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ABSTRACT

The electrochemical behaviour of La, Nd and Am has been investigated in molten LiCl-KCl eutectic. La shows a
reversible single reduction/oxidation step controlled by mass transfer. The electrochemical reduction of Nd and Am
proceeds via a two steps process, i.e. the reduction of trivalent species (Nd(III) and Am(III)) leading to Nd(II) and
Am(II) species which are reduced at more negative potentials to form metallic deposits. Diffusion coefficients of La,
Nd and Am have been calculated and are in reasonable agreement with literature data. Electrodepositions of La and
Nd have been carried out onto solid Ni and liquid Cd cathodes. Much higher deposition efficiency is obtained for La
compared to Nd on a solid cathode. This is an effect of the multivalent nature of Nd in the chloride melts.
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1-INTRODUCTION

Partitioning and transmutation concepts are studied world wide to reduce the long-term radiotoxicity of the nuclear
waste. Suitable aqueous processes have been developed to reprocess U and Pu from spent nuclear fuel but also to
separate long-lived radiotoxic nuclides. Dry reprocessing is an interesting alternative or complement to aqueous
reprocessing as it offers potential advantages such as a compact and radiation resistant process that is inherently
protected against proliferation. Such a process could be integrated with a nuclear power station and thus reducing the
need for a costly transportation of the spent fuel to a reprocessing facility.
Reprocessing of metallic alloy fuels in molten LiCl-KCl salts is the most developed dry process considered by
CRIEPI (Japan) [1] and Argonne National Lab (USA) [2], For this process, U separation has already been proven on
a semi-industrial scale and small-scale separation of Pu has recently been demonstrated [3].

The aim of this work is to go one step further and study the separation of long-lived radiotoxic elements. The work is
thus focussed on the difficult separation of MA from Ln's, especially on the separation of americium, which is the
main element considered for transmutation. At present, a multi stage molten salt / molten metal extraction process is
considered and has been proven efficient for the selective separation of minor actinides (MA) from Ln's [4]. An
advantageous alternative method could be to achieve the selective separation of MA by means of electrolysis.
Separation of Am should then be the most difficult as americium chlorides have the closest free standard energy of
formation to lanthanides but also because of the multiple valency of Am (2+ and 3+) in chloride media.

Before Am studies, inactive experiments in molten LiCl-KCl eutectic were conducted. Firstly La was used to test the
experimental set-up, to improve experimental handling procedures and to develop electrochemical measurements and
methods. Secondly Nd was investigated because it has similar chemical properties and is, as Am in molten chloride
media, a multi-valency element.

For all three elements a combination of transient electrochemical techniques (cyclic voltammetry,
chronopotentiometry and square wave voltammetry) have been applied in order to investigate valency and reduction
mechanisms with the aim of optimising the conditions for an efficient separation of Am by electrolysis. Then,
electrodeposition tests have been performed for each element on solid and liquid Cd cathode. Results from these
experiments and measurements will be reported in this paper.

2. EXPERIMENTAL

2.1. CHEMICALS

Lanthanum and neodymium trichlorides (LaCl3 and NdCI3 anhydrous 99,9%) as well as LiCl-KCl eutectic
(anhydrous 99,999%) were purchased from Aldrich. Americium metal was taken from ITU stock materials and used



without any further purification. Storage and handling of chemicals were performed in a controlled purified argon
atmosphere glove-box containing respectively less than 1 ppm of water and oxygen.

2.2. ELECTROCHEMICAL CELL

2.2.1. ELECTROCHEMICAL MEASUREMENTS

A schematic drawing of the electrochemical cell used is shown in Fig. 1. Electrochemical studies were performed
employing cyclic voltammetry (CV), chronopotentiometry (CP), reversed chronopotentiometry (RCP) and square
wave voltammetry (SWV) methods using a PAR EG&G 273 potentiostat controlled with the PAR EG&G M270
software Package. Curves were determined for 1 mm diameter Mo or W working electrodes (WE) versus the silver
reference electrode Ag/LiCl-KCl-AgCl (1 wt%). A Mo wire, shaped as a spiral, served as the counter electrode (CE).
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Figure 1: Electrochemical cell; 1) Ni wire; 2) Alumina tube; 3) Mo spiral; 4) Pyrex glass tube; 5) Ag wire;
6) LiCl-KCl-AgCl (1 wt%); 7) Alumina crucible; 8) Liquid Cd pool.

2.2.2 ELECTRODEPOSITION TESTS

Electrolysis of lanthanides were carried out onto a solid cathode, i.e. a Ni plate (L = 10 mm, 1 = 5 mm) or into a
liquid cathode, i.e. the Cd pool at the bottom of the cell (Fig. 2). The starting solution, LiCl-KCl eutectic containing
the lanthanide chloride (LnCl3), was electrolysed under constant current at 733 K.
The anodic reaction during the electrodeposition was the oxidation of Li to Li+. Since pure Li metal has too strong
reducing properties, Li2Sb was used as anode material. It was produced by alloying Li with Sb at 973 K in Ar
atmosphere. Anodic and cathodic potentials were monitored during the electrolysis.
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Figure 2:Electrochemical cell; 1) Ni wire (currentprovider); 2) Alumina shielding; 3) Li2Sb anode;
4) Ni plate(solid cathode); 5) Liquid Cd pool.



2.3. PROCEDURES

After the Cd pool (25 or 50 g) and LiCl-KCl eutectic (50 g) were melted at 733 K, LaCl3 or NdCl3 were charged to a
concentration of about 1 to 3 wt%. In the Am experiments, about 200 mg of Am metal was introduced into the
molten Cd phase. CdCl2 was then added to oxidise Am into AmCL, which dissolves in the salt phase. The valency of
Am in molten salts is a debated issue [5] and the stability of Am(II) in chloride media has not been proven. Thus, the
ratio A m (m ) in a LiCl-KCl-AmClx electrolyte is unknown.

Am(II)

During the experiments, samples were taken from the molten salt and Cd phases. After electrodeposition tests using a
liquid Cd cathode, the complete Cd pool was separated from the salt in order to analyse the deposited metals.
Salt and Cd samples, metallic deposits on Ni plates were then dissolved in HNO3 (O,1M) and diluted for subsequent
ICP-MS (Nd, La) and y-spectrometry (Am) analysis.

3. RESULTS AND DISCUSSION

3.1. LANTHANUM

The cyclic voltammetric curve in the LiCl-KCl-LaCl3 melt obtained at a tungsten electrode in LiCl-KCl eutectic (T =
733 K) is presented in Fig. 3. Similar voltammograms were obtained using a Mo electrode. In the voltammogram, a
single cathodic peak (Ic) is associated with a reoxidation peak (la). This shape of the curve clearly indicates that
reduction of La(III) to metal occurs by a one-step process and that the la peak correponds to the redissolution of
lanthanum metal formed at the W electrode surface during the cathodic sweep according to:

La(III) + 3 e ' « La(0)

In CV measurements, the potential scan rate was varied between 5iO"2 and 1,5 Vs"'. Linear plots of the cathodic
peak current vs. the square root of scan rate were obtained, while the peak potential did not depend on the
polarization rate up to v = 0,1 Vs"1. The electrode process is thus reversible (v < 0,1 Vs"1) and controlled by the rate
of mass transfer.
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Figure 3: Voltammogram ofLaCl3 in LiCl-KCl melt;
LaCk 2,06wt.%;T= 733 K; v = 200mV/s, Sw = 0,19 cm2.

Linear potential sweep datas were transformed, by semi-integration according to the convolution principle [6], into a
form resembling a steady state voltammetric curve. Convoluted curves allow a better determination of the number of
electrons and diffusion coefficient involved in the electrode process compared to the corresponding voltammetric
curves since the information available along the whole I-E curve is used instead of only the current peak values. The
values of the diffusion coefficient of lanthanum (DLa(III)) in the melt were calculated from convolution and
chronopotentiometry for two different concentration of La(III) and are given in Table 1



Table 1: Diffusion coefficient DLa(m) in LiCl-KCl at T = 733K.

Techniques

Convolution

Chronopotentiometry

DLa( ] ,i):105cmV

[La(III)] = 2,06 wt.%

1,08

1,04

[La(III)] = 3,03 wt.%

1,04

0,98

Literature (723 K)

0,71 [7]

0,73 [7]

3.2. NEODYMIUM AND AMERICIUM

The electrochemical behaviour of Nd and Am have also been investigated. Fig. 4 shows typical cyclic
voltammogramms obtained for these two elements. Contrary to La, the electrochemical reduction of Nd(III) and
AmClx proceeds via a two-step process. The two reduction steps are clearly seen in the square wave voltammogram
of Nd(III) (Fig. 5) and in the chronopotentiogram of AmClx (Fig. 6). Like for lanthanum, straight lines for the
Randles-Shevchik equation (CV, equation 1) and the Sand equation (CP, equation 2) were obtained for the first
wave, indicating a reversible, mass transfer controlled process.

Vv 0)

where Ip is the cathodic peak current (A), A is the electrode area (cm2), C is the bulk concentration of active species
(mol.cm3), D is the diffusion coefficient, v is the potential sweep rate (V.s'1) and n the number of electrons involved
in the reaction. K represents a constant, which equals 0,4463 in the case of an electronic transfer involving both
soluble oxidised and reduced species and equals 0,61 in the case of soluble-insoluble reactions (metallic deposit).

nFCA-JxD
(2)

where I and x are the intensity (A) applied and the transition time obtained from the chronopotentiogram,
respectively.
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Figure 4: Voltammograms of Nd and Am in LiCl-KCl melt; NdCl3 0,59 wt%; AmClx 0,5 w%; T = 733 K;
v = 200mV/s; Sw = 0,19 cm2.
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Figure 5: SW voltammogram of Nd in LiCl-KCl melt
NdCl3 2 wt. %;T=733K;f=36 Hz ;Sw = 0,19 cm2.

Figure 6: Chronopotentiogram of Am in LiCl-KCl melt
AmClx 0,5 wt.%; T = 733 K;I = 18 mA ; Sw = 0,19 cm2.

For Am and Nd, according to CV, convolution, CP and SWV measurements, the number of electrons exchanged in the first
wave equals one which indicates that the first reduction step corresponds to the following reactions:

Nd(III) + e" O Nd(II)

Am(III) + e" t=> Am(II)

Diffusion coefficients, DNd(m) and DAm(m), calculated from convolution data and chronopotentiometry are given in Table 2.
In the case of Am, a large difference is observed between literature data and this investigation. It should be pointed out that
Martinot et. al. [8] also claimed, in disagreement to the observations presented in this paper, that the electrochemical
reduction of Am(III) in LiCl-KCl melts proceeds via a one-step process, involving three electrons.

Table 2: Diffusion coefficients DNd(m) and DAm(II[) in LiCl-KCl at T = 733K.

Techniques

Convolution

CP

[Nd(III)] = 1,97
wt.%

0,98

1,2

DNd(iii) • 105 cm2s"'

[Nd(III)] = l,4
wt.%

0,99

0,87

Literature

0,97 [7]

-

DAm(iii) • 105 c m V

[Am(III)] = 1,4
wt.%

5,4

5,3

Literature

-

0,65 [8]

The calculation of DN(i(ii), DAm(n) and number of electrons involved in the second step is more difficult due to the chemical
reaction (see equation 3 in § 3.3) between Nd(III) (or Am(III)) and Nd(0) (or Am(0)) but is in progress. It is, for both
metals, assumed that the second step is the reduction of divalent species (Nd(II) and Am(II)) via a two-electron transfer
leading to metallic deposits (Nd(0) and Am(0)) according to:

Nd(II) + 2 e ' « Nd(0)

Am(II) + 2 e ' « Am(0)

3.3 ELECTRODEPOSITION TESTS

In Table 3 results for electrodeposition tests of La and Nd are presented. The faradic yield is defined by the ratio of the
actual mass of metal deposited to the theoretical mass that should have been deposited with a current efficiency of 100 %
according to:



Faradic yield =
total mass of metal deposited

•100
theoretical mass

The theoretical mass is calculated with the Faraday's law according to:

m
Q = z.F.—

M
where Q is the number of coulomb, z the number of electrons involved in the electrochemical reaction, m is the theoretical
mass deposited and M the molecular weight of the lanthanide.

Table 3: Results of electrodeposition tests, LiCl-KCl-LnCl3; T = 733 K; Anode: Li2Sb; SNi cathode = lcm2; SliquidCd = 9 cm2.

Run

1

2

3

4

Bath composition

LaCl3 3 wt%

NdCl3 1,2 wt%

NdCl3 2 wt%

NdCl3 2,5 wt%

Cathodic
material

Ni plate

Ni plate

Ni plate

Cd pool

Current density

(mA/cm2)

80

40

80

10

Cathode potential
vs. Ag/AgCl

-2,0

-2,0

-2,0

-1,5 to-1,6

Coulomb

(C)

120

220

500

1444

Faradic yield

(%)

84

15

26

79

Onto solid Ni cathodes, the faradic yield of La electrodeposition (run 1) is much higher (84%) than for Nd (less than 30%,
runs 2 and 3). Also, during the electrolysis of La and Nd, black particles were formed in the melt. This phenomena has been
described [9-11] in molten chloride media containing both metallic La (or Nd) and La(III) (or Nd(III)) where a black
'metallic fog' is rapidly produced, resulting in a chloride bath that is no longer transparent. It was assumed that a
dissolution reaction (Eq. 3) still occurs under cathodic polarisation and its rate is much higher for Nd than for La. This is
probably the reason for the low faradic yields obtained in this study for Nd deposition compared to the deposition of La. It
can be explained by the chemical reaction of electrodeposited metal at the surface of the solid electrode with NdCl3

dissolved in the melt, according to:

2 Nd(III) + Nd(0) <=> 3 Nd(II) (3)

The evolution of anodic and cathodic potentials during the electrodeposition of Nd on a liquid Cd cathode is shown in Fig.
9. A stable anode potential, -1,45 V, was observed during the electrolysis. The potential of the cathode equaled -1,5 V in
the beginning of the experiment and decreased slightly as the concentration of Nd in the melt was reduced. The faradic
yield obtained on the liquid Cd cathode (79%) was higher than on the solid one (<30%). The electrodeposited Nd, alloyed
with Cd, is less reactive towards Nd(III) than in electrolysis involving solid cathodes. The beneficial role of using a liquid
Cd cathode in electrodepositions of Nd is thus clearly shown.
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Figure 9 Evolution of cathodic and anodic potentials during electrodeposition on a liquid Cd cathode;
LiCl-KCl-NdCh; T= 733 K; Anode: Li2Sb; S,'Ni cathode = I cm = 9 cm



4. CONCLUSIONS

The electrochemical behaviour of La, Nd and Am has been investigated in molten LiCl-KCl eutectic. La shows a reversible
single reduction/oxidation step controlled by mass transfer. The electrochemical reduction of Nd and Am proceeds via a
two steps process, i.e. the reduction of trivalent species (Nd(III) and Am(III)) leading to Nd(II) and Am(II) species which
are reduced at more negative potentials to form metallic deposits. Electrodeposition tests of lanthanides have been carried
out in which much higher deposition efficiency is obtained for La compared to Nd. This is an effect of the multivalent
nature of Nd in the chloride melts. These results will be important for future investigations, optimising the separation of
MA from Ln by electrolysis.
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