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Abstract The objective of this study is to prepare lan-

thanum and cerium metals by fused salt electrolysis of their

anhydrous chloride in molten media such as LiCl–KCl,

NaCl–KCl, KCl, NaCl, and LiCl and to characterize the

metal deposit by X-ray diffraction, energy dispersive X-ray

fluorescence, and inductive coupled plasma-atomic emis-

sion spectroscopy. Deposit metal of purity more than 99 %

was obtained in each of the experiments. The entire process

starting from preparation of anhydrous lanthanum/cerium

chloride to electrolysis yielding of metal deposits has been

described. The effect of process parameters such as tem-

perature, electrolyte composition, and current density on

the current efficiency was studied. All these parameters

were varied to get the highest current efficiency and metal

yield. The major non-rare earth impurities with the deposit

are found to be Fe, Cr, and Ni along with *1 9 10-3 of

total gaseous impurities.

Keywords Fused salt electrolysis; Current density;

Current efficiency; Rare earths

1 Introduction

Rare earth metals possess some unique physical and met-

allurgical properties that make them valuable functional

materials in devices for electronic, magnetic, supercon-

ductor, and hydrogen storage applications [1–4]. Rare earth

metals impart desirable mechanical and corrosion resis-

tance properties in a number of ferrous and nonferrous

metals and alloys [5–7]. Cerium and lanthanum are the

most abundant rare earth elements available in the ores of

monazite and bastenite. These metals are very reactive and

they form very stable oxides. A wide variety of precursors

ranging from oxides to chlorides and fluorides are used in

preparing these metals. Due to the strong electropositive

character of these metals, chemical reduction with the

common reducing agents is not possible. Strong reducing

agents such as calcium is required for oxide and for

halides, calcium and lithium are effective. Therefore, the

practical methods for preparation of these metals are lim-

ited to techniques such as calciothermic reduction and

electro-winning. Fused salt electrolysis process for making

these metals is attractive because of low cost, ease of

operation, batch size, and the purity of the product.

Moreover, fused salt electrolysis becomes particularly

attractive for these (La and Ce) metals, because their

melting point facilitates their electro-winning in molten

state, which eventually yields a product with minimum

contamination. Various investigations have been reported

for electro-winning of lanthanum and cerium in both

chloride and fluoride baths [8–12]. Although fluoride salt is

stable in air compared with chloride, which is hygroscopic,

the advantages of chloride are ease of preparation and low-

melting temperature.

The carrier electrolytes used in this process are mostly

alkali and alkaline halides, which have good solubility for

rare earth metal halides. The low hygroscopicity of alkali

halides makes them more favored over alkaline halides.

LiCl–KCl and NaCl–KCl are the most common flux used

for this purpose [13]. In this process, various factors
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including temperature, current density (for both cathode

and anode), and duration of electrolysis can affect the

outcome of the product. However, data on the effects of

temperature, bath composition, duration, and current den-

sities are limited in the literature. The objective of this

study is to observe the effect of process parameters in

LiCl–KCl and NaCl–KCl baths and to investigate the effect

of using single carrier electrolyte such as KCl, NaCl, and

LiCl in preparing lanthanum and cerium metals.

2 Experimental

The starting materials used lanthanum and cerium oxides

([99 % pure) obtained from Indian Rare Earths Ltd.

Potassium chloride, sodium chloride, and lithium chloride

having 99.5 % purity of LR grade were procured from the

local market. Molybdenum rod of 99 % purity and high-

density graphite (q = 1.82 9 103 kg�m-3) crucibles were

used as cathode and anode, respectively.

The first step in the overall process is the conversion of

La/Ce oxides to their corresponding chlorides. The oxides

were dissolved in hot hydrochloric acid (50 % strength)

with constant stirring until the crystallization occured [14].

The temperature of the solution was maintained within

353–373 K. The product obtained was examined by

X-ray diffraction (XRD) analysis and found to be La/

CeCl3�7H2O. Dehydration of LaCl3�7H2O was carried out

by stepwise heating to 523 K for 24 h in dynamic vacuum

and the escaping water vapor was collected by using a

liquid nitrogen trap. Mixture of LiCl–KCl (in 1:1 weight

ratio) was also dehydrated at 523 K for 4 h to remove

adsorbed moisture. The mixture of anhydrous LaCl3 with

LiCl–KCl taken in a required proportion was used as

electrolyte for lanthanum metal deposition. Experiments

were also conducted in NaCl–KCl bath in place of LiCl–

KCl flux. The electrolytic mixture taken in each experi-

ment was 1 kg with different concentrations of LaCl3,

keeping the weight ratio of LiCl/NaCl:KCl constant (i.e.,

1:1). Similar experiments were carried to electro-win cer-

ium metal from CeCl3 using LiCl–KCl and also with

NaCl–KCl carrier electrolyte separately.

The electrolytic mixture was charged into a 0.7 m

diameter and 0.25 m tall graphite crucible, which served

the purpose of container material as well as anode. A

molybdenum rod of 0.6 mm diameter used as cathode was

sheathed by a close-fitting alumina tube stuffed with

asbestos rope, except the portions required to see the

electrolyte in the lower part and for cathode connection in

the upper part. The role of alumina sheath was to give

electrical insulation and also to prevent molybdenum rod

from getting corroded with Cl2 gas, which forms during

electrolysis. A schematic diagram of the electrolytic cell

assembly is shown in Fig. 1. It consists of a vacuum tight

Inconel retort (0.1 m diameter) fitted with a stainless steel

flange system having provision for placing the cathode rod

and thermocouple and for gas inlet and outlet. The negative

terminal of DC power supply is connected to Mo rod and

positive terminal to Inconel retort, which eventually makes

graphite as anode. To collect the material deposited at

cathode, an alumina crucible was placed below the cathode

inside the graphite crucible. The alumina crucible and

cathode rod were kept in such a manner that the tip of the

molybdenum rod was just above the alumina crucible. The

graphite crucible was placed in the Inconel retort, which

was kept in a tubular vertical resistance furnace as shown

in Fig. 1. The resistance furnace with temperature elec-

tronic control (±1 K) was used to heat the cell up to the

operating temperature. The electrolyte in the graphite

crucible was melted in high pure argon gas. The role of

argon gas is also to prevent the oxidation of cell material.

The temperature of the bath was measured with a K-type

thermocouple protected by an alumina well inserted into

the melt. After equilibrating the bath for 1 h, the cathode

was lowered and pre-electrolysis was carried out to remove

residual water followed by electrolysis applying potential

of 5–8 V from a DC power supply. Electrolysis was con-

tinued for a specific period of time, and after electrolysis,

the cell was allowed to cool to room temperature in an

argon atmosphere. Molybdenum rod and thermocouples

were taken above the electrolytic bath to prevent them

from sticking inside the salt, which solidifies on cooling.

The molten metal collected in the alumina crucible was

recovered by washing solidified molten salt with water.

The alumina being nonconducting helped to protect the

metal from anodic attack, as well as reaction with graphite

crucible. The amount of metal collected in each experiment

was 0.2–0.3 kg according to the amount of functional

electrolyte.

Similar experiments were also carried out using only

one solvent such as KCl, LiCl, and NaCl to study effect of

Fig. 1 Scheme of electrolyte cell
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change in carrier electrolyte on the process and yields.

Products were analyzed by X-ray diffraction (XRD),

energy dispersive X-ray fluorescence (EDXRF), and

inductive coupled plasma-atomic emission spectroscopy

(ICP-AES).

3 Results and discussion

3.1 Electrolytic reaction

The cell can be represented as follows:

C graphiteð Þ;Cl2ðgasÞjLaCl3 � LiCl� KCljLa3þ=La;Mo

At cathode Moð Þ; La3þ þ 3e� ! La

At anode graphiteð Þ; 3Cl� ! 3=2Cl2 þ 3e�

3.2 Characterization of metal

In the first step, the lanthanum and cerium metal products

were characterized by XRD. Figures 2 and 3 show the

XRD pattern of cerium and lanthanum metals. All the

diffracted peaks well match with their corresponding

PCPDF patterns of 36-0815 and 78-0638, respectively. No

diffraction from any impurities is found, indicating the

impurities below X-ray detection limit.

EDXRF patterns of cerium and lanthanum metals are

shown in Figs. 4 and 5. From these spectra, it is clearly

observed that the major peaks belong to lanthanum and

cerium metals, with some peaks of other elements such as

Ni, Cr, and Fe.

Chemical analysis results given in Table 1 show the

quantitative picture of metal purity. From Table 1, it is clearly

observed that the metal purity obtained in each experiment is

more than 99 %. The iron, chromium, and nickel impurities

vary from 0.1 wt% to 0.3 wt%. The chromium impurity

mostly comes from molybdenum cathode, which contains

*0.5 wt% chromium. The impurities of iron and nickel

probably come from the salt mixture of alkali chlorides. By

using higher purity chemicals and electrodes, it is probably

possible to get these metals in higher purity state. The gaseous

Fig. 2 XRD pattern of electrodeposited Ce metal

Fig. 3 XRD pattern of electrodeposited La metal

Fig. 4 EDXRF pattern of electrodeposited Ce metal

Fig. 5 EDXRF pattern of electrodeposited La metal
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impurities of hydrogen, nitrogen, and oxygen are found in

1 9 106 level. These impurities may be avoided by using

high-pure argon gas as protective atmosphere instead of

commercial grade of argon as used in our experiments.

3.3 Relation between electrolytic temperature

and current efficiency

The effect of temperature on current efficiency (CE) is

shown in Figs. 6 and 7. Metals were obtained by elec-

trolysis in the electrolytic bath containing 40 wt% LaCl3/

CeCl3 with equimolar ratio of NaCl and KCl. All these

experiments were carried out at a constant current density

of 1 9 105 A�m-2 for 3 h. From Fig. 6, it is clearly seen

that, with the increase of electrolysis temperature, current

efficiency for cerium metal increases and reaches maxi-

mum value and thereafter started falling. Owing to high

viscosity of electrolyte at lower temperature electrical

conductivity, and mobility of ions is low at low tempera-

ture, the diffusion movement electro-active species is slow,

which is unfavorable in improving the current efficiency.

With the increase of temperature, increased diffusion

kinetics gives higher current efficiency. However, after a

certain optimum temperature, the current efficiency begins

to decrease due to increased solubility of cathode deposit in

the melt [15], as well as higher volatilization of the elec-

trolyte. The optimum temperature for electro-winning of

cerium is 1,163 K. In the case of lanthanum, the opera-

tional temperature is high, as its melting point of 1,194 K is

higher than that of cerium, whose melting point is 1,080 K.

Owing to high operational temperature, CE is maximum

due to enhanced diffusion kinetics of lanthanum ion. On

further increase in temperature, efficiency decreases due to

increase in solubility of metal in the melt. The optimum

temperature for lanthanum deposition is found to be

1,213 K.

3.4 Effect of concentration of functional electrolyte

on CE

The effect of change in concentration of La/CeCl3 on CE is

shown in Fig. 8. Here, the mass fraction of LnCl3 varies

under a cathode current density (CCD) of 7 9 104 A�m-2.

Operating temperature for lanthanum and cerium were

1,213 and 1,163 K, respectively. At low concentration of

functional electrolyte, CE is low due to preferential

reduction of solvent ions compared with functional ions

according to Nernst equation. With increase in concentra-

tion, CE starts increasing due to availability of more lan-

thanide ions around cathode. This is substantiated by

observing improvement in CE by increasing concentration

of RECl3 in the electrolyte up to 50 wt%. Further increase

in the concentration of metal chloride makes the bath more

viscous, which decreases the conductivity of molten elec-

trolyte and hence decreases the CE. Therefore, the opti-

mum concentration of LnCl3 in both lanthanum and cerium

cases appears to be 50 wt%. It is evident from the Fig. 8

that CE for cerium metal is lower than that of lanthanum

metal. Cyclic oxidation and reduction between Ce(III)

and Ce(IV) are presumed to be the reason for low CE in

cerium [9].

3.5 Effect of CCD on CE

The relationship between CCD and CE was studied for

both La and Ce metal deposition in LiCl–KCl and NaCl–

KCl baths. Figure 9 shows the variation of CE in the CCD

range of (4–10) 9 104 A�m-2 for both LaCl3–NaCl–KCl

and LaCl3–LiCl–KCl. Similarly, Fig. 10 shows the varia-

tion of CE in the CCD range of (4–16) 9 104 A�m-2 both

for CeCl3–NaCl–KCl and CeCl3–LiCl–KCl. The LnCl3
content in each case is 50 wt%. Operational temperature

for cerium is 1,163 K and that of lanthanum is 1,213 K.

Table 1 Evaluation of metal purity

Metals Electrolytic bath Purity/% Elemental impurities/% Gaseous impurities/%

Fe Ni Cr C K Na Li Oxygen Nitrogen Hydrogen

La NaCl–KCl 99 0.5 0.3 0.05 0.01 0.016 0.020 0.005 0.001 0.01

Ce NaCl–KCl 99 0.3 0.5 0.10 0.01 0.015 0.016 0.006 0.002 0.01

La LiCl–KCl 99 0.4 0.3 0.05 0.01 0.012 0.010 0.008 0.002 0.01

Ce LiCl–KCl 99 0.3 0.3 0.05 0.01 0.010 0.006 0.003 0.01

La KCl 99 0.5 0.3 0.03 0.01 0.040 0.005 0.001 0.01

Ce KCl 99 0.3 0.5 0.05 0.01 0.050 0.006 0.002 0.01

La NaCl 99 0.4 0.3 0.04 0.01 0.050 0.010 0.008 0.002 0.01

Ce NaCl 99 0.3 0.3 0.05 0.01 0.060 0.010 0.006 0.003 0.01

La LiCl 99 0.3 0.4 0.04 0.01 0.008 0.006 0.001 0.01

Ce LiCl 99 0.4 0.5 0.05 0.01 0.008 0.002 0.001 0.01
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Both Figs. 9 and 10 show that CE increases with the

increase of CCD. On increasing the current density, the

kinetics of migration of lanthanide ions increases due to the

increase of cathodic potential, which helps in depositing

metals at a greater speed and thus increases the CE.

However, a very high-current density results in the co-

deposition of flux ions due to high-negative potential of

cathode, which reaches the deposition potential of flux

ions. The optimum CCD for lanthanum deposition is

8 9 104 A�m-2 in both LiCl–KCL and NaCl–KCl melts.

For cerium, the optimum CCD is 10 9 104 A�m-2 in

LiCl–KCl melt and 12 9 104 A�m-2 in NaCl–KCl melt.

3.6 Effect of changing the carrier electrolyte

Figures 9 and 10 give the comparison picture of effect of

CCD on CE for both metals in LiCl–KCl and NaCl–KCl

solvents. The range of stability and greater fluidity of LiCl–

KCl over NaCl–KCl solvent shows the CE trend in Figs. 9

and 10. It is found that, at lower current density, there may

be a significant difference in CE, but at higher current

density this difference is negligible. At lower current

density, CE for cerium metal, in particular, is low, which

Fig. 8 Effect of concentration of RECl3 on CE

Fig. 9 Influence of current densities on CE for Ce metal in LiCl–

KCl and NaCl–KCl flux

Fig. 10 Influence of current densities on CE for La metal in LiCl–

KCl and NaCl–KCl flux

Fig. 6 CE at different temperatures of operation for Ce metal

Fig. 7 CE at different temperatures of operation for La metal
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may be attributed to cyclic oxidation and reduction of Ce3?

and Ce4?. This is contradictory to the Ref. [16], which

reported that reduction of Ce(III) to Ce(0) was a single-step

process. Low CE for Ce at low CCD could be due to low-

internal mobility of cerium ion compared with lanthanum

ion [17]. The increase of mass transfer rate at a higher

current density leads to higher CE values for both LiCl–

KCl and NaCl–KCl baths. From the industrial production

point of view, NaCl–KCl has the advantage over LiCl–KCl

due to its low cost.

The preparation of metals is also possible using only

individual flux such as KCl, NaCl, or LiCl. In these cases,

applied voltage in the electrolysis is slightly higher than the

LiCl–KCl or NaCl–KCl flux. The CEs obtained in these

cases are comparable with that obtained in mixture solvent.

The purity of metal and amount of flux metal obtained here

is also comparable with that of prepared in mixed solvent

as evident from Table 1. Another interesting factor is found

here: CE decreases from KCl to NaCl and to LiCl for both

metals as shown in Figs. 11 and 12. Although this trend is

not fully understood, it is believed to be due to the slow

mass transfer of lanthanide ions in NaCl and LiCl com-

pared with KCl melt. It could be due to the formation of

higher-order lanthanide complex in the presence of NaCl

and LiCl [18–23]. Further studies are definitely required to

predict the mechanism for this observed trend.

4 Conclusion

Cerium and lanthanum metals with more than 99 % purity

were prepared in batches of 0.3 kg each. All the process

parameters were varied to get high CE and yield for both

these metals in LiCl–KCl and NaCl–KCl baths. CE of

87 % and 90 % are obtained in preparing Ce and La metal,

respectively, by operating the electrolytic cell under best

conditions. The suitable temperature for electro-winning of

cerium and lanthanum is found to be 1,163 and 1,213 K,

respectively. The optimum CCD for lanthanum deposition

is 8 A�cm-2 in both LiCl–KCL and NaCl–KCl melts. For

cerium, the optimum CCD is 10 A�cm-2 in LiCl–KCl melt

and 12 A�cm-2 in NaCl–KCl melt. Preparations of these

metals were also carried out using individual flux of KCl,

LiCl, and NaCl. Maximum CE and yield were observed in

KCl compared with NaCl or KCl flux for both the metals.
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