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A B S T R A C T 

Electrolytic processes in fused salts have a definite 
role to play in the extraction and processing of refractory 
and reactive metals. These processes have a great po-
tential to directly extract metal without the use of any 
chemical reductant and also have the possibility of 
operating on a continuous or semicontinuous basis. 
This paper describes the fused salt electrolytic processes 
as applied to the extraction of refractory metals of the 
IVA to VIA Groups and rare earth metals. The paper is 
composed of three main parts: The first part deals with 
the theoretical aspects of electrolytic processes; the 
second part deals with technological aspects; and the 
third part essentially reviews the status of electrolytic 
processes as applied to various metals. Finally, this 
paper also includes a brief coverage on electroplating and 
electroforming of refractory metals. 

1 . INTRODUCTION 

The refractory and reactive metals that belong to the 
IVA to VIA groups of the periodic table and rare earth 
metals possess many attractive physical, chemical, 
mechanical and nuclear properties. Due to these pro-
perties, many of these metals have specialized appli-
cations in high-tech areas such as nuclear power genera-
tion, aerospace, electronics, desalination, etc. The pro-
perties which make these metals unique in comparison 
with those of many of the common metals are generally 
achieved when the metals have the right chemistry to 
meet exacting chemical specifications; the metals are 
required to be extracted and retained in the right state of 
purity by adopting specialized processes. In these pro-
cesses, care is taken not only to remove the undesirable 
constituents but also to prevent impurity contamination 
from the environment at each processing step. Table 1 
presents a brief summary of the processes that are in use 
for the commercial production of these metals. It can be 
seen from the table that metals of groups IVA, VA and 
some of the rare earth metals are produced by metallo-
thcrmic reduction of oxides and halides. In group VIA 
chromium is produced by aqueous electrolysis, 
molybdenum and tungsten by hydrogen reduction. Most 
of these processes are rather complex, multistep 
operations involving high temperature and high vacuum. 
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It may be of interest to point out here that most of the 
reductants are themselves obtained by electrolysis. Thus 
there appears to be a very strong case for adopting 
electrolytic processes for extraction of these metals. The 
electrolytic processes in fact offer many other advantages 
such as (i) the release of metals from their compound in 
a state of high purity as electricity is a clean source of 
energy, (ii) the elimination of contamination from the 
reductant as well as from impurities associated with the 
reducing agent, and (iii) straightforwardness and (iv) 
potential of carrying out the processes on a continuous 
or semicontinuous basis by maintaining a close control 
of process variables. 

2 . THEORETICAL ASPECTS 

In metal extraction processes, the metal compound 
is reduced to yield relatively pure metal, and a non-
metallic component is removed by combining with the 
reducing agent. In the electrochemical process, the elec-
tron transfer completes the reduction as per the reaction. 

M"-1" + ne" M° (1) 

Thus it is necessary to supply an electron through 
an electrical circuit Such an electrochemical reaction is 
not limited by considerations of chemical stability of the 
metal ions or compounds. The voltage required for de-
composition of the compound in the limit of zero 
current is related to the standard free energy of formation 
of the compound by the equation 

AG°= -nFE° per g mole (2) 

where F is Faradays constant, E° is the standard 
decomposition potential, and η is the number of 
electrons participating in the electrochemical reaction. 
The decomposition potentials of prospective metal com-
pounds from which the metals are to be extracted can be 
computed by referring to the standard free energy 
formation data available in published literature / l / . It 
has been observed that standard free energies of formation 
of oxides and halides have been found to have values 
greater than 360 Kcal per mole of oxygen for oxides and 
180 Kcal per mole of chlorine for chlorides /2/. Based 
on this, the decomposition voltage is estimated to be 
around 4V to dissociate most of these compounds. 
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Table 1 
Commercial Methods for Production of Refractory Metals of Groups IVA to VIA and Rare 

Earths 

Metal Ore Ore Treatment Reduc t ion Ref in ing Produc t 

Titanium Rutile (Ti02) Chlorination Mg/Na reduction 
of chloride 

Vacuum 
distillation 

Titanium sponge 

Zirconium Zircon Zr02 SD2 Caustic fusion; 
hydro processing 
for separation of 
Zr and Hf and pro-
duction of Zr02, 
chlorination 

Mg/Na reduction 
of chloride 

Vacuum 
distillation 

Zirconium 
sponge 

Hafnium Hafnia Hf02 Chlorination Mg/Na reduction 
of chloride 

Vacuum 
distillation 

Hafnium sponge 

Vanadium Vanadium 
bearing 
magnetites, 
carnotites 

Salt roasting, 
hydro processing 
to produce V203 

Calcium reduc-
tion of vanadium 
pentoxide 

Electron 
beam melt 
refining 

Vanadium 

Niobium Columbite-
tantalite (FeMn) 
Ο (NbTa) 2 0 5 

pyrochlore; tin 
slag 

HF-dissolution, 
hydro processing 
for separation of 
Nb and Ta and 
production of 
Nb205 

Alumino thermic 
reduction 

Electron beam 
melt refining 

Niobium 

Tantalum Columbite-
tantalite: (FeMn) 
Ο (NbTa) 205 ; tin 
slag 

HF dissolution, 
hydro processing 
for separation of 
Nb and Ta and 
production of 
K2TaF7 

Sodium reduction 
of K2TaF7 or 
fused salt 
electrolysis 

Electron beam 
melt refining 

Tantalum powder 
and ingot 

Chromium Chromite FeO-
Cr203 

Hydro processing 
to produce 
chromic acid 

Aqueous 
electrowinning 

Chromium 

Molybdenum Molysulphide 
MOS2 

Roasting, hydro 
processing to 
produce pure 
oxide 

Hydrogen 
Reduction 

Melting Molybdenum 
powder and ingot 

Tungsten Wolframite 
(FeMn) W04, 
scheelite 
Ca0W03 

Alkali fusion or 
acid leaching; 
hydro processing 
to produce W0 3 

Hydrogen 
reduction 

Tungsten powder 

Rare earth 

La, Ce, Pr, Nd 

Gd, Tb, Dy, Ho, 
Er, Lu, Y 
Sm, Eu, Tl, Yb 

Monazite or 
bastnasite or 
xenotime 

Alkali or acid 
leaching and 
further proces-
sing to mixed RE 
chloride 
Solvent extrac-
tion or ion ex-
change to sepa-
rate rare earth 
metal compound 
do 

do 

Electrolysis of 
chloride, oxides 
and fluorides 

Electrolysis of 
chlorides, 
fluorides and 
oxides 

Electrolysis of 
fluorides 
Metallothermic 
reduction of rare 
earth oxides 

Misch metal 

La, Ce, Pr, Nd 

Gd, Tb, Dy, Ho, 
Er, Lu, Y 
Sm, Eu, Tl, Yb 
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Requirements of potential in this range which is higher 
than the decomposition potential of water rules out the 
possibility of using any aqueous process for electro-
chemical extraction of these metals from oxides and 
halides. Almost all the metals dealt with in this paper 
are very reactive and occupy highly baser positions in 
the Galvanic series; therefore, hydrogen overvoltage is 
not favourable for the deposition of these metals from 
aqueous phase. Also, unlike sodium, these metals do 
not form an amalgam with mercury; therefore, these 
metals cannot be extracted from an aqueous solution by 
adopting a similar technique. Besides, these metals form 
oxycationic species in aqueous solutions which on 
electrolysis result in the formation of oxides/hydroxides 
in preference to metals /3/. These metals form a good 
number of organometallic complexes, but the possibility 
of extraction of metals from such baths is very poor due 
to low activity of the metal ions in these baths. 
Electrolytic processes using organic bath are, therefore, 
not attractive for the production of these metals. Con-
sidering these aspects, the choice of a suitable electrolyte 
for extraction of these metals is limited to stable ionic 
melts that are provided by fused salts. The fused salts 
have many advantages /4/ such as (i) low IR drop, (ii) 
rapid electrode reactions due to high operating tem-
perature, (iii) high mass transfer rates, (iv) high current 
densities which can be utilized, and (v) absence of water 
in the electrolyte results in production of metals free 
from oxides and hydroxides. The main drawbacks are (i) 
the need for high temperature operation and (ii) corrosion 
of construction materials. 

A . Characteristics of Fused Salts for Use in 
Electrolyte 

The electrolyte selected for electrolytic operation 
should be a Faraday type of conductor with practically no 
electronic conductivity, i.e., the salt should offer a rela-
tively high degree of ionization. Usually, the electrical 
conductivity of molten salts at their melting point is of 
the order of 1 mho/cm /5/. In some cases where the 
ionic conductivity is poor, the best way to improve the 
conductivity is to dissolve this in a suitable ionic melt. 
The salt which provides high ionic conductivity is 
usually called the carrier electrolyte and those which take 
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part in the electrochemical reaction are called functional 
electrolytes. 

The fused salts /6/ for electrolytic reaction should 
have a wide range of electrolytic stability. The carrier 
electrolyte should have a large decomposition potential, 
i.e., it should contain ionic species with higher discharge 
potential as compared to the metallic ion species of the 
functional electrolyte taking part in the electrolytic 
reaction. 

The electrolyte to be employed in electrochemical 
studies should be thermally stable and have low vapour 
pressure to prevent the loss of electrolytes. The elec-
trolytes having high vapour pressures are easily depleted 
of the more volatile component resulting in a change in 
the physicochemical properties of the electrolytes. 

The electrolyte selected should have as low a 
melting point as practical to permit cell operation at the 
lowest possible temperature. Low operating temperature 
offers the advantages of low energy consumption, 
reduced rate of electrolyte deterioration, less con-
tamination of the product, low solubility of the metal in 
the electrolyte and improved current efficiency. 

The electrolyte employed should have low viscosity 
for better mixing, higher rate of mass transport in the 
electrolyte, and easy separation of cathode deposit from 
the electrolyte. 

The molten salts should offer high solubility for 
the functional electrolyte to permit electrolysis to be 
carried out at the current densities of practical interest 
without decomposition of the carrier electrolyte. 

Besides these major characteristics, the electrolytes 
should be available in a state of high purity and be 
amenable to purification by simple processes. It should 
have a minimum corrosiveness towards the components 
of the construction materials of the electrolytic cells. It 
should also be readily available at a low cost. 

B. Selection of Electrolyte 

The selection of electrolytes for electrolytic extrac-
tion of refractory and reactive metals depend on the 
physicochemical properties of the metals. The refractory 
metals belonging to the Group IV to VIA of the periodic 
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table have a high melting point whereas some of the rare 
earths metals have high melting points and others have 
relatively low ones. Extraction of metals with high 
melting points in liquid state would require electrolysis 
to be carried out at temperatures exceeding 1500 °C. 
Such high operating temperatures would lead to nume-
rous operational problems such as thermal instability 
and high rate of volatilization of electrolytes and deterio-
ration of cell components. Therefore, from the point of 
view of reactivity of materials, electrolytic methods are 
usually limited to temperatures of 1100 °C or lower /7/. 
Thus many of the metals are produced in solid form. 
When the metal is obtained as a powder or as dendrites, 
there is substantial entrapment of the electrolyte thereby 
necessitating separation of the metal from the electro-
lyte. The separation may be accomplished either by 
vacuum sublimation or preferably by aqueous pro-
cessing. The electrolytic constituents should, therefore, 
be water soluble. In addition to their refractoriness, the 
other feature that is very peculiar to all these metals is 
high sensitivity to oxygen. This consideration requires 
the electrolytic constituents to be free from oxy ions. 
Other properties that arc considered for proper selection 
of an electrolyte are melting point, boiling point, chemi-
cal stability and decomposition potential. Properties of 
some of the promising compounds /8,9/ are listed in 
Table 2. 

In any electrolytic process, the first item to be 
chosen is the functional electrolyte which in tum dictates 
the choice of solvent salts for composing the carrier 
electrolyte. The functional electrolytes are oxides and 
halides. Oxides are used in conjunction with other 
halides in electrowinning of metals such as tantalum, 
molybdenum, tungsten and some of the rare earths. In 
these, the oxides are dissolved in halide melts and 
provide suitable ionic species for the discharge of 
respective metal at the cathode. Halides are used as 
functional electrolytes for deposition of all the metals. 
In principle, all the halides can be used. In practice, 
only fluorides and chlorides are used because iodides and 
bromides are thermally unstable as well as expensive. 
Fluorides are ideally suited due to their stability and low 
volatility. Their drawbacks are the difficulty in obtain-
ing them in pure form, i.e., free from oxygenated ion, 
and their poor solubility in water which makes it 
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difficult to separate them from the deposit. These draw-
backs, however, can be overcome by using double 
fluorides in place of simple fluorides. Chlorides are 
widely used in electrodeposition because they are readily 
available in pure form and have high solubility in water 
which makes them readily separable from the electrode 
deposit. The main drawback, however, is their high 
hygroscopicity. Chlorides of group IV to VIA metals 
are partially covalent and partially ionic with the degree 
of covalency decreasing with the increasing atomic 
number of the metal in the same subgroup. These co-
valent chlorides have low boiling/sublimation tem-
perature and are, therefore, difficult to retain in the baths. 
The retentivity, however, can be improved by converting 
these chlorides into stable ionic species either by 
changing the oxidation state or by complexing. In light 
of the information in Table 2 and the foregoing dis-
cussion on the criteria for selection of a functional 
electrolyte, the most favoured carrier electrolytes are 
clearly chlorides and fluorides of alkali and alkaline earth 
metals. These salts have high decomposition potentials 
as compared to that of the functional electrolytes, good 
electrical conductivity, relatively high boiling points, 
and high thermal stability. Between fluorides and 
chlorides, chlorides are usually preferred. This is mainly 
because the halides of alkaline earth metals are usually 
hydrated and difficult to obtain in pure anhydrous state. 

C . Elec t ro ly t ic Cell 

The electrolytic cell to be designed for electro-
deposition of refractory and reactive metals has to take 
into consideration the reactivity of these metals towards 
atmospheric contaminants. This requires the cell to be 
operated under inert atmosphere. For continuous or 
semicontinuous operation, special care must be taken in 
handling hot electrodeposits without exposing the elec-
trolyte to atmosphere. Since most of the metals, except 
for some of the low melting rare earth metals, are ob-
tained in the solid state, the electrolytic cell should have 
a provision to cool the deposited metal in protective 
atmosphere. Thus the cell should be vacuum tight and 
have a provision for purging inert gas. In its simplest 
form, the electrolytic cell consists of an electrolytic 
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chamber, a receiving chamber at the top of the electro-
lytic chamber with a slide valve in between the two. 
The electrolytic chamber contains the molten electrolyte 
and has a provision to insert the cathode and anode. The 
receiving chamber is essentially meant for receiving the 
hot electrodeposit for cooling to room temperature before 
exposing it to atmosphere and for inserting a new 
cathode for continuing the electrolysis. The slide valve 
essentially acts as a barrier to prevent the exposure of 
molten electrolyte to atmospheric contamination during 
the changing of electrodes. 

The electrolytic chamber used for laboratory work 
is generally constructed of metallic materials and, 
therefore, can be conveniently heated externally using a 
pit-type electric resistance furnace. The construction 
material, therefore, has to withstand external oxidative 
corrosion and internal corrosion from the molten salt 
fumes due to evaporation of electrolyte and anodic gases 
evolved, if any. These cells are, therefore, fabricated 
from inconcl 600 or hastealloy C and are generally pro-
vided with an impervious graphite lining. Larger cells 
are usually made out of metallic shell lined inside with 
refractory materials with or without graphite lining. 
Whenever the graphite lining cannot be used because of 
chemical interaction, the solid salt crust formed at the 
refractory surface acts as a container for the molten 
electrolyte. In such cells, heating from an external 
source is not practical due to poor conductivity of 
refractory lining. These cells are generally internally 
heated. In some cases, however, premelted electrolyte is 
poured into the electrolytic cell and the electrolysis 
temperature is then maintained by the direct current itself 
due to Joule heating. Where heat generated is large, 
some cooling may become necessary. In fact, correct 
heat balance is achieved by careful design, i.e., selection 
of an appropriate size and shape of the cell to suit current 
density, internal heating or appropriate external cooling. 

The next important item to be considered in an 
electrrolytic cell is the selection of materials for elec-
trodes. The cathode, on which the metal is deposited, 
should generally be inert to the metal being deposited to 
prevent contamination. In certain cases, the cathode 
material is purposely selected to alloy with the metal 
being deposited. In such cases, the selected cathode 
material should be such that subsequent to deposition 
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the cathode material could be easily separated from the 
deposited metal. In principle, any conducting material 
which does not react with the chosen electrolyte and is 
more noble than the metal being deposited can be 
selected as a cathode material. In practice, metals such 
as iron, nickel, molybdenum, tantalum and tungsten are 
usually used in the deposition of metals, but 
molybdenum has found wide acceptance as a cathode 
material. The chlorine atmosphere in the cell protects it 
from oxidation by air. If any molybdenum oxide is 
formed, it is volatile at the temperature of electrolysis 
and, therefore, escapes from the cell thereby preventing 
the oxygen contamination of the cathode deposit. A 
partial covering of alumina sheath over molybdenum is 
sometimes provided to prevent the attack on the cathode 
at the gas-electrolyte interface. Regarding the anode, 
anodic material can be inert, consumable or soluble 
depending on the electrochemical reaction taking place in 
the cell. The inert anode, in fact provides, a conducting 
path for the discharge of anodic gases evolved on electro-
lytic decomposition of the bath. Generally closed tex-
tured graphite is a preferred anode material in cases where 
the discharging species are halogen ions. In cases where 
the discharging species are oxyanions, the graphite/ 
carbon acts as a consumable anode because the oxyan-
ions, after discharging, combine with carbon thereby 
evolving carbon monoxide/carbondioxide gases. This, in 
fact, is beneficial for the electrochemical reaction because 
the chemical energy liberated by this reaction results in 
lowering the overall energy requirement for the electro-
chemical reaction. Besides inert and consumable anodes, 
soluble anodes also play an important role in electrolytic 
processes. These, in fact, provide the metallic ions 
which finally get deposited at the cathode. 

D. Electrolytic Processes 

Electrolysis is done for four main purposes: 
winning, refining, plating and forming. In the first two 
processes the main objective is to have high recovery of 
the metal in as pure a form as possible whereas the last 
two processes are mainly concerned with the nature of 
the cathode deposit for a specified purpose as well as the 
purity/composition of the metal/alloy being deposited. 
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Ε . Elect rowinning 

In electrowinning the metal is won from its com-
pound dissolved in a suitable solvent using electron 
rather than a chemical element as a reductant. The de-
composition of the compound starts only when the 
applied external voltage reaches a certain definite value 
called the decomposition potential which can be theo-
retically computed from the standard free energy data. 
The decomposition potentials of various compounds of 
refractory and reactive metals are given in Table 2. The 
decomposition potential of complex salts is higher than 
those of single salts. Decomposition potential decreases 
with the increase in the temperature of electrolysis. 
However, for the electrolysis to proceed at a measurable 
rate, the operating voltage is higher than the decompo-
sition potentials computed theoretically. The voltage 
required for electrolytic production of metal is given by 

E T = E D + ER + En + E a c + Ek (3) 

where Εχ is the total voltage, ED is the decomposition 
potential of the desired compound dissolved in the 
electrolyte, ER is the voltage required to overcome 
ohmic resistance of the electrolyte, E n is voltage that 
develops due to concentration gradient around the elec-
trodes, E a c is the activation overpotential of the voltage 
required to discharge the ionic species onto electrode 
surface and Ek is the voltage due to potential drop at 
various points, i.e., at the electrodes, busbars, etc. 

F . Electroref ining 

In electrorefining the impure metal is anodically 
dissolved as metal ions, and subsequently these ions are 
reduced at the cathode to yield pure metal as per the 
following cell reaction: 

M(impUre) —> M n + + ne~ (at the anode), 

M"+ + ne~ —> Μ pure (at the cathode) 

Anodic oxidation liberates some amount of energy 
whereas the cathodic reaction consumes some energy. 
Thus, from the point of view of energy consumption, 
electrorefining is a quite efficient reaction as can be seen 
from the overall reaction 

M(impure) -» M(pure) 
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Standard free energy change at equilibrium for the 
reaction cited above can be given as 

AG0 = -RT In ^iaiEureL· 
a m(impure) 

and AG0 = -nFE° cell 

therefore E° cell = In a m ( p u r e ) 
a m ( impure) 

Now for pure metal the activity a m ( p u r e ) is one; 
therefore, E° cell = -RT In am ( jm p u r e ) . From this equa-
tion, it can be noted that the potential requirement in 
electrorefining is quite small and depends on the activity 
of the impure metal. 

In order to produce metals in a state of high purity, 
selectivity has to be maintained in the deposition of 
various ionic species. Electrode potentials provide such 
selectivities in the deposition of the metals. Electrode 
potentials for deposition are usually presented in the 
form of EMF series. In aqueous systems, the EMF 
series is well standardized whereas in the molten 
electrolytes no single EMF series has been established. 
This has been due to nonavailability of accepted standard 
reference electrode, use of a number of molten electro-
lytes and no standard temperature due to the widely 
varying melting temperatures of the salts used. Inspite 
of this, many EMF series have been compiled /10/ using 
a variety of molten salts with different standard electrodes 
and with different concentration scales. Extensively used 
EMF series are LiCl-KCl eutectic at 723 K, equimolar 
NaCl-KCl in the temperature range of 973-1173 K, 
MgCl2-NaCl-KCl eutectic at 748 K, AlCl3-NaCl-KCl 
mixture at 491 K, U2SO4-K2SO4 at 696 Κ and NaF-KF 
eutectic at 1123 K. The most useful series for electro-
deposition of refractory and reactive metals are the LiCl-
KC1 eutectic, equimolar NaCl-KCl and NaF-KF eutectic 
series. These are shown in Tables 3-5. From the posi-
tion of the metal in the series, the metals that fall below 
the chosen metal are called nobler and those above it are 
called baser. Based upon the electrode potentials, the 
metallic impurities are broadly divided into two groups: 
the nobler (less electronegative) and the baser (more 
electronegative) than the metal to be purified. Purifica-
tion with respect to these two classes of impurities is 
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Table 2 
Phys ica l Proper t i e s of S o m e Sal t s 

Compound Melting Point 

Κ 

Boiling Point 

Κ 

Spec i f ic 
Conductance 
Ohm"1 cm"1 at 

1200 Κ 

Decomposit ion 
Potent ia l 

Ε at 
1073 K* 

LiCI 887 1633 7.97 3.457 
Nad 1073 1686 4.49 3.24 
KCl 1063 1773 3.24 3.441 

RbQ 988 1663 2.55 3.314 
CsCI 918 1573 2.27 3.362 
CaCI2 1045 1873 2.79 3.323 
MgCI2 987 1691 2.58 2.46 

LiF 1120 1943 10.97 5.256 
NaF 1245 1977 5.493 3.781 
KF 1130 1773 6.133 3.63 
RbF 1038 1683 - 3.67 
CsF 955 1523 5.99 3.677 

Na2B204 1238 — _ 
Na2B407 1015 - — — 

TiCI4 250 409 - 1.784 
T1CI3 723 (d) 698 (s) - 2.154 
TiCI2 1298 1750 - 2.255 
ZrCI4 711 - - 2.266 
HfCI4 707 592 (s) - 2.537 
VCI2 1300 1650 - 2.103 

NbCI5 478 521 — 1.44 
TaCI5 489.5 507 - 1.57 
MoCI5 467 541 — 0.597 
M0CI3 1300 (d) 1300 (d) - 0.723 
CrCI2 1088 (s) 1573 - 1.370 
CrCb 1220 - - 1.072 
WC^ 548 609.5 - 0.15 
LaCI3 1143 2020 1.686 _ 
CeCIa 1095 - 1.124 _ 
PrCI3 1091 - 1.137 2.911 
NdClg 1057 - 1.014 2.856 
TiF4 - 557 — — 

ZrF4 (1176) 873 (s) - 4.586 
HfF4 (1200) 1200 (s) - 4.477 
V F 3 (1400) 1900 - 3.896 
NbFs 348.5 498 — _ 
TaFs 369.8 502 - _ 
LaF3 1777 2632 - 5.03 
CeF3 1705 2434 - 5.03 
PrF3 1672 2495 — 4.99 
NdF3 1646 2556 — 4.97 
SmF3 1577 2670 - 4.92 
EuF3 1549 2955 - 4.55 
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Table 2 
Physical Properties of Some Salts (Cont'd) 

Compound Melting Point 

Κ 

Boiling Point 

Κ 

Specific 
Conductance 
Ohm"1 cm'1 at 

1200 Κ 

Decomposition 
Potential 

Ε at 
1073 K* 

GdF3 1502 2700 - 5.02 
TbF3 1445 2819 - 5.05 
DyF3 1426 2866 - 4.99 
HoF3 1415 2528 - 5.01 
ErF3 1414 2805 - 5.00 

TmF3 1431 2567 - 4.99 
YbF3 1431 2700 - 4.80 
LuF3 1455 2582 - 5.01 
T I 0 2 2108 3200 - _ 
Zr02 2973 3273 - -

Hf02 3031 5673 - -

Nb2Os 1758 3200 360 — 

Ta2Os 2145 - - — 

M O 0 3 1068 1428 (s) 1.700 -

Li2Mo04 978 - 3.927 — 

Na2Mo04 960 - 2.604 — 

w o 3 1743 2100 - — 

L I 2 W 0 4 1015 - - — 

Na2W04 968.5 - 1.973 -

La203 2573 4473 - -

Ce203 2415 3500 - — 

Ce02 2670 - - -

Pr203 2563 4000 - — 

PR0 2 700 - - — 

Nd203 2588 - - -

Sm203 2593 3800 - -

E U 2 0 3 2603 - - — 

EuO 1973 - - — 

Gd203 2668 - - — 

T b 2 0 3 2658 - - -

Tb407 2610 - - — 

Dy203 2658 - - — 

HO203 2668 - - — 

Er203 2673 3273 - — 

Tm204 2665 - - — 

Vb203 2693 - - — 

LU2Q3 2740 — — — 

d = disproportionates 
s = sublimes 
* calculated from AG0 value 
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Table 3 
E l e c t r o m o t i v e Force Ser ies L i C l - K C l - Eutec t i c , 723 Κ 

C o u p l e E°m E° E°x 
Li(l)-Li(0) -3.304 -3.320 -3.320 
La(ll l)-La(0) -2.877 -2.882 -2.912 
Y(ll l)-Y(0) -2.589 -2.864 -2.894 
Nd(lll)-Nd(0) -2.819 -2.824 -2.854 
Gd(ll l)-Gd(0) -2.788 -2.793 -2.823 
H2(g)-H-(l) -2.80 -2.98 -3.11 
Mg (ll)-Mg (O) -2.580 -2.580 -2.580 
Zr(IV)-Zr(ll) -1.864 -1.880 -1.970 
Mn(ll)-Mn(0) -1.849 -1.849 -1.849 
Hf(IV)-Hf(0) -1.827 -1.835 -1.880 
Zr(IV)-Zr(0) -1.807 -1.815 -1.860 
Al(ll l)-Al(0) -1.762 -1.767 -1.797 
Zr(ll)-Zr(0) -1.75 -1.75 -1.75 
Ti(ll)-Ti(0) -1.74 -1.74 -1.74 
Ti(lll)-Ti(0) -1.60 -1.61 -1.64 
V(ll)-V(0) -1.533 -1.533 -1.533 
Ti(lll)-Ti(ll) -1.32 -1.34 -1.43 
Cr(ll)-Cr(0) -1.425 -1.425 -1.425 
Fe(ll)-Fe(0) -1.172 -1.172 -1.172 
Sn(ll)-Sn(0) -1.082 -1.082 -1.082 
Co(ll)-Co(0) -0.991 -0.991 -0.991 
Cu(l)-Cu(0) -0.957 -0.941 -0.851 
Ni(ll)-Ni(0) -0.795 -0.795 -0.795 
V(ll l)-V(0) -0.760 -0.766 -0.796 
V(lll)-V(ll) -0.748 -0.764 -0.854 
Ag(l)-Ag(0) -0.743 -0.727 -0.637 
HCI(g)-H2(g) -0.694 -0.710 -0.800 
Cr(lll)-Cr(0) -0.650 -0.655 -0.685 
Mo(lll)-Mo(0) -0.603 -0.608 -0.638 
Cr(lll)-Cr(ll) -0.525 -0.541 -0.631 
Cu(ll)-Cu(0) -0.448 -0.448 -0.448 
Fe(lll)-Fe(0) -0.362 -0.367 -0.397 
Pt(ll)-Pt(0) -0.000 -0.000 -0.000 
Cu(ll-Cu(l) +0.061 +0.045 -0.045 
Fe(lll)-Fe(ll) 0.086 0.070 -0.020 
Cl2-Cr(l) 0.322 0.306 +0.216 

E°m refers to molarity scale 
E° refers to molality scale 
E°x refers to mole-fraction scale 
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Table 4 
Electromotive Force Series Equimolar NaCI-KCI, - 923 to 1173 Κ 

Couple E°m E° E°x 
Zr(ll)-Zr(0) -1.355 
Zr(lll)-Zr(0) -1.326 
Mn(ll)-Mn(0) -1.206 -1.190 -1.172 
Ti(ll)-Ti(0) -1.106 -1.076 
Ti(lll)-Ti(0) -1.046 
ZrflV)-Zr(O) -1.018 
Zr(lll)-Zr(ll) -0.970 
Ti(lll)-Ti(ll) -0.920 
Cr(ll)-Cr(0) -0.758 -0.740 -0.728 
Ti(IV)-Ti(0) -0.697 
Ti(l)-Ti(0) -0.665 
Fe(ll)-Fe(0) -0.520 -0.510 0.498 
Cr(lll)-Cr(0) -0.425 -0.385 -0.345 
Sn(ll)-Sn(0) -0.370 -0.354 -0.340 
Co(ll)-Co(0) -0.324 -0.300 -0.275 
Cu(l)-Cu-(0) -0.260 -0.256 -0.260 
Cr(lll)-Cr(ll) -0.241 -0.325 -0.421 
Ni(il)-Ni(0) -0.140 
Ag(l)-Ag(0) 0.0 0.0 0.0 
Cu(ll)-Cu(0) +0.170 +0.180 +0.192 
Ti(IV)-Ti(lll) +0.350 
Cu(ll)-Cu(l) +0.600 +0.616 +0.644 
CI2-C|-(I) +0.845 +0.820 +0.795 

Table 5 
Electromotive Force Series NaF-KF - Eutectic, 1123 Κ 

C o u p l e E ° x 

Al(lll) - AI(O) -2.14 
Mn(ll) - Mn(O) -1.68 
Cr(lll) - Cr(0) -1.34 
Co(ll) - Co(O) -0.71 
Ni(ll) - Ni(O) -0.64 
Fe(lll) - Fe(O) -0.52 
Cu(l) - Cu(O) -0.16 
Ag(l)-Ag(0) 0.0 
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due to chemical and electrochemical reactions that take 
place at the anode and the cathode. The impurities 
whose deposition potentials are close to that of the metal 
being refined are likely to be codeposited along with the 
metal. Such impurities are prevented from codepositing 
by changing their activities in the electrolyte through 
complex formation. At the anode, baser impurities get 
readily oxidized directly and also by the chemical dis-
placement reaction with the electrolyte whereas the 
nobler impurities would not go into the solution due to 
the unfavourable thermodynamic conditions. This can 
be readily seen, for example, by looking at the electro-
refining of vanadium with aluminium and iron as typical 
baser and nobler impurities, respectively. The displace-
ment reaction by which aluminium can go into solution 
is 

2Al(metal) + 3VC12 (salt) 2AlCl3(salt) + 3V(metal) 

whereas the corresponding reaction with iron is 
thermodynamically unfavourable, 

Fe(metal) + VCl2(salt) FeCl2(salt) + V(metal) 

(standard free energy change for such a reaction is +28 
Kcal/mole) / l l / . Such nobler impurities would, 
therefore, remain behind as anode sludge. If, however, 
iron or any other impurity enters the electrolyte from 
any other source, there would be no accumulation at all 
in the electrolyte because they would be readily deposited 
at the cathode since they are nobler. In the case of baser 
impurities, electrodeposition at the cathode is not 
favoured; therefore, there is a build-up or accumulation of 
salts of baser metals in the electrolyte. However, there 
is a transfer of baser metal to the cathode, the extent of 
such transfer being dependent on the chemical equi-
librium constant and thermodynamic activities of 
metal/impurities and their salts; for example, in the case 
of aluminium as an impurity in vanadium, the extent of 
concentration in the cathode deposit would be governed 
by 

aAl = 1 aAlCl3 

aVmctal Κ avci2 

where Κ is the chemical equilibrium constant. With the 
progress of electrolysis, the concentration and hence the 
activity of baser impurities in the electrolyte increases 
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which, in turn, would increase the contamination of the 
cathode deposit. A stage may be reached when the conta-
mination exceeds acceptable limits thereby calling for 
premature termination of electrolysis. Besides these 
thermodynamic considerations, the degree of purification 
achievable also depends on other factors such as con-
centration gradients due to removal of reacting species 
near the electrode interface, the IR drop within the cell, 
solubility of the impurities in the electrolyte and extra 
potential necessary to remove the ion from the solution 
onto the electrode surface (activation overpotential). 

G . E lec t roex t rac t ion 

Electroextraction is in many respects similar to 
electrorefining. In this process, an electrically conduct-
ing compound instead of an impure metal is used as a 
soluble anode and the electrolyte is not made to de-
compose. The minimum potential for the extraction of 
metal through this process can be computed from the 
standard free energy of formation of the compound used. 
Considering the electroextraction of molybdenum from 
M02C, the electrodeposition reaction can be represented 
as 

1/2 M02C = Mo + 1/2 C 

Standard free energy change (Δϋχ°) at 1200K is 
1500 cal/mole. The theoretical potential for the above 
reaction can be calculated by using Nernst equation 

AGt° = - nFET° 

The E° value at 1200K in KCI-K3M0CI6 electro-
lyte for molybdenum deposition from carbide (M02C) 
involving three electron transfer in this bath is 

E T ° = -1.445 χ ΙΟ"5 χ 1500 volts = 0.0217 V 

Table 6 presents standard EMF values calculated for 
some carbides, oxides and sulphides of refractory and 
reactive metals that have been used for electroextraction. 
It may be observed that the theoretical potentials required 
for electroextraction are much lower than those required 
for electrowinning but are higher than those required for 
electrorefining. 
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Table 6 
Values of Standard EMF for Decomposition of Various 

Refractory Metal Compounds that have been Used 
as Soluble Anodes 

Compound Decomposition A G ° Cal E ° Volts 
Reaction at 1200 Κ at 1200 κ 

TiC T1C-T1+C 40950 0.443 

ZrC ZrC - Zr+C 43450 0.470 

VC VC — V+C 26100 0.565 

Cr 3C 2 Cr3C2 — 3Cr+2C 23450 0.508 

M02C M02C — 2Mo+C 1500 0.022 

M0S2 M0S2 — Mo+2S 41550 0.600 

M02S3 M02S3 — 2MO+3S 31845 0.46 

M0O3 M0O3 — MO+3/202 109500 1.581 

M0O2 M0O2 -- Mo+02 87500 1.264 

3 . TECHNOLOGICAL ASPECTS 

The electrolytic processes utilise a large amount of 
electrical energy as a feed stock for extraction of metals. 
Thus special efforts are needed when designing these pro-
cesses to economise on energy as well as the overall cost 
of processing. In principle, the electrochemical process 
and its reaction rate in any commercial scale cell is the 
same as that when using a small electrode in the labora-
tory cell. 

A. Effect of Electrochemical Parameters on 
Electro lys i s 

In molten electrolyte systems, the cathode deposit 
invariably has some solubility in the electrolyte; 
therefore, the net deposition process consists of two 
competing reactions: electrochemical deposition and 
chemical dissolution. The overall effect of the depo-
sition process is usually evaluated by measuring the 
cathode current efficiency which represents the amount of 
metal actually deposited on the cathode to that which 
would have deposited theoretically assuming the entire 
charge to have been used for deposition reaction 
(Faradays law). 

The current efficiency of an electrolytic process is 
dependent on several operating parameters but the most 
important ones are: 

i) composition of the electrolyte, 

») the concentration of solute, 

üi) current density, 

iv) temperature of electrolysis, 

v) the electrodes configuration, and 

vi) the potential drops at the electrode and in 
the bus bars outside the electrolytic cells. 

The composition of the electrolyte is very im-
portant in controlling the electrolytic deposition of 
metal, the chemical interaction of the deposit with the 
electrolyte and electrical conductivity. The solvent 
cations and solvent anions do influence the electro-
deposition process through the formation of complexes. 
The effect of solvent ions can be considered in terms of 
their charge densities /12/ (Z/r3; Ζ is the ionic charge 
and r the ionic radius). The greater the charge density, 
the greater the solvent cation-anion interaction thereby 
shortening solvent interionic distances. Decrease in sol-
vent interionic distances would lead to a decreased inter-
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action of the solute cation-anion with that of the solvent 
cation-anion and hence a decreased tendency to formation 
of complexes. For solvent cations of the same charge, 
the stability of complexes of solute cations with the 
solvent ions increases with an increasing size of the 
solvent cation. The stability of these complexes would 
then determine the reversibility of the overall electro-
reduction process and, hence, the type of deposit. 
Presence of a reasonably stable complex is necessary to 
obtain a coherent deposit. Therefore, by selecting a 
suitable mixture of solvent cations to give a chemically 
stable solution with strong solute cation-anion inter-
actions, it should be possible to optimise the stability of 
complexes to have the best kinetics for deposition. 

In addition to the stability of complex ions, the 
thermal stability of the bath also depends on the compo-
sition of the electrolyte. Some of the salts due to high 
vapour pressure cannot be retained in the electrolyte /13/, 
such as the highest valent chlorides of molybdenum 
(M0CI5), tungsten (WCI5), niobium (NbCls) and 
tantalum (TaCls). Other disproportionate into lower and 
higher valent salts, such as zirconium dichloride, while 
some others like hafnium chloride can be retained with 
specific solvent cations. In the case of electrolytes com-
posed with T1CI4, ZrCl4 and HfCL* with alkali and 
alkaline earth chloride melts, it has been observed that 
the stability of the electrolyte increases with the decrease 
in charge densities of the solvent cations. 

The concentration of solute or, in other words, of 
the functional electrolyte during electrolysis affects the 
nature of the deposit and the current efficiency. In fact, a 
high concentration of the solute is desirable for bringing 
down the melting point of the electrolyte and by en-
hancing the mass transfer rates, also permitting the use 
of increased current density. In certain cases, however, a 
high concentration of solute increases the solubility of 
the electrodeposited metal and may also lead to poly-
merization, thereby reducing electrical conductivity. 
Besides these effects, the increased concentration also 
results in increased loss of valuable electrolyte as an 
entrained salt in the cathode deposit 

Temperature of electrolysis strongly affects the 
current efficiency and also the size of electrodeposits. 
The lower limit of the electrolysis temperature is set by 
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the liquidus temperature of the bath and solubility of the 
solute, and the upper limit is generally set by the 
volatilization of the solute, stability of the bath, 
degradation of the deposit and corrosion of the cell 
materials. In certain specific cases (Ti, Zr, etc.), the 
selection of electrolysis temperature may also be 
governed by the allotropic transformation temperature of 
metals /14/. At low temperatures near the melting point 
of the baths, bath fluidity and electrical conductivity are 
poor. Metals deposited at low temperatures are fine 
grained which adhere poorly to the cathode resulting in 
poor current efficiency. Increased electrolysis tempera-
ture results in increased current efficiency due to in-
creased electrical conductivity, enhanced mass transfer 
rates and increased rate of crystal growth. However, the 
increased temperature results in increased solubility of 
the electrodeposited metal and this tends to decrease the 
current efficiency. 

Current density is also an important factor which 
influences the current efficiency. In fused electrolyte 
system, current efficiency and current density are 
empirically related /15/ as 

η = 100 - ΚΙ " 

when η is the current efficiency in percent, I is the 
current density, and Κ and n are constants. From this 
equation, it can be observed that the current efficiency is 
low at low current density. As the current density is in-
creased, the current efficiency increases. However, in-
creased cathode current density beyond a certain value 
results in decrease in current efficiency. This may be 
attributed to the tendency of the metal to deposit in a 
fine form with poor cathode adherence. It is, therefore, 
desirable to experimentally establish the optimum curr-
ent density for obtaining maximum current efficiency. 

Besides aiming at high current efficiency, a good 
cell design is also required to achieve high throughput 
with low power consumption at minimum cost. 

B . Optimisation of Electrolytic Cell Design 

There are many important considerations which 
affect the optimal design and operation of the electrolytic 
cell. The throughput of the cell should normally in-
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crease with the increase of current density, but it is not 
true for most of the refractory metals. The measure of 
the optimal performance of any electrolytic process 
reactor is by the evaluation of the space time yield 
representing the volumetric quantity of metal produced 
per unit time per unit volume of the process reactor and 
the specific energy consumption /16/. These two factors 
affect product and process economics. Another factor 
that affects optimization is total investment which 
affects the overall economics of the process. 

The space time yield Yt is defined as 

Amount o f product ( m 3 ) 

Electrolysis t ime (h ) χ cell vo lume ( m 3 ) 

The amount of metal produced depends on the 
current density, area of cathode and the current efficiency; 
the interrelationship is shown as 

Yt = QE. I.AS CE 

where I is the current density in A/m2, As the specific 
area of the cathode, i.e., area of the cathode per unit 
volume of the reactor in m2/m3, QE is the volumetric 
quantity of the metal deposited per ampere hour at a 
current efficiency of 100%, and CE is the fractional 
current efficiency. Space time yield, therefore, depends 
on current density, current efficiency and electrode area. 
A good cell design should have a high value of space 
time yield. 

The other important factor for cell optimization is 
specific energy consumption eg defined as 

I · As Eceii 

Yt-Pm 

where pm is the density of the metal in kg/m3 and Ecen 
is cell voltage at the operating current density I in A/m2. 
For a good cell design., es should have a low value. To 
have a low value of es, it is desirable to operate the cell 
in such a way that I, As and Eceu are kept low. But 
lowering the value of I and As would result in a de-
creased value of Yt. Thus, for good cell design there is a 
need to maximize Yt as a function of I and at the same 
time minimize es as a function of I which leads to a 
paradox. The optimization of operating current density 
can, therefore, be achieved either by dynamic analysis of 

the system or by actually conducting the experimental 
studies. The specific energy consumption also depends 
on the cell voltage Ecen. The cell voltage is comprised 
of several voltage drop components, of these only the IR 
drop can be controlled to reduce Hceii- This is achieved 
through the optimization of anode-cathode spacing and 
electrode configuration /17/. The narrower the gap 
between anode and cathode the lower will be the Ecen 
and the smaller will be the value of es. However, too 
narrow a gap between the anode and cathode may lead to 
low current efficiency for certain types of mass transport 
controlled electrolytic processes. Thus optimization of 
cell design with respect to Ecen for specified current 
density can be accomplished either by experimental 
studies or by empirical relations already established for 
similar type of cells. As regards the cell configuration, 
the cell can be classified either as monopolar or as 
bipolar. Various configurations are given in Fig. 1. In 
fact, the bipolar cells are energetically more efficient but 
their use is limited to only a few of the reactive metals 
and alloys that can be deposited in liquid state. While 
making the choice of operating current density in cell 
optimization, consideration has to be given not only to 
the electrochemical factors but also to cost factors. 
Increase of current density generally results in decrease of 
investment cost per unit of metal produced, but leads to 
increase in cost of energy per unit of metal produced. 
Thus, the choice of optimum current density requires 
minimization of the total cost. 

C . Cell Operation 

Successful electrodeposition of metal depends not 
only on the incorporation of best features in materials 
selection and design optimization but also on careful 
operation of the cell. There are certain prerequisites 
which must be taken into consideration. The most 
important among these is the purity of the salts chosen 
for forming the electrolyte. These should be as pure as 
possible and free from moisture. Moisture is the most 
deleterious impurity, even the traces of moisture in the 
salts may contribute to contamination of the product by 
conveying oxygen from the bath to the cathode as per 
the reactions /19/ 
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Fig. 1: Schematic diagrams of electrolytic cells for metal extraction from molten salts: (a) - (0 
monopolar cells, (g) bipolar cell. 
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2 H 2 0 + 2C1 -> 20H- + 2HCl(g) 

20H" + It -> H 2 + 2 0 2 -

Accordingly, great care is taken to ensure that all 
the salts are freed of their moisture content by hot eva-
cuation at high temperature either individually before 
charging into the electrolytic cell or within the electro-
lytic cell during the course of attaining the operating 
temperature. When the salts considered for the formation 
of the electrolyte are highly hygroscopic, it may become 
necessary to treat the molten salt with dry hydrochloric 
gas or other chlorinating or halogenating agents for the 
removal of moisture and/or oxyhalide salts. The for-
mation of the electrolyte is relatively simple if all the 
chosen salts are nonvolatile at the operating temperature; 
the salts are then simply weighed, mixed and charged 
directly. If any component of the electrolyte is volatile, 
there are two different modes available for adding the 
volatile component In the first case, the carrier salts are 
melted and then the volatile component is quickly 
immersed in the molten bath; in the other case, the 
volatile component is formed in situ by the direct reac-
tion of the constituent elements. Though the salts for 
composing the electrolyte should be as pure as possible, 
the process of formation of electrolyte may introduce 
certain impurities, or the cost consideration may limit 
the selection of salts to those with some amount of im-
purities. If the salts do have noble metal impurities, it 
would be necessary to purify the electrolyte by pre-
electrolysis at low operating voltages in the range of 1.5 
to 2V which should be less than the decomposition 
potential of functional electrolyte so as to preferably 
electrodeposit the noble metals. Pre-electrolysis needs 
10-40 ampere hour per kg of electrolyte and duration is 
judged by following the sharp changes in the voltage and 
when this later reaches 2.5 to 3.0V the preliminary stage 
is over. Graphite or steel can be used but steel is pre-
ferred because of better mechanical strength /20/. Pre-
electrolysis also serves an important function in the 
removal of last traces of oxygen which may be present 
in the electrolyte either as moisture or as oxyhalide. The 
electrolyte after removal of noble impurities and the last 
traces of oxygen/moisture by pre-electrolysis is then 
ready for electrodeposition of the desired metal. 

Some of the commonly used electrolytic cells for 
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electrowinning and electrorefining are shown in Figs. 2-
5. The electrolysis is begun by connecting the elec-
trodes to an external DC power source and after com-
pletion of an electrolytic cycle for a predetermined period 
the deposits are separated from the electrolyte either by 
draining out the salt or by lifting up the cathode. The 
nature of the cathode deposit depends upon the operating 
conditions such as cathode current density, temperature, 
concentration of functional electrolyte, type of carrier 
electrolyte, and the kinetic factors. The deposits ob-
tained may be either in the form of liquid or solid. The 
deposit in solid form may be coherent, dendritic or 
powdery. Coherent deposit requires cell operation under 
highly controlled conditions with electrolytes containing 
ionic complexes of appropriate stability. Polycrystalline 
deposits with rounded grains are obtained at high over-
voltages and correspond to unoriented dispersion types of 
deposits, i.e., these types of deposits do not have any 
preferred orientation and are deposited as dispersed 
crystals. Long needles and dendritic types of deposits are 
usually obtained when operating at limited current 
density under the regime of diffusion controlled mass 
transport and concentration polarization. Powdery types 
of deposits are obtained as a result of either the dispro-
portionation of salts or as a result of secondary reactions 
on a highly polarised cathode. The primary electrodepo-
sition reaction in such cases is the deposition of alkali 
metals from the carrier electrolyte which then chemically 
reduces the functional electrolyte to yield a loosely 
adherent powdery product at the cathode. The powdery 
and dendritic types of deposits have been found to entrap 
substantial quantities of electrolyte. Therefore, except in 
the case of coherent deposit and deposit in the form of 
liquid, the recovery of metal from the cathode deposit 
requires an elaborate scheme involving comminution, 
sublimation, aqueous leaching, washing and drying to 
separate metal crystals from the salt 

4 . D E V E L O P M E N T OF ELECTROLYTIC 
PROCESSES IN METAL EXTRACTION 

A large number of electrolytic processes have been 
developed for the extraction and deposition of refractory 
and reactive metals from a variety of fused electrolytes 
comprising halides, double halides and oxides. The 
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F i g . 2 : Electrowinning cell 
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Fig. 4: Electrolytic cell for rare earth metals. 

1. Inconel casing 
2. Graphite cell 
3. Molten electrolyte 
4. Molybdenum cathode with refractory 

sheath 
5. Argon Inlet 
6. Thermocouple with sheath 
7. Screw feeder 
8. Refractory crucible to collect metal 
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Fig. 5: Internally-heated electrorefining cell 
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following gives a brief account of the current status of 
electrolytic processes for each individual refractory metal 
and rare earths as a group. The presentation also in-
cludes a brief summary of the operating data for refrac-
tory metals. 

A . Titanium 

Titanium metal has received considerable attention 
for the development of electrolytic processes as an alter-
native to the current metal extraction processes. 
Titanium is electrowon from oxides, fluorides and 
chlorides dissolved in alkali/alkaline earth halides. The 
oxides that are used are TiO, T12O3 and T1O2 /20/. Of 
these oxides, TiO has better solubility in calcium 
chloride and Ti02 in fluoride melts. The electrolysis of 
these oxide-bearing electrolytes yields a metal high in 
oxygen and carbon which does not meet the analytical 
specifications required for technical applications. The 
fluorides that are used in electrowinning are T1F4, T1F3, 
T1F2 and K2T1F6 in fused alkali and alkaline earth 
halides. Among the fluorides, potassium fluotitanate is 
preferred due to its stability at high temperature and 
availability in pure anhydrous state even from aqueous 
solutions. As a carrier, electrolyte sodium chloride is 
found to be more satisfactory due to its purity, avail-
ability, electrolytic behaviour and cost considerations as 
compared to alkali/alkaline earth halides. During elec-
trolysis, the concentration of K2T1F6 is quite important 
Although an increased concentration of K2T1F6 permits 
the use of high current density for an increased rate of 
production of metal, too high a concentration leads to an 
increased rate of metal dissolution, thereby resulting in 
decreased cathode current efficiency. An optimum con-
centration of K2T1F6 was experimentally found to be in 
the range of 15-17%. The purity of the electrowon 
titanium is generally considered adequate after melting 
for most technical applications. The main difficulty in 
achieving sustained electrolysis with mixed chloride-
fluoride electrolytes is that the electrolyte becomes re-
fractory with the progress of electrolysis due to accumu-
lation of alkali metal fluorides, thereby requiring in-
creased temperature for continuing electrolysis. After a 
certain duration, it becomes necessary to discard the 
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electrolyte. These difficulties have been surmounted by 
selecting an all-chloride electrolyte. Titanium tetra-
chloride is usually considered as a feed material for 
winning titanium. Titanium tetrachloride is covalent in 
nature and has a low boiling point; therefore, its 
retention as such in the bath is difficult. This problem 
has been resolved in two ways. In one approach, a com-
plex hexachloro salt is formed. The complex salts with 
alkali metal of higher atomic number are only stable for 
use as an electrolyte, but the cost considerations prevent 
their widespread use /21/. The other approach is to 
convert the tetrachloride to dichloride either within the 
cell by in situ electrolytic reduction /22/ or by reacting 
T1CI4 with sodium /23/ or with titanium /24/. 
Titanium dichloride has good ionic conductivity and is 
chemically stable in the temperature range where the 
electrolysis is generally done. The evolution of chlorine 
at the anode during the electrolysis is likely to oxidise 
the dichloride to tetrachloride, thereby resulting in 
depletion of titanium from the electrolyte. One of the 
ways to prevent this is by providing a diaphragm 
between the anolyte and the catholyte. Since no satis-
factory inert diaphragm material withstanding the 
corrosive environment of chlorine and the molten salt is 
available, cathodically protected perforated metallic 
screens have been used to separate the catholyte from the 
anolyte /25/. A further development of the electrowin-
ning process on a pilot plant scale has been reported 
recently. The investigators claim that the process offers 
high quality titanium at lower cost due to lower overall 
energy consumption, a high degree of automation, low 
labour requirement and high throughput at low capital 
cost. In practice, the dissolution cell is separated from 
the extraction cell and bipolar heterogenous electrodes 
have been used to generate high titanium tetrachloride 
dissolution rate in the electrolyte and a low average 
valence of titanium species dissolved. 

In addition to electrowinning, titanium electro-
refining has received considerable attention. The 
development of an electrorefining process has been 
mainly aimed at utilizing the offgrade or impure 
materials and producing refined titanium having specific 
physical and physicochemical properties. The process 
involves the use of a suitable raw titanium soluble anode 
such as offgrade sponge, fabrication scrap and titanium 
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based alloys in an electrolyte formed of fused alkali 
metal chlorides and depositing refined titanium on the 
cathode. Early studies utilized a mixture of alkali and 
alkaline earth chlorides as electrolytes. In the process, 
titanium was solubilized from the anode and 
simultaneously the alkali/alkaline earth metal was 
deposited on a highly polarized cathode in liquid form. 
Liquid alkali/alkaline earth metals then chemically 
reduced the titanium ions to discrete titanium metal 
powder /27/. Later studies were mainly concentrated on 
the development of processes in which titanium metal 
itself was directly electrodeposited on the cathode as 
distinct from the chemical reduction of titanium ions as 
practised in earlier studies. A variety of electrolytes /20/ 
such as alkali/alkaline earth chlorides, NaCl-K2TiF6, 
KCl-K2TiF6 and NaCl-KCl-K2TiF6, NaCl-subhalides 
of titanium and NaBr-titanium bromide were used. Of 
all these, the most successful electrolyte for sustained 
electrolysis is NaCl-TiCl2 for producing good purity 
metal at high current efficiency /14/. It was observed 
that replacing NaCl with other carrier electrolytes, such 
as KCl, NaCl-KCl, NaCl-MgCl2, does not noticeably 
affect the refining process except that when using mixed 
electrolytes lower operating temperatures would result in 
the deposition of finer cathode crystals. For successful 
electrolysis of titanium, it is desirable to maintain a 
mean titanium valency of 2 to 2.1. Use of titanium 
valencies higher than this has been found to yield poor 
quality cathode deposit with low current efficiency. 
Soluble titanium content in the electrolyte also plays an 
important role in the conduct of electrolysis; the pre-
ferred range is 2-3% Ti. A higher content of titanium in 
the electrolyte generally permits the use of high cathode 
current density but excessive passage of current per unit 
area of anode and cathode leads to oxidation of Ti 2 + to 
T i 3 + and thus loss of titanium by volatilization of 
trivalent species, increased corrosion of cell components, 
contamination of deposit and increased loss of titanium 
through electrolyte drag out. 

The electrolysis temperature also plays an impor-
tant role in the electrorefining of titanium by main-
taining the bath fluidity, the particle size of the deposit 
lower will be the fluidity and larger will be the salt 
dragout. Use of higher temperature promotes growth of 
large titanium crystals and formation of strong ingrowth 
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of crystals. However, the upper temperature limits are 
established by α to β transformation temperature. Depo-
sition of sharply faceted finite crystals of large purity 
titanium are obtained below β transformation. Reason-
ably large electrolytic cells (10000 ampere capacity cell) 
have been operated to refine relatively pure scrap or 
offgrade titanium sponge /28/. It may be appropriate to 
make a special reference to the refining of titanium alloy 
scrap which constitutes a major part of titanium waste. 
Major alloying elements of commercial titanium alloys 
are aluminium, manganese, chromium, zirconium, 
vanadium, tin, molybdenum and copper. Refining with 
respect to these alloying elements takes place according 
to their position in the EMF series. Of these alloying 
elements, iron, molybdenum, copper and tin are nobler 
and during electrorefining remain in the anode sludge. 
Others are very close to titanium in the EMF series; 
they are, therefore, partially removed. Removal of an 
alloying element like manganese has been accomplished 
by a two-step refining in β phase (the β phase is more 
noble than the α phase). In the first step, oxygen is 
removed as anode residue and the resulting oxygen-free 
product is refined to remove manganese. 

Besides preparing titanium by electrowinning and 
electrorefining, titanium has also been electroextracted 
from its compounds /29/, such as titanium carbide, 
titanium cyanonitride (titanium-carbon-nitrogen-oxygen 
alloy), titanium oxygen alloy and titanium oxide 
admixed with carbon, by using them as soluble anodes. 
Unlike electrorefining, the use of all-chloride electrolyte 
in electroextraction showed very poor recovery with a 
high degree of contamination. In fact, there was sub-
stantial loss of titanium from the bath when using 
TiCl3 as the functional electrolyte. However, there was 
a good degree of success in high recovery when K2T1F6 
was chosen as a functional electrolyte, but the purity of 
the product was poor. It was, therefore, necessary to 
further purify the electroextracted metal by using the 
NaCl-TiCl2 electrolyte as has been practised for electro-
refining of offgrade sponge. 

B . Zirconium 

There has been considerable interest to develop 
electrolytic processes for extraction of zirconium. The 
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electrodeposition of zirconium takes place under more 
advantageous conditions as compared to titanium because 
of single-step discharge of tetravalent zirconium (ZrX^2-

+4e" —> Zr + 6X~, where X is CI or F). Zirconium has 
been electrowon from several halogenated baths such as 
ZrF4, ZrCU, lower valent zirconium chlorides and 
K2ZrF6. The best results have been obtained with 
electrolytes composed of K^ZrFfi or ZrCU as functional 
electrolyte dissolved in either NaCl or KCl. While the 
use of NaCl offers the advantage of ready availability and 
lower price, the use of KCl ensures more efficient 
separation of metal from electrolyte and the product with 
a low content of salts /30/. It is desirable to take a 
freshly prepared twice recrystallized compound in the 
highest state of purity when using K^ZrFfi. High purity 
metal with good current efficiency is obtained when 
electrolysis is carried out with a K2ZrFß content of 25-
30% at a temperature of 1023-1123 Κ using a cathode 
current density of 35000-40000 A/m2. Concentrations 
higher than 30% ^ Z r F g have been found to reduce the 
current efficiency. This may be due to increased dissolu-
tion of zirconium metal in the electrolyte. Higher 
operating temperature, i.e., above transformation tem-
perature, results in deposition of impure metal as was 
observed in the case of titanium electrolysis. Current 
density substantially higher than the above mentioned 
value leads to a powdery deposit. These fine powdery 
deposits are difficult to process due to increased pyro-
phoricity and chemical reactivity towards interstitials. 
The main problem encountered when using Z1CI4 is its 
retention in the bath because of its poor solubility and 
high vapour pressure. This is resolved by complexing 
the chloride with higher alkali chloride or fluoride 
forming hexachloro or hexafluoro complexes, respec-
tively. The stability of these complexes increases with 
the increase in the size of alkali cations, i.e., cesium 
complexes are more stable than lithium complexes. The 
electrodeposits obtained from all-chloride baths, in which 
ΖΓΟ4 is present as hexachloro complexes, were gene-
rally dendritic in nature. These deposits contained a large 
amount of occluded salt and also showed evidence of 
excessive zirconium metal solubility. Even the results 
of electrolysis with the most stable all-chloride bath, 
i.e., Cs2ZrCl6 dissolved in CsCl, is no different than 
that from other all-chloride electrolytes. The electro-

deposits obtained from chloride melts in which Z1CI4 is 
present as hexafluoro complex by combining with an 
alkali fluoride added to the electrolyte where coarse 
ductile dendrites. The fluoride salt in these electrolytes 
introduces an additional element of bath stability. The 
electrolytes formed with NaCl-NaF-ZrCl4 are stable 
enough to yield good quality metal deposits. This bath 
does not impose the problem of refractoriness as 
encountered during electrowinning from ^ Z r F g bath. 

Electroreflning of zirconium has been attempted to 
determine the feasibility of utilizing fused salt electro-
lytic process for processing zirconium/zircaloy scrap as 
well as offgrade sponge /31,32/. 

As in electrowinning, the functional electrolytes 
used in electrorefining are KjZrFf, and Z1CI4. Use of 
K^ZrFg as a functional electrolyte was observed to give 
good purity metal initially, but the sustained electrolysis 
generally resulted in an impure deposit, particularly with 
respect to oxygen. Anodic dissolution of zirconium 
results in the build-up of oxygen in the anode residues. 
When sufficient build-up takes place, oxygen dissolves 
in the electrolyte and is conveyed to the cathode deposit 
which results in an impure product. When using Z1CI4 
in alkali chloride melts, the solubility of oxygen from 
the anode feed is expected to be substantially low. 
However, this type of all-chloride bath has a tendency to 
dissolve a significant amount of zirconium depending 
upon the type of alkali cation, temperature and concen-
tration of Z1CI4 in the melt. It has been observed that 
zirconium is present as monovalent ions in molten 
NaCl-KCl or in molten KCl and as divalent zirconium 
in CsCl. Zirconium monochloride is an ionic conductor 
and Z1CI2 undergoes disporportionation reaction 2Z1CI2 
= Zr + Z1CI4. Thus all-chloride baths are not expected 
to be useful electrolytes for the electrorefining of 
zirconium. Addition of alkali fluoride in chloride melts 
substantially reduces solubility of zirconium and in-
creases average valency of zirconium. It may be inferred 
from all of this that baths that contain Z1CI4 complexed 
either with NaF dissolved in alkali chloride or ZrCU 
complexed with KCl as K2Z1CI6 and dissolved in alkali 
fluoride melts may be useful electrolytes for the 
electrorefining of zirconium /33/. 

Besides electrowinning and electrorefining, some 
studies on electroextraction of zirconium from zirconium 
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carbide have been reported, but the quality of zirconium 

obtained by this process has not been satisfactory. 

C . H a f n i u m 

Electrolytic preparation of hafnium metal has been 

drawing considerable attention recently because the 

current commecial methods do not yield metal of right 

purity that can be used directly for fabrication of hafnium 

shapes. Investigations reported thus far have been con-

cerned both with electrowinning and electrorefining. 

Electrodeposition of hafnium-like zirconium involves 

single-step discharge of tetravalent hafnium (HfXö 2* + 

4e~ - > Hf+6X~ where X is CI or F). 

Hafnium can be electrowon from HfCLj. as well as 

K2HfF6- The hafnium chloride in fact has the advantage 

that its retentivity in molten electrolytes is much better 

when compared to titanium and zirconium chlorides 

because of its lower degree of covalency. Therefore, 

corresponding hafnium chloro complexes are more 

stable. Studies on electrowinning of hafnium have been 

carried out using HfCL). as a functional electrolyte 

dissolved in a variety of alkali metal chlorides/chloride 

fluoride. KCl-HfCLt and LiCl-RbCl-HfCLj have been 

reported to be the most successful electrolytes due to 

better retentivity of hafnium in the electrolyte /34/. It 

has been further observed that the electrodeposited metal 

from LiCl-HfCLt electrolyte had a lower level of oxygen 

even for the extended duration of electrolysis. 

Studies with alkali chloroelectrolytes rich in 

hafnium were not very successful due to high vapo-

rization losses of hafnium tetrachloride and poor quality 

of electrodeposited hafnium /35/. Recent studies have 

shown that an equimolar NaCl-KCl-salt mixture with a 

controlled addition of NaF is quite promising for electro-

winning of hafnium from HfCLj due to low volatility of 

hafnium chloride in the temperature range of operation 

/36/. 

Electrorefining is another way to prepare hafnium 

of right purity for fabrication purposes. Anode feed 

material used in this process can be commercial grade 

Kroll sponge /37/ or crude metal /39/ obtained by other 

reduction processes or fabrication scrap. The functional 

electrolytes that have been used are K2HfF6 and HfCL}. 
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In general, K^HfFö as a functional electrolyte is not pre-

ferred because it has the disadvantage of yielding a lower 

purity product. The reaction mechanisms in this case are 

similar to those observed in the electrorefining of 

zirconium. All-chloride electrolytes containing hafnium 

tetrachloride, on the other hand, behave differently com-

pared to electrolytes containing ZrCLj. This difference 

in behaviour is ascribed to better stability of hafnium 

chlorides in alkali chloride melts. Electrolytes contain-

ing HfCl4 that have been successfully used in electro-

refining of hafnium are NaCl -KCl-HfCl4 , L iC l -KCl -

H f C U , K C l - B a C l 2 - R b C l - H f C l 4 , K C l - B a C l 2 - C s C l -

H f C U and NaCl-NaF-HfCU. 

D . V a n a d i u m 

Electrolytic processes as applied to vanadium are 

electrorefining and electroextraction. The electrorefining 

studies have been mainly concerned with the preparation 

of pure vanadium using crude vanadium metal as a 

soluble anode and vanadium dichloride as a functional 

electrolyte dissolved in a variety of alkali metal 

chlorides. Higher valent chlorides of vanadium cannot 

be retained in the molten electrolyte. Formation of the 

electrolyte is accomplished by in situ chlorination of 

vanadium contained in a graphite chlorinator inside the 

molten bath /40-42/. The overall electrochemical reac-

tion for deposition of vanadium is a single-step discharge 

of the divalent vanadium V 2 + + 2 e —> V. The quality of 

the refined vanadium, the particle size, the purity and the 

current eff iciency of the process strongly depend on 

soluble vanadium, i.e., content in the bath and quality of 

the anode feed. As the amount of vanadium in the anode 

decreases, current efficiency and purity decreases and the 

nature of the deposit also changes from a coarse crystal-

line to a fine powdery type of deposit. Electrolytes 

found to be most suitable are K C l - L i C l - V C l 2 , NaCl-

VCI2 and NaCl-KCl-VCl2· 

A variety of soluble anodes have been considered in 

electroextraction, i.e., V C or V 2 C types of carbide /43-

45/ and V2O3 + carbon /46/. In the case of carbides, 

N a C l - V C l 2 , L iC l -NaCl -VCl2 and B a C l 2 - K C l - N a C l -

VCI2 electrolytes have been successfully utilized to pro-

duce vanadium metal. Reactions at the anode for V 2 C 

and V C type carbides are 
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V2C + 2C1" VCo.88 + 0.12C + VCI2 + 2e" 

VC VCo.88 + 0.12C 

VCo.88 + 2C1" VC12 + 0.88C + 2e~ 

and reaction at the cathode can be represented as 

VC12 + 2e" -> V + 2C1" 

The metal obtained after single stage electro-
extraction in LiCl-NaCl-VCl2 electrolytes has a purity 
of 99.2% as compared to about 98% in other 
electrolytes. High purity vanadium 99.5% has been pro-
duced by combining the electroextraction and refining in 
a single cell. Attempts to produce vanadium metal from 
oxide carbon soluble anodes have not been successful 
because anodic dissolution leads to formation of V 3 + and 
V 4 + ions in the electrolyte. 

E . Niobium and Tantalum 

Electrolytic processes used for niobium and 
tantalum are electrowinning and electrorefining. The 
electrolyte successfully used contains potassium fluoro-
complexes of niobium or tantalum in alkali chloride or 
chloride-fluoride melts. Electrolytes formed with NbCls 
and TaCIs have not been found to be successful for 
electrodeposition of niobium and tantalum. This is 
mainly because pure chlorides of these metals undergo a 
disporportionation reaction at a relatively lower temp-
erature and their binary complexes with alkali metal 
chlorides are either unstable (when the complex is 
formed with lithium chloride) or have a tendency to form 
complexes of lower oxidation state (when the complex is 
formed with cesium chloride). Electrolytes used are 
NaCl-K2NbF7, NaCl-KCl-K2NbF7, KCl-KF-K2NbF7-
Nb2Ü5 for niobium and KCl-K2TaF7-Ta205, NaF-KF-
KCl-K2TaF7-Ta205, NaCl-KCl-K2TaF7, NaF-KF-
K2TaF7 and Ta20s and K2TaF7 with or without KCl, 
KF, NaCl, NaF, Na3AlFg for tantalum. In electro-
winning, use of electrolytes containing all-halides results 
in an anode effect which results in increased resistance of 
bath and a subsequent current drop to zero. In order to 
continue sustained electrolysis without anode effect, the 
presence of oxides is absolutely necessary. Oxides also 
act as a cheap source for introducing metal ions in the 
bath. In these baths, the fluorocomplexes function in 

Refractory and Reactive Metal Extraction by Fused Salt Electrolysis 

the same way as cryolite in the electrowinning of 
aluminium. The double fluoride complexes facilitate the 
transport of oxide in the anodic zone. The oxide may 
combine to form an oxyfluoro complex as, for example, 
in the case of tantalum. The anodic reaction can be 
written as 

2TaOF5
2" + 4F" + C = 2TaF7

2" + CO2 + 4e" 

The addition of KF in these electrolytes con-
siderably lowers the melting point and increases the 
solubility of the oxide. In recent studies /46/ it has been 
observed that periodic current reversal in the ratio of 60:3 
(cathodic : anodic) results in decreased specific energy 
consumption, decreased concentration over potential and 
more compact cathode deposit with lower losses to the 
bath. Other electrolytes have been successfully used for 
electrorefining of niobium and tantalum. In fact, 
electrowinning of tantalum is now an industrial process 
for the production of tantalum. This is mainly due to 
the high current efficiency obtained in the electro-
deposition of tantalum as compared to that in niobium. 
In molten fluoride electrolytes it has been observed that 
tantalum and niobium are present as TaF7

2_ and NbF7
2" 

species. Complex anionic species of this type present in 
molten melts assume the role of active species that take 
part in electrochemical reaction. Electrolytic deposition 
in the vicinity of the cathode proceeds due to gradual 
depletion and replenishment of anions from the bulk. 
Concentration build-up provides the driving force for 
anionic migration to continue in this manner. In the 
case of tantalum, the cathodic reactions /49/ are known 
to proceed in two stages. 

I Π 

TaF7
2" (1) <-* TaF2 (s) -> Ta 

and that in the case of niobium in three stages 

Ι & Π m 

NbF7
2" -» NbF (s or 1) Nb 

In the case of tantalum, the reaction product of the 
first stage is sparingly soluble solid TaF2, which can be 
visualised, on the one hand, as an intermediate source for 
tantalum deposition via the second stage and, on the 
other hand, as a protective layer for the tantalum electro-
deposits from the chemical attack by the electrolyte. In 
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the latter case, the reaction product of the first two stages 
is NbF. This species is more soluble in the electrolyte 
as compared to TaF2 and, therefore, does not strongly 
resist the chemical attack of the electrolyte on the 
cathode deposit. Moreover, there is a rapid reaction 
between the pentavalent (NbF72") and monovalent 
niobium (NbF) resulting in the formation of tetravalent 
ions (Nb1+ + 3Nb5+ = 4Nb4+), part of which migrates 
to the anode and gets reoxidised to the pentavalent state 
and part of which participates in the cathodic process. 
Some of the electrical energy is consumed in a non-
productive reaction, which leads to lower current 
efficiency for metal deposition. The essential difference 
between the niobium and tantalum processes thus comes 
from the interaction of the monovalent intermediate with 
the pentavalent species which forms a soluble tetravalent 
species in the case of niobium and the absence of such 
an interaction in the case of tantalum. This is one of the 
main reasons for getting a low current efficiency in the 
electrodeposition of niobium. Even in such cases, the 
current efficiency can be maintained at a reasonable level 
by the controlled addition of niobium oxide in the 
molten bath. A similar trend is also observed in the 
electrorefining of niobium using a soluble anode. In the 
refining process, a reaction between crude niobium and 
pentavalent niobium of molten bath initially results in 
the formation of trivalent species according to the 
reaction 3Nb5+ + 2Nb -> 5Nb3+. Thus the bath at the 
start contains Nb 5 + and Nb 3 + species. In addition to 
these, there is a generation of Nb 4 + species during 
electrodeposition at the cathode. As the electrolysis pro-
gresses and the anode scale is gradually built up, a time 
is reached when the lower valent species, Nb 3 + and 
Nb 4 + (diffusing from the cathode), are oxidised into 
Nb5+ at the anode more easily than the replenishment of 
N b 5 + ions from the anode by oxidation of niobium 
metal. When there is sufficient build-up of anode scale, 
dissolution of anode is completely inhibited. This no 
doubt would stop the electrorefining of niobium at that 
stage. 

Carrying out electrolysis for shorter duration or to 
maintain a low anode area with occasional removal of 
anode scale have rightly been suggested as remedial 
measures /50/. These, however, lack interest as far as 
the electrorefining on an industrial scale is concerned. 
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F . Chromium 

Chromium is industrially produced by aqueous 
electrolysis of chromic acid. In recent times, however, 
there has been an interest in developing molten salt 
electrolysis processes for producing metal low in inter-
stitial impurities. A few investigations have been repor-
ted on electrowinning of chromium using chloride as 
well as chloride-fluoride baths. In chloride baths, 
chromic and chromous chlorides have been used as func-
tional electrolytes. These chlorides have been either pre-
pared separately and then added to the bath or have been 
prepared by in situ chlorination of chromic oxide. The 
chloride fluoride bath used for winning chromium is 
comprised of KCrF3 dissolved in NaCl. The electrowon 
metal has a purity of 99.8% chromium with 0.12% 
oxygen /51/. 

High purity chromium containing a low level of 
nitrogen has been considered as a potential candidate for 
use in a fast breeder reactor. The metal meeting these 
requirements has been prepared by fused salt electro-
refining process using chromium produced either by 
aqueous electrolysis /52/ or by aluminothermic reduction 
/53/. The functional electrolyte in almost all the publi-
cations reported thus far has been C1CI2. It is formed by 
in situ chlorination of chromium in a molten salt mix-
ture of carrier electrolytes such as NaCI, KCl-NaCl, 
NaCl-KCl, KBr-NaBr and BaCl2-KCl-NaCl-CiCl2. The 
metal produced was fairly soft and could be easily 
machined unlike impure chromium which was hard and 
could not be processed. Besides electrorefining, there has 
been a reference on electroextraction of chromium using 
chromium carbide /53/ as a soluble anode in NaCl-CrCl2 
and KCl-LiCl-CrCl2 electrolytes. 

G . Molybdenum 

Successful electrodeposition of molybdenum has 
been accomplished from oxyanionic and chloride electro-
lytes. Of the refractory metals considered, molybdenum 
and tungsten can only be deposited/electrowon from 
oxyanionic type of carrier and functional electrolytes not 
only because of the low decomposition potential of their 
oxides but also because of the favourable deposition 
potential of the metals as compared to their oxides. 
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Chloride electrolytes which have been successfully used 
in the electrodeposition of almost all the other refractory 
metals have not been successful in electrowinning 
molybdenum. This is because the chlorine liberated at 
the anode oxidises the trivalent functional electrolyte 
(K3M0CI6) to pentavalent molybdenum chloride which 
then volatilizes off from the bath. Accordingly, the 
chloride electrolytes are considered suitable for only 
electrorefining and electroextraction of molybdenum 
/54/. 

Electrowinning of molybdenum has been accomp-
lished using (i) a phosphate-borate-halide melt contain-
ing molybdic oxide as a functional electrolyte, (ii) 
sodium pyrophosphate sodium metaphosphate-sodium 
chloride with scheelite for recovery of tungsten and 
molybdenum 1551, and (iii) calcium molybdate dissolved 
in calcium chloride 1561. Electrolysis from the first two 
types of baths can be carried out at about 1273 Κ in 
open electrolytic cells. Under these operating condi-
tions, the bath protects the electrodeposited molybdenum 
and also does not degrade on prolonged electrolysis. 
Electrolysis with CaCl2- CaMo04, on the other hand, 
requires inert atmospheric electrolytic cells. Electro-
refining of molybdenum has been accomplished by using 
one of the complexes K 3 M 0 C I 6 , RbsMoClß or 
CS3M0CI6 as a functional electrolyte dissolved in a 
variety of chloride melts /58/, such as S1CI2-KCI, KC1-
RbCl-NaCl-CsCl, RbCl-KCl, RbCl, CsCl and KCl. 
From amongst all these, KCI-K3M0CI6 is considered to 
be the best from the point of view of ease of preparation, 
product quality and type of deposit The anode feed used 
includes molybdenum scrap and aluminothermically 
reduced molybdenum /59/. In all these cases, the metal 
deposited has a purity of better than 99 .99% 
molybdenum. 

Extensive work has been reported on the electro-
extraction of molybdenum from molybdenum carbide 
/60/, molybdenum sulphides /61,62/ and molybdenum 
oxides /62,63/ as soluble anodes using KCI-K3M0CI6 
electrolyte. The cloride electrolyte is chemically inert to 
all these soluble anodes. The carbide and the sesqui-
sulphide (M02S3) possess good electrical conductivity 
whereas the oxides and M0S2 are poor conductors. Their 
conductivity has been improved by incorporating 
graphite. Graphite provides conducting pathways for 
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M0S2 and oxides to participate in anodic dissolution. In 
the case of oxide anodes, the addition of carbon also 
results in a chemical reduction. It has been possible to 
obtain good quality metal deposit by electroextraction 
from various soluble anodes considered; the oxygen 
content of the deposit from sulphides is particularly low. 

H. Tungsten 

Limited work has been done on electrodeposition of 
tungsten and that too, mostly from oxyanionic type of 
electrolytes. Tungsten halides are unsuitable for use as a 
functional electrolyte because the chloride as well as 
fluorides are highly volatile and besides these halides do 
not form stable complexes with the alkali/alkaline earth 
metals to be retained in the molten baths. The electro-
winning of tungsten has been carried out using WO3, 
alkali tungstate and scheelite as the tungsten source 
dissolved in phosphate-borate-halide electrolyte or alkali 
halide melts /64/. Electrorefining of electrowon 
tungsten powder has also been carried out to produce 
high purity tungsten (99.9% tungsten) using Na2B407-
W03-Na2WC>4 as an electrolyte. 

As a sequel to the above presentation, a summary 
of operating data for electrolytic processes applied in the 
extraction of refractory metals is given in Tables 7-11. 
Tables 7-9 are concerned with electrowinning of metals 
using chloride, fluoride and oxide as the source of metal 
being deposited. Table 10 presents data on electro-
refining. Table 11 presents operating data on electro-
extraction of metals using different soluble anodes. 

I . Rare Earth Metals 

Rare earth metals are very reactive and as a group 
they exhibit nearly identical chemical properties but they 
have wide differences in their melting points and vapour 
pressures. Based on these properties, the metals can be 
grouped into three categories 1651. These properties also 
decide the extraction processes to be adopted. The first 
category comprises those metals that have relatively low 
melting points and low vapour pressures. The metals 
included in this category are lanthanum, cerium, 
praseodymium and neodymium. The second category 
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Table 7 
D a t a on E l e c t r o w i n n i n g Using Ch lo r ide Sal ts of Respec t ive M e t a l s 

Meta l E lec t ro l y te E l e c t r o l y t e 
Temperature 

Κ 

O p e r a -
t i ng 

Vo l tage 

V 

Cathode 
Current 
Dens i t y 

A/m2 

Cathode 
Cur ren t 

E f f i -
c i e n c y 

% 

Produc t 

Type Pur i t y 

Ti SrCI2-NaCI-TiCI4 923-1023 2 10000 
" 

Coarse 
crystalline 

LiCI-KCI-TiCI2 

NaCI-TiCI2 

793 

1103 

— 
2500 70 Closely packed 

dendritic 
aggregates 

99.95+% 
65-75 
BHN 

KCI-LiCI-NaCI-TiCU 773-823 90 Coarse granular 99.85% 

KCI-NaCI-TiCI4 
1073 9.5-9.8 30000 54 Coarse 

crystalline 
99.5% 

100BHN 

Zr NaCI-NaF-ZrCI4 1073 5.3 3230 75 Crystalline 99.85% 
30-170 

BHN 

Hf KCI-HfCI4 1073 - 9300 - - 200 BHN 

LiCI-RbCI-HfCI4 973 - 9300 - - 200 BHN 

NaCI-KCI-HfCI4 838 2.5-7 1900-11500 70 Crystalline Oxygen 
1% 

comprises those metals which have relatively high 
melting points (1573-1973 K) and intermediate vapour 
pressures. The metals falling in this category are 
gadolinium, terbium, dysprosium, holmium, erbium, 
lutetium and yttrium. The third category comprises 
metals which have very high vapour pressures and 
includes samarium, europium, thalium and ytterbium. 
The fused salt electrolysis process is generally used for 
production of metals falling in the first two categories. 
Metals, in the first category are electrodeposited at the 
cathode in the molten form, and in the second category 
are electrodeposited either as a solid or as a liquid by 
alloying with other metals. Metals in the third category 
cannot be produced by fused salt electrolysis due to their 
high vapour pressures at the electrolysis temperature; 
they are usually produced by metallothermic reduction. 

E l e c t r o w i n n i n g of l a n t h a n u m , c e r i u m , 
praseodymium, neodymium, gadolimium, terbium, 
dysprosium, holmium, erbium, lutetium and yttrium has 
been carried out using their fluorides, chlorides and 
oxides as the functional electrolytes dissolved in 
alkali/alkaline earth chlorides or fluorides Π I. Electro-

winning has been used to produce individual rare earth 
metals as well as misch metal. Of these rare earths, 
misch metal, cerium, lanthanum and praseodymium are 
invariably deposited in the liquid state. Neodymium can 
be deposited as pure liquid metal by operating the cell 
above 1323 Κ or as a liquid alloy at a lower tempera-
ture. The remaining rare earth metals are either deposited 
as pure metal in a solid state or as liquid metals by 
alloying /8/. 

Rare earth chlorides are generally used for producing 
rare earth metals of low melting points, and fluorides are 
used for extraction of high melting rare earth metals. 
Since rare earth chlorides are highly hygroscopic and are 
difficult to dehydrate without producing deleterious 
oxychlorides, special care is taken in bringing the 
electrolyte into an anhydrous state prior to electrolysis. 
The processes used are slow heating of chlorides in the 
presence of chlorinating agents, such as dry HCl gas and 
ammonium chloride, or very slow vacuum drying up to 
250 "C at a pressure less than 13.3 Pa. Vacuum 
drying is preferred. This is because dehydration with 
HCl is a tedious and very slow process and dehydration 

283 



Vol. 11, Nos. 1-4, 1993 Refractory and Reactive Metal Extraction by Fused Salt Electrolysis 

Table 8 
Data on Electrowinning Using Fluoride Salts of Respective Metal 

Metal Electrolyte Electrolyte 
Temperature 

Κ 

Opera -
ting 

Voltage 

V 

Cathode 
Current 
Density 

A/m2 

Cathode 
Current 

Eff i -
ciency 

% 

Product 

Type Purity 

Τι NaCI-K2TiF6 1123-1223 5.7 9500 - Thin coatings -

Zr NaCI-KCI-KaZrFg 1073-1123 2-2.5 50000 53.67 Coarse 
crystalline 

99.8-
99.9% 

80-85RB 

NaCI-K^rFg 1103-1123 5-6 30000-
40000 

55-60 Coarse 
Crystalline 

Oxygen 
0.06-
0.09% 
Carbon 

0.02-0.06 
Nitrogen 
0.003% 
83 RD 

Nb KF-K2NbF7 1173 - 30000 20 Powdery 

Nb-Ge KF-LiF-K2NbF7-
K2GeF6 

1023 - - - Dendritic and 
powdery 

Nb-Zr NaCI-ZrF4-K2NbF7 1173 - - - Dendritic 

Ta KCI-NaCI-K2TaF7 
1023 2.7-3.4 7500 70 Powdery 

KF-K2TaF7 
1173 — 40000 60 Powdery 

of chlorides in the presence of ammonium chloride yields 
metals with high nitrogen. Electrowinning from oxides 
is usually accomplished by dissolving stable oxides in 
alkali/alkaline earth fluoride fused salts. In the case of 
cerium and praseodymium, however, the use of stable 
oxides results in the severe burning of the graphite anode 
at the melt surface due to high CO2/CO ratio in the gas 
over the cell /8/. This problem has been eliminated by 
adding either Ce20 3 or Ρτ2θ3 to the electrolyte instead 
of their stable higher oxides (Ce02 and ΡτόΟπ) or by 
adding a mixture of higher oxide along with powdered 
graphite as the feed material. The addition of oxide-
graphite feed results in a metal that has a higher carbon 
content as compared to that electrowon from their 
respective sesquioxides. 

Studies on electrorefining of rare earth metals have 
been reported only for gadolinium /67/ and yttrium /68/. 
For gadolinium electrorefining, three electrolytes, viz. 

LiCl-LiF-GdF3, LiF-BaF2-GdF3 and LiF-GdF3, yielded 
good purity gadolinium. Yttrium metal has been 
electrorefined using UCI-YCI3 as an electrolyte. Sepa-
ration of the cathode deposit was accomplished by 
vacuum distillation of the entrapped electrolyte to yield 
metal of good purity. 

5 . E L E C T R O P L A T I N G AND 
E L E C T R O F O R M I N G 

Electroplating and electroforming are the 
electrolytic processes in which the metals are deposited 
in a continuous and coherent form on the cathode. The 
mechanism of deposition is strongly dependent on the 
kinetics of overall reaction, and a slow reaction step is a 
prerequisite. The slowest step may be an irreversible 
electrode reaction or it may be some other mechanism 
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Table 9 
D a t a on E l e c t r o w i n n i n g Us ing O x i d e s / O x y - C o m p o u n d s of R e f r a c t o r y M e t a l s 

of Groups I V A to VIA 

Meta l E lec t ro ly te E lec t ro ly te 
Temperature 

Κ 

O p e r a -
t ing 

Vol tage 

V 

Cathode 
Current 
Dens i ty 

A/m 2 

Cathode 
Current 

E f f lc len 
c y 
% 

Product 

Type Pur i ty 

Zirconium NaF-ZrF4-(Zrö2+C) 1273 2-3.8 20000 
~ 

Dendritic 2% 
oxygen 

Zirconium 
diboride 

Na3AIF6-B203-Zr02 
K2ZrF6-KBF4-ZrOr 
B2O3 

1293 50 Coherent dend-
ritic and scaly 

Niobium KCI-KF-K2NbF7-
N b A 

1025 2.5 - 50 Particulate 
deposit 

Tantalum K2TaFrTa205 
K2TaFrTa205-KCI 
K2TaF7-Ta205-KCI-
KF 
K2TaF7-Ta205-NaF-
KF 
K2TaF7-Ta205-KCI-
KF-NaCI 

1003 

1700 
1600 

Fine powder 
Coarse powder 
Powder 97.9% Ta 

K2TaFrTa205 
K2TaFrTa205-KCI 
K2TaF7-Ta205-KCI-
KF 
K2TaF7-Ta205-NaF-
KF 
K2TaF7-Ta205-KCI-
KF-NaCI 

973 Powdery 

K2TaFrTa205 
K2TaFrTa205-KCI 
K2TaF7-Ta205-KCI-
KF 
K2TaF7-Ta205-NaF-
KF 
K2TaF7-Ta205-KCI-
KF-NaCI 

1023-1123 5000-10000 High purity 
powder 

Chromium NaCI-Cr203-C 1173-1193 3.5-4.5 5400-16400 19 max. 

Molyb-
denum 

NaaNaF-NaACV 
Mo03 
Na2B407-NaCI-NaF-
M0O3 
CaCI2-CaMo04 

1273 

1273 

4.7 

8-12 

8000 

3800 

98 

91 

Dendritic 

Powdery 

99.5% 

99.8% 

NaaNaF-NaACV 
Mo03 
Na2B407-NaCI-NaF-
M0O3 
CaCI2-CaMo04 1323 5000-50000 Powdery 99.8% 

Molyb-
denum 
carbide 

NaF-KF-Na2B407-
Na2C03-MoS2 
Na2Mo04-Na2C03-
Na2B4OrNaF-KF 
Na2C03-Na2B204-
LiF-BaF2-Mo03 

1273 

1233 

1073 

1.0 6000 

9000 

0.42g/Ah 

0.5g/Ah 

Powdery Mo2C 

Flaky Mo2C 

Tungsten Na4P207-NaCl· 
Na2B407-scheelite 
NaCI-NaF-KAIF4-W03 
Na,P2OrNa2B4Or 
NaCI-W03-CaF2 

1273 

1073 
1273 

5-7.5 
5-7 

11000 

35000 
20000 

80 

78 
84 

Dendritic 
Massive 
Crystalline 

99.9% 

99.8% 
99.9% 

Tungsten 
carbide 

NaCI-Na2W04-
Na2B204-Na0H 
NaCI-W03-Na2B204-
NaOH 

1273-1298 

2.5-5.2 

15000 

15000 

0.45g/Ah 

0.38g/Ah 

Tungsten 
carbide 
Tungsten 
carbide 

that interferes with the nucleation as well as the growth 
of the deposit. The formation of an insoluble inter-
mediate or some corrosion reaction that affects the 
normal growth of the deposit may lead to continuous 
nucleation at the electrode resulting in the formation of 

coherent deposits. Other factors that are important in 
plating and forming are the presence of ionic complexes 
of right stability, interdiffusion between the substrate 
and the coating and the coefficient of thermal expansion 
of the coating vis-a-vis the substrate. 
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Table 10 
Data on Electrorefining of Refractory Metals of Groups IVA to VIA 

Metal Anode Feed Electrolyte Electrolyte Current Metal Product 
Type Purity Temp. Efficiency Recovery Purity Hardness 

% Κ % % % 
Titanium Scrap/ 95.2 NaCI-T!CI2 11Ö3 80 75 95.54 -

offgrade 
sponge 

Zirconium Scrap 99.3 NaCI-K^rFe 1123 70 60 99.87 135-140 BHN 
Scrap/ - NaCI-NaF-ZrCI* 1123 80 - 99.85 165-170 BHN 
offgrade NaCI-K2ZrF6 1103 87 90 100 BHN 
sponge 
Scrap - NaF-LiF-ZrF4 1023 90 -Scrap 

NaF-LiF-K2ZiCI6 

Hafnium Magnesio- KCI-LiCI-HfCI4 145-175 BHN 
thermic KCI-LiCI-HfCU 130-152 BHN 
sponge NaCI-K3HICI7 139 BHN 

NaCI-K2HfF6 174 BHN 
Calciothermic 98.67 NaCI-NaF-HfCI4 1133 60 63.5 99.93 155 DPH 
hafnium 

Vanadium Commercial 90 NaCI-VCI2 1093 92 90 99.5 35 RB 
grade KCI-LiCI-VCI2 893 77 85 99.65 

CaCI2-NaCI-VCI2 893 81 87 99.65 
99.5 NaCI-VCl2 1073 91 - - 35 RB 

Calcium 99.47 KCI-LiCI-VC^ 893 82 99.99 60 RB 
reduced KCI-NaCI-VC^ 1043 75 - -

Amumino- KCI-NaCI-VCIa 1043 75 _ 99.6 60-75 RB 
thermic 

KCI-NaCI-VCIa 

Carbothermic 84 V, 14C LiCI-NaCI-VCI2 923 70 85 99 100 RB 

Niobium Alumino- 95 KCI-NaCI-K2NbF7 1073 92 99.7 60 DPH 
thermic 94 KF-NaF-K2NbF7 1173 variable - 99.8 -

Tantalum Alumino- 95 KCI-NaCI-K2TaF7 1073 95 84 99.7 70 DPH 
thermic 

Chromium Comm. grade 99.3 NaCI-CrCI2 1093 90 _ 99.8 72 RB 
Comm. grade KCI-LiCI-CrCI2 793 96 99 99.99 123 DPH 
Alumino- NaCI-CrC^ 1093 90 81 99.85 130-132 DPH 
thermic 

NaCI-CrC^ 
* 

Molybdenum Scrap KCI-K3MoCI6 1173 60 _ 99.99 160 BHN 
Alumino- 95 KCI-K3MoCI$ 1173 60 90 99.9 150-155 DPH 
thermic 

KCI-K3MoCI$ 

Tungsten Compacted 96-98 Na 2 B 4 0 r W0 3 - 1173 - - 99.9 -

electrowon Na2W04 
powder from 
scheelite 
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Factors that affect the occurrence of coherent depo-
sition are the nature of the carrier electrolyte and the 
presence of ionic complexes, the valence state of the 
ionic species in the electrolyte, temperature and applied 
current density /69,70/. It has been observed that 
coherent deposition of almost all the refractory metals 
takes place invariably from molten alkali metal fluoride 
melts (LiF-NaF-KF) containing metal fluoride as a 
functional electrolyte. Besides fluoride melts /71/, KC1-
K3M0CI6 electrolyte has been found to be suitable for 
the coherent deposition of molybdenum /72/ and 
oxyanionic types of electrolytes /73-75/ for the depo-
sition of molybdenum and tungsten. In all these electro-
lytes, the stability of active ionic species which gets 
reduced at the cathode is most important If the ionic 
complex is not sufficiently stable, there is a large con-
centration of free metal cations which gets reduced at the 
cathode to yield a powdery or dendritic deposit. On the 
other hand, if the complex is too stable, its reduction 
potential will approach that of the reduction potential of 
the solvent cation resulting in co-deposition and/or 
secondary deposition of the metal in powdery form. In 
the range of complex compound stability between these 
two extremes, it is probably the direct reduction of com-
plex ions which produces coherent metal deposits. The 
stability of the complexes is not only dependent on the 
anions but also on the cations. A slight change in the 
stability of the complex due to a change of cation may 
affect the nature of the deposit. For coherent deposition 
to take place, the requirement of valency state of ionic 
complexes for different refractory metals is /76/ 

+3 for chromium, vanadium and molybdenum 
+4 for niobium, zirconium and hafnium 
44.5 for tungsten (the reduction is in fact based on 
the reduction of tetravalent species) 
+5 for tantalum 

A different valency state results not only in reduced 
current efficiency but also alters the type of deposit from 
coherent to dendritic. 

The temperature and current density affect the 
reversibility or irreversibility of the reaction. At higher 
temperatures, there may be excessive dissociation of 
ionic complex, thereby altering the delicate balance 
between the concentration of the complex ion and free 

Refractory and Reactive Metal Extraction by Fused Salt Electrolysis 

ions. At a higher temperature, there is also a possibility 
for an irreversible reaction to become reversible, thereby 
changing the nature of the deposit from a coherent to 
dendritic type. From a practical point of view, working 
with high current density is preferred for obtaining 
required plating thickness in a minimum amount of 
time. However, too high a current density, approaching 
diffusion limited current density, is not desirable because 
it may lead to co-deposition of alkali metal, thereby 
resulting in the formation of powdery/dendritic types of 
deposits. 

There have been many efforts to electrodeposit 
coherent coatings of titanium from molten salt system 
including all-fluoride electrolyte. These have so far 
yielded a thin coating which appears to be of the diffu-
sion type and not a truly coherent electrodeposit. It has, 
however, been possible to electrodeposit a coating of 
titanium diboride from an oxyanionic electrolyte com-
posed of sodium-lithium metaborates, sodium lithium 
titanates and titania. Coherent deposition of practically 
all the refractory metals has been carried out in an all-
fluoride electrolyte comprising a carrier electrolyte com-
posed of an eutectic mixture of lithium fluoride-sodium 
fluoride-potassium fluoride and the respective metal 
fluoride as a functional electrolyte. Coherent deposition 
of zirconium, zirconium-titanium, zirconium-aluminium 
and zirconium diboride has been accomplished from all-
fluoride electrolyte. Molybdenum is perhaps the only 
refractory metal which has been coherently deposited 
from all-fluoride /71/, all-chloride /72/ and also from 
oxyanionic /73/ type of electrolytes. Coherent coatings 
of tungsten have been deposited from all-fluoride /71/ 
and also from oxyanionic electrolytes /75/. The latter 
type of electrolyte has also been used for the deposition 
of plate type of coatings; coherent deposition techniques 
have also been extended to electroforming. Several com-
plicated shapes of refractory metal, alloys and com-
pounds have been formed /69.70/ by using this 
technique. The operating data on coherent deposition of 
these metals and compounds are given in Table 12. 

6 . S U M M A R Y 

This presentation gives an overview of electrolytic 
processes such as electrowinning, electrorefining, 
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electroextraction and electroplating/electroforming of 
refractory metals and electrowinning and refining of rare 
earth metals. It may be observed from the presentation 
that oxide-based electrolytes can be used in winning of 
molybdenum and tungsten. For all the other metals, 
halide electrolytes are invariably used. In the case of 
niobium, tantalum and some of the rare earth metals, 
oxides of these metals dissolved in suitable molten 
halides have served as the source for metal extraction. 
Electrorefining of all the metals has been accomplished 
only from halide electrolytes. The technique of electro-
extraction has been applied to prepare titanium, 
zirconium, vanadium, molybdenum and chromium 
metals using carbide or carbide type compounds for all 
these metals and also sulphides and oxides for 
molybdenum. It may be observed that good quality 
molybdenum and chromium can be produced from its 
compounds by adopting single-stage electroextraction. 
In the case of titanium, zirconium and vanadium, two-
stage electroextraction is necessary for obtaining these 
metals in the right state of purity. Coherent deposition 
for electroplating and electroforming has been success-
fully applied to zirconium, niobium, tantalum, 
molybdenum and tungsten. 
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