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Electrochemical behaviour of gadolinium ion in molten
LiCl–KCl eutectic
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Abstract

This work presents the electrochemical study of GdCl3 in the molten LiCl–KCl eutectic in the temperature range 723–
823 K. Transient electrochemical techniques such as cyclic voltammetry and chronopotentiometry, on an inert metallic
tungsten working electrode, have been used in order to investigate the reduction mechanism and transport parameters.
This study shows that Gd3+ ions are reduced to Gd metal by a single step mechanism with exchange of three electrons.
Diffusion coefficient of GdCl3 ions was determined at various temperatures, at 723 K the value is D = 0.88 10�5 cm2 s�1.
Apparent standard reduction potential of the redox couple Gd3+/Gd has been determined by the open-circuit chronopo-
tentiometry technique at several temperatures. Also the Gibbs free energy of GdCl3 formation was determined and com-
pared with thermodynamic data for pure compounds in the supercooled state in order to estimate the activity coefficient of
Gd3+ in the molten LiCl–KCl eutectic.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Partitioning and transmutation (P&T) concepts
are considered as an efficient way to reduce the
long-term radiotoxicity of nuclear waste by recy-
cling the actinides. For these concepts it is essential
the efficient recovery and multi-recycle of actinides.
In the application of the P&T strategies the actini-
des are recycled and burned in dedicated reactors.
Fuels proposed will contain a significant quantity
of Pu and minor actinides (MA)(Np, Am, Cm), pos-
sibly in inert matrices (U free), and will reach high
burn-ups. Pyrochemical separation techniques offer
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advantages compared to hydrometallurgical separa-
tion processes, mainly due to the high radiation
stability of the salt solvent and the resulting shorter
cooling times [1].

Electrochemical methods such as electrolysis or
electrorefining as well as reductive extraction are
used in different pyrochemical partitioning pro-
cesses. The application to the reprocessing of metal-
lic fuel from the EBR-II reactor is the best known
process [2]. In this process the actinides are sepa-
rated from the bulk of fission products by electro-
transport in a molten salt electrolyte, the U is
electrodeposited into a solid cathode and the Pu
and MA into a liquid Cd cathode [3]. Additional
systems for the separation of Pu and MA are now
being developed such as reductive extraction in a
molten metal/molten salt system [4–6], or the
.
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Fig. 1. Cyclic voltammogram of LiCl–KCl–GdCl3 (2.03 ·
10�2 mol/kg) at 723 K. Working electrode: W (surface area =
0.352 cm2); counter electrode: vitreous carbon, reference elec-
trode: Ag/AgCl (0.75 mol kg�1 in LiCl–KCl); scan rate =
0.2 V s�1.
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electrotransport into different molten metal cath-
odes such as Bi [7], or more recently solid Al [8].

The aim of these investigations is to optimize the
separation efficiency of MA and to minimize the
content of fission products, especially the rare earth
elements due to the similar chemical properties and
its neutronic poison effect. For this purpose, it is
important to know accurately the electrochemical
and thermodynamic properties of actinides and rare
earths elements in each phase. Electrochemical data
for actinides [9–14] and lanthanides [15–18]
obtained using different electrochemical techniques
in LiCl–KCl are available, and from these data
thermodynamic quantities were derived (enthalpy
and entropy of formation, activity coefficients).
However, in some cases some discrepancies were
observed. To try to solve this, our group has per-
formed a systematic electrochemical study of some
actinides [19,20] and rare earths [18,21] in the
molten LiCl–KCl eutectic in order to investigate
mechanisms of reduction, diffusion coefficients and
thermodynamic properties.

The investigation presented in this paper is part
of the work carried out within the EUROPART
Project of the EU, and presents the main results
obtained in the electrochemical study of the LiCl–
KCl–GdCl3 system.

2. Experimental

2.1. Chemicals and apparatus

Electrochemical experiments were carried out
in a quartz sealed cell under pure Ar atmosphere
(Air liquide, H2O < 0.5 ppm and O2 < 0.1 ppm).
The electrodes and the Chromel–Alumel
thermocouple (in a Al2O3 tube sheath) were posi-
tioned in the electrochemical cell, that supported
a vitreous carbon crucible containing the salt
mixture.

The electrolytic bath consisting of Gd3+

dissolved in LiCl–KCl eutectic (Merck 99.5%)
was prepared from anhydrous GdCl3 (Aldrich
99.99%). The eutectic melt was kept for 8–10 h
at 200 �C, afterwards, the temperature was raised
up to 450 �C until melt. Then, the solvent was
purified bubbling HCl (g), and then Ar in order
to remove the HCl dissolved into the molten salt
[22,23].

Transient electrochemical techniques used, i.e.
cyclic voltammetry and chronopotentiometry were
carried out in an electrochemical cell having a
three-electrode set-up. The measurements were car-
ried out using an Autolab PGSTAT30 potentiostat
(Eco-Chimie) with a specific GPES electrochemical
software version 4.9. For the semi-integral analysis
of the cyclic voltammograms the GPES software
was also used.

Inert working electrode was prepared using 1 mm
metallic W wire and immersed into the molten bath
between 3 and 10 mm. The surface area was deter-
mined after each experiment by measuring the
immersion depth of the electrode. Counter electrode
was prepared either using a 1 mm Mo wire coiled or
a 3 mm vitreous carbon rod. The reference electrode
was an Ag/AgCl–LiCl–KCl (0.75 mol kg�1) pre-
pared in a Pyrex glass tube.

Samples (of about 200 mg) were taken from the
molten salt, dissolved and diluted in nitric acid.
The gadolinium concentration was determined by
ICP-MS analysis.

3. Results and discussion

3.1. Cyclic voltammetry

Cyclic voltammetry was carried out on a tung-
sten electrode in a LiCl–KCl–GdCl3 melt at several
temperatures (723–873 K). The cathodic and anodic
limits of the electrochemical window corresponds to
the reduction of Li+ and the oxidation of chloride
ions, respectively.

The cyclic voltammogram of Fig. 1 shows a
single cathodic peak IC at ��2.23 V versus the
Ag/AgCl reference electrode. The sharp anodic
peak (at �2.04 V) is typical of the dissolution of a
metal deposited in the cathodic sweep, stripping
peak. According to this, we can assume that
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gadolinium metal is deposited in a single step by
reduction of Gd(III) ions into Gd(0). The height of
the peak at �2.23 V, that corresponds to the electro-
chemical reduction of gadolinium (III) ions, increases
with the Gd concentration increase. A linear relation-
ship between the current density of the cathodic peak
and the ion concentration was observed.

At more anodic potentials (at about �1.5 V) a
wave with a low current density is observed; it is
attributed to impurities in the solvent melt, since
its intensity does not depend on the Gd ion concen-
tration. This has been corroborated by the study
performed to the solvent by chronopotentiometry
at zero current.

The current of the cathodic peak is directly
proportional to the square root of the polarization
rate (v) as can be observed in Fig. 2. Besides, up to
scan rates of 100 mV s�1 the value of peak potential,
Ep, is constant and independent of the sweep poten-
tial rate. According to the theory of linear sweep vol-
tammetry [24], the electrode process is reversible and
controlled by the rate of the mass transfer. For higher
sweep rates, higher than 100 mV s�1, the cathodic
peak is shifted towards more cathodic values, indicat-
ing that the system becomes quasi-reversible [25].

The number of exchanged electrons in the electro-
reduction process was determined by means of the
square wave voltammetry technique [26,27], measur-
ing the width of the half peak (W1/2 in volts). Eq. (1)
was applied in the region in which the current peak is
proportional to the square root of the frequency of
the potential signal, that is, at low frequency values
[10,28]. The number of exchanged electrons obtained
from this analysis was close to 3

W 1=2 ¼ 3:52
RT
nF

: ð1Þ
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Fig. 2. Dependence of peak currents of the electroreduction
reaction of Gd3+ on the sweep potential rate. [Gd3+] = 1.19 ·
10�4 mol cm�3, T = 723 K, working electrode: W (S = 0.28 cm2),
counter electrode: Mo.
3.2. Diffusion coefficient

Diffusion coefficient of GdCl3 in molten LiCl–
KCl was determined using three different tech-
niques, cyclic voltammetry (CV), convolution and
chronopotentiometry (CP).

For cyclic voltammetry, the diffusion coefficient
of GdCl3 ions was estimated using Eq. (2) for
reversible soluble–insoluble systems [29]:

Ip ¼ �0:6105SC
ðnF Þ3=2

ðRT Þ1=2
D1=2v1=2; ð2Þ

where S is the electrode surface area in cm2, C is the
solute concentration in mol cm�3, D is the diffusion
coefficient in cm2 s�1, F is the Faraday’s constant,
96493C, R is the universal gas constant, n is the
number of exchanged electrons, v is the potential
sweep rate in V s�1 and T is the absolute tempera-
ture in K.

However, we do not consider these values as very
accurate since as it has been previously indicated,
the Gd(III)/Gd(0) system is quasi-reversible, and
we have observed that the values obtained using this
technique, that are indicated in Table 1, differs
significantly with those obtained by the other elec-
trochemical techniques. This discrepancy that is
attributed to the non reversibility of the system,
has also been observed by Martı́nez [30]. Therefore,
we consider that the use of this equation is not
appropriated for all potential scan rates in the
Gd(III)/Gd(0) system, despite several authors con-
sider that this equation can be applied in these
conditions.

The linear potential sweep data were transformed
according to the convolution principle [28,31,32]
into a curve that resembles a steady-state
voltammetric curve. This technique is more reliable
since it uses the whole curve instead of only the
peaks [28].

According to the theory of convolution, the diffu-
sion coefficient can be calculated using Eq. (3), that
is reliable for reversible and non-reversible systems
[33]:

m� ¼ �nFSCD1=2; ð3Þ

being m*, the limiting current of the convoluted
curve of the corresponding cyclic voltammogram.
Diffusion coefficient values are indicated in Table
1 for all the temperatures tested.

Fig. 3 shows the evolution of the chronopotenti-
grams of GdCl3 with the applied current intensity at
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Fig. 4. Chronopotentiogramas of GdCl3 in LiCl–KCl eutectic.
GdCl3 concentration 1.19 · 10�4 mol cm�3, T = 723 K, working
electrode: W (S = 0.286 cm2), counter electrode: Mo.

Table 1
Diffusion coefficients of GdCl3 in LiCl–KCl at several temperatures

T /K D · 105 /cm2 s�1

(CV) (Convolution) (CP) Lantelme [38] Iizuka [40]

723 0.31 0.88 0.64 0.74 1.00
773 0.53 1.15 1.18 1.05 1.41
822 1.09 1.65 1.83 1.44 1.91
873 1.28 2.22 – 1.90 2.49

EA /kJ mol�1 �53.38 �32.45 �52.14 �33.03 �31.93
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Fig. 3. Linear relationship of the neperian logarithm of the
diffusion coefficient of Gd(III) as a function of the reverse of the
absolute temperature. Temperature range 723–873 K.
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a tungsten working electrode. The curves exhibits a
single wave associated to the reduction of gadolin-
ium ions into metal in the same potential range at
those observed in the cyclic voltammograms.

The transition time, s, was obtained by measur-
ing the duration of the first part of the chronopoten-
tiogram according to the methodology indicated in
Refs. [34–36]. Several current intensities were
applied, and the plot of I versus s�1/2 gives a
straight line as shown in Fig. 4. In addition, the
chronopotentiometric curves did not shift in the
direction of negative potentials with increasing
the current density. Based on these results, the elec-
trochemical reduction of Gd(III) ions can be consid-
ered a diffusion controlled process [37], and the
diffusion coefficient of Gd(III) in the LiCl–KCl
can be calculated using the Sand equation [28]:

I
ffiffiffi
s
p
¼ nFCS

ffiffiffiffiffiffiffi
pD
p

2
¼ constant: ð4Þ

Table 1 shows the diffusion coefficient of Gd3+ in
LiCl–KCl at several temperatures obtained by the
technique of CP along with those obtained by other
techniques. Results are in fair agreement with each
other, taken into account that the calculations are
affected by experimental uncertainties such as deter-
mination of the active electrode surface area and by
the graphical evaluation of the transition times in
the chronopotentiograms.

In Table 1, the results obtained in the present
work are also compared with values obtained from
the literature. It is observed that values obtained by
the convolution technique are in good agreement
with those of Lantelme et al. [38,39] and Iizuka
[40]. The results from chronopotentiometry are also
in fair agreement except at 723 K, and those
obtained from cyclic voltammetry differs signifi-
cantly, as mentioned previously.

The influence of the temperature on the value of
D was determined plotting the lnD versus the
reverse of absolute temperature, as it is shown in
Fig. 5. The results obey the Arrhenius’s law
expressed as [28]

D ¼ D0 exp � EA

RT

� �
; ð5Þ

where EA, the activation energy for the diffusion, is
found from data of Fig. 5 to be equal to
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�32.45 kJ mol�1, and the pre-exponential term D0

is: 1.99 · 10�3 cm2 s�1. The values of activation
energy obtained by the different techniques and
those found in the bibliography are indicated in
Table 1. It is observed a good agreement for the
value obtained by convolution technique with those
previously published by several authors, while those
obtained by cyclic voltammetry or chronopotenti-
ometry are quite higher.

3.3. Apparent standard potential

The apparent standard potential of the redox
couple Gd(III)/Gd(0) was determined at several
temperatures. For the measurement, the technique
of open-circuit chronopotentiometry of a solution
containing a GdCl3 concentration in LiCl–KCl of
1.66 · 10�3 mole fraction was used. A short catho-
dic polarisation was applied, 1 min, in order to form
in situ a metallic deposit of Gd on the W electrode,
and then the open-circuit potential of the electrode
was measured versus time. The pseudo-equilibrium
potential of the redox couple Gd3+/Gd was mea-
sured and the apparent standard potential, E*�,
was determined using the Nernst equation:

E ¼ E��GdðIIIÞ=Gdð0Þ þ
RT
nF

ln X GdCl3 ; ð6Þ

being,

E�� ¼ E�GdðIIIÞ=Gdð0Þ þ
RT
nF

ln cGdCl3
: ð7Þ

The apparent standard potential is obtained in
the mole fraction scale versus the Ag/AgCl
(0.75 mol kg�1) reference electrode and then trans-
formed into values of potential versus the Cl2/Cl�

reference electrode scale. To carry out this conver-
sion, it is assumed that the activity coefficients of
Ag and AgCl are the unity [14]. Thus, the potential
of the reference electrode can be defined as

EAgCl ¼ E�AgCl þ
RT
nF

ln½AgCl�: ð8Þ

For a concentration of AgCl equal to 0.75 mol kg�1,
the value of E�AgCl relative to the Cl2/Cl� reference
electrode is given by the following expression
according to Mottot [15]:

E�AgCl ¼ �1:224þ 2:92� 10�4 � T ðKÞ: ð9Þ

At 723 K, Eq. (8) yields the potential of the refer-
ence electrode EAgCl = �1.050 V vs. Cl2/Cl�.

The apparent standard potential value obtained a
723 K is E��GdðIIIÞ=Gdð0Þ ¼ �3:0397 V. This value is in
good agreement with the values obtained by Lant-
elme et al. �3.0354 V [38] and �3.0411 V [39],
Roy et al. �3.044 V [17] and Yang and Hudson
�3.0477 V [41], and slightly lower than that of
Fusselman et al. �3.056 V [14].

The experimental data obtained in this work in
the temperature range of 723–873 K are plotted in
Fig. 6 in which are also plotted the values of
standard potential obtained by other authors.

3.4. Thermodynamic properties

The apparent standard Gibbs energy of forma-
tion DG�GdCl3

is calculated according to

DG�GdCl3
¼ nFE��GdðIIIÞ=Gd: ð10Þ



Table 2
Variation of the activity coefficients of GdCl3 in LiCl–KCl
eutectic as a function of the temperature

T /K 103c /f-MPD 104c /HSC 4.0

722 2.59 0.592
771 4.60 1.50
822 4.87 2.21
873 5.11 3.09

30 C. Caravaca et al. / Journal of Nuclear Materials 360 (2007) 25–31
The plot of the DG�GdCl3
as a function of the tem-

perature shows a linear dependence. The least
square fit of the standard Gibbs energy versus the
temperature can be expressed by the following
equation:

DG�GdCl3
¼ DH �GdCl3

� TDS�GdCl3
; ð11Þ

from which, values of enthalpy and entropy of
formation can be obtained:

DG�GdCl3
¼ 1019þ 0:194T= kJ mol�1: ð12Þ

This equation is in good agreement with that ob-
tained by Lantelme et al.: 1003.19 + 0.242 T

(kJ mol�1) [38] and Fusselman et al.: 1028.9 +
0.200T (kJ mol�1) [14], using emf measurements.

The activity coefficient of GdCl3 in the LiCl–KCl
eutectic, was determined from the difference between
the Gibbs energy of formation derived from the
electrochemical measurements and the Gibbs energy
of formation for pure compounds in the supercooled
state [42], according to the equation:

2:3RT log cGdCl3
¼ DG�GdCl3

� DG�GdCl3ðscÞ ð13Þ

The activity coefficient values derived using this
reference state are given in Table 2. In order to
compare these data to those obtained using differ-
ent reference states for pure compounds, in Table
2 are also given values obtained considering the
state of pure compounds in liquid state [43]. It
can be seen that the activity coefficients differ sig-
nificantly depending on the thermodynamic data
base used.
4. Conclusions

The electrochemical behaviour of GdCl3 in mol-
ten LiCl–KCl eutectic has been investigated. It has
been shown that Gd(III) is reduced to Gd metal
by a single step mechanism and that the diffusion
coefficient of Gd3+ ion is about 0.88 · 10�5 cm2 s�1

at 723 K. The apparent standard potential and the
Gibbs energy of formation of GdCl3 have been
measured using the chronopotentiometry at open-
circuit technique and are in good agreement with
results found in the literature, using emf measure-
ments. The activity coefficient of GdCl3 in the
molten LiCl–KCl eutectic was calculated to be
cGdCl3

¼ 2:59 · 10�3. However, it is observed that
these values can change significantly depending on
the source taken for the Gibbs energy of formation
as reference system.
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