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Abstract
Three different methods have been used to condition chloride salt wastes coming from pyroprocesses.
Two of them allow to synthesise sodalite, a naturally occurring mineral containing chlorine: the former,
starting from Zeolite 4A, which transforms the zeolite into sodalite; the latter, which starts from kaolinite,
giving sodalite as well. In addition, a new matrix, termed SAP (SiO2-Al2O3-P2O5), has been synthesised. It is
able to form different mineral phases which occlude fission metals. The products from the different processes
have been fully characterised. In particular the chemical durability of the final waste forms has been
determined using the standard product consistency test. According to the results obtained, SAP seems to be a
promising matrix for the incorporation of chloride salt wastes from pyroprocesses. Financial support from
the Nuclear Fission Safety Programme of the European Union (projects ACSEPT, contract FP7-CP-2007211 267, and SACSESS, Collaborative Project 323282), as well as from Italian Ministry for Economic
Development (Accordo di Programma: Piano Annuale di Realizzazione 2008-2009) is gratefully
acknowledged.
Introduction
The pyrometallurgical processing of spent nuclear fuel, carried out at 500°C in a molten salt medium
(LiCl-KCl, 59-41 mol%), generates a chloride salt waste containing alkali-metal, alkaline-earth, and some
rare-earth fission products [1]. Sodalite (Na8Al6Si6O24Cl2), a naturally occurring mineral containing chlorine,
has been investigated as an immobilisation matrix for this salt waste. To this end, various synthesis methods
have been studied [2, 3]: on one hand, a synthesis from Zeolite 4A used for preliminary decontamination of
the salt by ion-exchange; on the other hand, direct synthesis from kaolinite, metakaolinite, and nepheline. The
addition of a glass powder is necessary to obtain a durable waste form. Very recently, a novel method
proposed by Korea Atomic Energy Research Institute (KAERI) has also been applied, with some
modifications, to the treatment of chloride salt wastes. It is based on a matrix, termed SAP (SiO2-Al2O3P2O5), synthesised by a conventional sol-gel process, able to stabilise the volatile salt wastes owing to the
formation of metalaluminosilicates, metalaluminophosphates, and metalphosphates. The addition of a
borosilicate glass and a treatment at around 1100°C gives the final waste form.
The present paper examines the three different methods and compares the characteristics of the final
products, with a particular attention to the leaching behaviour.
Incorporation of molten salts into zeolite 4A
Zeolite 4A is an aluminosilicate open framework structure with α and β cavities. Sodium ions in the
framework provide charges compensation. The cavities near the sodium ions possess an internal
electrostatic field, stabilised when polar molecules are occluded within the cavities. When the zeolite is
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exposed to molten salts, salt molecules can enter the voids thereby minimising the free energy of the
system. Only ions small enough to pass through the entrances of the cavities can be occluded, in the case of
sodium zeolite (zeolite 4A) these are 0.4 nm for the α cavity and 0.22 nm for the β cavity.
Simulated chloride salt wastes have been ground to a powder and mixed with zeolite 4A of particle
size < 10 µm at 500°C for 15 hours in order to have the salt melted and absorbed into the zeolite. As the
chloride ions are not chemically bonded in the zeolites and are expected to be relatively easily ionexchanged, the zeolite structure has to be transformed by heating to form the stable mineral phase sodalite
(Figure 1), which exhibits higher chloride retention. In practice, after cooling, the salt-occluded zeolite is
mixed with a borosilicate glass at ambient temperature and then heated in order to get a salt-occluded
sodalite, which is the final ceramic waste form. The addition of glass is required in order to bind the
sodalite product together to form a monolithic wasteform [4].
Figure 1: Crystal structure of Zeolite 4A (left) and sodalite (right)

XRD and FTIR spectra of salt-occluded sodalite obtained starting from Zeolite 4A are shown in
Figures 2 and 3 respectively. The XRD spectrum corresponds completely with the sodalite phase 37-0476
present in the XRD library. Similarly, the FTIR spectrum shows the typical peaks of sodalite at 465
[O-Al(Si)-O bending vibrations], 668, 712 and 735 cm-1 [Al(Si)-O-Al(Si) simmetric stretching]. The
expected peak at 978 cm-1 [Al(Si)-O-Al(Si) asimmetric stretching] is shifted slightly to 983 cm-1.
Figure 2: XRD spectrum of salt-occluded sodalite synthesised from Zeolite 4A (Z.SOD.BG)
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Figure 3: FTIR spectrum of salt-occluded sodalite synthesised from Zeolite 4A

Synthesis of sodalite from kaolinite
Sodalite has also been synthesised starting from kaolinite through nepheline, according to the
following reactions:

The intermediate nepheline was prepared from kaolinite and sodium hydroxide: the powders were
mixed, milled, and heated at 700°C for two hours (procedure repeated twice); the resulting product,
brought into an argon atmosphere glove box, was mixed with the eutectic salt and borosilicate glass at
ambient temperature, put into an alumina crucible and slightly pressed with another alumina crucible of a
smaller diameter, inside which a stainless steel bar was inserted (see insert in Figure 5). The entire
assembly was introduced in a little furnace and the temperature was raised to 500°C where it was held for
about one hour, in order to allow any residual moisture to evaporate. The temperature was then raised to
925°C for 7 hours.
XRD and FTIR spectra of salt-occluded sodalite synthesised from nepheline are shown in Figures 4
and 5 respectively. The XRD analysis shows typical peaks of sodalite, in particular phase 79-0091,
together with various peaks, mainly at 27.3 and 31.8 degrees, which can be attributed to halite (NaCl).
FTIR shows the same peaks recorded for Z.SOD.BG, even after 3 hours of reaction.
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Figure 4: XRD spectrum of salt-occluded sodalite synthesised from nepheline (N.SOD.BG)

Figure 5: FTIR spectra of salt-occluded sodalite synthesised from nepheline at increasing times of
reaction (the experimental assembly is shown in the insert)

A new matrix for conditioning chloride salt wastes: SAP
The composite SAP (SiO2-Al2O3-P2O5) has been prepared by a sol-gel process (Figure 6), starting
from tetraethyl ortho-silicate, aluminum trichloride hexahydrate (AlCl3.6H2O) and phosphoric acid
(H3PO4) as sources of Si, Al, and P, respectively [5]. The molar ratio of Si/Al/P has been adjusted to
1/1/1.25 (SAP 125), following the optimum ratio investigated by KAERI [6]. All reagents have been
dissolved in a hydroalcoholic solution and the mixture placed in an electric oven at 70°C after being tightly
sealed. After a gelling/aging for 3 days, the transparent hydrogels have been dried at 110°C for 3 days and
then thermally treated at 600°C for 2 hours. After grinding to about 100 microns, SAP powder has been
used as a stabilizer for the salt waste. The prepared SAP has been reacted with metal chlorides at 950°C for
30 hours, after mixing it at a chloride/SAP ratio of 1:2. Prior to heating, the mix has been homogenized
with a laboratory mill.
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Figure 6: Outline of the SAP synthesis process

During the first stage of SAP synthesis, TEOS acts as a gelling agent, aluminum trichloride is a
property promoter, and phosphoric acid is the acidic catalyst and stabiliser. The just mixed solution is left
in covered glass containers for gelation. During this period the reagents give rise to a series of hydrolysis
and polycondensation reactions, like the ones shown below:

Reaction (3) generates phosphoryl chloride, POCl3 which, in turn, reacts with both ethyl alcohol and
water. The product of reactions (4) and (5), among others, is HCl, which causes an increase in the HCl/H2O
ratio in the solution, and consequently, the increase of acidity. Since HCl plays the role of a catalyst of the
hydrolysis reaction, this accelerates both hydrolysis and polycondensation in the solutions containing
AlCl3, thus shortening the time of gelation.
On its own, TEOS reacts with water (6), forming trietoxysilane, which gives rise to the
polycondensation reaction (7).
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The transparent gels are then heated at 110°C for 3 days, during which both water and ethyl alcohol
evaporate. Reactions (3), (4) and (5) are exothermic, while (6) and (7), characterised by water and alcohol
release, are endothermic. The dried gels are finally heated at 600°C for two hours.
The thermal treatment brings about crystallisation, and the following phases have been established:
SiO2-Al2O3-P2O5 and aluminum phosphate, AlPO4.
The so-obtained SAP matrix, grinded to a very fine powder, has then been mixed with LiCl-KCl
(59-41 mol%), containing or not other chloride metals at a mixing ratio of 2 and then reacted at 950°C for
30 hours. The reaction products have been milled for subsequent tests and analyses.
Figures 7 and 8 show XRD and FTIR spectra of LiCl-KCl/SAP products, respectively. The XRD
spectrum is quite complex, due to the presence of several peaks attributable to different phases not yet well
identified. In the 19°<2Θ<25° region, a phase similar to the aluminium phosphate phase 48-0652 is
present, even if with a slight shift and a different intensity ratio. The region around 2Θ=30° is still to be
thoroughly evaluated. FTIR spectrum shows the absence of unreacted chloride salts, while the main peaks
can be attributed as follows [7]: the band at 9.1 micron (1 100 cm-1) is assigned to a combination of P=O
stretching of the P-O-P and P-O-Si bridging units; the band at 12.8 micron (781 cm-1) is attributed to the
bending motion of P-O-P, Si-O-P, and O-P-O units; at 21.3 (470 cm-1) there is the band due to O-P-O
bending vibrations, while the weak shoulder at about 24.0 micron (417 cm-1) can be assigned to the skeletal
deformation of phosphate units.
Figure 7: XRD spectrum of the reaction product of LiCl-KCl with SAP matrix (SAP.BG)

Figure 8: FTIR spectrum of the reaction product of LiCl-KCl with SAP matrix
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Product consistency test on conditioned salts
Chemical durability of the final waste forms has been determined by the product consistency test (PCT).
The test involves grinding, sizing, and cleaning sample material, then placing the material in deionised water
at 90°C for 7 days. The water leachate solution is then filtered to remove any solid material and analysed by
ICP-MS for leached constituents of the waste form. The results from the test are expressed as normalised
mass loss in g⋅m-2. The obtained values for the waste forms taken into account are shown in Table 1, where
Si, Al, and K represent the matrix elements, while Li and Na are the salt components.
Table 1: Normalised release (g⋅m-2) after 7 days leaching at 90°C
Element
Li
Al
Si
Na
K
Cs
Sr

Normalised release (g⋅m-2)
Z.SOD.BG
N.SOD.BG
SAP.BG
0.42
2.23
1.31
0.12
0.056
0.041
0.06
0.17
0.049
0.32
1.94
3.41
0.34
0.40
2.00
0.39
0.28
0.81
0.052
0.014
0.004

As shown in Table 1, the products coming from different processes for conditioning chloride salt
wastes from pyroprocesses give, in general, comparable results about the release of matrix elements and
salt components.
Conclusions
The process of occluding salt into a suitable matrix and encapsulating it in glass seems to be a robust
method for isolating the salt by-product from electrochemical treatment of spent nuclear fuel.
Different matrices can be used to this purpose. Among these, synthetic sodalite, a mineral phase
which contains chlorine, has been considered as one of the most promising incorporation matrices. It can
be synthesised according to various processes. Quite recently, however, studies on a new matrix termed
SAP have been undertaken, as it proved able to better stabilise the volatile salt wastes due to the formation
of metalaluminosilicates, metalaluminophosphates and metalphosphates. The first obtained results on
conditioned wastes proved quite promising, while further research efforts are presently addressed to
improve its retention capacity towards fission elements.
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