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High energy consumptian in the production of magnesium by molten salt electrolysis is mainly due to
the recombination of magnesium and chlorine. The large interelectrode distance used, in conventional
techniques, to reduce the extent of 'back reaction', results in a significant potential drop. A laboratory
cell that enables the operation with smaller interelectrode distance and easy separation of electrode
products has been used to study electrolytic magnesium production. The cell features a top inserted
graphite anode and a Mg-Pb alloy cathode at the bottom. Current efficiencyand power consumptian
were determined at 690° C using a current density of 0.48 A cm-2. Experiments were performed to
study the effects of MgCl2 concentration and anode-cathode distance (a.c.d.) on cell operation.
Results indicated that an electrolyte containing 20% MgCl2 (equiweight NaCl: KCl and 1% NaF)
with a 3cm a.c.d. reduced the cell voltage to 3.72 V. This value corresponds to an energy consumptian
of 11.3kWh kg-1 including the refining of Mg-Pb alloy produced at the cathode. This cell per
formance is more energy efficient compared to conventional magnesium cells.

i. Introduction

When magnesium is produced electrolytically from an
anhydrous molten chloride mixture, the curent effi
ciency is typically in the range 80 to 90%. Several
investigators [1-3] conc1uded that the major cause
of the lass of magnesium during electrolysis is the
direct reaction of liquid magnesium on the surface
of the electrolyte and in the interelectrode region
with the chlorine gas (back reaction). Therefore,
the separation of magnesium drops from chlorine
bubbles has often been considered to be a very
important factor in controlling the loss of magnesium·
[4, 5].

In this study, an alternative cell design has been
tested for the effect of electrolyte compasition and
interelectrode distance on the current and energy
efficiencies. The main idea was to minimize the
extent of the reehlorination reaction by collecting
magnesium metal at the bottom, while chlorine gas
was evolved at the top from a graphite anode.
Such a cell design, like Hall-Herault cells for alurni
num production, would not only increase current
efficiency, but also decrease anode-cathode
distance (a.~.d.) ai:id thereby lower th~ energy
consumption.- .---

The main difficulty in collecting magnesium at the
bottom of the cell arises from the lower density of
magnesium than the electrolyte. This difficulty may
be avoided by making an alloy which is denser than
the electrolyte. In this study lead (Pb) was chosen as
an alloying element to collect liquid magnesium at
the bottom of the cell.
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2. Experimental details

2.1. eel! assembly

The schematic drawing of the cell assembly is shown
in Fig. i. A 4 cm o.d. alumina crucible was used to
hold the eelI. This crucible was placed into a quartz
cell vessel (5.5 cm o.d.). The 65 cm long ves~el was
covered at the top by a Teflon O-ring seal. This cover
had five holes on it, each provided with rubber O-rings
to make possible the vertical movement of parts
(graphite anode, steel eathode, thermocouple, argon
inlet, gas outlet) before and after an experiment.

Being noble to chlorine, graphite was chosen as
anode materiaL. As can be seen in Fig. I, the anode
has two parts. The one with larger diameter (2 cm)
was conical in shape. This made the surface area of
the anode and the cathode the same (4.15 em2). The
upper part with smailer diameter (7 mm) extended
out of the cell from the top. ,

The cathode assembly consisted of two parts. These
were the electrode part and the stainless steel rod
(2 mm diam.) used to connect the electrode to the
source. The electode part, a stainless steel disc, was
placed at the bottom of the cell during electrolysis.
An alumina rim was constructed around it to prevent
spilling of collected metal during an experiment and at
the same time to confine the cathode surface to
4.15 cm2. The stainless steel rod was connected to
the electrode at the lower end and extended out of
the cell vessel from the top. An alumina insulator
was used to cover this rod at the bottom (in the
electrolyte) to prevent electrolysis on the surface of
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recorded by means of a Linear 1200 type strip chart
recorder.

AKanthal wire wound tube furnace was used to

accommodate the cell assembly. Temperature
measurements were ma de with an alumina sheathed

alumel-chromel thermocouple placed in the molten
salt electrolyte. Thermocouple emfs were taken
periodically with a Time Electronics portable
potentiometer. ,

As shown in Fig. 2, dried argon was used as a
carrier gas to take chlorine out of the cell. At the exit,
a mixture of argon and chlorine was passed through a
set of bubblers containing NaOH solution to absorb
chlorine gas before the exit gas was discharged to
the atmosphere.

3. Experimental procedure

o

Fig. i. Cell assembly. Key: (A) graphite anode, (B) steel cathode,
(c) thermocouple, (D) argo n inlet; (E) chlorine outlet, (F) Teflon
top, (G) rubber O-rings, (H) quartz cell vessel, (I) alumina
crucible, (K) alumina thermocouple cover, (L) alumina edge, (M)
molten salt, (N) cathode and (O) alumina insulator for cathode
lead.

the rod. No protection against the corrosian of the
stainless steel rod, by chlorine outside the electrolyte
was necessary, because it was cathodic.

2.2. Auxiliary apparatus

A schematic drawing of the auxilliary apparatus is
shown in Fig. 2. The d.c. power for electrolysis
was provided by a Grifiin & George .type rectifier
(maximum: 5 A ino V) employing a variac. A
standard-type ammeter, model ST8 was placed
between the power supply and the cathode terminaL.
The cell voltage was measured using an Escort
EDM IllA type multimeter. The changes in cell
voltage during electrolysis at constant current were

3.1. Cel! feed preparation

Molten salt electrolytes· containing equiweight
NaCl: KCl, 7 to 20 wt % MgC12 and 1 wt % NaF,
were used. From MgCI2-NaCI-KCI ternary [1], the
liquidus of the electrolyte with the above composi
tion range is between 620 to 650° O;,enabling elec
trolysis to be carried out just above the melting
point of magnesium (651 ° C).

All the salts other than MgC12 were reagent grade
from Merck and they were dried in a Pyrex crucible
at 250° C for 3 h before each experiment. Magnesium
chloride (minimum 98% MgCI2, 1.5% R20) was
obtained from Aldrich Chemical Company. Appro
priate amounts of NH4Cl (i.e. 25 mal % more than
H20 content of MgCI2) were added to the salt
mixture to minimize the MgO sludge in the elec
trolyte [1]. The residual concentrations of oxide
equivalent (oxide and/or hydroxide present) of the
molten salt electrolyte samples were measured by
back titration on selected samples. it was found that
nominally pure MgCl2 salt samples contained not
more than 0.2% oxide equivalent.

3.2. Cathode preparation

The cathode material was electrolytic lead (99.8%)
containing 0.0004% Cu and a minor amount of Bi,
at the beginning of an experiment. Cathode prepara
tion involved the melting and casting of 10 to 20 g of
electrolytic lead in the form of a disc with 2.3 cm
diameter. This diameter was the same as the inner
diameter of the steel disc used to hold the cathode.

The surface of the cathode disc was mechanically
cleaned before being placed into the cathode holder.
At the beginning of each experiment a new lead
cathode was prepared, weighed and placed on the
steel disc with an alumina rim (cathode holder).

For experiment 6, an 18% Mg-82% Pb alloy was
used as cathode. This alloy was prepared in a graphite
crucib1e under argon atmosphere at 700° C. This
temperature was well above the melting point of the
alloy (melting point of Mg-Pb alloy with above
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composition is about 480° C [6]).Thus, a homogenous
Mg-Pb alloy was prepared. The same procedure was
followed in the cathode preparation for the refining
experiment.

3.3. Cel! operation

The cell containing 50 to 100g of electrolyte, together
with an appropriate amount of NH4CI was placed
into the vesseL.The cover, accommodating the elec
trode assembly ete., was then placed over the vessel
(see Fig. I). The heating process was started after all
the connections to the auxiliary apparatus were com
pleted. A procedure similar to that of Belton and Rao
[7] was followed during heating. The cell vessel was
heated slowly up to about 400° C under continous
flow of argon gas. During this operation, any
excess HzO and NH4CI vapour were carried out of the
ceii vessel. Evaporation of NH4CI was continued
until about 600° C. The electrolyte and the cathode
material became molten when the temperature
reached about 680 to 690° C. The cell vessel tem
perature was allowed to stabilize at about 690° C.
During this time eleetrodes and thermocouple were
lowered and immersed int o the electrolyte. The elec
trodes were then connected to the d.c. power supply
and electrolysi~ started:-:--

A current density of about 0.48 A cm-z was used to
simulate industrial conditions [8]. The current was
switched off after a typical electrolysis period of 30
to 60 min. At the end of each experiment, the
cathode, a Mg-Pb alloy, was removed from the steel
disc, weighed and chemicaiiy analysed.

In addition, one refining experiment was performed

to compliment the electrolysis studies. Asimilar
procedure was followed for this experiment. After a
certain period of electrolysis, electrodes were
switched, in such a way that cathode was made anode
and anode was made cathode. Thus, Mg-Pb aiioy was
the anode subjected to the refining process. As a result
of electrorefining pure magnesium globules were
collected at the graphite cathode and floated over
the surface of the electrolyte. After a certain period
of refining, the cell was cooled and refined mag
nesium globules were collected, weighed and chemi
cally analysed for impurities.

3.4. Chemical analyses

The chemical analyses were made by an atomic
absorption spectrophotometer (Perkinc-Elmer model
1230) and by a flame photometer (Jemway model
PFP7) to determine: (i) the weight of magnesium
deposited on the lead cathode after electrolysis, and
(ii) the purity of magnesium metal collecte'd after
refining.

4. Results and discussion

FuLLdetails of the experimental results can be found
elsewhere [9]. Theyare summa rized in Table I.

4. I. Determination of current efficiency and energy
consumption

Current efficiency was determined by two methods. At
the lower MgClz concentrations, the current efficiency
was determined by using the results of atomic
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Table 1. Summary of electrolysis experiment results Experimenti

,2345678

ACD/em

~1
222 2.5~ 3 3.54.25

Av. temperaturer C

683690688685690690683690

Current density/Aem-Z

0.480.480.480.480.480.480.480.48

Eleetro1ysis duration/min

3045304530603035

wt% MgClz

202015720202020

Av. eell vo1tage/V

3.363.53.423.373.653.723.914.12

Mg deposited/g

0.3260.5570.3250.2750.3820.810.420.497

Curren t effieieney 1%

72827240.584.589.59394

Energy effieieney 1%

56615531.560636259.5

Energy eonsumption/kWh kg-i
10.39.410.518.49.59.29.39.7

absorption spectrophotometer, since K and Na may
codeposit during electrolysis. At higher MgC12
concentrations, the weight change of the alloy
(cathode) during electrolysis and chemical analysis
of the alloy (cathode) by the atomic absorption tech
nique were used. The difference between the two
methods was at most 3%. The percentage current
efficiency (CE) was ca1culated from

WMgCE=--x 100
WTh

where WTh is the theoretical weight of magnesium
deposited.

The energy consumption (EC) per kilogram of
magnesium was ca1culated from

EC = 100En
0.4534 x CE

where En is the net cell voltage, that is the difference
between the applied voltage across the poles, E, and
the voltage drop a10ng the electrode leads (Ea-c).
This net cell voltage was determined by subtracting
the voltage drop measured across shorted electrodes,
from the operating cell voltage. For the cell assembly
use d in this study Ea-c was found to be 1.03 V at a
current density of 0.48 A cm -2 and a temperature of
690° C. The value of 0.4534 is the electrochemical

equivalent for Mg in g A -I h-I.

4.2. Effect of MgCl2 concentration

The results from experiments involving the effect of
MgC12 concentration on the cell operation can be
seen in Fig. 3. These experiments were designed to
see, if MgC12 concentrations similar to those used
commercially could be used with this assembly.

Figure 3(a) shows the variation of nd cell voltage,
En' with NlgC12 -Eoiicentration. An increase in
MgC12 concentration from 7 to 20 wt % increased
the net cell voltage by 0.13 eV. it may be assumed
that the increase of net cell voltage with increasing
MgC12 concentration, in the MgCli-NaC1-KCl
electrolyte, is caused by the relative decrease in
concentration of Na+ and K+ ions. it should be

noted that MgC12 concentrations decreased as the
electrolysis proceeded, since the present cell design

did not permit continuous addition of MgC12 to the
electrolyte. But this change was in: the ran ge of 2 or
3 wt % depending on the weight of the starting
electrolyte and the electrolysis duration ...

Figure 3(b) indicates that the current efficiency
increased with increasing MgC12. concentration.
Within the MgC12 com po sition rang~ covered in this
study, an electrolyte composition of 20 wt %' MgC12
with equiweight NaCl: KCl was found to be
optimum. The effect of MgC12 concentration on the
current efficiency has been widely studied [10-12].
At 0.5 Acm-2 current density, Zhurin [10], showed
that current efficiency of magnesium decreased
strongly, and sodium or potassium deposited with
magnesium if the MgC12 content in the electrolyte
was lower than 7 wt %. This is in agreement with
Fig. 3(b). Zhurin conc1uded that the MgC12 con
centration should not exceed 15 to 18wt %. Muzhz

havlev [ll], showed experimentally that the
optimum MgC12 concentration is 15 to 20wt %. The
marked increase in current efficiency with MgC12
concentration (see Fig. 3(b)) may be attributed (in
addition to decrease in sodium and potassium
codeposition) to decreasing chlorine solubility with
increasing MgC12 levels. Thus, the extent of back
reaction may be reduced. Muzhzhavlev [12], showed
experimentally that chlorine solubility decreases
from 1.5 x 10-7 to 1.1 X 10-7 molcm-3 with an

increase of 13 to 20.3 MgC12 wt %.
Variation of energy consumption with MgC12

concentration is shown in Fig. 3(c). This p.gure illus
trates the optimum content of MgC12 as approxi
mately 20 wt % (in fact this reduced to about 17%
after electrolysis) without taking into account the
sludge formation and MgC12 evaporation. This is in
agreement with Zhurin [10] and Muzhzhavlev [12].
Higher MgC12 concentrations were not studied,
because of increasing undesirable effects like sludge
formation and MgC12 evaporation.

4.3. Effect of anode-cathode distance

The effect of anode-cathode distance (a.c.d.) on cell
operation was studied with an electrolyte com
position of 20wt % MgC12, equiweight NaCl-KCl
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and 1wt % NaF. Constant current density,
0.48 Acm-2, and a temperature of about 690° C,
were used. The results are presented in Figs 4,5 and 6.

Figure 4 shows that the net cell voltage increased
with increasing a.c.d. and the relation was almost
linear due to ohmic effects. The equation of the linear
variation of the net cell voltage, En' with a.c.d., X, is

En(V) = 3.068 + 0.237 X(cm)

Using 0.48A cm-2 current density and 4.15 cm2
electrode area, the specific conductivity of the electro
lyte is 2.02~ri cm-i at the operating temperature of
690°C. This value is very dose to 1.920n-I cm-1
specific conductivity measured at 700° C [1]. The
difference between these values may arise from the
presence of chlorine in the system, the change in elec
trolyte composition and the polarization of the
electrolyte during electrolysis.

The effect of a.c.d. on current efficiency is shown in
Fig. 5. Current efficiency increased rapidly up to 3 cm
a.c.d. Beyand 3.5 cm a.c.d., current efficiency tended
to fiatten out.

The variation of energy consumption with a.c.d. is'
illustrated in Fig. 6. As the a.c.d. increased the energy
consumption first decreased and then increased.

4.4. Refining of magnesium

The above data are for the first step of the new design
only. In order to compare present application with
commercial cells, energy consumption to produce
pure magnesium must be determined. Therefore,
energy consumption in the refining process (refining
of Mg-Pb alloy) must be known. For this purpose
one experiment was performed. This experiment was
conducted with l7.0wt % MgC12 at 1cm a.c.d. with
a prealloyed cathode, 23% Mg-77% Pb. A high
current efficiency, about 97%, and an energy con
sumption of 2.1 kWh kg-i were obtained. if this
value is added to the lowest energy consumptian

4.5

Fig. 5. Effect of a.c.d. on the current efficiency
of the cell. Current density: 0.48 A cm-i; cur

5.0 rent: 2.0 A; temperature: 683-690° C; wt %
MgCli:20.0.

Therefore, energy consumptian can be minimized
when the a.c.d. is 3cm. Between 1 to' 3cm a.c.d.
energy consumption decreased from 10.3 to 9.2kWh
kg-i, since the favourable effect 'of the rapidly
increasing current efficiency was stronger than the
adverse effect of the increasing voltage drop in the
electrolyte. After 3cm a.c.d. the current efficiency
underwent no significant change, while the voltage
drop in the electrolyte increased proportionally to
the a.c.d.
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Fig. 6. Effect of a.c.d. on the energy consumg
tion of the cell. Current density: 0.48A cm--;

5.0 current: 2.0 A; temperature: 683-690° C;
wt % MgCI2: 20.0.
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" value in the electrolysis experiments, at 3 cm a.c.d.,
20 wt % MgCI2, the total energy consumption
becomes i1.3 kWh kg-i, excluding the energy con
sumption over the electrode leads.

Chemical analyses by atomic absorption and flame
photometry showed that the impurity level of refined
magnesium metal was similar to the purity achieved in
present cells: %Na < 0.025, %K« 0.025, %Fe =
0.038 and'lead was not detectable. The smail iron con

tent in the refined magnesium may be attributed to
contamination from the st eel cathode materia1.·

5. Conclusions

The primary objective of this experimental program
was . to reduce the extent of back reaction in

magnesiu,m . electrolysis by using a cell design
effecting an easy separation of chlorine from mag
nesium. This was accomplished by using a Mg-Pb
cathode and a top feeding anode. Impure magnesium
was subjected to refining to obtain pure electrolytic
grade magnesium.

Operation of the cell without a ceramic semiwall
partition between the two electrodes enabled electro
lysis at lower voltages with higher energy efficiencies.
The present technique merits further attention to
explore the compromise between energy and instal
lation costs. In addition, the following conclusions

are drawn from the present work:
(i) Cell voltage increases with increasing MgCl2

concentration and a.c.d. The increase is caused by

decreasing conductivity in the case of increasing
MgCl2 concentration and by increasing ohmic
resistance with increasing a.c.d.

797

(ii) The current efficiency shows a marked depen
dence on the MgCl2 concentration and a.c.d. it
increases with both increasing MgC12 concentration
and a.c.d. This increase was explained as the results

of decreasing sodium and potassium codeposition
and a decrease in chlorine solubility with increasing

MgCl2 concentration.
(iii) Energy consumption can be minimized when

~. ?
3 cm a.c.d. is use d with 20% MgC12 0.48 A cm--

current density and about 690° C temperature.
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