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A CsCl-based melt, was used as a supporting electrolyte for a fuel cycle in pyrochemical separation, as it has
a high solubility for lanthanide oxide. Cyclic voltammetry and square wave voltammetry were carried out
to investigate the cathodic reduction of those rare earth ions. The results prove that the cathodic process
of La(III) ions dissolved in a CsCl-based melt, with a one-step reduction La3+ + 3e− = La, and is similar to
those of other reports which have utilised LiCl–KCl or CaCl2–KCl molten salt systems. However, for the
Ce(III) ions that dissolved in a CsCl-based melt, there is a significant difference when compared with

3+ − 2+

are earth
yclic voltammetry
quare wave voltammetry
athodic process
-pO2− diagram

published literature as there are two reduction steps instead of the reported single step Ce + e = Ce
and Ce2+ + 2e− = Ce. In order to explain the novel result, a detailed investigation was focused on the
cathodic process of Ce(III) in a CsCl-based melt. The identification of the M–O (M = La, Ce) compounds
that are stable in the electrolyte, as well as the determination of their solubility products, were carried
out by potentiometric titration using an oxide ion sensor. Furthermore, the E-pO2− (potential-oxide ion)

le com
diagram for the M–O stab
data.

. Introduction

Partitioning and transmutation (P&T) concepts have been exten-
ively investigated as they have the potential to reduce the
ong-term radiotoxicity of nuclear waste [1–7]. Efficient recovery
nd multi-recycling of actinides and lanthanides are essential for
&T concepts. During the past decade, the pyrochemical separation
rocess in molten media has been proposed as a promising future
ption for the nuclear fuel cycle. The alkali molten chlorides are par-
icularly attractive for use as a solvent for those processes [8–15].
ence, it is of importance that there is basic chemistry data for
ctinides and lanthanides in molten halogenide salts. Lanthanum
nd cerium are the most common lanthanide elements, and these
ave been investigated concerning their chemical and electro-
hemical behaviors in molten salts. A LiCl–KCl eutectic [9,10] and
n equimolar mixture of CaCl2–KCl [9] have often been hired as the
olvent in most other research work. For the LiCl–KCl eutectic sys-
em and the equimolar mixture of NaCl–KCl, the electro-reduction
f MCl3 (M = La, Ce) at solid cathodes (W or Mo) occurs only in a

ingle electrochemical step, which takes place near the potential of
he alkaline electrodeposition [9,10].

A CsCl-based molten system has been considered the best sol-
ent for use in pyrochemical separation, as it has a high solubility

∗ Corresponding authors.
E-mail addresses: sjiao@ustb.edu.cn (S. Jiao), hzhu@metall.ustb.edu.cn (H. Zhu).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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pound was constructed by combining both theoretical and experimental

© 2011 Elsevier B.V. All rights reserved.

of the lanthanide oxide. In this work, we present a study on the
chemical and electrochemical properties of rare earth chlorides
(MCl3, M = La, Ce) in the molten chloride mixture NaCl–2CsCl. Cyclic
voltammetry (CV) and square wave voltammetry (SWV) were
selected to investigate the cathodic processes of the lanthanum and
cerium ions. Furthermore, square wave voltammetric results were
used to construct calibration curves, as this technique is signified
by its excellent sensitivity and high resolution [16,17]. It is clear
from the experiment that square wave data is more accurate than
cyclic voltammograms for such quantitative studies.

The E-pO2− (potential-oxide ion) diagram for the M–O com-
pound was constructed by combining both theoretical and
experimental data. The best chlorinating condition could be
extracted from comparison of the E-pO2−diagram, corresponding
to the M–O compounds and that of some chlorinating mixtures. The
identification of the M–O (M = La, Ce) compounds that are stable in
the NaCl–2CsCl melt, as well as the determination of their solubil-
ity products, were carried out by potentiometric titration using an
oxide ion sensor.

2. Experimental
2.1. The cell, the electrode

All chemicals were of reagent grade quality. NaCl and CsCl
were mixed at a molar ratio of 1:2 in a glove box, and were then
charged into an alumina crucible. The electrolyte was melted in

dx.doi.org/10.1016/j.jhazmat.2011.03.027
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sjiao@ustb.edu.cn
mailto:hzhu@metall.ustb.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.03.027
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Fig. 1. A potential window of a cyclic voltammogram in a NaCl–2CsCl melt with a
scan rate of 0.6 V s−1.
22 S. Jiao, H. Zhu / Journal of Haza

he alumina crucible after being placed in a furnace controlled by
CHIND DI3000 programmable device. It should be noted that

he experiments were performed in an inert U-grade argon atmo-
phere previously dehydrated by heating in a vacuum. The working
emperature was measured by a thermocouple (protected by an
lumina tube) that was inserted into the melt. All measurements
ere carried out under the atmosphere of dried nitrogen (above
-grade argon), and the temperature was fixed at 873 K.

The analytical electrochemical techniques used (cyclic voltam-
etry and square wave voltammetry) require a three-electrode

et-up.
The working electrode was a tungsten wire with a diameter of

.1 mm. The electrode was encapsulated in quartz, with the lower
ircular cross section exposed to the melt. The apparent area was
.8 × 10−5 cm2.

The reference electrode was an Ag/AgCl electrode, which con-
isting of a silver wire with a diameter of 1 mm contained in a
ulite tube, and dipped into a silver chloride solution (4 wt%) in

he NaCl–CsCl molten mixture.
The auxiliary electrode was a graphite rod with a 6 mm diame-

er.

.2. The electrochemical analysis methods

Cyclic voltammetry was initially applied to investigate the
athodic process of rare earth ions in a NaCl–2CsCl molten salt. Sub-
equently, square wave voltammetry, which has been described
n detail by Osteryoung etc. [20–23], was selected for quantita-
ive study. For square wave voltammetry for the ideal case of a
eversible system, the potential–current curve has a Gaussian shape
ith a peak at a potential close to the half-wave potential for the

onised species. The mathematical expression has the following
haracteristics:

(i) The width of the peak (W1/2) at half its height depends on the
number of electrons (n) exchanged at the operating tempera-
ture.

W1/2 = 3.52
RT

nF
(1)

where R is the ideal gas constant; T: absolute temperature; F:
Faraday constant and 3.52 is dimensionless.

ii) The peak current (ip) varies linearly with the concentration of
the electroactive species and with the square root of the fre-
quency (f) according to the equation.

ip = nFAC0
1 − �

1 + �

√
Df

�
� = exp

(
nF�E

2RT

)
(2)

where �E is the amplitude of the square wave potential; A:
surface area of electrode; D: diffusion coefficient; C0: bulk con-
centration of the electroactive species.

.3. Instrumentation

The electrochemical experiments were performed using a PAR
odel 263 potentiostat/galvanostat connected with a computer.

.4. Potentiometric titration
A magnesia stabilised zirconia tube with an inner reference of
r/Cr2O3 was used for the oxide sensor, while a Ag/AgCl electrode
as used as the reference electrode, solid NaOH was used as the

ource of O2− to titrate the M(III) (M = La, Ce). The emf was measured
ith a high impedance multimeter.
Fig. 2. A typical cyclic voltammogram performed in a NaCl–2CsCl melt with a
103 mM lanthanum trichloride. A scan rate of 0.6 V s−1 was used.

3. Results and discussion

A potential scan was performed in the purified NaCl–2CsCl melt
using a tungsten microdisk electrode, and the potential window
was subsequently recorded (Fig. 1). It is clear that there are no peaks
on the voltammogram during the negative potential scan until the
electrodeposition of sodium.

A 103 mM lanthanum trichloride was added into the NaCl–2CsCl
melt, and then the electrochemical investigation was carried out.
Figs. 2 and 3 show the typical cyclic and square wave voltammo-
grams obtained. In the negative potential scan, only one cathodic
peak appears at 3.0 V (vs Cl2/Cl−) on the both voltammograms.
The current–potential curve in Fig. 3 is bell-shaped and symmetri-
cal about the half-wave potential, and the peak can be used for
quantitative analysis. Once again, this demonstrates the signifi-
cant advantage of square wave voltammetry with respect to cyclic
voltammetry, and its ability to accurately quantify an electrochem-
ical process. The exchange electron number was calculated as 3

through the peak parameters. The electro-reduction reaction of lan-
thanum trichloride in a NaCl–2CsCl melt should proceed through
the following equation:

La3+ + 3e− = La (3)
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ig. 3. A typical square wave voltammogram recorded in a NaCl–2CsCl melt with a
03 mM lanthanum trichloride. The square wave amplitude was 20 mV, while the
requency was 50 Hz.

hich is similar to other researchers results obtained in LiCl–KCl
9,10], CaCl2–KCl [9] etc. molten salts.

However, a significant difference occured for the study using
erium trichloride. The result in Fig. 4 shows that in a NaCl–2CsCl
elt with 128 mM CeCl3, that there are two cathodic peaks, (A)

nd (B) on cyclic voltammogram, which are associated to the two
harp anodic peaks, (A′) and (B′) Furthermore, a typical square wave
oltammogram is shown in Fig. 5. It is clear that there are two peaks
uring potential negative sweep. By measuring the width at mid-
eight of each peak, it is possible, using Eq. (1), to determine the
lectron number that must have been exchanged (n):

Peak (A): n = 1
Peak (B): n = 2
The calculated result proposes that (A) and (A′) correspond to

soluble–soluble system Ce(III)/Ce(II), while (B) and (B′) are asso-

iated with the formation of metallic Ce and its reoxidation. It can
hus be concluded that the electro-reduction of Ce(III) ions in a
aCl–2CsCl molten salt proceeds via the following two-step pro-

ig. 4. A typical cyclic voltammogram performed in a NaCl–2CsCl melt with a
28 mM cerium trichloride. Scan rate was 0.6 V s−1. Peak (A) and (A′) correspond
o a soluble–soluble system Ce(III)/Ce(II), while (B) and (B′) are associated with the
ormation of metallic Ce and its reoxidation.
Fig. 5. A typical square wave voltammogram recorded in a NaCl–2CsCl melt with
a 128 mM cerium trichloride. The square wave amplitude was 20 mV, while the
frequency was 50 Hz.

cess:

Ce3+ + e− = Ce2+ (4)

Ce2+ + 2e− = Ce (5)

This two-step mechanism is different from other authors work-
ing with LiCl–KCl, CaCl2–KCl [9,10]. According to these authors, the
electrochemical reduction of Ce(III) ions is a single step process.

For this reason, further studies involving the electro-reduction
of Ce(III) ions in NaCl–2CsCl were carried out. Firstly, the influ-
ence of Ce(III) ion concentration was investigated. It is evident
from Fig. 6 that the peak current increased with an increase in
Ce(III) ion concentration. This information indicates that mass
transport during the electrochemical reduction of Ce(III) ions
may be the controlling process. For a Ce(III)/Ce(II) redox sys-
tem (wave A and A′), the study of the voltammetric curves

recorded at different potential scan rates (Fig. 7) shows that the
peak potential keeps constant when changing the scan rate (for
values up to 0.6 V s−1). The result indicates that in these con-
ditions (and after the correction of the ohmic drop), the mass
transport is significantly lower than that corresponding to elec-

Fig. 6. The cyclic voltammograms performed in a NaCl–2CsCl melt including differ-
ent concentrations of cerium trichloride. A scan rate of 0.6 V s−1 was used.
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Fig. 9. The square wave voltammograms recorded for the different Ce(III) ion con-
centrations. The square wave amplitude was 20 mV, while the frequency was 50 Hz.
ig. 7. The cyclic voltammograms with different scan rates in a NaCl–2CsCl melt
ith a 280 mM Ce(III) ion concentration.

ron transfer. This phenomenon is indicative of electrochemical
eversibility.

Fig. 8 highlights a directly proportional relationship between
he current density of peak (A) and the square root of the potential
canning speed. From this linearity, it can be further concluded that
his electrochemical reaction results in metal deposition controlled
y semi-infinite linear diffusion; and from the proportionality fac-
or, the diffusion coefficient for the Ce(III) species was calculated to
e 6.23 × 10−5 cm2 s−1.

Following cyclic voltammetry, square wave voltammetry was
lso used to investigate the electro-reduction behavior of Ce(III)
ons in a NaCl–2CsCl molten salt. The square wave voltammograms
erformed at different Ce(III) ion concentrations are given in Fig. 9.

t is noticeable that the peak height is proportional to the concen-
ration of the electroactive species.

According to Osteryoung and Barker [18–21], the height of the
eak and the square root of frequency indicate the relationship as

q. (2). By changing the frequency of a square wave signal, one
an obtain a series of square wave voltammograms (Fig. 10). The
eversibility can be checked by plotting the maximum current of
he peak (A) versus the square root of the frequency of the square
ave signal. The straight line obtained (see Fig. 11) confirms that

ig. 8. The linear relationship between cathodic peak current (A) and square root
f the scan rate.

Fig. 10. Variation of the square wave voltammograms with the frequency. The
square wave amplitude 20 mV, and the Ce(III) ion concentration 128 mM.

Fig. 11. The linear relationship between square wave peak current (a) and square
root of frequency. Ce(III) ion concentration was 128 mM.
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Table 1
The solubility of MOCl and M2O3.

T
T

*

ig. 12. The potentiometric-titration plot of La(III) ions with an initial concentra-
ion of 310 mM (a) and Ce(III) ions (b) with an initial concentration of 280 mM in a
aCl–2CsCl melt at a temperature 873 K.
q. (2) can be applied in the frequency range studied. Furthermore,
he diffusion coefficient of Ce(III) ions in NaCl–2CsCl at 873 K can
e calculated as 7.17 × 10−5 cm2 s−1, which has the same order of
agnitude as determined by cyclic voltammetry.

able 2
he standard potential values of a redox system with rare earths in a NaCl–2CsCl mixture

System Expression for equilibrium potential calculatio

M3+/M2+ E0
1

M2+/M E0
2

M3+/M E0
3

MOCl/M2+ E0
4 = E0

1 − 2.3RT
F pKs(MOCl)

M2O3/2M2+ E0
5 = E0

1 − 2.3RT
2F pKs(M2O3)

MOCl/M E0
6 = E0

3 − 2.3RT
3F pks(MOCl)

M2O3/2M M2O3(s) + Cl2(g) + Na2O(s) = 2MO2(s) + 2NaCl(s)

E0
7 = �G∗

7
6F − 2.3RT

F log aNaCl + 2.3RT
2F log �Na2O

2MO2/M2O3 La2O3(s) + Cl2(g) + Na2O(s) = 2LaO2(s) + 2NaCl(s)

E0
8 = �G∗

8
2F − 2.3RT

F log aNaCl + 2.3RT
F log aNa2O

MO2/MOCl E0
9 = E0

8 + 2.3RT
2F

pk2
s(MOCl)

pks(M2O3)

MO2/M3+ E0
10 = E0

9 − 2.3RT
F pks(MOCl)

The Gibbs energy (�G) was calculated through thermodynamic data from Refs. [22,23],
LaOCl La2O3 CeOCl Ce2O3

pKs 5.31 11.07 5.17 11.02

The best chlorinating condition could be extracted from the
comparison of the E-pO2−diagram corresponding to the M–O com-
pounds and that of some chlorinating mixtures. The identification
of the M–O (M = La, Ce) compounds that are stable in the NaCl–2CsCl
melt, as well as the determination of their solubility products, was
carried out by potentiometric titration using an oxide ion sensor.
Rare earth ions M(III) (M = La, Ce) are precipitated as an oxide, and
when the reaction is monitored with the zirconia electrode selec-
tive to O2− ions, an emf jump occurs at the point corresponding to
the stoichiometric precipitation of the oxide. The potential values
are obtained after successive additions of known amounts of NaOH
to the solutions of La(III) and Ce(III) with initial concentrations of
280 mM and 310 mM, respectively. The corresponding results are
shown in Fig. 12. From the titration curves of Ce(III) and La(III), two
emf jumps occur respectively at the point x (defined as the ratio of
added oxide ions to the initial M(III) concentration) equal to 1 and
1.5. It is clear that MClO and M2O3 are two solid stable compounds
in the melts studied. The reactions are as follows:

M(|||) + O2− + Cl− = MOCl(s) (6)

M(|||) + 3O2− = M2O3(s) (7)

The data was analysed by using the following theoretical equa-
tion, and by assuming that no M2O3 is formed:

E = E0 + 2.3RT

2F

⎡
⎣− log

c0(x − 1) +
√

c2
0(x − 1)2 + 4ks(MOCl)

2

⎤
⎦ (8)

where C0 is the initial concentration of M(III), E0 and the solubil-
ity product of MOCl, and ks(MOCl) can be obtained by fitting the
theoretical equation with the experimental data. Furthermore, the
solubility product of M2O3 (Ks(M2O3)) can be calculated by relation-
ship (9), defined by the mass balance Eq. (10).
k2
s(M2O3)

ks(MOCl)
= 1

[O2−]
(9)

2MOCl + O2− = M2O3 + 2Cl− (10)

at 873 K.

n Corresponding E0 of M/V vs Cl2/Cl−

La Ce

– −2.52

– −2.97

−3.01 –

– −3.41

– −3.49

−3.29 –

−3.42 −3.22

−1.71 −1.73

−1.63 −1.65

−2.54 −2.54

aNaCl and �Na2O have been derived from the literature data [22].
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ig. 13. The E-pO2− diagrams of Lanthanum (a) and Cerium (b) in a NaCl–2CsCl melt.

The corresponding fitted and calculated results are shown in
able 1.

In order to construct a diagram for M–O compounds in a
aCl–2CsCl mixture, a series of physical chemical data must be
btained, and Table 2 gives the necessary data [22,23]. The stan-
ard potentials were deduced from linear extrapolation of the plots
etween emf and logarithm of M(III) concentration, at a MCl3 con-
entration equal to 1 mol kg−1. With the solubility products of the
–O compounds and the equilibrium potentials of the different

edox couples involved, it is possible to establish the E-pO2− dia-
ram (Fig. 13).

. Conclusion

The electrochemical behavior of rare earth ions in NaCl–2CsCl
mole ratio) was investigated using cyclic voltammetry and square
ave voltammetry on a tungsten electrode. The two electrochem-

cal methods yield similar results, in that: for La(III) ions, the
athodic process is a direct La3+ + 3e− = La step, which is similar
o the results studied in other chloride melts; and for Ce(III) ions,
he cathodic process of cerium ions in the studied melt consists of
wo reversible steps: Ce3+ + e− = Ce2+ and Ce2+ + 2e− = Ce. Further-

ore, the electrokinetics of Ce(III) ions was investigated in detail

n NaCl–2CsCl melts, and it was noticeable that the values of the
iffusion coefficient obtained by the two methods are in the same
rder of magnitude. Moreover, a magnesia stabilised zirconia tube
ith an inner reference of Cr/Cr2O3 was used as the oxide sen-

or, to potentiometrically titrate the solubility products of the M–O

[

[

[

Materials 189 (2011) 821–826

compounds (M = La, Ce) in the NaCl–2CsCl molten salt. Two stable
M–O compounds, MOCl and M2O3, were observed in the titration
plot. The solubility products (ks(MOCl) and Ks(M2O3)) were obtained
through fitting and calculating of obtained experimental data. Also,
a E-pO2− diagram for M–O stable compounds had been constructed
by combining both theoretical and experimental data.
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