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a b s t r a c t

The thermodynamic stability of Nd(III) complex in various molten alkali chlorides at 923 K was studied by
electrochemical analysis. The standard Gibbs free energy change of the Nd3+ formation, �G◦3/0, decreased
by adding MCl (M = Na, K, Rb, or Cs) into LiCl. The Nd(III) complex was more stable in an alkali chloride
mixture with larger averaged cationic radius. This means that the stability is controlled by the polarizing
power of solvent cations. The electronic absorption spectrum of the hypersensitive f–f transition of Nd3+
eywords:
eodymium complex
yclic voltammetry
bsorption spectrophotometry
olten salt

was investigated to know the change in its coordination environments. The oscillator strength of the 4G5/2,
2G7/2← 4I9/2 transition and the degree of the energy splitting in electronic energy levels were estimated.
The results suggested that the octahedral symmetry of the NdCl63− complex was more distorted in the
melt with higher LiCl content, and the distortion was depressed by decreasing the polarizing power of
solvent cations. The local structure around Nd3+ was significantly correlated with the thermodynamic

plex
lkali chloride
ibbs free energy

stability of the Nd(III) com

. Introduction

The successful management of spent nuclear fuels is a key con-
ern for the future stable utilization of nuclear power. Separation
nd transmutation of minor actinides (MA) such as Np, Am and
m, are examined to minimize the amount of nuclear wastes as
ell as their long-lived radiotoxicities. Pyrochemical reprocess-

ng using molten salts as a solvating medium has been proposed
1–7] due to some advantages for treating MAs, e.g., high radiation
nd proliferation resistances of the process. In a typical pyrochem-
cal reprocessing, spent nuclear fuels are dissolved in a molten salt
nd fuel materials are separated from fission products (FP) by elec-
rodeposition or reductive extraction. To optimize the separation
rocess, thermochemical properties of FPs and actinides in molten
alt media are essential to be well understood.

Neodymium is one of major FP elements having larger neutron
apture cross sections, and hence its removal in the pyrochemical

eprocessing is desired. However, the reports for the electrochem-
cal behavior of Nd in molten chlorides have been limited for
iCl–KCl [8–10], NaCl–CaCl2 [9] and LiCl–CaCl2 [10] eutectic melts.
n order to assess the refining performance of Nd, systematic data

∗ Corresponding author at: Graduate School of Engineering, Kyoto University, Kat-
ura, Nishikyo-ku, Kyoto 615-8530, Japan. Tel.: +81 724 51 2424;
ax: +81 724 51 2634.

E-mail address: k.fukasawa@aw2.ecs.kyoto-u.ac.jp (K. Fukasawa).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.192
in molten alkali chlorides.
© 2011 Elsevier B.V. All rights reserved.

for the chemical stability of Nd(III) complex in various alkali chlo-
rides is necessary. Information on the coordination circumstance
of solute ions is also important since it should be correlated with
the stability. The predominant Nd(III) complex in molten alkali
chlorides with low Nd3+ concentration has been confirmed to
be NdCl63− with octahedral symmetry (Oh) by Raman spectrom-
etry [11] and molecular dynamic simulation [12], respectively.
The degree of the octahedral symmetry has been investigated for
LiCl–CsCl mixtures employing absorption spectrum analysis, and
the results reported that the NdCl63− complex was more distorted
in the melts with lower CsCl content [13].

In the present study, the chemical stability and the coordination
circumstances of the Nd(III) complex for various molten alkali chlo-
ride mixtures were investigated by electrochemical and absorption
spectrum measurements, respectively. Their dependence on the
melt compositions and the correlation between these macroscopic
and microscopic properties were discussed.

2. Experimental

All experiments were carried out under an argon atmosphere, in which humidity
and oxygen impurity were continuously kept less than 1 ppm. Anhydrous chlorides

(99.99% purity) were purchased from Aldrich-APL LLC and used without further
purification. 0.2–0.7 mol% NdCl3 was dissolved in a quartz tube by various binary
mixtures of alkali chlorides, LiCl–KCl, LiCl–NaCl, LiCl–RbCl and LiCl–CsCl.

An electrochemical measurement system Hz-5000 (Hokuto Denko Co.) was used
for cyclic voltammetry (CV) and the differential pulse voltammetry (DPV). The sweep
rate of CV for extracting peak potentials was 100 mV s−1. The pulse height, period,

dx.doi.org/10.1016/j.jallcom.2011.01.192
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:k.fukasawa@aw2.ecs.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jallcom.2011.01.192
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ig. 1. Cyclic voltammograms of Nd in alkali chlorides at 923 K. Potential sweep rate
f CV was 100 mV s−1. (a) LiCl system. Mole fraction of NdCl3 in LiCl was 0.60%. (b)
iCl–KCl eutectic system. Concentration of NdCl3 in LiCl–KCl was 0.47%.

nd width of DPV were 50 mV, 100 ms and 10 ms, respectively. A tungsten wire
99.95%, The Nilaco Co.) of 1 mm diameter, a pyrographite rod (99.99%, Tokai Car-
on Co., Ltd.) of 3 mm diameter, and a Ag/Ag+ electrode were used for the working,
ounter, and reference electrodes, respectively. In each measurement, the potential
f chlorine gas evolution (Cl2/Cl−) on the pyrographite electrode [14] was deter-
ined to calibrate the Ag/Ag+ electrode.

The electronic absorption spectra of Nd(III) in the melts were measured by
sing an UV/vis/NIR spectrometer (V-570, JASCO). The experimental apparatus was
escribed in [15]. The analytical light from a light source (a tungsten halogen lamp)
as guided to the electric furnace with quartz windows by using optical fibers,

nd the light passed through the sample in a quartz tube with a 10 mm light path
nside the furnace. The light which traveled through the furnace was again guided
o the spectrophotometer, in which a monochromator was set in front of detectors
o decrease the background noise. The light intensity for the molten alkali chlo-
ide (I0) and that including Nd(III) (I) was measured in the wavelength range of
00–850 nm at 0.5 nm intervals and 700–550 nm at 0.1 nm intervals. The absorbance
as determined to be −log (I/I0).

All the experiments were performed at 923±3 K. In order to compare our results
ith reported data [9,16], the same experiment at different temperature, 723±3 K,
as also performed for a LiCl–KCl eutectic system.

. Results and discussion

.1. Determination of the standard potentials of the Nd3+

eduction

Typical cyclic voltammograms of Nd in LiCl and LiCl–KCl eutectic
t 923 K are shown in Fig. 1. The electrochemical reduction process
f Nd(III) in the eutectic has been identified to be a two-step process

ia Nd(II) by CV and chronopotentiometry [17],

d3+ + e−� Nd2+ (1)

d2+ +2e−� Nd0 (metal) (2)
2

Fig. 2. Differential pulse voltammogram in LiCl–KCl eutectic melt at 923 K. Sweep
rate of DPV was 50 mV s−1. Concentration of NdCl3 was 0.47 mol%.

The cathodic wave iC1 associated with an anodic wave iA1 is
attributable to the soluble–soluble Nd3+/Nd2+ couple. The cathodic
peak iC2 associated with a sharp anodic peak iA2 corresponds to
the Nd2+/Nd0 soluble–insoluble system. All peaks were separately
observed for the LiCl system, where the cathodic peak currents
were proportional to the square root of the potential sweep rate
and the potential difference between positive and negative peak
pairs were not significant. Hence both reactions were treated as
reversible.

In the present study, the overlap of iC1 and iC2 in CV (Fig. 1b)
was enhanced by adding MCl (M: Na, K, Rb, or Cs) into LiCl and
it could not be resolved. In order to obtain sharp wave iC1, the
reduction reaction of Eq. (1) was analyzed by DPV. The result in
the LiCl–KCl eutectic is shown in Fig. 2, in which the first peak was
clearly obtained.

The following disproportionation reaction of Nd takes place in
molten chlorides [8,9,18],

3Nd2+� 2Nd3+ +Nd0 (metal) (3)

It has been reported that the reaction is completed within sev-
eral minutes [8]. This is much slower than the transient time
during electrochemical measurement, and hence the interference
of reaction 3 in our electrochemical analyses is considered to be
insignificant.

The standard redox potential of the Nd3+/Nd2+ couple, E◦3/2, was
determined by DPV as [19],

E◦3/2 = Emax + �E

2
− RT

F
ln

(
DNd2+

DNd3+

)1/2

− RT

F
ln

�Nd3+

�Nd2+
− Eref (4)

where Emax, �E, and Eref are the peak potential of iC1, the applied
potential pulse height, and the potential of the Ag/Ag+ electrode vs.
Cl2/Cl−, respectively. R is the gas constant, � the activity coefficient,
T the absolute temperature, and F the Faraday constant. The E◦3/2
values were constant within the analytical uncertainty of ±10 mV
in our experimental range from 0.2 mol% to 0.7 mol%. This means
that the ratio of activity coefficients �Nd3+/�Nd2+ is constant and
approximates that of diluted condition. Hence, �Nd3+/�Nd2+ set to
be unity in the present study. D represents the diffusion coeffi-
cient of suffixed species. Due to the disproportionation reaction
(Eq. (3)), it is impossible to measure an accurate diffusion prop-

2+
erty of Nd and hence DNd2+ is not available. In the present study,
the ratio DEu2+/DEu3+ reported for europium [20] was substituted
for DNd2+/DNd3+ . The uncertainty of this substitution was exam-
ined to be small since both DLn2+ and DLn3+ decrease with the
increase of atomic number and the decrease trends in lanthanide
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Table 1
Standard redox potential in LiCl–KCl eutectic at 723 K.

Method
CV DPV

E◦
3/2

(V vs. Cl2/Cl−)

−3.122±0.010 −3.122±0.010 [this study]
(−3.097) (−3.097)
−3.089±0.001 [9]
−3.098±0.010 [16]
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-850
10.90.80.70.60.5

LiCl

LiCl-NaCl

LiCl-KCl

LiCl-RbCl

LiCl-CsCl

Δ
G
° 3

/0
 (

kJ
 m

o
l-1

)

metal deposition) for electrochemical analysis. The �G◦3/0 value
increased by adding MCl into LiCl, which means that the addition
of MCl makes the Nd(III) complex stable. In alkali cation series, the
ionic radius is in the order of Li+ < Na+ < K+ < Rb+ < Cs+, and the polar-

-890

-880

-870

-860

-850

LiCl

LiCl-NaCl

LiCl-KCl

LiCl-RbCl

LiCl-CsCl

Δ
G
° 3

/0
 (

kJ
 m

o
l-1

)

−3.142±0.010 [this study]
−3.206±0.003 [9]
−3.120±0.015 [16]

eries are monotonic: DLn2+ is available for Sm, Eu, and Yb [21,22]
or equimolar NaCl–KCl melt, and the evaluated DLn2+/DLn3+ values
ere similar, so that its variation resulted in an uncertainty < 2 mV

n E◦3/2. Moreover, the ratio DNd2+/DNd3+ for other molten chlo-

ide mixtures was assumed to be similar to the DEu2+/DEu3+ in
quimolar NaCl–KCl melt that was equal to 1.96 [20].

The E◦3/2 values obtained for the LiCl–KCl eutectic at 723 K are
hown in Table 1. The E◦3/2 values determined by DPV and convolu-
ion analysis of CV [19] agreed with each other. The literature values
re shown together, in which E◦3/2 was determined by the convo-
ution analysis of CV and the D in the right side of Eq. (4) was not
aken into account. We also determined E◦3/2 following the same

ethod that is shown in parenthesis. These values agreed with the
iterature values [9,16].

The standard redox potential of the Nd2+/Nd0 couple, E◦2/0, was
valuated from CV as [23], which is available for reversible deposi-
ion reaction,

◦
2/0 = Epc − RT

nF
ln �Nd3+CO + (0.9241)2 RT

nF
− Eref (5)

here Epc, n, and CO are the peak potential of CV cathodic peak iC2,
he reaction electron number (n = 2, in the present case), and the
ulk concentration, respectively. The E◦2/0 values were proportional
o the natural logarithm of NdCl3 concentration in the measured
ange, which is another indication to assume � is equal to unity in
his study. The obtained E◦2/0 values shown in Table 1 are consistent
ith the literature data [16].

It should be noted that, in this section, we used the Cl2/Cl− equi-
ibrium potential determined by using a chlorine gas electrode [24]
n order to obtain the precise standard potential values. In follow-
ng sections, the Cl2 evolution potential mentioned in experimental
ection will be used as the standard redox potential of the Cl2/Cl−

ouple, Eref in Eqs. (4) and (5). Though the Cl2 evolution potential
lightly shifts from the Cl2/Cl− equilibrium potential, the former
ethod is feasible for systematic study with molten salts of various

omponents.

.2. Dependence of the standard Gibbs free energy change of the
d(III) formation on the melt composition

The standard redox potential of the Nd3+/Nd0 couple, E◦3/0, was
alculated from E◦3/2 and E◦2/0 by employing the following equation,

◦
3/0 =

E◦3/2 + 2E◦2/0

3
(6)
The standard Gibbs free energy change of Nd3+ formation,
G◦3/0, was derived as,

G◦3/0 = nFE◦3/0 (7)
Mole fraction of LiCl

Fig. 3. Dependence of standard Gibbs free energy change of Nd3+ formation on melt
compositions.

The reaction corresponding to the �G◦3/0 is given as the follow-
ing reaction.

Nd(s) + 3/2Cl2(g) + 3Cl−(solution) � NdCl63−(solution) (8)

The �G◦3/0 values were evaluated for various binary mixtures of
alkali chloride MCl (M: Na, K, Rb, or Cs) and LiCl at 973 K. It should
be noted that we do not assume Cl2/Cl− couple as an absolute ref-
erence, which means the activity of Cl− is not invariable for the
melt compositions. The melt composition changes the chemical sta-
tus of both Cl−(solution) and NdCl63−(solution). As defined in the
above reaction, the observed �G◦3/0 values represent the difference
between the Gibbs energy levels of these two.

Fig. 3 shows �G◦3/0 obtained as function of LiCl content. The
maximum mole fraction of MCl was limited by following two rea-
sons: (1) melting point of the sample and (2) cathode limit (Alkali
1.81.61.41.2

Polarizing power of solvent cations (Å-2)

Fig. 4. Dependence of standard Gibbs free energy change of Nd3+ formation on
polarizing power of solvent cations.
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Table 2
Ionic radius and polarizing power of cations.

Ionic radius r/Å [26] Polarizing power Pa

Li+ 0.76 1.73
Na+ 1.02 0.96
K+ 1.38 0.53
Rb+ 1.52 0.43

i
s
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i

c
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w

M

w
o
s
t
a

t

P

p
t
b
a
t
s

3

L

t
b

Cs+ 1.67 0.36
Nd3+ 1.36 1.62

a See Eq. (10).

zing ability is in the inverse order. That is, the alkali cation with
maller ionic radius like Li+ interacts with Cl− strongly. Hence, there
ould be strong interaction among Li+ and chloride ions coordinat-
ng to the solute Nd3+ in LiCl.

For mixtures of alkali chlorides, the polarizing ability of alkali
ations to Cl− could be an average of each according to the mixing
atio. Redox potential of some chemical reactions in molten salts
as reported to be correlated with the “charge density”,

=
∑

ni
zi

r3
i

(9)

here ni is the molar fraction of the ith component with the cation
f radius ri having a charge of zi [25,26]. However, they counted
olute ion as a component as well as solvent ions and in general,
he ionic potential z/r, or the force z/r2 is more rational than M as
n expression of polarizing ability of solvent alkali cations.

In this study, we found that �G◦3/0 has a strong correlation with
he averaged “polarizing power” of alkali cations in the melts,

=
∑

ni
zi

r2
i

(10)

Ionic radius ri for six coordinated ions [27] was used in the
resent study. The ri and Pi values are shown in Table 2. The rela-
ionship between �G◦3/0 and P is shown in Fig. 4. The relation
etween �G◦3/0 and P can be expressed by linear functions for
ll alkali binary mixtures. The Nd(III) complex is more stable in
he alkali binary mixture with smaller polarizing power, and the
tability increases with a constant slope, ı(�G◦3/0)/ıP.

.3. Coordination environment of NdCl63−

Absorption spectra of Nd3+ in molten LiCl–NaCl, LiCl–KCl,

iCl–RbCl and LiCl–CsCl mixtures and LiCl at 923 K were measured.

A typical absorption spectrum of Nd3+ in the LiCl–KCl eutec-
ic is shown in Fig. 5, in which an intensive absorption peak can
e seen at 589 nm. This peak is assigned to be the f–f transitions

0

4

8

12

16

800700600500400300

M
o
la

r 
a
b
so

rp
tiv

ity
 (

M
-1

 c
m

-1
)

Wavelength (nm)

Fig. 5. Absorption spectra of Nd3+ in LiCl–KCl eutectic melt.
Fig. 6. Electronic absorption spectra of Nd3+ in molten alkali chlorides at 973 K. (a)
LiCl system. (b) 70 mol% LiCl and 30 mol% NaCl system. (c) LiCl–KCl eutectic system.
(d) 60 mol% LiCl and 40 mol% CsCl system. (e) 40 mol% LiCl and 60 mol% CsCl system.

from the ground level 4I9/2 to the excited levels of 4G5/2 and 2G7/2.
The 4G5/2← 4I9/2 transition, which is known as the hypersensitive
f–f transitions, is sensitive to changes in the coordination circum-
stance and commonly used to examine the complexation of Nd3+

in solutions [13]. Fig. 6 shows the absorption spectra of 4G5/2,
2G7/2← 4I9/2 transition for LiCl and some binary alkali chlorides,
ranging from 562 to 625 nm wavelength. The spectra are composed
of several transitions between split degenerate terms of the ground
and excited levels. The transitions between the split degenerate
states are schematically shown in Fig. 7. According to the reported
energy diagram [13], each transition shown in Fig. 6 was assigned.
The spectrum peaks corresponding to each transition were separa-
ble using Gaussian functions, and consequently, wave numbers at
each peak position were determined.

The electric field given by the symmetrical octahedral coordi-
nation of NdCl63− promotes the splitting of the degenerate energy
states, which makes the absorption peaks separable as the LiCl–CsCl

system (spectrum (e) in Fig. 6). In the same manner, sharper absorp-
tion spectrum as the LiCl case (spectrum (a) in Fig. 6) where
the energy splitting is depressed indicates that the symmetry of
NdCl63− is distorted in the melt. As shown in Figs. 6 and 7, the dif-
ference of peak positions I* and II is equal to the sum of energy

Fig. 7. Diagram of hypersensitive transitions of NdCl63− . The diagram was quoted
from the literature [13].
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ig. 8. Dependence of oscillator strength and splitting energy of hypersensitive
ransition of Nd3+ on melt compositions. (a) Oscillator strength. (b) Splitting energy.

plitting of the 4I9/2 and 4G5/2 states, ��E, and hence the term of
�E is a useful probe to know the symmetry of NdCl63− [13].

The transition probability of the 4G5/2, 2G7/2← 4I9/2 transition,
hich is expressed as the oscillator strength, also gives information

f the coordination circumstance NdCl63−. Oscillator strength f is
efined as,

= 4.319× 10−9 9n
∫

ε(�)d� (11)

(n2 + 2)2

here ε(�) is the molar absorptivity at energy �(cm−1) and n is the
eflective index of the solvent medium. ε(�) was integrated from
62 to 625 nm in the present study. The reflective indexes of single

able 3
um of splitting of electronic energy levels, molar absorptivity at 589 nm, and the oscillat

Spectrum Medium (molar ratio) ε589 (

(a) LiCl 15.2
(b) LiCl–NaCl (70:30) 14.5
(c) LiCl–KCl (59:41) 12.4
(d) LiCl–CsCl (60:40) 10.7
(e) LiCl–CsCl (40:60) 9.35

E(4I9/2) + �E(4G5/2). Peak positions were analyzed by dividing the raw spectrum into fou
Fig. 9. Dependence of oscillator strength and splitting energy of hypersensitive tran-
sition of Nd3+ on polarizing power of solvent cations. (a) Oscillator strength. (b)
Splitting energy.

alkali chlorides are available [28]. For binary mixtures, the n value
was estimated by a linear interpolation between the values of pure
component melts [29]. Table 3 shows the oscillator strengths, ��E,
and molar absorptivities at 589 nm for binary eutectics.

The f and ��E values for binary alkali chlorides obtained are
shown in Fig. 8 as functions of LiCl mole fraction, �LiCl. ��E
decreased with the increase of �LiCl, which suggests the distor-
tion of the octahedral symmetry of NdCl63−. The f values increased
with �LiCl, and this also suggests the distortion proceeds. Our results
showed a similar trend reported for NdCl3 in LaCl3–KCl mixtures
[30].
Fig. 9 shows the dependence of f and ��E on the polarizing
power of solvent cations, P. The f values increased with P, while
��E linearly decreased with the increase of P. Different MCl–LiCl
systems show different increasing rates of f (Fig. 9a), while the

or strength of hypersensitive transitions.

M−1 cm−1) f (×106) �(�E)a (cm−1)

23.5 421
23.2 432
23.1 454
21.1 460
18.8 463

r simple Gaussian functions.
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ecreasing rates and absolute values of ��E are similar for all
Cl–LiCl systems (Fig. 9b). The factors influencing f in molten alkali

hlorides are: (a) the distortions from octahedral symmetry, and,
b) the electron donating ability of the chloride anion [31]. Fig. 9b
uggests that ��E correlated with the factor (a) [13], is simply con-
rolled by P for molten alkali chloride systems. On the other hand, f
aries for different MCl–LiCl systems at the low �LiCl region, which
uggests that the factor (b) is also important.

Fig. 10 shows f as a function of ��E. The f value similarly
ecreased with the increase of ��E in every mixtures near �Li = 1,
ut it was clearly different depending on the mixed cations in the

egion of higher ��E; the f value was smaller in the sequence of
+→Cs+. These cations have lower polarizing power that enlarges

he electron donating ability of Cl− in the same sequence. This sug-
ests that the effect of factor (b) gradually emerges at the low �LiCl
egion.
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The discussion above is also suggestive that the local structure
around Nd3+ significantly correlates with the bulk thermodynamic
stability since both ��E and �G◦3/0 depend well upon P. Fig. 11
shows the relationship between ��E and �G◦3/0 in which �G◦3/0
decreases with increase of ��E. From these results, we can con-
clude that the polarizing power of solvent cations controls the
degree of distortion from octahedral symmetry of ligand chloride
structure which is correlated with the thermodynamic stability of
NdCl63− complex in molten alkali chlorides.

4. Conclusion

The �G◦3/0 value decreased by adding MCl (M = Na, K, Rb, or Cs)
into LiCl. This means that the Nd(III) complex is more stable in the
alkali chloride mixture with larger averaged cationic radius. �G◦3/0
is correlated with the polarizing power of solvent cations.

The change in the oscillator strength of the 4G5/2, 2G7/2← 4I9/2
transition and the degree of the energy splitting in electronic energy
levels suggested that the octahedral symmetry of the NdCl63− com-
plex is more distorted in the melts of higher LiCl content. The degree
of distortion is correlated with increasing the polarizing power of
solvent cations.

The polarizing power of solvent cations controls the local struc-
ture around Nd3+ and the degree of its distortion from octahedral
symmetry is correlated with thermodynamic stability of NdCl63−

complex in molten alkali chlorides.
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