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Thermal diffusivity of molten CeCl;-MClI
(M = Li, Na, K, Rb, Cs) mixtures

Kseniya Kesler?®, Vasiliy Dokutovich?

Thermal diffusivity is a key thermophysical parameter that characterizes the rate of heat propagation
through a material under transient thermal conditions. For molten salts, including halide systems, this
property is of particular importance for the design and optimization of high-temperature processes.
Rare-earth metal halides, such as cerium(lll) chloride, are of interest due to their specific structural features
and their role as model systems in nuclear technology research. Owing to its electrochemical similarity to
plutonium, CeCl; is widely employed in experimental studies simulating actinide behavior in pyrochemical
processing of spent nuclear fuel. While the thermal diffusivity of pure alkali halides is relatively well studied,
the introduction of trivalent cations such as Ce** leads to significant structural rearrangements in the melt,
making direct extrapolation from pure salts unreliable. This work focuses on the thermal diffusivity of
binary CeCl;-MCl (M= Li, Na, K, Rb, Cs) systems over a wide temperature range, using calculated values
based on experimental data for thermal conductivity, density, and specific heat capacity. The results reveal
a pronounced dependence of the thermal diffusivity on the cationic composition and temperature.
The observed trends are interpreted in terms of changes in molar mass, ionic mobility, interionic interaction
energies, and structural organization within the melts. The findings provide valuable input for validating
molecular dynamics simulations, as well as for developing predictive models of heat and mass transfer in
high-temperature applications, including pyrochemical nuclear fuel processing and thermal energy storage
systems.
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1. Introduction

(http://creativecommons.org/licenses/by/4.0/).

Molten salts, including halides, are widely used as
heat transfer fluids and functional media in various high-

Thermal diffusivity is one of the key thermophysical
parameters that determines the rate of heat propagation
in a material under non-steady-state thermal conditions.
Unlike thermal conductivity, which characterizes a
material’s ability to conduct heat under steady-state
conditions, thermal diffusivity reflects how quickly a
substance responds to changes in temperature over time.
Thermal diffusivity is quantitatively related to thermal
conductivity, specific heat capacity, and density. The
study of thermal diffusivity is critically important for
numerical modeling of heat transfer under significant
temperature gradients, as well as for the calculation of
thermal regimes in high-temperature technological and
energy systems.
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temperature technological installations. For example,
mixtures based on fluorides and chlorides of alkali and
rare-earth metals are employed as electrolytes in systems
for the production of rare-earth elements, as well as metals
and their alloys [I-8], in reactive media for the
pyrochemical processing of spent nuclear fuel [9-11], and
serve as key materials in concentrating solar power plants
and thermal energy storage systems [12-15]. In each of
these cases, knowledge of thermal diffusivity is of practical
importance: for the design of heat and mass transfer
processes, the selection of materials with minimal thermal
losses and maximum thermal stability, and the numerical
modeling of such processes.

To estimate the thermal diffusivity of molten salts,
computational methods are often used, based on data for
thermal conductivity, density, and specific heat capacity.
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However, these properties strongly depend on
temperature and composition, and experimental data are
often contradictory. This is particularly true for molten
halides of rare-earth elements, where the presence of
multiply charged ions, such as Ce**, can significantly
affect interionic interactions, melt structure, and the
contributions of different heat transfer mechanisms.

Cerium, as one of the lanthanides, plays an important
role in simulation studies of nuclear technologies. Due to
its electrochemical properties being similar to those of
plutonium [16-17], its compounds are used as model
systems to study the behavior of radioactive components
without the need to handle nuclear materials. Cerium(llI)
chloride is often employed as a model salt component in
the development of pyrochemical processes, such as the
electrodeposition of uranium and plutonium in molten
chlorides [I8-22]. Thus, knowledge of the thermal
diffusivity of melts based on CeCl; and its mixtures with
alkali metal chlorides is of interest not only for
fundamental science but also for the development of
specific technological solutions in non-aqueous
electrochemistry, spent nuclear fuel processing, and high-
temperature energy applications.

Data on the thermal diffusivity of pure alkali metal
halides and their mixtures are relatively well studied
[23-28]. However, when trivalent ions such as Ce®** are
added to the melt, the system’s behavior becomes
significantly more complex. It is therefore necessary to
determine the thermal diffusivity of binary mixtures
containing cerium(lIl) chloride, since simple extrapolation
from the pure salts becomes impossible due to structural
changes in the melt and the redistribution of
contributions from different heat transfer mechanisms.

Nevertheless, the literature reports data on the
electrochemical properties of molten chloride systems
containing CeCl; [29-33], while information on their
thermal diffusivity remains limited to only a few studies.

A systematic study of the thermal diffusivity of
molten mixtures of cerium(lll) chloride with alkali metal
chlorides will help reveal the influence of cation radius,
mass, and interionic interactions on heat diffusion in the
melt. It is expected that as the radius and mass of the cation
increase from Li* to Cs*, the thermal diffusivity decreases,
owing to the reduced average kinetic energy and
enhanced structural organization of the system.
Moreover, knowledge of thermal diffusivity is essential for
validating the results of numerical modeling (molecular
dynamics, Monte Carlo methods), which use simplified
interionic interaction potentials. Comparison of
calculated and experimental values allows for the
calibration of such models, enabling the prediction of
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properties of new compositions without labor-intensive
experiments.

The present work aims to evaluate the thermal
diffusivity of molten binary systems CeCl;-MCI, where
M=1i, Na, K, Rb, Cs, over a wide temperature range,
based on experimental data on thermal conductivity,
isobaric specific heat capacity, and density. Temperature
dependences are analyzed, the influence of the alkali
metal cation nature is assessed, and possible heat transfer
mechanisms are discussed. The obtained data will
complement the existing database on the thermophysical
properties of cerium(lll) chloride-containing halide melts
and may be used in the design and optimization of high-
temperature processes in the chemical and energy
industries.

2. Result and discussion

Thermal diffusivity (a, m2/s) was calculated using
formula (1):

A
a=-—"—
Cp .p’ (])

where A - thermal conductivity, W/(m - K), p — density,
g/m3, C,, — isobaric specific heat capacity, ]/(g - K).

Thermal conductivity values used in the work were
obtained by the authors using the stationary method of
coaxial cylinders and published in the work [34]. There
are no data in the literature on the density of molten
mixtures of cerium(lll) chloride with alkali metal
chlorides; therefore, for these systems, its values were
calculated using the software Data Organizer 1.0. The
methodological part was described in the A.M. Potapov’s
work [35]. As an example, Table 1 shows the density values
calculated at a temperature of 1023 K.

In the present study, it was not possible to achieve
reproducible values of the specific heat capacity at
constant pressure of molten chloride mixtures
CeCl;-MCl, where M= Li, Na, K, Rb, Cs using the DSC
method on the STA 449 C Jupiter instrument. There are
no similar data in the literature, therefore, empirical
Equation (2) was derived based on experimental data for
isobaric specific heat capacity alkali chlorides (Li [36], Na,
K, Cs [37], Rb [38] and their mixtures [39]), alkaline earth
chlorides (Be, Sr [38], Mg, Ca, Ba [37]), rare-earth chlorides
(La, Ce, Nd, Pr, Gd, Dy [40], Sm, Tm [41], Tb [42]) and
(LiCI-KCI)-NdClIz-CeClz-UCIz mixtures [43] (Figure 1).

66.47
Cp ==+ 0167 £0.2. 2
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Table1- Density values of molten salt mixtures of cerium(lll)
chloride with alkali-metal chlorides at 1023 K.
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Figure 2 shows concentration dependences of molten
mixtures of cerium chlorides and alkali-metal chlorides at
1023 K as an example.

The thermal diffusivity of molten mixtures decreases
from lithium to cesium and negative relative deviations
from additive values increases (Table 3).

The greatest deviations are observed in mixtures
containing cerium chloride. Deviations in mixtures with
lithium chloride lie within the limits of experimental error
in measuring thermal diffusivity.

Table 2 - Equation of temperature dependence of thermal
diffusivity of cerium(lll) chloride and its mixtures with alkali-
metal chlorides.

Composition of the salt melt Equations (a* 10-7), m%/s
CeCl3 a=0.0067-1.6776

0.75 LiCl-0.25 CeCl3 a = 0.0051 7-1.1I360
0.50 LiCl-0.50 CeCls a = 0.0054 7-1.2664
0.25 LiCI-0.75 CeCl3 a = 0.0057 T-1.4546

Composition of the salt melt Density (p ° 10-¢), g/m3
CeClz 3.3110 £ 0.0662
0.75 LiCI-0.25 CeCls 2.2753 + 0.0455
0.50 LiCI-0.50 CeCl3 2.7583 + 0.0552
0.25 LiCl-0.75 CeCls 3.0803 £ 0.0616
0.75 NaCl-0.25 CeCls 2.2417 + 0.0448
0.50 NaCl-0.50 CeCl3 2.6986 + 0.0540
0.25 NaCl-0.75 CeCls 3.0438 £ 0.0609
0.75 KCI-0.25 CeCl3s 2.0795 + 0.0416
0.50 KCI-0.50 CeCl3 2.5464 + 0.0509
0.25 KCI-0.75 CeCl3 2.9569 + 0.0591
0.75 RbCI-0.25 CeClz 2.4702 + 0.0494
0.50 RbCI-0.50 CeCls 2.7589 + 0.0552
0.25 RbCI-0.75 CeCl3 3.0468 + 0.0609
0.75 CsCl-0.25 CeClz 2.7349 + 0.0547
0.50 CsCI-0.50 CeCl3 2.9038 £+ 0.058I
0.25 CsCI-0.75 CeClz 3.1090 £ 0.0622
2,25
2
g s S X °l
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S 1 °
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Figure 1 Summary data on the values of specific heat capacity of
chlorides of alkali, alkaline earth, rare earth metals and their
mixtures from the reciprocal molar mass of the salt.

The basis of the equation is the empirical dependence
of the experimental values of the heat capacity on the
reciprocal molar mass using the example of fluorides from
the work [44]. The resulting in this study Equation (2) can
be used to estimate the specific isobaric heat capacity of
chloride melts for which there are no data in the literature
and experimental measurement may be difficult.

Table 2 shows the thermal diffusivity equations for
all studied systems at various temperatures. The margin of
error of the thermal diffusivity was calculated and
amounted to 8.63 %.

0.75 NaCl-0.25 CeCl3 a =0.00567-2.2368
0.50 NaCl-0.50 CeCl3 a =0.0057 7- 2.038l
0.25 NaCl-0.75 CeCl3 a = 0.0058 7-1.8502
0.75 KCI-0.25 CeCl3 a =0.0056 T-1.8573
0.50 KCI-0.50 CeClz a = 0.0055 7 - 2.1541
0.25 KCI-0.75 CeCl3 a =0.0057 T- 2.5224
0.75 RbCl-0.25 CeCl3 a =0.0044 7 - 2.4186
0.50 RbCI-0.50 CeCl3 a =0.0056 T- 2.5841
0.25 RbCl-0.75 CeCl3 a =0.00557-2.1726
0.75 CsCl-0.25 CeCls a =0.0034 7-1.1023
0.50 CsClI-0.50 CeCl3 a = 0.0039 7- 11740

0.25 CsCl-0.75 CeCls

a = 0.0041 7-1.1871

g
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Figure 2 Concentration dependence of the thermal diffusivity
of chloride systems at a temperature of 1023 K, where
I. LiCI-CeClz (R2=0.9992), 2.NaCl-CeClz (R2=0.9662),
3.KCl-CeClz  (R2=0.9868), 4.RbCI-CeClz (RZ=0.9456),
5. CsCI-CeClz (R2 = 0.9643).
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As an example, Figures 3 and 4 show the temperature
dependences of the thermal diffusivity for mixtures
LiCl-CeCl; and KCI-CeCl;. Figure 3 shows a change in
composition from pure lithium chloride to cerium(lll)
chloride.

This dependence seems surprising because cerium(llII)
chloride has a lower thermal conductivity (0.65 W/m - K)
than lithium chloride (W/m - K) at 1023 K [34], but of
cerium(lll) chloride’s thermal diffusivity is higher than
that of lithium chloride. This is due to the significantly
smaller isobaric heat capacity of CeCl;, which, with
comparable density, leads to a decrease in the value p - C,,
in the Equation (1).

Table 3 - Relative deviations from additive values of thermal
diffusivity for CeClz-MCl mixtures at 1023 K.

Composition Relative deviations, %
0.75 LiCl-0.25 CeCl3 0.98
0.50 LiCI-0.50 CeClz 0.91
0.25 LiCl-0.75 CeCl3 0.51
0.75 NaCl-0.25 CeCl3 -6.24
0.50 NaCl-0.50 CeCls3 -9.78
0.25 NaCl-0.75 CeCl3 -11.98
0.75 KCI-0.25 CeCl3 -11.23
0.50 KCI-0.50 CeCls -14.53
0.25 KCI-0.75 CeCl3 -15.64
0.75 RbCI-0.25 CeCl3 -16.82
0.50 RbCI-0.50 CeCl3 -17.35
0.25 RbCI-0.75 CeCl3 -6.56
0.75 CsCl-0.25 CeClz -26.88
0.50 CsCI-0.50 CeCl3 -24.65
0.25 CsCI-0.75 CeClz -25.87
~~ 50
o 48
Z 4,6
% 4,4
2 T 42
s S 40
T 38
§ 3,6
£ 34
950 1000 1050 1100
Temperature, K
e CeCl3 0.25Licl 0.5LiCl 0.75Licl Licl

Figure 3 Temperature dependences of the thermal diffusivity
for mixtures LiCl-CeClz.
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Figure 4 Temperature dependences of the thermal diffusivity
for mixtures KCI-CeCls.

Moreover, the specific structural features of molten
CeCl; - particularly the presence of a loose network
structure characteristic of molten rare-earth metal halides
- may contribute to a different heat transfer mechanism,
in which a more ordered structure facilitates a more
efficient leveling of temperature gradients.

At the same time, for mixtures containing other alkali
metals, the dependence exhibits the same trend, as
illustrated in the example KCI-CeClz shown in Figure 4.

The thermal diffusivity of all studied mixtures
increases with increasing temperature. This is consistent
with general trends for ionic melts. The absolute values of
thermal conductivity decrease with an increase in the
proportion of KCI: the highest values are typical for pure
CeCl;, the lowest for mixtures with a composition of
0.75KCI. The thermal diffusivity of pure potassium
chloride, as measured, is found to be higher than that of a
mixture containing 0.75 moles of KCI and 0.25 moles of
CeCl;. Additionally, the slope of the temperature
dependence for pure KCI appears to be lower, which
requires separate consideration.

Firstly, pure KCI is an ionic melt with a simple
structure dominated by K* and Cl-ions. This accounts for
its relatively high thermal diffusivity. In contrast,
structural rearrangements may occur in mixtures with
CeCl;: Ce** ions tend to form stable coordination
complexes ([CeCl¢]3- and others), as confirmed by the data
reported in [45], leading to a more pronounced
temperature dependence of the system’s thermal
properties.

Secondly, thermal diffusivity is determined by the
relationship between thermal conductivity, density, and
heat capacity. Upon the introduction of CeCl;, the
density and heat capacity of the melt can decrease;
however, the formation of complex ionic structures and
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changes in interionic interactions can offset or even
enhance the resistance to heat transfer. This explains why
the thermal diffusivity of the mixture containing
0.75 mol. fraction KCl is lower than that of pure KCI.

Finally, the smaller slope of the temperature
dependence of thermal diffusivity in pure KCI is due to
the absence of structural rearrangements with increasing
temperature. In mixtures, by contrast, rising temperature
can cause the breakdown of coordination complexes,
thereby increasing the mobility of heat carriers and
enhancing thermal diffusivity.

Thus, the differences between the thermal diffusivity
of pure KCI and its mixture with CeCl; are related not
only to composition but also to the specific features of
interionic interactions and the possible structural
rearrangement upon heating. This highlights the
importance of considering structural effects when
interpreting the thermal characteristics of
multicomponent melts.

3. Conclusions

The thermal diffusivity of CeCl;-MCI (M= Li, Na, K,
Rb, Cs) depends on temperature and alkali cation type. It
increases with increasing temperature for all studied
mixtures in a wide temperature range (973-1073 K). This
behavior correlates with the behavior of thermal
conductivity of the studied systems. It is due to the
increase in thermal conductivity and the decrease in
density with increasing temperature, while the isobaric
heat capacity changes to a lesser extent.

A comparison of mixtures with various alkaline
cations shows that the thermal conductivity decreases in
the series: CeCl;-LiCl > CeCl;-NaCl > CeCl;-
KCI > CeCl;-RbCl > CeCl5-CsCl.

This is associated with an increase in the molar mass
of M" ions and the corresponding increase in the density
and heat capacity of the systems when moving from
lighter to heavier cations, which collectively reduces the
value of a. The influence of the alkali component on
thermal diffusivity may also be related to differences in
ionic mobility and the nature of interionic interactions in
the presence of trivalent cerium.

Thus, the thermal diffusivity of CeCl;-MCl melts
exhibits a pronounced dependence on both cationic
composition and temperature, reflecting a complex
interplay of mass, structural, and energetic factors such as
interionic interaction energy and ion polarizability. The
obtained correlations can be used to develop heat and
mass transfer models for high-temperature processes,
including pyrochemical technologies for handling nuclear
materials in which cerium is employed as an actinide
surrogate.
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