
ment made on the sintered pellet prior to its grinding
(3.822 g/cm?), this led to a densification ratio of 97.2%.

As expected from the results gathered in Table VI,
the sintering, which occurred for temperatures above
800°C, was reactive and resulted in the formation of a



TABLE VIII Composition of Ca7NdyCs(PO4)5(SiO4)FOq 5 (sin-
tered pellet)

TABLE IX Cesium release as a function of time during the leach test
procedure for Ca7NdyCs(PO4)s5(Si04)FOy 5 (sintered pellet)

Ca(%) Nd(%) Cs(®%) P%) Si(%) F(%) Time (d) 6 14 30
Theory 21.7 22.3 10.3 11.9 22 15 Amount of cesium dissolved 75.04 75.34 75.48
Analysis  21.1 17.8 11.1 114 1.4 0.9 (as a % of the solid content)

Counts (a.u.)
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Figure 6 XRD patterns of Ca;Nd,Cs(PO4)5(Si04)FOq 5 (sintered pel-
let) before (a) and after (b) the leach test procedure. SiO, came from a
contamination during the polishing.

CaCsNd(POy),-type phase (Fig. 6a). Table VIII shows
the theoretical composition for the pellet and that ob-
tained by chemical analysis.

Except for neodymium, no significant difference,
viz., greater than 1%, was observed. The anomalous
behavior of neodymium still remains unclear.

3.4. Chemical durability evaluation of a
material of theoretical composition
Ca7NdzCS(PO4)5(SiO4)FOo.5

Starting material consisted of a sintered pellet as de-

scribed in Section 3.3. Table IX shows the cesium re-

lease after 6, 14 and 30 days. After 1 day of experiment,
this value is nearly the same as that after 6 days. This
implied a dramatic release during the first 24 h (more
than 75% of the initial amount). Therefore, this behav-
ior was explained by the presence of quickly soluble
phases containing cesium.

At the end of the test, the pellet was withdrawn and
further characterized. This handling pointed out a se-
vere exfoliation of the material.

WD 1 2um

9.5

TABLE X Compositions deduced from the microanalysis (EDX)
of Cay;Nd,Cs(PO4)5(Si04)FOq 5 (sintered pellet) after the leach test
procedure

(0] Cs

Phase Ca Nd Cs P Si O F (channel) (wt. %)

1 80 1.7 03 50 1.0
(0.3) (0.4) (0.1) (0.3) (0.3)

2 1.83 0.71 04 178 021
(0.07) (0.04) (0.1) (0.05) (0.02)

24 075 1.24 3.19

799 - - 13.72

Standard deviation is given in parenthesis for non calculated and/or non
set values.

The same two crystalline phases were identified by
XRD before and after the leach test procedure (Fig. 6b).
The first had the apatitic structure and the second
was CaCsNd(POy),. As their relative proportion did
not significantly seem to change, the general behav-
ior of the pellet could not be explained by the disso-
lution of one of these two phases. Consequently, the
Cs-rich quickly soluble phases were assumed to be
poorly crystallized in the starting material. This obser-
vation was in agreement with the presence of an amor-
phous phase, B (see Section 3.2), in the powder before
sintering.

To determine cesium distribution into the material,
different samples were observed by SEM (Fig. 7) and
their composition deduced from their EDX spectra.
Table X summarizes the results obtained. Analyses on
the same material (before the alteration) were impossi-
ble due to the grain size (less than 1 pm), smaller than
the analyzed area, and the presence of soluble phases
in grain boundaries. In this case no composition could
be determined.

After being exposed to the leach test, a morpho-
logical change was clearly observed: grains were dis-
connected from the others (Fig. 7). This should be re-
sponsible for the macroscopic exfoliation of the pellet.

Figure 7 SEM micrograph of Ca;NdyCs(PO4)5(Si04)FOy 5 before applying the leach test procedure (left) and after applying the leach test procedure

(right).
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The dissolution of a Cs-rich amorphous phase in grain
boundaries was certainly the origin of the phenomenon.
The analysis on isolated grains by EDX showed two dif-
ferent composition related to the two phases detected
on XRD patterns. The CaCsNd(POy),-type phase, with
13.72 wt% of cesium, had a stronger affinity for cesium
than the apatite (3.19 wt%).

4. Conclusion

Whatever the composition or annealing conditions, at-
tempts to form a calcium/barium Cs-bearing apatite as
a single phase were unsuccessful. Cesium was sys-
tematically found into at least one compound with-
out the apatitic structure. Some, like CsCaNd(POy),,
were quite sufficiently crystallized to be visible on
XRD patterns but some, like BaCsPO,4, were mainly
amorphous and sometimes highly soluble. Moreover,
these phases had often incorporated significant amounts
of cesium whereas weak contents, generally less than
3 wt%, were found for the apatite. Consequently, the
aqueous durability of the bulk material, one of the
most important criterion for cesium immobilization,
greatly depended on the own durability of each phase.
It was finally determined by the shortest lasting phase.
Thus, the investigation of the durability of each by-
product would be necessary. Such a study would not
be realistic. Nevertheless, this work emphasizes the
particular behavior of CsCaNd(POy4),. The aqueous
durability of this phosphate was unwittingly assessed
during the leach test of the Cs-bearing ceramic with
10 wt% of cesium. In a detailed way, this test has un-
derlined that CsCaNd(POg4), and the britholite were
the only two crystalline phases to be visible on XRD
patterns at the beginning and at the end of the proce-
dure. Therefore, they seem to be water resistant and
the presence of CsCaNd(POy4), do not seem to be a
problem for the leaching behavior. In fact, litterature
shows that CsCaNd(POy), belongs to a large family
of compounds able to incorporate the biggest alkaline
cations like cesium or rubidium. They also exhibit a
thermal stability higher than 900°C [23, 24]. From all
the other results gathered in this work, the study of
CsCaNd(POy), as a possible cesium host could be of
interest.
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