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The purpose of this work is to study the electrochemical behavior of uranium and cerium in fused In/3LiCl-2KCl system in the
temperature range of 723–823 K by open-circuit potentiometry. The apparent electrode potential of Ce3+/Ce (U4+/U) couples and
apparent standard potential of Ce-In (U-In) alloys vs AgCl/Ag reference electrode were established. The principal thermodynamic
properties, activity and solubility of cerium and uranium were determined. The separation factor of uranium/cerium couple on
liquid indium electrode was calculated. The experimental results have been shown that a lower temperature should be more
effective for the separation uranium from cerium.
© 2020 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
abb7f2]
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Nuclear power is one of the most environmentally friendly
sources of electricity compared to existing ones that use coal and
gas. Today, it plays an increasingly important role in the develop-
ment of modern society. The emergence of nuclear power gives us
the confidence when we talk about the replacing of organic fuel with
nuclear fuel. However, the development of nuclear power will also
lead to the increasing of radioactive waste. Currently, the efficient
reprocessing of spent nuclear fuel (SNF) is becoming the most actual
problem in the world.1–3

At recent years electrolysis or extraction in molten salts has been
increasingly used for reprocessing of nuclear waste. Molten salts is
used as a solvent during the high-temperature thermochemical
treatment of SNF because of their good chemical and radiation
stability. Facts have proved that molten salts are feasible as a
reaction medium in the process of separating lanthanides (Ln) and
actinides (An), which is also the most promising research plan for
the treatment of radioactive waste and spent nuclear fuel.4–6 Today,
the most important issue for reprocessing of spent nuclear fuel is a
creation of closed fuel cycle. Therefore, the separation and extrac-
tion of nuclear fission products have become one of the most
important issues in the world nuclear industry today.6–10

Currently, high-temperature methods are being studied for
reprocessing highly enriched SNF with a short holding time in
liquid metal-molten salt systems. For this it is necessary to study the
electrochemical properties and behavior of both rare earth elements
and basic fuel components (U, Pu). The nature and the composition
of the studied molten system plays a determining role for the
selectivity separation process of fission products.8,9,11–28

Understanding of the thermodynamic properties of fission elements
in SNF is critical to practical applicability in the actual separation
process. Cerium is one of the most dangerous elements of fission
products and, in addition, is a neutron poison. The electrochemical
and thermodynamic properties of cerium chloride compounds in
molten 3LiCl-2KCl eutectic were investigated at different tempera-
tures. The data show one-step reduction reaction of Ce (III) ions to
metal occurs on inert solid electrode. Also, it has been determined
one-step reduction process on active liquid electrodes by transient
electrochemical technique.29–33 The electrochemical and

thermodynamic properties of uranium compounds in molten
3LiCl-2KCl eutectic were studied.11,34–37 The mechanism of
cathodic reduction of uranium ions to metal and the influence of
various factors on this process has been investigated in these works.
The thermodynamic properties of the formation of An and Ln
intermetallic compounds on liquid electrodes, including the solubi-
lity in the liquid metals, the activity coefficients, the separation
factor between the An and Ln, and the Gibbs free energy change
have been studied. Although the separation of fission elements on
liquid electrodes is very effective and promising, there have been
only few studies on the separation by using liquid indium
electrodes.16,17,24,38–41

The goal of this manuscript is to study the principal thermo-
dynamic properties of cerium and uranium in molten 3LiCl-2KCl
eutectic, solubility of cerium in liquid indium and the separation
factor (SF) of U/Ce couple.

Experimental

The whole electrochemical research process was carried out in
In/3LiCl-2KCl matrix. The mole ratio of molten lithium/potassium
chlorides during the experiment was 3:2. Since lithium chloride is a
hygroscopic salt and this fact was influenced at the accuracy of the
experiments, the salt was placed in a vacuum drying furnace at a
temperature 473 K for 12 h for removing the moisture of water
before the investigations. Lithium chloride (>99.7%) and potassium
chloride (>99.7%) were purchased from Shanghai Zhan Yun
Chemical Co., Ltd. Cerium chloride heptahydrate (AR 99.99%)
was purchased from Aladdin Industrial Corporation. Reagents CeCl3
and UCl4 were prepared by reaction of carbochlorination.34

The experiments were carried out in a three-electrode quartz
glass tube under a high-purity argon atmosphere at the temperature
range of 723–823 K. An inert solid molybdenum electrode and an
active liquid indium electrode were used as the working electrodes.
The molybdenum electrode was a wire with a diameter of 0.5 mm.
The high-purity indium was placed in a micro-crucible made from
corundum. The amount of indium was 2–4 g. The reference
electrode was made from a corundum tube, the lower part of which
had a thickness less than 0.1 mm. This was provided the ion
exchange between the standard and the test electrolytes. The AgCl
content in standard molten salt was 0.0039 m.f. (1.0 wt.%).
Recalculation of the obtained data vs to the chlorine referencezE-mail: alena_novoselova@list.ru; zhqw1888@sohu.com
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electrode was carried out. The counter electrode for experiment was
made of 3 mm vitreous carbon rod (SU-2000). All electrochemical
data during the experiment were measured by using the PGSTAT
302 N electrochemical workstation (Autolab, Metrohm) controlled
by Nova 1.8 software package. The concentration of Ce and U in
molten 3LiCl-2KCl eutectic was about (2.0–3.0 wt.%) and less than
0.5 wt.%. in alloys. The following primary battery were used for
measuring equilibrium electrode potentials of Ce3+/Ce, (U4+/U)
couples (1) and for the equilibrium electrode potentials of the alloys
(2) by open-circuit chronopotentiometry (OCP):
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Using the OCP method it is possible to minimize the appearance of
trivalent uranium ions in the melt due to the short duration of part of
the experiment. In this regard, we can assume that the potential-time
dependence corresponds to the quasi-equilibrium potential of the U
(IV)/U couple.

After the experiments, a small amount of the alloy and a sample
of solid salts were dissolved, respectively, in acid and in aqueous
solutions. The concentration of cerium (uranium) in the samples was
determined by the ICP-MS test.

Results and Discussion

The equilibrium electrode potential of the Men+/Me couple
(where Me = Ce, U) was measured by OCP method. After
deposition of a small amount of metal on the surface of inert
molybdenum electrode, the value of horizontal plateau on the
potential-time dependence was fixed as the quasi-equilibrium
potential. In order to calculate the principal thermodynamic proper-
ties of MeCln in molten salts, the values of the apparent standard
potentials were calculated by Nernst Eq. 3. The AgCl/Ag reference
electrode was used at the measurement processes. For thermody-
namic calculations, it is necessary to know the values of apparent
electrode potentials of Men+/Me couple vs to the reference Cl−/Cl2
electrode.
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where +EMe Men / is the quasi-equilibrium electrode potential of the
system, V; +*EMe Men / is the apparent electrode potential of the
system, V; n is the number of the exchange electrons; CCe

3+, CU
4+ is

the concentration in the melt, m.f.; + +f , fCe U3 4 is the activity
coefficient of cerium (uranium).

For recalculation data of the AgCl/Ag reference electrode with
the molar fraction of AgCl 0.0039 (1.0 wt.% ) vs to Cl−/Cl2
reference electrode, the following equation was used42:

= - -- -VE vs Cl Cl 1.0910 1.855 10 T K 7AgCl Ag 2
4( ( ) ) · ( ) [ ]/ //

The variation between the apparent standard potential of the
couples Ce3+/Ce and U4+/U as a function of the temperature is
shown in Fig. 1. The obtained experimental data was fitted by using
software Origin Pro 9.64.
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When the concentration of metal ions in the molten salt does not
exceed (3–5)·10−2, the activity coefficient of Men+ (Ce3+and U4+)
can be regarded as a constant.43 So, the activity coefficient gMeCln

in
the studied molten 3LiCl-2KCl eutectic could be calculated by
means of the equation:

= D - D*2.303 RT log f G G 10MeCl MeCl MeCl
0

n n n
[ ]

where

D =* *G nFE 11MeCl MeCln n
[ ]

The hypothetical supercooled liquid was chosen as the reference
state. DGMeCl

0
n

corresponds to the reaction between the pure
compounds:

+ =Me
n

2
Cl MeCl 122 n [ ]

and was derived from Refs. 44, 45. The activity coefficient gives an
idea of the cation complexation in molten chlorides. Based on this, it
can be predicted that the chlorine complexes formation will be
formed according to the following reactions:

+ =+ - -Ce 6Cl CeCl 133
6
3 [ ]

+ =+ - -U 6Cl UCl 144
6
2 [ ]

The activity coefficients of CeCl3 and UCl4 in molten 3LiCl-2KCl
eutectic vs the temperature were fitted to the expressions 15–16:

= - - log f 0.38
1022

T
0.03 15CeCl3 [ ]

Figure 1. Variation of the apparent standard potentials +*E
Ce Ce3 /

and +*E
U U4 /

vs Cl−/Cl2 as a function of the temperature in fused 3LiCl-2KCl eutectic.
The concentration of CeCl3 in the solvent—2.05 wt.%; UCl4—1.87 wt.%.
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The data obtained are in good agreement with those available in the
literature for cerium.29

In order to calculate the apparent standard potential of Ce (In)
and U(In) alloys, the Nernst Eq. 17 was applied.
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For the dilute dissolved metals in liquid indium, the activity
coefficients of uranium and cerium are also constant.38 Therefore,
the apparent standard potential **EMe In( ) of the alloy in the liquid
cathode was described by the following expression:
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where Me = Ce or U; EMe In( ) is the equilibrium potential of Me-In
alloy, V; **EMe In( ) is an apparent standard potential of Me-In alloy, V;
n is the number of exchanged electrons; +CMen is the concentration
of the metal ions in solvent in mole fraction; xMe In( ) is the
concentration of the metal atoms in the alloy in atomic fraction.

The equilibrium electrode potentials of the Me-In alloys (where
Me = Ce, U) was measured by OCP method. The dependences of
potential-time 3LiCl-2KCl-UCl4 (2.4 wt.%) melt vs Ag/AgCl RE on
the liquid In WE (S = 0.38 cm2) after short polarization at inert
atmosphere was presented as an example in Fig. 2.

The calculated values of apparent standard potentials of alloys in
fused 3LiCl-2KCl eutectic at different temperatures are presented in
Fig. 3. The experimental data was fitted by using the software Origin
Pro 9.64.
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The activity coefficients of solid Ce and U in the liquid indium
can be determined by expression 2238:

g = -+* **nF

RT
Elog

2.3
E 22Me In Me Me Me Inn( ) [ ]( ) ( )/

The activity coefficients of solid Ce and U in liquid indium vs the
temperature were fitted by using software Origin Pro 9.64 and
presented in Fig. 4.

g = - log 5.11
10682

T
0.48 23Ce In [ ]( )

g = - log 2.51
6365

T
0.40 24U In [ ]( )

The calculated values of the activity coefficient are very small.
This fact indicates at a strong interaction between Ce and U metals
with liquid indium. Figure 4 clearly shows that the increasing of the
temperature shifts the system towards more ideal behavior.46 The
obtained results of the activity coefficients of cerium in liquid
indium are satisfactorily fitted with the available data in literature,

Figure 2. Dependences of potential-time 3LiCl-2KCl-UCl4 (2.4 wt.%) melt
vs Ag/AgCl RE on the liquid In WE (S = 0.38 cm2) after short polarization
at inert atmosphere. Current—80 mA; duration—20 s. Temperature: 1–723;
2–753; 3–773; 4–803; 5–823 K.

Figure 3. Variation of the apparent standard potential of the alloy **ECe In( )
and **EU In( ) vs Cl−/Cl2 as a function of the temperature in molten 3KCl-2LiCl
eutectic. The concentration of Ce in the alloy—0.36 wt.%. The concentration
of U in the alloy—0.28 wt.%.

Figure 4. Variation of the activity coefficients of solid U and Ce on liquid
metal (In) as a function of the temperature.
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expression 25.47

g = -log 2.41
8650

T
25Ce In [ ]( )

The results of a comprehensive study of solutions of Ln
compounds (4f elements) in molten salts48 indicate the proximity
of their electrochemical properties. This is due to the close values of
their ion radiuses in the row from lanthanum (0.122 nm) to lutetium
(0.099 nm). According to the theory of lanthanoid compression the
properties of 4f elements should be change monotonously.49 The
available in the literature data for the cerium subgroup is shown in
Table I. The analysis of these results shows that the lanthanides
characteristics of the cerium subgroup are also close to each other
within the limits of the experiment error, which is confirmed by the
theory of lanthanoid compression.

The relationship between the activity, solubility and activity
coefficient are described by the following expression 2638:

g= +alog log x log 26[ ]

In the above formula, α is activity; x is solubility and γ is activity
coefficient.

For calculation of the activity of solid Ce in saturated Ce-In
alloys containing intermetallic compounds (CeIn3

54), the Eq. 27 was
used:

=
D

alog
nF E

2.3RT
27[ ]

where ΔE represents the difference between the equilibrium
potential of the couple +EMe Men( )/ and the equilibrium potentials
of saturated alloy EMe In( )( ) in the above formula, V; n is the number
of exchanged electrons.

The obtained results can be approximated by the Eq. 28 in the
studied temperature range and are presented in Fig. 5:

= - alog 5.09
12650

T
0.65 28[ ]

The literature data (exp. 29)50 of the activity of cerium in liquid
indium are satisfactorily adapted with the results of this work.

= -alog 3.97
12230

T
29[ ]

The solubility of cerium in the liquid indium was calculated
according to the expression 26. The results are presented by
expression 30 and in Fig. 6. The obtained results are summarized in
Table II.

= - xlog 0.28
2248

T
0.05 30[ ]

The results, obtained in this work are near to the literature one,50

(exp. 31):

= -xlog 1.56
3580

T
31[ ]

The partial excess Gibbs energy of uranium and cerium in the
liquid indium was calculated according to Eq. 33, which is described
by expressions 34, 35,

D = D - DG H T S 32Me In
ex

Me In Me In
ex [ ]( ) ( ) ( )

gD =G 2.303RT log 33Me In
ex

Me In [ ]( ) ( )

D = - + - -G 203.9.65 97.50 10 T 3.82 kJ mol 34Ce In
ex 3 1· [ ]( )

D = - + - -G 126.38 54.95 10 T 4.12 kJ mol 35U In
ex 3 1· [ ]( )

where DGex is the partial excess Gibbs free energy change, kJ
mol−1,DH is a partial enthalpy change of mixing, kJ mol−1,DSex is
a partial excess entropy change, J mol−1·K−1.

The obtained results show a slight difference in the data of the
partial enthalpy change of mixing and partial excess entropy change
for Ce-In alloy (DH = −165.8 kJ mol−1; DSex =
−46.1 J mol−1·K−1 38), which may be due to different conditions
of the experiments. The comparison obtained data with U-In alloys
also indicates to the difference (DH = −39.0 kJ mol−1; DSex =
−45.2 J mol−1·K−1 38).

The reaction of the alloy formation can be generally written as:

+ + = +- -MeCl ne nIn Me In 6Cl 366
n

n[ ] ( ) [ ]

In the study of the separation of lanthanides and actinides in the
spent nuclear fuel, the effectiveness of using electrochemical
separation methods is usually described by the value of the
distribution or separation factor. The value of the separation factor
is described by Eq. 37:

Q =
C X

C X
372 1

1 2
[ ]

where C1 and C2 is the concentrations of metals M1 and M2 in the
electrolyte and in the alloy (x1, x2). The separation factor of uranium
and cerium can be written as (exp. 38):

Q =
+

+

C X

C X
38Ce U

U Ce

3

4
[ ]

In the above expression, XU, XCe are the uranium and cerium
concentration in the liquid indium, in atomic fraction; +C ,Ce3 +CU4

are the concentration of Ce3+ and U4+ ions in electrolyte in mole
fraction.

The separation factor was calculated by using formula 3938 for
uranium and cerium on the liquid indium:

Q =
- + -** **

log
n m FE mFE nFE

2.3RT
39

Ce In U In( )
[ ]( ) ( )

where **ECe In( ) is the apparent standard potential of cerium in alloy, V;
**EU In( ) is the apparent standard potential of uranium in alloy, V; m

and n are the number of the exchange electrons.
Using the temperature dependence of the apparent standard

potentials of cerium (20) and uranium (21) in alloys, the following
expression for separation factor of uranium and cerium was
obtained:

Q = - + log 2.72
4892

T
0.05 40[ ]

Table I. Comparison of the experimental data on the activity
coefficients and solubility of lanthanides of the cerium subgroup in
the system “liquid indium—molten salt” at 773 K.

Element glog Ln In( ) xlog Ln In( ) References

La −9.63 2.10 50
Ce −8.78 −1.35 47
Ce −8.62 −2.54 [this work]
Pr −9.60 −2.10 51
Nd −9.21 −2.32 52
Sm −9.62 −1.98 53
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The separation factor of the uranium-cerium couple in the molten
3LiCl-2KCl eutectic, calculated according to the above formula,
indicates that cerium will be concentrated in the molten salt phase
and uranium will be deposited in the liquid metal phase. The results
of calculations show that the high values of SF can be achieved only
at low temperatures. Separation factor values decrease with the
increasing of the temperature, due to the entropy factor. The

obtained results are summarized in Fig. 7 Table III. The effect of
lanthanoid compression on the separation of uranium from lantha-
nides can be traced.55 It can be seen that for the cerium subgroup of
lanthanides, a decrease of separation factor in the row from La to Nd
is recorded.

Figure 5. Variation of the activity of cerium in liquid indium as a function of the temperature. 1—Present work; 2—.42

Figure 6. Variation of the solubility of cerium in liquid indium as a function of the temperature. 1—Present work; 2—.42

Table II. Experimental and calculated thermodynamic and solubility data of cerium in molten In/3LiCl-2KCl system at different temperatures.

T/K +E Veq
Ce Ce

.
3 / +*E V

Ce Ce3 /
E Veq

Ce In
.
( )/ **E VCe In( ) log γCe(In) log xCe(In)

723 −3.235 −3.122 −2.662 −2.636 −9.67 −2.84
753 −3.208 −3.091 −2.639 −2.613 −9.09 −2.71
773 −3.182 −3.070 −2.614 −2.598 −8.62 −2.54
803 −3.175 −3.047 −2.589 −2.573 −8.26 −2.33
823 −3.147 −3.021 −2.571 −2.554 −7.84 −2.17
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Conclusions

The electrochemical behavior of uranium and cerium on solid
inert molybdenum and liquid active indium electrodes in fused
3LiCl-2KCl eutectic vs AgCl/Ag reference electrode in the tem-
perature range of 723–823 K at inert atmosphere by open-circuit
potentiometry was studied. The principal thermodynamic properties,
activity and solubility of cerium and uranium were calculated. The
separation factor of uranium/cerium couple on liquid indium
electrodes was determined. It has been found that a lower tempera-
ture is more effective for separation actinides from lanthanides.
Analysis of experimental data shows that this system is interesting in
future innovative methods of nuclear waste disposal.
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