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IODINE IMMOBILIZATION IN APATITES
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In the context of a scientific program on long-lived radionuclide conditioning, a matrix for iodine 129 immobilization
has been studied.
A lead vanadophosphate apatite was prepared from the melt of lead vanadophosphate Pb3(V04)i.6(P04)o.4 and lead
iodide Pbl2 in stoichiometric proportions by calcination at 700°C during 3 hours. Natural sintering of this apatite is not
possible because the product decomposition occurs at 400°C. Reactive sintering is the solution. The principle depends
on the coating of lead iodide with lead vanadophosphate. Lead vanadophosphate coating is used as iodoapatite reactant
and as dense covering to confine iodine during synthesis. So the best condition to immobilize iodine during iodoapatite
synthesis is a reactive sintering at 700°C under 25 MPa. We obtained an iodoapatite surrounded with dense lead
vanadate. Leaching behaviour of the matrix synthesized by solid-solid reaction is under progress in order to determine
chemical durability, basic mechanisms of the iodoapatite alteration and kinetic rate law. Iodoapatite dissolution rates
were pH and temperature dependent. We obtained a rate of 2.5 10"3 g.m"2.d"' at 90°C in initially de-ionised water.

INTRODUCTION
The French waste management law dated 30 December 1991 calls for extensive research in three areas. The
development of new conditioning matrices for separated radionuclides is thus an alternative to the reference
separation/transmutation scheme.
The perspective of separately conditioning long-lived radionuclides has led to renewed interest in the use of crystalline
phases as conditioning matrices. Natural mineral phases known for their stability over time and for their radionuclide
loading capacity are now being assessed. Based on geological observations and on the well-known physico-chemistry
of natural apatites (1, 2, 3, 4), the idea for using apatites as nuclear waste disposal medium is being evaluated in the
« Departement Entreposage et Stockage de Dechets » of the French Direction du Cycle du Combustible (CEA
Cadarache) (5, 6, 7).

POWDER SYNTHESIS
Introduction of iodine in the apatitic unit cell implies the introduction of voluminous ions into the channels.
Substitutions in which phosphate groups and/or calcium are replaced by more voluminous tetrahedral groups and/or
cations leads to lattice parameter increases, suggesting the possibility of obtaining apatitic samples with voluminous
halogens like iodine. Lead vanadinites PbioCVO^L: and Pbio(V04)4.8(P04)i.2I2 have been synthesized by calcining
stoichiometric mixture of Pb3(VO4)2 and Pbl2, and of Pb3(V04)i.6(P04)o.4 and Pbl2 in a sealed container at 700°C (8, 9,
10). X-Ray diffraction analysis and electron microprobe analysis confirmed the formation of apatite (Table 1).

Wt%

Pb
V
P
I

Theory
(Pbl0(VO4)6I2)

68.71
10.13

-
8.42

Experiment
(Pb10(VO4)6I2)

68.7 (± 0.6)
10.1 (±0.2)

-
8.0 (± 0.4)

Theory
(Pb10(VO4)4.8(PO4)l.2l2)

69.26
8.17
1.24
8.48

Experiment
(Pbl0(VO4)4.8(PO4),.2I2)

69.38 (±0.6)
8.14 (±0.2)
1.29 (±0.2)
7.81 (±0.4)

Table 1 : wt % of lead, vanadium, phosphorus and iodine measured by electron microprobe.

Single crystal diffraction analysis performed on PbioCVC^^ compound confirmed the «under-stoichiometric»
structure with a lack of lead and iodine ; the resulting formula is Pbg^CVC^Iu corresponding to 7.3 wt. % of iodine in
the lattice (11).

SINTERING STUDIES
PRINCIPLE

Iodine sintering was also studied. Iodine was found to remain in the structure at temperatures up to 400°C, a
temperature too low to allow sintering of these compounds. It seems advantageous to synthesize and sinter the
iodoapatite simultaneously. The conditioning material principle depends on coating Pbl2 with Pb3(VO4)2 or
Pb3(V04)i.6(P04)o.4, with the objective of using Pb3(VO4)2 or Pb3(V04)i.6(P04)o.4 coating as an iodoapatite reactant and
as a dense covering to confine lead iodide during synthesis. Iodine release by reactive sintering in air was observed ;
iodoapatite synthesis was therefore impossible. Indeed, densification by classical sintering begins at about 500°C,
which is higher than the melting temperature of Pbl2 (400°C). When Pbl2 melting occurs, the porosity of Pb3(VC>4)2 or
Pb3(V04)i.6(P04)o.4 is thus opened, which allows diffusion of the liquid. Conversely, the use of hot-pressing under an
additional pressure of 25 MPa allows densification to start as low as 400°C, and complete densification occurs at about
700°C. The high heating rate induces a high sintering rate, high enough to close the porosity as the Pbl2 melts (9, 10).
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Iodine ceramics were fabricated by reactive hot uniaxial pressing at 700°C under 25 MPa. Structural and quantitative
analysis confirmed iodoapatite synthesis in the core of the ceramic. Figure 1 presents a cross section of the ceramic.
Trace element concentrations in the matrix were determined by drawing diffusion profiles from core to matrix. No
significant iodine concentration was measured over 400 (im from the core which confirms iodine immobilization during
the preparation process (9, 10)
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Figure 1 : Photograph of ceramic cross-section.

SINTERING STUDIES OF Pb3(VO4)(2-2x)(PO4)2x
The possibility to obtain iodoapatites by reactive sintering between Pbl2 and Pb3(VO4)(2.2x)(PO4)2x (with 0<x<l) have
lead towards focusing our study on the sintering behaviour of the compounds Pb3(VO4)2 - Pb3(PO4)2 constituting the
matrix. The major objective is the comprehension of sintering in order to reduce the temperature of densification.
In the first time, a particular attention has been focused on grinding conditions of Pb3(V04)i.6(P04)o.4, using two
methods to obtain different granulometric distributions. The change of grinding conditions from a centrifuged-milling to
a more energetic grinding method such as attrition, furnished a submicron powder with an increased reactivity.
Furthermore, the type of sintering had changed in eliminating the secondary phase at grain boundaries. Once the powder
reactivity is increased, the sintering temperature decreases of 130°C and powder compacts reach higher relative
densities with finer microstructures, but without abrogating abnormal grain growth (12).
Influence of vanadium substitution on sintering behaviour of Pb3(VO4)(2-2X)(PO4)2x (with 0<x<l) ceramics was also
studied to define more correctly in the future the final composition with the best adapted micro structure. It was found
that rich-vanadium compounds such as Pb3(VO4)2 and Pb3(V04)i.6(P04)o.4 densify rapidly with important grain growth.
For these compounds, grain growth is controlled by grain boundaries and densification seems to occur by a mixed
mechanism with lattice and grain boundary diffusion. For Pb3(PO4)2, sintering mechanism supports a model of grain-
boundary-controlled densification and grain growth is a surface diffusion-controlled pore drag mechanism. Moreover,
the presence of phosphor in compounds' formulae tends to decrease the grain-boundary mobility, preventing pore-
boundary separation. The kinetics analysis highlights the importance of vanadium substitution in modifying the
diffusion coefficient of rate-limiting species (13). So, above the sintering characteristics, it clearly appeared that
changing the value of x in Pb3(VO4)2(i-X)(PO4)2X considerably modified sintering mechanism, both the densification path
and the diffusion coefficient of the limiting species and that rich-vanadium compounds (x=0 or x=0.2) are the best
composition.

LEACHING STUDIES
Leaching behaviour of the matrix is under progress in order to determine chemical durability, basic mechanisms of the
iodoapatite alteration and kinetic rate law. Studies were made on powder of iodoapatite Pbi0(VO4)4.8(PO4)i.2l2, i-e. the
compound synthesized by solid-solid reaction in sealed container at 700°C.
Powder obtained where sieved to a size fraction between 63-100 urn and 100 and 200 urn ; the specific area measured
by krypton adsorption using the B.E.T. method were 356 cm2/g and 301 cm2/g respectively. Note however that these
grains size are aggregates of small crystallites (Figure 2). Tentative to remove ultra-fine particles, which may introduce
abnormally high initial solubility, by ultrasonic cleaning, was unsuccessful. This treatment brought all the material into
suspension.

Figure 2 : Micrograph of Pbi0(VO4)4.8(PO4)i.2l2 powder (x 5000).
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In order to control an initial step due to high solubility, all the dissolution experiments were conducted using a flow
through apparatus (open system). The design consisted of a flow-through reactor kept in an oven at the desired
temperature. For experiments conducted at 50 and 90°C, feed solution is pumped via a peristaltic pump into a Teflon
made reactor (Savillex). At 150°C, we have used a T316 Stainless Steel reactor (Parr Instrument Company) ; a high-
pressure liquid chromatography pump (HPLC) and a back pressure regulator allow the solution to flow continuously
through the system. Both Teflon and Stainless Steel reactor have a volume of 120 ml. Flow rates in all runs is around
0.1 ml/min and were systematically controlled by weighting each solution samples. The calculated residence time is 20
hours. For each experiment, 2 or 3 g of powder were placed in the reaction vessel. The feed solutions were ultra-pure
de-ionised water (pH 5.5-6 at 25°C) or HNO3 solution (0.0001 mol/1). In some runs (at 50 and 90°C), feed solutions or
oven temperature have been changed during the course of the experiment in order to evaluate effects of those two
parameters. The out flowing solutions were analyzed for pH (measured at 25°C). Aqueous iodine, lead, vanadium and
phosphorus were analyzed by ICP MS. Only results on iodine are discussed in this paper.

Dissolution rates of the matrix were expressed from the iodine concentration released in solution by the following
formula:

^ , O iodine X V
R (g matrix-nfld"1) = ( — — )

Wt%iodme XSXM

where C ;0<jine is the iodine solution concentration in mg.l"', F is the fluid flow rate in cm3.d~', S is the sample surface
area in cm2.g"', M is the mass of solid in g and wt%jOdine is the iodine weight percentage in the solid. Note that in all
experiments done, iodine was always the faster element released into solution.

Results presented in Figure 3 show pH effect at 90°C (feed solutions were ultra-pure de-ionised water during the first
38 days then pH 4.1 until the end). During the first two weeks, the dissolution rates fall progressively, presumably due
to the removal of ultra-fine particles. After this period, a steady state rate is approached asymptotically. We can observe
that when we change the feed solution for an acidic one, dissolution rates increase and a new steady state is rapidly
obtained. Iodoapatite dissolution rates are pH dependent, but for the moment there is no enough available data to define
a kinetic rate law.
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Figure 3 : Dissolution rate of iodoapatite versus time at 90°C for two feed solutions.

Average steady state dissolution rates obtained at 50, 90 and 150°C have been reported in an Arrhenius plot (Figure 4).
The trend show is a similar increase of rates with temperature (between 50 and 90°C) for the two initial solutions pH
investigated. But for 150°C values (only tested with initially solution pH 5.5-6), the out flow measured pH were 4.8-5 ;
this value could explained the discrepancy (non true linear evolution of rates with temperature from 50 to 150°C).
These data must be completed in order to obtain an apparent activation energy.
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Figure 4: Arrhenius plot of iodoapatite dissolution

CONCLUSION
Iodoapatites Pbio(V04)6l2 and Pbio(V04)4.8(P04)1.2l2 were synthesized by reactive sintering of a mixture of Pb3(VO4)2

and Pbl2, and of Pb3(VO4)i.6(PO4)0.4 and Pbl2 at 700°C under 25 MPa. Sintering studies of Pb3(VO4)(2.2x)(PO4)2x

compounds have been made in order to optimize chemical composition of the reactant and operating conditions. Further
work with new compositions is in progress.
First results on Pbio(V04)4.8(P04)i.2I2 (powder) leaching have been obtained but these data must be completed to
determine more completely temperature and pH dependency. A next step for leaching experiments will be to study
dissolution of iodoapatite ceramic.
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