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In the frame of Generation IV reactors a renewed interest in pyro-processing of spent nuclear fuel is underway. Molten chloride sal
the recovering of uranium and plutonium through pyro-processing is one of the problematic wastes for direct application of vitrificat
In this work, Sodalite and SAP have been evaluated and compared as potential matrices for confinement of spent chloride salt waste
processing. To this aim Sodalite and SAP were synthesized both in pure form and mixed with different glass matrices, i.e. commercial
and borosilicate glass. The confining matrices were loaded with mixed chloride salts to study their retention capacities with respec
interest. The matrices were characterized and leached for contact times up to 150 days at room temperature and at 90 �C. SEM

performed in order to compare the matrix surface before and after leaching. Leaching results are discussed and compared in terms of normalized releases 

with similar results reported in literature. According to this comparative study the SAP matrix with glass frit binder resulted in the best matrix among the 
ones studied, with respect to retention capacities for both matrix and spent fuel elements.
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Argonne National Laboratory, the actinides and fission products are 
extracted by electrodeposition in a molten chloride salt medium 
(LiCl-KCl, 59-41 mol% eutectic composition) at 500 �C [3e5]. This 
process generates chloride salt wastes contaminated by fission 
products, containing alkali-metals and alkaline-earths, such as Cs, 
Ba, Sr and some rare-earths. The so obtained molten salt waste, 
which mainly consists of metal chlorides, cannot be subjected to 
conventional solidification processes, such as vitrification and 
ceramization, due to chloride volatility and low compatibility with 
silicate glass [6].

Therefore, in order to condition chloride salt waste coming from

ments such as uranium 
 which is in line with 
rmed by pyro-chemical 
ure developed by the

tion, Department of Energy, 
taly.
iacobbo).
le under the CC-BY-NC-ND 4.0 l
i.org/10.1016/j.jnucmat.2017.1
icense http://creativecommons.org/licenses/by-nc-nd/4.0/
1.051

mailto:francesca.giacobbo@polimi.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2017.11.051&domain=pdf
https://doi.org/10.1016/j.jnucmat.2017.11.051


Table 1
Composition of the simulated chloride salt waste loadings.

Chloride CSW.SOD.GF
CSW.SOD.BG

CSW.SAP CSW.SAP.GF
CSW.SAP.BG1
CSW.SAP.BG2

LiKCl.SAP.BG

Wt% Wt% Wt% Wt%

LiCl þ KCl 7.802 29.50 20.65 23.33
RbCl 0.066 0.167 0.117
CsCl 0.066 0.833 0.583
SrCl2 0.066 0.167 0.117
BaCl2 0.066 0.333 0.233
LaCl3 0.301 0.333 0.233
NdCl3 0.301 1.000 0.699
CeCl3 0.667 0.466
PrCl3 0.333 0.233
Total 8.668 33.33 23.33 23.33
pyro-processes different methods and immobilization matrices 
have been considered and assessed for their leaching behavior and 
their capacity for retention of volatile elements [7,8]. Two possible 
alternatives can be adopted to manage this kind of waste: i) 
development of specific ceramic matrices such as mineral phases 
capable of immobilizing chlorides or ii) dechlorination of the fission 
products to allow incorporation into glass [9].

Processing of ceramic waste forms with the aim at confining 
chloride salt wastes coming from pyro-processes can be performed 
at high temperatures (up to 850 �C) and under high pressures (up 
to 25000 psi) according to a procedure named hot isostatic pressing 
(HIP) [10e14]. More recently, an alternative procedure for pro-
cessing ceramic waste forms under ambient pressure, called Pres-
sureless Consolidation (PC) was developed at the Idaho National 
Laboratory [12,15].

Sodalite, a naturally occurring aluminosilicate mineral con-
taining chlorine, is among those mineral phases considered as 
potential immobilization matrices for chloride salt wastes [16,17]. 
Various synthesis methods to obtain sodalite-based matrices have 
been developed and optimized, i.e. starting from Zeolite 4A (used 
for preliminary decontamination of the salt by ion-exchange)
[18,19] or direct synthesis from silica and sodium aluminate 
re-agents [20] or from kaolinite through metakaolinite and 
nepheline [15,21,22]. Some authors of the present work 
compared two different methods to synthesize sodalite in order 
to condition the chloride salt waste: i) starting from kaolinite 
through nepheline and ii) starting directly from silica and sodium 
aluminate. The ob-tained products were fully characterized in 
order to determine the best synthesis method. The 
characterization tests revealed that synthesis from kaolinite 
through nepheline was by far the best synthesis method, with 
a high yield of sodalite, provided that rigorous conditions are 
followed. In particular, the preparation of pellets of reagents 
under argon atmosphere, followed by heating at 800 �C in an oven 
for not less than 100 h, is necessary to obtain a good product [22].

Past research activities were also conducted by the present au-
thors to demonstrate the feasibility of sodalite synthesis, from 
kaolinite through nepheline, via the Pressureless Consolidation 
(PC) process proposed by Idaho National Laboratory [15,23]. 
Moreover, characterization and leaching studies were performed 
both on pellets and powders of sodalite blended with glass 
[19,23e26].

The Korea Atomic Energy Research Institute (KAERI) proposed 
an immobilization matrix for chloride salt wastes, termed SAP, 
consisting of SiO2, Al2O3 and P2O5 [27,28]. This matrix, synthesized 
by a conventional sol-gel process, is able to stabilize volatile salt 
wastes due to the formation of metal aluminosilicates, alumi-
nophosphates and phosphates, generating chlorine gas [29]. Glass 
can be added to the SAP matrix as a chemical binder giving rise to 
higher disposal efficiency and to a lower volume of waste 
compared with other immobilization matrices [27,30]. A recent 
evolution of SAP, the glassy wasteform U-SAP, shows even better 
performances with respect to other SAP wasteforms [31,32].

The present paper illustrates and summarizes the research ac-
tivities performed by the present authors, focused on a feasibility 
study regarding Sodalite and SAP ceramic wasteforms for condi-
tioning chloride salt waste and compares experimental leaching 
results with results from the literature regarding similar waste-
forms. To this end, Sodalite and SAP were synthetized and char-
acterized both in pure form and mixed with different glass 
matrices, i.e. commercially available glass frit and borosilicate glass. 
The confining matrices were loaded with chloride salt wastes in 
order to study their retention capacities with respect to the ele-
ments of interest. To achieve this, leaching tests at different tem-
peratures were performed up to 150 days in order to systematically
study the behavior of the obtained Sodalite and SAP based matrices. 
Collected data were then analyzed and compared, in terms of 
normalized releases after 7 days at 90 �C, with similar leaching 
results from the literature.

The paper is organized as follows: the second section ‘Experi-
mental’ briefly describes the synthesis conditions, matrix prepa-
rations and characteristics of the performed leaching tests and of 
the parameters adopted to quantify leaching behavior. Character-
ization and leaching results obtained in this work are reported in 
Section 3. In Section 4 ‘Discussion’ the normalized release values 
measured in this study are compared with equivalent literature 
results and discussed. Finally, Section 5 concludes the paper.

2. Experimental

2.1. Matrix synthesis

2.1.1. Sodalite-based matrices
Several sodalite (Na6(Li,K)2[(AlO2)6(SiO2)6]Cl2) samples were 

prepared according to a two-step synthesis, through nepheline 
(NaAlSiO4) from kaolinite (Al2Si2O7), previously tested and opti-
mized by some of the present authors [22,23]. Sodalite based 
matrices blended with glass were prepared by mixing and milling 
at room temperature the following reagents in the reported pro-
portions in weight: 66.3% nepheline (NE), 25.0% glass and 8.7%
simulated chloride salt waste (CSW). The simulated chloride salts 
were composed of lithium and potassium chlorides (eutectic 
composition) and a mixture of chloride salts of Rb, Sr, Cs, Ba, La and 
Nd (Table 1). The powder samples, kept under slight pressure, were 
introduced into a furnace and treated at 500 �C for 1 h in order to 
allow any residual moisture to evaporate, and then kept at 925 �C 
for 7 h [1,23]. Two series of samples were prepared with two 
different types of glass, namely commercially available glass frit 
(GF) and borosilicate glass (BG) (Table 2). The so-obtained sodalite-
based matrices were fully characterized by X-ray diffraction, FT-IR, 
SEM-EDS and thermogravimetric analyses and results have already 
been reported in literature [22e24]. In the following discussion 
sodalite samples are indicated with the abbreviation SOD, while the 
sodalite samples blended with glass frit (GF) or borosilicate glass 
(BG) and loaded with chloride salt waste (CSW) are indicated as 
CSW.SOD.GF and CSW.SOD.BG, respectively.

2.1.2. SAP-based matrices
SAP matrix, SiO2-Al2O3-P2O5, was synthesized by a conventional 

sol-gel process developed by Korea Atomic Energy Research Insti-
tute [25,27e29,33]. The so-obtained SAP was reacted with lithium 
and potassium chlorides in the eutectic composition (LiKCl.SAP) in 
the salt/SAP ratio of 1:2, 1:3 and 1:4, at increasing temperatures



Table 2
Composition of glass powders.

Borosilicate glass Glass frit

Component Wt% Component Wt%

Al2O3 7.5 Al2O3 2.0
B2O3 19.3 CaO 11.5
CaO 1.3 Fe2O3 0.23
K2O 0.4 K2O 2.0
Li2O 0.0 MgO 2.0
Na2O 6.5 Na2O 13.0
SiO2 63.1 SiO2 71.3
(550e1000 �C) and reaction times (5e30 h) in order to optimize the 
synthesis. Some matrices were prepared with SAP and CSW (salt/
SAP ratio of 1:2 corresponding to 33.33% in weight of chlorides) at 
950 �C for 30 h, obtaining the CSW.SAP samples. A weight loss of 
about 18% was observed due to volatilization of 90% of the initial Cl 
content, consistently with the dechlorination process inherent in 
the SAP based immobilization procedure [27]. In some cases to the 
samples obtained with the salt/SAP ratio of 1:2 glass frit or boro-
silicate glass were added in the sample/glass ratio 70:30 and the 
powders were treated at 1150 �C at ambient pressure giving the 
final ceramic waste forms loaded with 23.33% in weight of chlo-
rides, indicated in the following with CSW.SAP.GF and CSW.SAP.BG, 
respectively. An attempt was also made to optimize the reaction 
time: from sample CSW.SAP.BG1 to CSW.SAP.BG2 the reaction time 
was increased from 1 h (CSW.SAP.BG1) to 4 h (CSW.SAP.BG2). 
Samples of SAP with chloride salts (23.33% in weight) composed of 
lithium and potassium chlorides in the eutectic composition 
(LiKCl.SAP.BG) were also prepared. The compositions of the simu-
lated chloride salt waste and of the two types of glass are reported 
in Tables 1 and 2

2.2. Characterization

The so-obtained SOD- and SAP-based matrices were character-
ized by density measurements, X-ray diffraction with a Bruker AXS 
D8 ADVANCE diffractometer employing a Cu-Ka radiation
(l ¼ 1.5418 Å) and by Fourier-transform infrared spectroscopy on a
Perkin Elmer FT1600 analyzer. Moreover, SEM-EDS and thermog-
ravimetric analyses were performed in order to assess the nature of
the matrices before the leaching tests [25,29]. Finally, SEM analyses
were also carried out on powder before and after leaching tests by a
Zeiss Supra 40 microscope equipped with a GEMINI column
(EHT ¼ 2e3 kV).

2.3. Leaching tests

Several leaching tests under static conditions were performed 
according to the Product Consistency Test (PCT) for contact times 
up to 150 days at two different temperatures (23 �C and 90 �C) [34] 
on samples of both matrices loaded with CSW and blended with 
glass. In some cases, pure matrix or matrices without glass were 
leached to help result interpretation.

The tests were performed in pre-cleaned PTFE bottles (150 mL). 
The sample test bottle containing 1 g of matrix powder in 20 mL of 
ultrapure water and the reference test bottle containing 20 mL of 
ultrapure water (blank), were both stored at the desired tempera-
ture and contact time. Each sample test bottle was weighed before 
and after the test in order to verify that the mass loss was not 
greater than 5% of the original leachant mass. At the end of the 
contact time the liquid phase was separated from the solid phase 
and subdivided into two fractions. One fraction was used for the pH 
measurement. The other aliquot, previously filtered by 0.45 mm
polyethersulfone (PES) SUPOR membrane and suitably diluted in
1% ultrapure nitric acid, was analyzed by Thermo Fisher X-Series II
ICP-MS calibrated in the range 0e100 mg/L. The measured con-
centrations of the elements present in the leachate were corrected
by subtracting the measured background concentration of the
blank samples and taking into account also weight losses in terms
of final volumes according to the ASTM calculation procedure.
During the leaching tests the pH was not buffered. The fraction of
each element in the un-leached sodalite based sample was esti-
mated according to the ideal sodalite formula, i.e. Na6Li1,16K0,84A-
l6O24Si6Cl2 withmolecular weight 964.113 gmol�1 and according to
the ideal SAP formula, i.e. SiO2-Al2O3-P2O5 with molecular weight
303.99 g mol�1. The element release from the matrices is described
in terms of normalized release NLi (g,m�2) and “integrated”
normalized release rate NRi (g,m�2,day�1) for ‘i’ element, defined
according to the expressions 1 and 2, respectively:

NLi ¼
ci

fi,ðSA=VÞ
(1)

NRi ¼
ci

fi,ðSA=VÞ,t
(2)

where ci (g/L) is the concentration of i element in the leachate; fi the
fraction of i element in the unleached waste matrix sample (unit-
less); SA/V (m2/L) is the ratio of surface area of the waste matrix
sample and the leachate volume; t the time duration of test in days.
The data obtained were also analyzed in terms of percentage of
release R(t)i of each i element vs. time:

R ðtÞi ¼
ai;t
ai;o

,100 (3)

where ai,t corresponds to the mass of the i element leached at time t 
and ai,0 is the mass of the i element initially present in the sample.

The surface area SA of each powder sample was estimated ac-
cording to the example calculation of the exposed glass waste form 
surface area reported in Appendix X1 of the ASTM C1285-02 [34]. 
To this aim, the particle shape was assumed spherical with a 
diameter equal to the average value of the particle size distribution, 
and the density value was measured by helium pycnometry. For all 
powder samples the particle size distribution was 6.3,10�5 to 
1.25,10�4 m and the assumed mean diameter was 9.40,10�5 m. 
Densities and SA/V ratios data assumed for the samples under 
study are reported in the Supplementary Information (Table SI1). In 
the case of SAP based samples, normalized releases have been 
evaluated taking into account gaseous chlorine loss.
3. Results

3.1. X-ray diffraction characterization

3.1.1. Sodalite-based samples
The present authors have already reported about the charac-

terization of SOD-based matrices loaded with CSW and blended 
with glass according to the here described synthetic route. The 
previous work was dedicated to the optimization of the synthetic 
procedure. XRD analyses of CSW.SOD.GF samples prepared at 800, 
850 and 925 �C were performed in order to optimize the temper-
ature of the thermal treatment. The XRD spectra of samples at 800 
and 850 �C showed the presence of a main phase similar to sodalite 
(JCPDS card 37-0476) with a small shift of about 0.5 deg and traces 
of nepheline. The effect of the heating time was also considered. 
XRD analyses of the Na.SOD.GF samples obtained after 1, 3 and 7 h 
of heat treatment at 925 �C highlighted that the samples contain



sodalite (JCPDS card 88-2086, very similar to JCPDS card 37-476) 
with decreasing amount of nepheline (JCPDS card 76-2469) and 
sodium chloride (JCPDS card 5-628) at increasing heating time. Fig. 
1 clearly shows that the XRD spectrum of CSW.SOD.GF obtained at 
925 �C after 7 h well correspond to the sodalite phase. The same 
conclusion was confirmed by FT-IR analyses of CSW.SOD.GF that 
showed the presence of the characteristic peaks of sodalite [25].

Therefore, a thermal treatment of 7 h at 925 �C was identified as 
effective in obtaining a final product essentially composed of so-
dalite (JCPDS card 37-0476). In general, the final waste form shows 
a density of 2.382 g/cm3, satisfactory if compared with pure soda-
lite (2.1e2.3 g/cm3), and is characterized by the absence of micro-
cracks and macroporosity. Similarly, XRD (Fig. 2) and FTIR analyses 
of CSW.SOD.BG indicates the formation of sodalite (JCPDS card 
79-0091) with possible traces of halite (NaCl, JCPDS card 5-628).

In order to better investigate the feasibility of incorporating 
some fission products as cations in sodalite phases, several samples 
were prepared starting from a mixture of NaCl/CsCl, NaCl/SrCl2 and 
NaCl/NdCl3 with a Cs, Sr, and Nd content ranging from 25 to 100%, 
according to the experimental conditions previously optimized (all 
the reagents were accurately mixed, finely ground, pelletized, and 
treated at 925 �C for 7 h). The samples obtained are indicated as 
100X.SOD, 50X.SOD and 25X.SOD where X ¼ Cs, Sr, or Nd.

As far as the samples 100Cs.SOD, 50Cs.SOD and 25Cs.SOD are 
concerned, by the comparison with an XRD spectral library, the 
main phases identified in all the samples were sodalite (Na4Al3-
Si3O12Cl, JCPDS card 37-476) and pollucite ((Cs,Na)AlSi2O6, JCPDS 
card 15-317). Considering the main peak of sodalite phase at 2q of 
24.54�, the XRD spectrum of the sample 50Cs.SOD showed the best 
agreement with the sodalite phase. At lower Cs content a clearly 
visible shift of the peak is observed, while at higher Cs content the 
shift is much less marked, suggesting the incorporation of the 
cation in the sodalite structure. Moreover, the intensity of the main 
peak decreases with the increase of the Cs content. Similar con-
siderations can be made for the pollucite phase. Considering one of 
the main peaks of the pollucite phase (2q ¼ 26.10�), once again the 
best agreement was obtained in the sample 50Cs.SOD, while in the 
other samples a shift and an intensity increase of the peak is 
observed with the increase of the Cs content. Moreover, in all the 
samples there are some unidentified peaks in the region
Fig. 1. XRD spectrum of CSW.SOD.GF sample containing the mixed chloride salts a
2q ¼ 20e30�. The XRD analyses of the SOD samples containing Sr 
showed that the main phase present in all the samples is sodalite 
(JCPDS card 37-476). In particular, the XRD spectrum of the sample 
25Sr.SOD showed the best agreement with the sodalite phase, 
while in the samples with higher Sr content a shift of the signal was 
observed suggesting the incorporation of the cation in the sodalite 
structure. Moreover, in all the samples traces of nepheline (JCPDS 
card 83-2279) and some other peaks at 2q around 22� and 
27.5e28.5� not yet identified were observed. It is noted that some 
signals of the nepheline phase decrease with increasing the Sr 
percentage, while some other showed a little shift towards lower 
2q values, suggesting the formation of a Sr-containing nepheline 
phase.

As far as the samples 100Nd.SOD, 50Nd.SOD and 25Nd.SOD are 
concerned, by the comparison with an XRD spectral library, the 
main phases identified in all the samples were sodalite (JCPDS card 
37-476), nepheline (K0.24Na6Al6.24Si9.76O32, JCPDS card 83-2279) 
and calcium neodymium oxide silicate (Ca2Nd8(SiO4)6O2, JCPDS 
card 78-1038). In particular, with the decreasing of the Nd content 
in the sample the main peak of the sodalite phase at 2q of 24.54� 

shifts to lower angles and increases in intensity. The main peak of 
the calcium neodymium oxide silicate, found in all the samples, at 
2q of 31.36� grows with the Nd content and is readily well visible in 
the sample 100Nd.SOD.

3.1.2. SAP based samples
Starting from the results already reported in literature by the 

same authors, reactions between SAP powder and metal chlorides 
(LiCl and KCl) take place only at temperatures higher than 800 �C 
[29]. From XRD, Raman and FTIR spectra, at lower temperatures 
unreacted salts were found, while the reaction products at 
increasing temperatures can be attributed to metal-
aluminosilicate, metal-aluminophosphate and metal phosphate. 
As expected, the molten LiCl-KCl attacks the unstable P-rich region 
to break the linkage “Si-O-Al-O-P-O-P”, thus generating a series of 
reactive sites, such as Si-O-Al, Al-O-P, P-O-P [29].

In the present work heating time, as well as salt/SAP ratio, have 
been considered. Different LiKCl.SAP samples were prepared by 
heating at 850 �C for 5, 10 and 20 h: the products showed an 
increasing crystallinity by increasing the duration of the thermal
nd glass frit and treated at 925 �C for 7 h; black dots indicate sodalite phase.



Fig. 2. XRD spectrum of CSW.SOD.BG sample containing the mixed chloride salts and borosilicate glass and treated at 925 �C for 7 h. Black dots indicate the sodalite phase JCPDS
card 79-0091; black triangles indicate the halite phase JCPDS card 5-628.
treatment. Furthermore, samples with salt/SAP ratios of 1:2, 1:3 
and 1:4 were prepared and reacted at 850 �C. The relative XRD 
analyses show that an increase in the SAP content results in an 
increase of free silica. According to the experimental observations 
performed on the samples obtained at different temperatures, the 
optimal temperature to guarantee reaction between the reagents 
was set at 950 �C. In the light of the effects of salt/SAP ratio and 
thermal treatment duration on the product composition, such pa-
rameters were optimized at 950 �C. In particular, LiKCl.SAP samples 
prepared at 950 �C with a salt/SAP ratio of 1:2 and at different re-
action times were synthesized and analyzed by XRD. After a reac-
tion time of 5 h, XRD analysis highlights the presence of SiO2 (JCPDS 
card 46-1045) as the main phase. By increasing the duration of the 
thermal treatment at 950 �C up to 10 and 30 h, the residual SiO2 was 
no more present and the main reflections are consistent with a 
phase similar to aluminum phosphate (JCPDS card 48-0652) with a 
slight shift, potassium aluminum phosphate (AlK(P2O7), JCPDS card 
34-1370) and lithium phosphate (Li3PO4, JCPDS card 15-0760). 
Since 30 h resulted to be the optimal reaction time, new LiKCl.SAP 
samples were prepared through a thermal treatment at 950 �C for 
30 h at different salt/SAP ratios. With respect to the 1:2 sample, 
potassium aluminum pyrophosphate (AlK(P2O7), JCPDS card 34-
1370) disappeared by increasing the SAP content in the matrices, 
while some modifications of the XRD patterns in the region 
19� < 2q < 25� seem to suggest the formation of different mixed 
phosphates.

According to all the above considerations, the optimal condi-
tions for the synthesis of SAP based matrices for the immobilization 
of chloride waste have been identified as a thermal treatment at 
950 �C for 30 h with a salt/SAP ratio of 1:2. Fig. 3 reports the XRD 
pattern of CSW.SAP in comparison with LiKCl.SAP prepared under 
these optimal experimental conditions.

The XRD analyses suggest that the reaction products of SAP with 
metal chlorides are metal-aluminosilicate, metal-alumi-
nophosphate and metal phosphate, according to the following 
equations:

LiCl þ KCl þ CsCl þ SAP / Li3PO4 þ K3PO4 þ Cs2AlP3O10 þ (Li, K,
Cs)-aluminosilicate þ 3/2 Cl2 (4)
LiCl þ KCl þ SrCl2 þ SAP / Li3PO4 þ K3PO4 þ LixKxAlxSi1-xO2-

x þ Sr5(PO4)3Cl þ 2Cl2 (5)

LiCl þ KCl þ CeCl3 þ SAP / Li3PO4 þ K3PO4 þ LixKxAlxSi1-xO2-

x þ CePO4 þ 5/2Cl2 (6)

In the SAP, there are three kinds of chains, Si-O-Si as a main
chain, Si-O-Al as a side chain and Al-O-P/P-O-P as a reactive chain.
Alkali metal chlorides were converted into metal aluminosilicates
(LixAlxSi1�xO2�x) and metal phosphates (Li3PO4 and Cs2AlP3O10),
while alkali earth and rare earth chlorides were changed into only
metal phosphates (Sr5(PO4)3Cl and CePO4). These reaction products
were compatible with borosilicate glasses which functioned as a
chemical binder for metal aluminosilicates and a physical binder
for metal phosphates. All these mechanisms strongly affect the
leaching behaviors of the elements of the matrix as well as of the
chloride waste that would be confined.

The observed phases could be probably attributable to mixed
phosphate but no correspondence with those reported in the
spectral library was found. In order to get new insights and better
understanding of the observed phases in the CSW.SAP samples, a
new series of samples was prepared from SAP powder and the
chloride salts of Rb, Cs, Sr, Ba, La, Ce and Nd, according to the
optimized synthetic route. The final products were characterized by
XRD analyses. For the monovalent cations Rb and Cs, XRD in-
vestigations on the Rb.SAP and Cs.SAP samples highlighted the
presence of hydrogen phosphates of the cations (RbH2PO4, JCPDS
card 34-0074 and CsH2PO4, JCPDS card 35-0746) besides aluminum
phosphate (JCPDS card 11-0500). Moreover, in the Rb.SAP sample
potassium aluminum silicate hydrate, silica and rubidium oxide
were also observed.

Concerning the divalent cations Sr and Ba, both final samples
contain two different phases of aluminum phosphate (JCPDS card
48-0652 and 11-0500). Moreover, the thermal treatment at 850 �C
in the Sr.SAP sample led to the formation of strontium chloride
phosphate hydroxide (Sr5Cl0.65(OH)0.35(PO4)3, JCPDS card 24-0729),
that disappears by increasing the temperature to 950 �C, while
strontium phosphate hydrate (H3Sr6(PO4)5, JCPDS card 19-1287)
has been observed only at the highest temperature. In the Ba.SAP
sample barium pyrophosphate (Ba2P2O7, JCPDS card 30-0144) has
been observed.



Fig. 3. XRD patterns of LiKCl.SAP (top) and CSW.SAP (bottom) after a thermal treatment at 950 �C for 30 h.
Concerning the trivalent lanthanide cations, XRD spectra clearly 
showed the formation of lanthanide phosphate besides aluminum 
phosphate. In particular, in the case of La.SAP sample, lanthanum 
phosphate (LaPO4, JCPDS card 46-1326 and 32-0493) was clearly 
formed. XRD analyses of Ce.SAP sample revealed the presence of 
cerium phosphate (CePO4, JPCDS card 32-0199) and a phase similar 
to cerium oxide (CeO2, JCPDS card 43-1002) that shows a shift, 
according to which it could be attributed to a mixed cerium oxide. 
Moreover, potassium aluminum silicate (KAlSiO4, JPCDS card 48-
1028) is present. The sample containing Nd shows the formation of 
neodymium phosphate (NdPO4, JCPDS card 46-1328) and a second 
phase identified as NdPO4 with Nd2O3,P2O5 (JPCDS card 25-1065). 
In particular, increasing the temperature aluminum phosphate 
disappears and neodymium phosphate becomes dominant.

Finally, the XRD patterns of the glass-blended SAP samples were 
essentially amorphous with few peaks not attributable to the glass 
or chlorides salts. The consolidation mechanism is based on the 
formation of three kinds of chemical forms in the gel-products: Si-
rich phase, Al-containing intermediate phase, and P-rich phase. The 
role of the glass as chemical binder before the heat treatment is to 
dissolve the silicate compounds in the gel products, while most of 
the phosphates are encapsulated by the glassy phase and only a 
fraction of the P-rich phase is dissolved into the latter. After the 
thermal treatment cesium, which was preferentially present as 
silicate phase, is vitrified into a glassy phase. On the other side Sr, 
which is mainly in the form of phosphate compounds, was 
encapsulated by the glassy phase. The described mechanisms work 
together to produce a monolithic wasteform.

For sake of brevity the XRD spectra of the samples described in 
the present section are reported in the Supplementary Information 
(Figures SI1-16).
Fig. 4. SOD. Time evolution of the normalized release (g/m2) of the matrix elements at
23 ± 2 �C and pH behavior over time.
3.2. Leaching results

In order to evaluate the feasibility of SOD and SAP to be used as 
confining matrices for chloride salt wastes and further to compare 
each other with respect to their retention capacity, leaching tests 
were performed on CSW.SOD and CSW.SAP blended with glass frit 
and borosilicate glass.
Leaching tests were performed for up to six contact times (1-7-
15-30-90-150 days) at room temperature (23 ± 2 �C) and at 
90 ± 2 �C in an oven. During the leaching tests the pH was not 
buffered, but the initial pH values, as well as the pH values after 
each interval of time, were measured. The concentrations of Li, Na, 
Al, Si, K, Rb, Sr, Cs, Ba, La and Nd in the leachate were measured at 
each time interval.
3.2.1. CSW.SOD.GF
In order to better understand the leaching behavior of the final 

wasteform, tests were also performed on pure SOD samples to 
evaluate the release of the matrix elements (Li, Na, Al, Si, K) over 
time. The normalized releases of the elements of interest in the 
leachate of the tests performed at 23 ± 2 �C roughly seem to reach a 
constant value in approximately 20 days, except for Li whose 
concentration keeps growing from 20 to 150 days (Fig. 4). This 
relatively high Li release may be attributed to the fact that lithium 
ions are too small to fit into the Na sites.



Fig. 6. SOD. Time evolution of the normalized release rates (g,m�2,day�1) at 
90 ± 2 �C.
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In more detail, Na, Al and Si normalized releases seem to slightly 
decrease after 30 days while K normalized release slightly in-
creases. This behavior could be consistent with the precipitation of 
nepheline secondary phases at the surface, as observed with (Na, 
Al) rich-glasses at basic pH (pH > 10e10.5), and with the dissolu-
tion of Li-K chlorides.

As for the leaching tests at 90 ± 2 �C, the normalized releases of 
all the matrix elements are roughly constant over time except for 
the first weeks (Fig. 5).

Actually a plateau is reached even before 20 days for most ele-
ments. In more detail Li release grows during the first 30 days and 
then remains constant. Si release grows between 20 and 90 days 
and then slightly decreases, the behaviors of Na and Al rather than 
become constant seem to slightly decrease. Again this behavior 
may be consistent with the precipitation of secondary phases at the 
surface.

Concerning the CSW.SOD.GF samples, as shown in Fig. 8, the 
normalized releases of some matrix elements, i.e. Li, Na and K, of 
tests at 23 ± 2 �C are roughly constant over time, whereas Al and Si 
normalized releases increase in the first 30 days and then remain 
almost constant. Among the fission elements present in the chlo-
ride salt (i.e. Rb, Sr, Cs, Ba, La, Nd) notable releases of Rb and Cs 
have been observed in solution immediately from the beginning of 
leaching tests performed by the present authors [23,25,29]. The 
leaching tests at 90 ± 2 �C show a similar behavior with some 
differences (Fig. 8): normalized releases in solution are constant for 
most elements, except for Li whose release increases in the first 30 
days and then remains constant. Also in this case notable releases 
of Rb and Cs have been observed in solution immediately from the 
beginning of the leaching tests. Moreover a correlation between La 
and Nd and between Sr and Ba releases is observed.

The behavior over time of the normalized release rates of Li, Na, 
Al, Si, K, Rb, Sr, Cs, Ba, La and Nd at 90 ± 2 �C are reported in Fig. 9. 
Higher normalized release rates are observed for Li, Na and K, 
among the matrix elements, as already observed for pure SOD (see 
Fig. 6) and for Rb and Cs, among the fission products. While Sr, Ba, 
La and Nd show lower normalized release rates. It is clear that the 
addition of glass reduces the normalized release rates by almost 
one order of magnitude.

In order to highlight the effect of the temperature upon release, 
in Fig. 10 (Table SI3) the percentage releases at 23 ± 2 �C, after 90 
days, are compared with the corresponding percentage releases at 
90 ± 2 �C for each element under study. Fig. 10 shows that release
Fig. 5. SOD. Time evolution of the normalized release (g/m2) of the matrix elements at
90 ± 2 �C and pH behavior over time.

 
 
 

seems much affected by higher temperature. Leaching tests on pure
SOD clearly showed that at 90 ± 2 �C the releases of some matrix
elements were significant, such as Li (y 12%) and K (y 3%) while
the release of Na, Al and Si were less than 1% (Fig. 7 and Table SI2)
For the CSW.SOD.GF sample, in spite of non-negligible releases of
some matrix elements (y 3%), especially if compared with results
obtained with SOD, the release of all fission products were less than
the 1.5%.

Concerning pH changes in the case of pure SOD, during the
leaching tests at 23 ± 2 �C pH increased immediately (after 1 h) to
10 and reached 11 after 30 days and then it decreased to 10 again
after 150 days. During the leaching tests at 90 ± 2 �C the pH
increased to 11 after 1 day and then it remained almost constant
until the end of the leaching test (Fig. 4). In the case of CSW.SOD.GF
the pH measured after 1 h from the beginning of the leaching test
was still almost neutral (pH ¼ 7.2). During the leaching tests at
23 ± 2 �C the pH slightly grew up to 8.2 after 30 days and then
decreased to 7.6 after 150 days, whereas during the tests at
90 ± 2 �C it grew up to 10 after 1 day and then remained almost
constant.

SEM investigations carried out on the sodalite powder before
and after leaching tests (Fig. 11) clearly showed the effect of the
leaching process at 90 �C: after 30 days a partial dissolution of the
surface layer of the sodalite grain can be discerned (Fig. 11c); later
on, after 150 days, lots of small holes appear in accordance with the
notable observed releases (Fig. 11d). Whereas there is no evidence
of a comparable degradation effect on the surface of a sodalite grain
leached at 23 �C for 150 days (Fig. 11b).
Fig. 7. SOD. Percentage of release after 90 days at 23 ± 2 �C and at 90 ± 2 �C.



Fig. 8. CSW.SOD.GF. Time evolution of pH and normalized releases (g/m2) at 23 ± 2 �C (left) and at 90 ± 2 �C (right) [23,24].

Fig. 9. CSW.SOD.GF. Time evolution of the normalized release rates (g,m�2, day �1) at 
90 ± 2 �C [23].

 
 
 
 
 
 
 
 

Fig. 10. CSW.SOD.GF. Percentage of release after 90 days at 23 ± 2 �C and at 90 ± 2 �C.
Analogous SEM investigations on CSW.SOD.GF samples (Fig. 12)
showed that after 30 days at 90 ± 2 �C (Fig. 12c) a few small holes
appear on the surface of the sodalite blended with glass frit but,
with respect to the sodalite leached in the same conditions
(Fig. 11c), the surface structure is still preserved. The presence of
holes becomes even more evident after 90 days and at the highest
temperature (Fig. 12d). Note that the small particles on the surface
are not due to leaching dissolution but were present soon after the
preparation of the sample.
3.2.2. CSW.SOD.BG
As shown in Fig. 13, the pH measured after 1 h from the 

beginning of the leaching test on CSW.SOD.BG samples was slightly 
basic (pH ¼ 7.7); at 23 ± 2 �C it increased to 8.1 after 7 days and 
remained almost constant from then on. Whereas during the tests 
at 90 ± 2 �C the pH increased up to 9.6 after 7 days and then 
remained almost constant. The normalized releases of Li, Na, K and 
Al in the leachate of the tests at 23 ± 2 �C are roughly constant over 
time, whereas Si release increases in the first 15 days and then 
remains almost constant. Among the fission elements present in 
the chloride salt wastes (Rb, Sr, Cs, Ba, La and Nd) notable releases 
of Rb and Cs have been observed in solution immediately from the 
beginning of the leaching tests. Moreover it can be noticed that the 
behavior over time of the normalized releases of Ba is similar to Sr 
and this also happens for the couples La-Nd and Rb-Cs as would be 
expected due to similar chemistries and possibly to the same po-
sitions inside the matrix.

As for the leaching tests at 90 ± 2 �C the behavior is similar: 
normalized releases are constant for most elements. Also in this 
case notable releases of Rb and Cs have been observed in solution 
immediately from the beginning of the leaching tests. Moreover the
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Fig. 11. SOD. Grain surface (a) before leaching test (Mag.20000x), (b) after 150 days at
23 ± 2 �C (Mag.20000x), (c) after 30 days at 90 ± 2 �C (Mag.20000x) and (d) after 150
days at 90 ± 2 �C (Mag.20000x).

Fig. 12. CSW.SOD.GF. Grain surface (a) before leaching test (Mag.10000x), (b) after 90 
days at 23 ± 2 �C (Mag.10000x) (c) after 30 days at 90 ± 2 �C (Mag.10000x) and (d) 
after 90 days at 90 ± 2 �C (Mag.10000x).
normalized releases of La, Nd, Ba and Sr in solution show the same 
behavior. Note that the values of the element concentrations ob-
tained in the leaching tests at 90 ± 2 �C after 90 and 150 days are 
affected by a leachate evaporative loss which is greater than 5%
(maximum value required by the ASTM C1285-02 [34] procedure) 
but definitely lower than 10%. Therefore the results referring to 90 
and 150 days leaching tests at 90 ± 2 �C could be affected by an 
inaccuracy which is at most 10%. Nevertheless they are still sig-
nificant for the purpose of the present study and for this reason 
have been reported here. The normalized release rates of Li, Na, Al, 
Si, K, Rb, Sr, Cs, Ba, La, Nd (90 ± 2 �C) are shown in Fig. 14.

In order to show the effect of the temperature of the leaching 
tests upon the release, in Fig. 15 (Table SI4) the percentage releases 
at 23 ± 2 �C, after 90 days, are compared with the corresponding 
percentage releases at 90 ± 2 �C for each element under study. 
Fig. 15 shows that only the releases of Li and B are considerably 
affected by higher temperature, due to their volatility, while the 
releases of Na, K, Rb and Cs do not seem much affected by tem-
perature. In spite of non-negligible releases of some matrix
elements such as Li (y 10%) and Na (y 5%), especially if compared
with results obtained with pure SOD (Fig. 7), the release of all fission
products was less than 1%. The major release observed for both salt
elements Na and Li can be explained by the presence of halite, as
evidenced by XRD spectra (Fig. 2).

SEM investigations were carried out on the CSW.SOD.BG before
and after leaching tests. As shown in Fig. 16, it can be observed that
after 90 days at 23 ± 2 �C and after only 1 day at 90 ± 2 �C an
increasing and significant quantity of small holes appears on the
surface.

3.2.3. CSW.SAP.GF
Leaching tests were performed on SAP loaded with chloride salt

waste (CSW.SAP) and blended with glass frit (CSW.SAP.GF) for five
contact times (1-7-15-30-90 days) in an oven at 90 ± 2 �C. Con-
cerning CSW.SAP samples, Fig. 17 shows that the releases of some
matrix elements were significant after just 7 days at 90 ± 2 �C, even
if compared with the results obtained for sodalite after 90 days
reported in Fig. 7. Major releases were observed for Li (y20%), P
(y16%) and K (y 23%) while the release of Al and Si was less than
3%. Moreover significant concentration of Cs, Rb, Sr and Ba were
released in solution. During the 7 days leaching test at 90 ± 2 �C the
pH immediately increased to 9 (after 1 h) and then decreased to 7.

In the case of CSW.SAP.GF samples, the pH after 1 h was 8.1 and
it reached the value 8.6 after 90 days (Fig. 18). Concentrations in the
leachate of all elements slightly increase over time during leaching
tests at 90 ± 2 �C up to 90 days. The normalized release of some
matrix elements such as Li and Na was greater than other elements
but still lower by one order of magnitude compared to CSW.SOD.GF
leaching results reported in paragraph 3.2.1. Also the releases of Ba
Nd and La were very low compared to the results obtained with
CSW.SOD.GF. The normalized releases of all elements increased
very slowly over time from 7 to 30 days and become almost con-
stant from 30 to 90 days (Fig. 18).

Fig. 19 shows the behavior over time of the normalized release
rates of Li, Na, Al, Si, K, Rb, Sr, Cs, Ba, La, Ce, Pr, Nd, P, Ca and B at 90 ±
2 �C up to 90 days. Higher normalized release rates are observed for
Li, Na and K, among the matrix elements, and for Rb and Cs, among
the fission products, while Sr, Ba, La, Ce, Pr and Nd show lower
normalized release rates.

Fig. 20 compares the percentage releases after 90 days at 90 ± 2
�C: matrix element releases were less than y 2% while the releases
of the fission products were below 0.2%, except for Rb (y 0.4%)
(Table SI6).

Compared to SAP without the addition of glass frit (CSW.SAP) the
percentage of release after 90 days at 90 ± 2 �C was many orders of
magnitude lower even when compared with releases after 7 days
(Fig. 17 and Table SI5). Therefore, the addition of glass frit to SAP
significantly reduces the matrix element releases.

SEM investigations were also carried out on CSW.SAP.GF sam-
ples before and after the leaching tests. After 7 and 30 days (Fig. 21)
some small depressions can be seen but the surface structure is still
preserved.

3.2.4. CSW.SAP.BG
Several CSW.SAP samples were blended with borosilicate glass

and submitted to leaching tests. Results showed that, when the
reaction time was increased from 1 h (CSW.SAP.BG1) to 4 h
(CSW.SAP.BG2), some differences were observed in the ability of the
matrix to retain metal cations. Compared to CSW.SAP (Fig. 17 and
Table SI5) the borosilicate glass powder addition in CSW.SAP.BG1
does not significantly reduce the releases of matrix elements, while
the release of fission products is reduced up to 1 order of magnitude
(Fig. 22 and Table SI7). Interestingly, in CSW.SAP.BG2 the borosili-
cate glass powder addition reduces the matrix element releases up



Fig. 13. CSW.SOD.BG. Time evolution of pH and normalized releases (g/m2) at 23 ± 2 �C (left) and 90 ± 2 �C (right) [24].

Fig. 14. CSW.SOD.BG. Time evolution of the normalized release rates (g,m�2, day �1) 
at 90 ± 2 �C.

Fig. 15. CSW.SOD.BG leaching tests. Percentage of release after 90 days at 23 ± 2 �C and
at 90 ± 2 �C.
to 1 order of magnitude, while the releases of fission products are 

reduced of 2, 3 or even 4 orders of magnitude (Fig. 23 and Table 
SI8). Some changes were observed also in pH: pH remained 
constant at the value 7.5 for CSW.SAP.BG1 and around 9 (23 ± 2 �C) 
and 8 (90 ± 2 �C) for CSW.SAP.BG2.

Fig. 24 compares normalized releases after 7 days at 90 �C of the 
SAP and SAP-BG samples. It is clear that the addition of the boro-
silicate glass greatly improves the retention specifically of the 
fission products, but not of the matrix elements. The matrix
CSW.SAP.BG2 made from SAP blended with borosilicate glass and
reacted for 4 h resulted in the better retention of fission products
among the SAP-BG studied matrices. Finally, from the profile ob-
tained for LiKCl.SAP.BG it is clear that the release of matrix elements
is not affected by the introduction of a mixture of chlorides (CSW)
instead of the eutectic melt LiCl-KCl (59-41 mol%).



Fig. 16. Surface of CSW.SOD.BG grains: (a) before leaching tests [24] (Mag. 10000x); (b)
after 90 days at 23 ± 2 �C (Mag. 10000x); (c) after 1 day at 90 ± 2 �C (Mag. 10000x); (d)
after 90 days at 90 ± 2 �C (Mag. 10000x).

Fig. 17. CSW.SAP leaching tests. Percentage of release after 7 days at 90 ± 2 �C.

Fig. 18. CSW.SAP.GF. Time evolution of pH and normalized releases (g/m2) at  90  ± 2 �C.
(rubidium and cesium), harder to retain and consequently more
mobile in the environment;

� an intermediate release for bivalent ions of alkaline earth metals
(strontium and barium);

� a minor release for the trivalent ions of lanthanides.

By comparing the normalized releases of CSW.SOD.BG with the
corresponding ones of CSW.SOD.GF after 7 days at 90 �C, the two
SOD-based samples show comparable releases. On the contrary, by

3.2.5. Final remarks
Fig. 25 summarizes the results, in terms of normalized release 

after 7 days at 90 �C, obtained for all the matrices of this study. Even 
if 7 days is a rather short period to evaluate dissolution behavior, it 
is worth to make some comments and comparisons regarding 7 
days tests, without inferring long term performances.

According to Fig. 25, alkaline (Na, Li, K, Rb, Cs) and alkaline earth 
(Ca, Sr, Ba) metals are more leachable than lanthanide metals (La, 
Ce, Pr, Nd) as it could be expected due to the fact that alkali metals 
and alkaline earths are more soluble in aqueous solutions and 
generally leach more readily from glass and ceramic wasteforms.

It should also be noted that the behavior of salt ions introduced 
with the mixture of waste is consistent with the following:

� a greater release of monovalent ions of alkali elements
comparing CSW.SAP.BG2 with CSW.SAP.GF it is apparent that the 
addition of GF reduces by one order of magnitude the release of K, P, 
Na and Ca among matrix elements and of Rb and Cs among fission 
products. Thus, the immobilization properties of SAP blended with 
glass frit are better than CSW.SAP.BG2 for most fission products 
except for Ba and Nd.

Finally, by comparing the leaching behavior of CSW.SAP.GF after 
7 days at 90  �C with that of CSW.SOD matrices blended with glass, it 
is evident that, for most fission products, CSW.SAP.GF releases are 
lower by at least one order of magnitude. Thanks to the long term 
leaching tests here performed for some of the studied matrices it is 
also possible to affirm that the same behavior is maintained up to 
90 days (Fig. 26). Therefore, among the studied matrices, 
CSW.SAP.GF showed the best confining performances with respect 
to both matrix elements and fission products.
4. Discussion

An attempt was made to collect as much as possible literature 
data comparable with the results of the present study. For this 
purpose, Table 3 reports herein obtained data and literature results 
related to:

� analogous ceramic wasteforms previously studied by the pre-
sent authors [24,25,30];

� ceramic waste forms containing sodalite with the addition of
25 wt% glass frit, synthesized at Argonne National Laboratory



Fig. 19. CSW.SAP.GF leaching tests. Time evolution of the normalized release rates
(g,m�2, day �1) at 90 ± 2 �C.

Fig. 20. CSW.SAP.GF leaching tests. Percentage of release after 90 days at 90 ± 2 �C.

Fig. 21. CSW.SAP.GF leaching tests. Surface of grains: (a) before leaching tests
(Mag.10000x); (b) after 7 days at 90 ± 2 �C (Mag.10000x); (c) after 30 days at 90 ± 2 �C
(Mag.10000x) and (d) after 90 days at 90 ± 2 �C (Mag.10000x).
(ANL) through Hot Isostatic Pressing (HIP) and through 
Pres-sureless Consolidation (PC) [12]
� a ceramic waste form composed of about 70 wt% of sodalite,
25 wt% of binder glass, and a 5% total of inclusion phases (halite, 
nepheline and various oxides and silicates) obtained at ANL 
through Hot Isostatic Pressing (HIP) [11,13];

� a SOD-based matrix with the addition of 25 wt% of borosilicate
glass frit obtained at Idaho National Laboratory (INL) through 

Pressureless Consolidation (PC) [15]
� a SAP based matrix (50 wt%) with the addition of CSW (25 wt%)
and of borosilicate glass (25 wt%), with a ratio SAP/salt ¼ 2, 
termed SAP 125, obtained at Korean Atomic Energy Research 
Institute (KAERI) [27]

The data shown in Table 3 allow a number of considerations to 
be made. Very few literature works report the behavior of sodalite-
and SAP-based matrices and even less data can be found regarding 
the release of fission product chlorides. Concerning the matrix el-
ements, CSW.SOD.BG shows releases significantly higher with 
respect to similar matrices reported in the literature, while 
CSW.SOD.GF shows releases only slightly higher (Table 3). On the 
contrary, it was observed that cesium, characterized by a high 
solubility in water, seems to be better retained by both the herein 
studied sodalite-based matrices compared to literature values. This 
behavior can be ascribed to the possible presence of a pollucite 
phase in the leached samples that was observed in several samples 
specifically prepared to investigate the incorporation of the sole Cs 
(Section 3.1). Similar considerations can be made for SAP-based 
matrices. Only a few literature results were found concerning the 
SAP matrix blended with borosilicate glass, while no results were 
found for SAP blended with glass frit. According to the collected 
data, the here studied CSW.SAP.BG matrix exhibits lower retention 
properties with respect to similar matrices studied by Park et al.
[27,35]. Differences in the borosilicate glass composition utilized in 
the matrices preparation could be responsible of this discrepancy, 
in particular taking into account that in the present study a com-
mercial BG was used without any optimization of the glass 
composition.

CSW.SAP.GF, which is the matrix that better behaves among the 
ones studied in this work, shows leaching performances close to 
those reported in the literature. It is worth noting that both the 
SAP-based matrices here studied show very low normalized



Fig. 22. CSW.SAP.BG1 leaching tests. Percentage of release after 7 days at 90 ± 2 �C.

Fig. 23. CSW.SAP.BG2 leaching tests. Percentage of release after 7 days at 23 ± 2 �C and at 90 ± 2 �C.
releases for some fission products (Ba, La, Ce, Pr and Nd) whose 
PCT-leachability from SAP based matrices is poorly reported in 
literature and thus comparisons regarding these elements cannot 
be here discussed.

CSW.SAP.GF leaching data are also of the same order of magni-
tude of results reported by Ahn et al. concerning some SAP-based 
matrices with different formulations [36].

In order to establish the relevance of the obtained results, a 
further comparison can be made in term of normalized releases 
after 7 days at 90 �C with the PCT leaching data related to lantha-
nide borosilicate glasses expressly studied for disposal of highly 
active waste in the Yucca Mountain Federal Repository [37]. Ac-
cording to Table 4, the normalized releases of the CSW.SAP.GF 
matrix are of the same order of magnitude or even lower if 
compared with the results obtained at the Savannah River National 
Laboratory.

It must be pointed out that in the scale-up of the SAP sintering 
procedure, adequate recovery systems should be adopted to cap-
ture the gaseous emissions intrinsic in SAP dechlorination process. 
Indeed, such gaseous emissions may contain active elements, such 
as Chlorine 36 which arises from irradiation of Cl-35 impurities in
the Zircaloy cladding [38]. Recovering of gaseous emissions can be 
performed with zeolite 4A columns, giving rise to a small amount of 
secondary waste that needs to be dealt with, for instance by 
transforming zeolite into sodalite [18].

5. Conclusions

The chemical properties of molten chloride salt waste arising
from the recovering of uranium and plutonium through pyro-
processing of spent nuclear fuel make the direct vitrification or
ceramization unfeasible. In the present work, SOD- and SAP-based
matrices were evaluated as potential matrices for the confinement
of chloride salt waste. To this purpose, different matrices loaded
with simulated chloride salt waste and blended with glass were
prepared, properly characterized and leached at ambient temper-
ature and at 90 �C up to 150 days.

The results showed that the release increases, as expected, with
increasing temperature. Moreover, it was observed that the addi-
tion of glass frit to SOD and SAP matrices enhances the matrix
retention capability, thereby improving the containment proper-
ties. In particular, among the studied matrices, the SAP matrix



Fig. 24. Comparison of normalized release of SAP and SAP-BG samples after 7 days at 90 �C.

Fig. 25. Normalized release after 7 days at 90 �C of all the samples under study.
blended with glass frit showed the best confining performances
with respect to both matrix elements and spent fuel elements.

An attemptwas alsomade to collate and summarize comparable
leaching data from the literature for matrices of interest in the
confinement of nuclear chloride waste. The literature review
highlighted the availability of leaching data mainly expressed in
terms of normalized release of matrix elements at 90 �C after 7
days. Very few data were found regarding fission products release.

According to the above comparison, the here studied SOD- and
SAP- matrices blended with glass frit exhibit normalized releases of
matrix elements comparable with similar results from the
literature.

From the long term leaching tests performed up to 150 days, it
was observed that at 90 �C normalized releases of both matrix
elements and fission products increased very slowlywith time from
7 to 30 days becoming almost constant from 30 to 90 days.

The normalized releases of the fission products are much lower
than those of the matrix elements except for the couple Rb-Cs
whose release is notable in all the studied matrices due to their
high solubility in water.

The results so far obtained suggest that the studied matrices
could be feasible for the confinement of chloride salt wastes. In
order to improve the retention capacity for Rb and Cs new glass
formulations need to be developed and investigated.

Given that the release of the various species present in the
conditioned waste is strongly influenced by external factors, such
as temperature and pH, the future experimental activities will be
devoted to the evaluation of the effect of pH conditions.



Fig. 26. Normalized release after 90 days at 90 �C of SOD, CSW.SOD.BG, CSW.SOD.GF and CSW.SAP.GF.

Table 3
Leaching test results according to PCT procedure: Normalized release (g,m�2) after 7 days leaching test at 90 ± 2 �C.

SOD.GF
[12]

SOD.GF
HIP method
* [11] 
** [13]

SOD.BG
PC method
[15]

SOD
This study

CSW.SOD.GF

� [24],
þ [25]

CSW.SOD.BG
This study

CSW.SAP.BG
SAP 125 [27]

CSW.SAP
This study

CSW.SAP.GF
This study,

þ [25]

CSW.SAP.BG1
This study

CSW.SAP.BG2
This study,

�� [30]

LiKCl.SAP.BG
This study

0.59 3.86 0.61�þ 2.23 0.84 6.67 0.31þ 4.09 1.31�� 11.1
0.14 1.16 0.99 6.78 3.39 17.4
0.39 0.11 0.75�þ 1.74 0.11 0.33þ 3.78 3.41�� 7.55
0.045 0.16 0.087�þ 0.052 0.059 0.799 0.080þ 0.030 0.041�� 0.030
0.047 0.29 0.157�þ 0.107 0.102 0.198 0.015þ 0.122 0.075�� 0.208

0.561 5.32 0.127 3.01 1.64 10.4

Li 0.45 (HIP) 0.66 (PC) 0.32** 
B 0.38 (HIP) 0.25 (PC) 0.10** 
Na 0.28** 
Al 0.097 (HIP) 0.06 (PC) 0.029** 
Si 0.09 (HIP) 0.05 (PC) 0.034** 
P
K 0.18* 0.23 0.96 0.89�þ 0.38 7.57 0.13þ 3.13 2.00�� 6.70

0.041 0.11 0.51 0.71 0.49
0.49þ 0.25 8.16 0.09þ 3.77 1.24

Ca 
Rb 
Sr 0.006þ 0.014 0.012 5.46 0.004þ 0.020 0.004��
Cs 1.13* 0.451þ 0.279 0.0098 11.3 0.0395þ 1.36 0.811��

0.0056þ 0.0137 3.42 0.0020þ 0.0103 0.0004
0.00496þ 0.00270 0.354 0.00044þ 0.00639 0.00033

0.366 0.00017 0.0050 0.00040
0.279 0.00028 0.00343 0.00028

Ba 
La 
Ce 
Pr 
Nd 0.00513þ 0.00275 0.367 0.00032þ 0.00703 0.00012

Table 4
Normalized release (g,m�2) after 7 days leaching test at 90 ± 2 �C.

Pu Frit B
[37]

CSW.SAP.GF
[25]

Si <0.0098 0.015
Sr 0.011 0.004
La 0.00046 0.00044
Nd 0.00012 0.00032
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