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a b s t r a c t

This study reports on the dissolution behavior of SrO in LiCl at varying SrO concentrations from low
concentrations to excess. The amount of SrO dissolved in the molten salt and the species present upon
cooling were determined. The thermal behavior of LiCl containing various concentrations of SrO was
investigated. The experimental results were compared with results from the simulated results using the
HSC Chemistry software package. Although the reaction of SrO with LiCl in the standard state at 650 �C
has a slightly positive Gibbs free energy, SrO was found to be highly soluble in LiCl. Experimentally
determined SrO concentrations were found to be considerably higher than those present in used nuclear
fuel (<2 g/kg). As Sr-90 is one of the most important heat-generating nuclides in used nuclear fuel, this
finding will be impactful in the development of fast, simple, and proliferation-resistant heat reduction
processes for used nuclear fuel without the need for separating nuclear materials. Heat reduction is
important as it decreases both the volume necessary for final disposal and the worker handling risk.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The removal of radioactive isotopes that generate a large
quantity of heat from used nuclear fuel (UNF) is an essential step
before disposal or recycling [1,2]. High decay heat generation in
UNF necessitates a larger disposal volume and increases the
handling risk to workers [3e5]. For the first few centuries, heat
generation is dominated by two fission products, Sr-90 and Cs-137.
After 50 years of cooling, these two isotopes and their decay
products still produce significant portions of the total UNF decay
heat [6,7]. Sr-90 decays into Y-90, which subsequently decays into
stable Zr-90. Both Sr-90 and Y-90 are beta-emitting radionuclides.
Cs-137 undergoes beta decay into Ba-137m, which then decays into
stable Ba-137 through the emission of g-rays.

One of the promising methods for the partitioning of these
problematic radionuclides from UNF can be the dissolution of their
oxides into molten salt. The dissolution of SrO, Cs2O, and BaO were
observed during the electrolytic oxide reduction of UNF [8e11].
.

by Elsevier Korea LLC. This is an
Some researchers more thoroughly studied the reactions of alkali
and alkaline earth metal oxides with molten salt [12e17]. Because
the reactions of Cs and Ba oxides with LiCl are thermodynamically
spontaneous, they are highly soluble in LiCl. In contrast, the reac-
tion of SrO with LiCl at standard state at 650 �C has a positive Gibbs
free energy, as shown in Table 1 [18].

Despite this thermodynamic limitation, SrO has been found to
be soluble in LiCl. For example, Herrmann et al. [19,20] reported
that Sr, Cs, and Ba oxides are soluble in the LiCl salt, showing an
accumulation of Cs (690e719 ppm), Ba (620e630 ppm), and Sr
(250 ppm) after six runs of electrolytic reduction were performed.
W. Park et al. [21] carried out electrolytic reduction experiments
using simulant oxide used nuclear fuel. They showed that 91.3% of
Ba was dissolved from the fuel into LiCl salt, whereas only 66.8% of
Sr was found in the salt. Although this significant amount of
dissolution of SrO can be utilized to remove heat-generating SrO
from UNF without separating nuclear materials from used fuel
mixtures, no studies have yet examined the dissolution behavior of
SrO in LiCl under various conditions and discussed its reaction
mechanism.

This study investigates the dissolution behavior of SrO in LiCl at
varying SrO concentrations from low to excess. The amount of SrO
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Table 1
Gibbs free energy change for chlorination reactions of alkali and alkaline earthmetal
oxides with LiCl at 650 �C [18].

Reaction Gibbs free energy change [kJ/mol]

Cs2Oþ 2LiCl/ 2CsClþ
Li2O

�287.6

BaOþ 2LiCl/ BaCl2 þ Li2O �55.5
SrOþ 2LiCl/ SrCl2 þ Li2O 1.517
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dissolved in the molten salt was determined, as well as the species
present upon cooling. The effect of increasing SrO dissolution on
the thermal behavior of the salt was analyzed. Based on the
experimental results, the mechanism of the SrO dissolution in LiCl
at 650 �C was discussed. Finally, the equilibrium composition was
derived and compared with those simulated using the HSC chem-
istry 10 software package.

2. Experimental

2.1. Materials

LiCl (anhydrous, > 99.9%) and SrO (anhydrous, > 99.5%) were
purchased from Alfa-Aesar. HNO3 (70%, purified by redistillation, �
99.999% trace metals basis) was purchased from Sigma Aldrich. The
anhydrous chemicals were stored in an Ar atmosphere glovebox
([O2], [H2O] < 5 ppm). LiCl was used as received in all experiments.
Known amounts of SrO powder was pelletized into a cylindrical
shape (diameter: 10.0 mm, height: 2.50e10.0 mm), using cold
isostatic pressing (100 MPa) before use in the experiments.
Alumina crucibles (�99.8%) were purchased from SL SciLab.

2.2. Experimental setup

All the experiments were conducted in an electrical furnace
integrated into a glovebox ([H2O], [O2] < 5 ppm). The specific
experimental conditions are summarized in Table 2. SrO pellets and
LiCl were loaded into an alumina cell at room temperature, and the
cell was heated up to 650 �C, the typical operating temperature of
the pyrochemical oxide reduction process [9,19,22]. Fig. 1. (a-1)
shows the experimental configuration for the dissolution of SrO
pellets in LiCl. The experimental cell consisted of LiCl, SrO pellets,
and an alumina crucible (inner diameter: 32.0 mm, height:
29.0 mm, thickness: 3.50 mm). In Exp 6, a stainless-steel mesh
basket (mesh size: 44 mm) was used to separate the undissolved
SrO pellets and any suspended solids from the molten LiCl salt, as
shown in Fig. 1. (b-1).

The cell was held at 650 �C for 3 h, followed by salt sampling
using a stainless-steel ladle. A dissolution time of 3 h was consid-
ered adequate in Exp 1e4, based on our visual observations and
literature reports for SrO dissolution [17]. However, in the case of
Table 2
Experimental conditions and ICP-OES results of the dissolution experiments (Exp 1e6) i

Exp. No. Sampling time [h] Initial salt composition

Mass [g] Conc. of SrO [wt%] Conc. of Sr [w

SrO LiCl

Exp 1 3 0.5 9.5 5.00 4.23
Exp 2 3 1.5 8.5 15.00 12.68
Exp 3 3 2.0 8.0 20.00 16.91
Exp 4 3 4.0 6.0 40.00 33.82
Exp 5 15 6.0 5.0 54.55 46.12
Exp 6a 15 6.0 5.0 54.55 46.12

a A Stainless steel mesh basket was used as a containment for SrO pellets to separate
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Exp 5 and 6, some solid from the SrO pellet was observed even after
3 h of dissolution. Tomake sure that the reactionwas not limited by
the time, we held the cell 12 h more and then took the samples.
Samples taken from Exp 1e4 were analyzed using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES), X-Ray
Diffraction (XRD), Thermogravimetric Analysis-Differential Scan-
ning Calorimetry (TGA-DSC), whereas only ICP-OES was used to
analyze samples of Exp 5e6.

2.3. Analytical methods

ICP-OES (Agilent 5110), XRD (Rigaku SmartLab), and TGA-DSC
(Setaram Labsys Evo) were used for sample analysis. The concen-
trations of Sr and Li in the samples were analyzed using ICP-OES
(R2 > 0.999 for calibration curve), and their phases at room tem-
perature were identified using XRD. Because of the hygroscopic
nature of the salt samples, they were loaded in an air-tight holder
inside the glovebox to maintain inert conditions during the XRD
measurement. The masses of XRD samples were controlled for the
comparison of the relative amount of the species in the samples
from the XRD peak ratios. For the TGA-DSC, samples were kept in
argon-filled vials, and argon gas was purged into the device
throughout the measurement. They were exposed to air only at the
moment of sample loading on the equipment in an effort to mini-
mize water ingress.

3. Results and discussion

3.1. Dissolution behavior of SrO into LiCl at 650 �C

The extent of the dissolution of SrO into LiCl was experimentally
tested in Exp. 1e6. The concentrations of Sr in the samples, as
determined using ICP-OES, are shown in Table 2. The concentra-
tions of Sr in Exp.1e4weremeasured and found to be similar to the
initial composition (dissolution¼ 97.34%e102.13%). Although there
were small deviations between the theoretical maximum concen-
tration of Sr and the value measured using ICP-OES, the deviations
were sufficiently small (<2.66%) to be considered as systematic
errors. Thus, it can be interpreted that all the SrO pellets were
dissolved in LiCl in Exp 1e4, which is supported by the visual
observation of the experimental cell (Fig. 1. (a-2)).

In contrast, the value was found to be 93.10% and 91.89% of the
theoretical maximum in Exp 5 and 6, respectively. Although the
experimental cell was held in the furnace for 15 h at 650 �C, the SrO
pellets added to LiCl were not fully dissolved, as shown in Fig. 1. (a-
3) and (b-2). This is a change in behavior when compared to the
smaller SrO additions, suggesting that the solubility limit of SrO in
molten LiCl has been reached. The concentrations of Sr in the
samples from Exp 5 and 6 indicate that the solubility of SrO in LiCl
at 650 �C can be estimated to be lower than 50.79 wt%.

The phases of solidified salt samples from Exp 1e4 were
n molten LiCl at 650 �C.

Conc. of Sr measured by ICP-OES [wt%] Dissolution from initial SrO [%]

t%]

4.32 ± 0.15 102.13 ± 3.55
12.88 ± 0.08 101.58 ± 0.63
16.46 ± 0.35 97.34 ± 2.07
33.12 ± 0.36 97.93 ± 1.06
42.94 ± 0.20 93.10 ± 0.43
42.38 ± 0.08 91.89 ± 0.17

undissolved pellets from the salt.



Fig. 1. Initial experimental configuration for (a-1) Exp 1e5, (b-1) Exp 6, status of the experimental cell at 650 �C for (a-2) Exp 1e4, (a-3) Exp 5, and (b-2) Exp 6.

Fig. 2. XRD patterns of solidified salt samples from (a) Exp 1 (5.0 wt% of SrO), (b) Exp 2
(15.0 wt% of SrO), (c) Exp 3 (20.0 wt% of SrO), and (d) Exp 4 (40.0 wt% of SrO).
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identified by XRD at room temperature (Fig. 2. (a)~(d)). Products of
the dissolution reaction of SrO in molten LiCl are well illustrated in
the collected XRD pattern of the most concentrated sample (Fig. 2.
1536
(d)), in which Sr4OCl6 and Li2O phases, in addition to LiCl, were
observed. However, another potential species in the samples, SrO,
was not distinguishable because the peak patterns of the LiCl and
SrO were overlapped due to their crystal structures possessing
almost the same diffraction angles.

As the concentration of SrO in the LiCl increased, the intensity of
the peak patterns corresponding to Sr4OCl6 and Li2O increased
together, while more LiCl was consumed by the dissolution reac-
tion. Although the peak patterns of Li2O are not visible in the results
of samples from Exp 1e3 due to the relatively low amount of Li2O,
the intensity increased with the higher concentration of SrO. Based
on these results, the overall behavior of SrO when undergoing
dissolution and then subsequent quenching in LiCl can be
expressed, as shown in Equation (1).

4SrOðsÞþ6LiCl#Sr4OCl6 þ 3Li2O (1)

The formation of alkaline earth metal oxychlorides in different
molten salt environments has been reported in the literature
[17,23,24]. Volkovich et al. [17] reported on the formation of the
bulky anionic strontium oxychloride species when SrO was dis-
solved in the molten SrCl2 salt, as described in Equation (2). Niko-
laeva et al. [23,24] also investigated the dissolution mechanism of
BaO in the BaCl2, and they observed the formation of anionic
barium oxychloride species in the molten salt using Raman spec-
troscopy as shown in Equation (3).

SrOðsÞþ SrCl2 þ ðn�2ÞCl�#½Sr2OCln�ðn�2Þ� (2)



Fig. 4. Solidus and liquidus temperatures of pre-melted LiCleSrO samples and the ICP-
OES result of the sample from Exp 5.
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BaOðsÞ þ ½BaCl6�4�#½Ba2OCl6�4� (3)

Therefore, the formation of strontium oxychloride species is
thought to be a reasonable explanation for the observed solubility
of SrO in the molten LiCl. This speciation in the molten salt system
arises from a different mechanism than SrCl2 formation, meaning
the Gibbs reaction energy will be different to the SrCl2 case
(Table 1), and in this case, likely negative.

3.2. Thermal behavior of LiCleSrO system

The effect of increasing concentration of SrO in LiCl on the
thermal behavior of the salt was investigated using TGA-DSC. The
heat flows of pre-melted LiCleSrO samples were monitored as the
temperature increased to their melting points (Fig. 3), while the
results of TGAwere not shown here because the mass losses by the
vaporization of the moisture in the samples were only observed.
The DSC results for the temperature range between 50 �C and
300 �C were omitted for the same reason. The endothermic peaks
indicating the melting of the samples appeared at temperatures
over 400 �C.

As more SrO was added to the LiCl, both the solidus and the
liquidus temperature of the samples occurred at lower tempera-
tures (from the result of Exp 1 to that of Exp 4). The decrease in the
melting point of LiCl containing SrO compared with that of pure
LiCl salt (Tm ¼ 605 �C) can be explained by eutectic melting be-
tween LiCl and SrO. Using the DSC results, the solidus and liquidus
temperatures of the pre-melted LiCleSrO samples were plotted in
Fig. 4.

The eutectic melting point can be estimated to be lower than the
liquidus temperature of the sample from Exp 4 (Teutectic < 488.46 �C),
which seems to be similar to the eutectic melting point of LiCleSrCl2
(Tm z 484 �C at 35.71 mol% of SrCl2) [25]. In addition, the solubility
of SrO can be derived from the liquidus composition because the
liquidus composition corresponds to the saturated concentration of
the solid phase in the liquid phase. From our DSC results, which
showed 649.14 �C and 674.85 �C of the liquidus temperature at
24.63 mol% (44.39 wt%) and 29.69 mol% (50.79 wt%) of SrO,
respectively, the solubility of SrO at 650 �C can be estimated to be
between the two values (44.39 wt%~50.79 wt%), as shown in Fig. 4.

3.3. Reaction equilibrium for SrO dissolution

The equilibrium composition of the dissolution reaction
described in Equation (1) was estimated by calculating the molar
fraction of each species in the equation using the ICP-OES results.
Fig. 3. DSC results of the pre-melted LiCleSrO samples from Exp 1e4.
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Three assumptions were established for the derivation. First, the
molar concentrations of Sr and Li obtained from the ICP-OES
measurement are equal to the sum of the molar concentrations of
each element in the reactants and products as described in Equa-
tions (4) and (5), respectively. Second, the ratio of molar concen-
trations of the products in Equation (1) is identical to that of the
stoichiometric coefficients in Equation (1). Third, the sample mass
is equal to the sum of the mass of each compoundmultiplied by the
dilution volume (Equation (7)).

½Sr� ¼ ½SrO� þ 4½Sr4OCl6� (4)

½Li� ¼ ½LiCl� þ 2½Li2O� (5)

½Sr4OCl6� ¼3½Li2O� (6)

V
�
MSrO½SrO� þMLiCl½LiCl� þMSr4OCl6 ½Sr4OCl6� þMLi2O½Li2O�

�¼m

(7)

where ½i� is the molar concentration of the species i (mol/L), Mi is
the molar mass of the species i (g/mol),m is the mass of the sample
(g), and V is the dilution volume of ICP-OES solution (L).

Solving the system of linear equations, Equations (4)e(7), the
molar concentrations of each species in Equation (1) were obtained,
as shown in Fig. 5. (a) and (b). As more SrO was added in LiCl, the
molar fraction of SrO itself and the reaction products (Sr4OCl6 and
Li2O) increased, while the molar fraction of LiCl decreased. This
trend is consistent with the change in the peak ratios in the XRD
results, which showed the increasing and decreasing intensity of
the peaks corresponding to the reaction products and LiCl,
respectively. However, the increasing molar fraction of SrO esti-
mated in Fig. 5 is still questionable because this trend was not
observable in the XRD results due to the peak overlap between SrO
and LiCl.

For the comparison with the chlorination reaction, the equilib-
rium for the reaction producing SrCl2 was also estimated in the
same way as for the Sr4OCl6, as shown in Fig. 5. (c) and (d) in which
the simulated results were provided together from using HSC
Chemistry 10. The simulationwas conducted with different activity
coefficients of SrO (gSrO¼ 0.1, 1.0, and 10), where an activity coef-
ficient of 8.4 was used for Li2O [26] while that of LiCl and SrCl2 were
set to 1 due to the absence of relevant data in the literature [27]. In
the case of Sr4OCl6, the database entry does not exist in HSC



Fig. 5. Equilibrium molar fraction of each species in the reaction for (a) 4SrOþ6LiCl#Sr4OCl6þ3Li2O, (b) enlarged figure for the red highlighted region in the left figure, equilibrium
molar fraction of each species in the reaction for (c) SrOþ2LiCl#SrCl2þLi2O (data represented by the dot, dash, and dash-dot lines corresponding to the result with gSrO ¼ 0.1,
gSrO ¼ 1, and gSrO ¼ 10, respectively, were derived from HSC Chemistry 10 software package simulation), and (d) enlarged figure for the red highlighted region in the left figure. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Chemistry 10, so the results could not be provided.
Although the data points in Fig. 5 possessed the high deviations

caused from the systematic errors from the scale and ICP-OES, and
the moisture contained in the samples, the overall trend in the
results of the chlorination reaction is not only similar to the results
of the reaction producing Sr4OCl6 but also to the simulated results.
At the low concentration of SrO, the simulated results with gSrO ¼ 1
showed the most similar trend to the experimental results because
the experimental setup was close to the ideal case. On the other
hand, at the high concentration of SrO, the experimental results
were located between the simulated results with gSrO ¼ 1 and
gSrO ¼ 10. This result seems to be reasonable because the activity
coefficient of SrO can vary with the surrounding enviornment.
Considering the real condition in UNF, which is a mixture of UO2
and fission products, the activity coefficient of SrO is expected to
smaller than in our experimental setup, and the reactionwill be less
1538
favorable, which is consistent with the results of the oxide reduc-
tion process conducted at Idaho National Laboratory [20].

4. Conclusions

This study reports on the unexpected high solubility of SrO in
LiCl at 650 �C by observing the dissolution behaviors and reaction
mechanisms of SrO at varying SrO concentrations. No solid phase
was observed until 40.0 wt% of SrO in LiCl was reached, while a
separate solid phase was noted at 54.55 wt%. In the case involving
an excess of SrO, at 54.55 wt%, up to 50.79 wt% of SrO was observed
in the solution phase. The amount of SrO dissolved in LiCl wasmuch
greater than the typical concentration (<2 g/kg) in UNF. The XRD
patterns of pre-melted LiCl containing SrO at room temperature
showed the presence of Sr4OCl6 in the quenched salt. In addition,
the simulated results for the reaction of SrO and LiCl to form SrCl2
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and Li2O at 650 �C were compared with the experimental results.
Considering the relatively low solubility of SrO in SrCl2 and Li2O in
LiCl, the high solubility of SrO in LiCl may be explained by an
entropy-driven phenomenon. While reacting SrO with LiCl, it
potentially forms SrCl2 and Sr4OCl6 that form a eutectic with LiCl. In
this complex eutectic, SrO may be soluble in LiCl and SrCl2. This
finding could be used to develop a fast, simple, and proliferation-
resistant heat reduction process for UNF without the need for
separating nuclear materials.
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