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Abstract

Sodium metal can be produced at low temperatures (�523 K) by electrolysis of sodium tetrachloroaluminate
(NaAlCl4) in a cell, which employs sodium ion conducting beta-alumina as diaphragm. A laboratory-scale
electrolytic cell and associated systems were designed and constructed to study the various aspects of the energy
efficient process. Graphite/reticulated vitreous carbon (RVC) was used as the anode and molten sodium as the
cathode. Electrolysis was carried out at �523 K with currents in the range 1–10 A (10–125 mA cm)2). The cathodic
current efficiency was close to 100%, but the anodic current efficiency was very low (20–30%), probably due to the
consumption of chlorine in the intercalation reaction of graphite and aluminium chloride. The sodium metal was
analysed by AAS and found to have 5N purity. On prolonged electrolysis, the graphite anode disintegrated due to
the formation of ‘graphite intercalation compounds’. RVC behaved as a better chlorine-evolving anode in the initial
period of electrolysis, but its ability for chlorine evolution decreased on continuous electrolysis. The study indicated
the need for effective stirring of the electrolyte with excess NaCl to avoid build up of aluminium chloride and the
resultant complications in the cell.

1. Introduction

Sodium metal finds large-scale use in the production and
storage of energy, in addition to its conventional use in
the chemical and pharmaceutical industries. For exam-
ple, liquid sodium is used as coolant in fast breeder
nuclear reactors and as the anode in high-temperature
sodium batteries. Availability of high-purity sodium at
low cost is important for the economical operation of
such energy systems. Industrially, sodium metal is
produced by the Downs process [1–4], where sodium
chloride is electrolysed at about 873 K in a fused
electrolyte bath of sodium chloride and calcium chlo-
ride. The process is energy intensive on account of the
high temperature melting of the electrolyte (�858 K)
and also due to the inherent electrochemical character-
istics of the cell. The low melting sodium compounds
like sodium polysulfides, sodium tetrachloroaluminate
(NaAlCl4), sodium hydroxide or mixtures like NaCl–
ZnCl2 etc. are reactive to sodium and hence cannot be
used as electrolyte in Downs cells. However, such
electrolytes can be used for sodium metal production
when sodium ion conducting beta alumina solid elec-
trolyte (BASE) membrane is employed as diaphragm
between the sodium metal and the molten electrolyte in
the cell [5–8]. The use of the solid electrolyte membrane

gives the process high current and energy efficiencies.
Also the purity of the sodium metal produced by the
process is exceptionally high. In spite of these advanta-
ges, the process has not been developed to the level of
commercial exploitation for want of good quality beta-
alumina membranes with long service life [4]. In the
backdrop of the present development of secondary
sodium batteries and the technological advances made
in the preparation and fabrication of beta-alumina
membranes, it is expected that solid electrolyte mem-
branes suitable for sodium production will be available
at affordable cost in the future.

The present study was taken up in the context of
large-scale use of high-purity sodium metal as coolant in
fast breeder nuclear reactors. Molten NaAlCl4 was
selected as the electrolyte due to its low melting point
(425 K) and availability of a few patents [1–3] on the
sodium production process with this electrolyte. How-
ever, no experimental data pertaining to the electro-
chemical characteristics of such a cell or its design
aspects are available in the open literature. Hence it was
the objective of this study to develop a better under-
standing of these aspects of the process as well as to gain
experience in handling of molten chloroaluminate and
sodium in a miniscale engineering facility. Ito et al. [9,
10] have reported an experimental study of the low
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temperature electrolysis (623 K) of sodium chloride
using a beta-alumina–molten NaCl–ZnCl2 system.

1.1. Process

Direct electrolysis of NaCl–AlCl3 mixtures in a cell,
C|NaCl–AlCl3|Al, yields aluminium metal as the ca-
thodic product by the reaction AlCl�4 ! Alþ 4Cl�.
Sodium is not the cathodic product as the discharge
potential of sodium ions is very negative (by �2 V)
compared to that of the above reaction. However, if
NaCl–AlCl3 mixtures is electrolysed in a cell having the
configuration, C|NaCl–AlCl3|Na+-ion conducting solid
electrolyte/Na, sodium metal will be the cathodic
product as the diaphram is selective to Na+-ions.

In the present sodium production process, b¢¢-alumina
is used as the sodium ion conducting diaphragm in the
two-compartment cell. Graphite in contact with molten
NaAlCl4 (with excess NaCl) on one side of the ceramic
membrane is the anode. Molten sodium at the other side
of the b¢¢-alumina forms the cathode. When an appro-
priate electrical potential is applied with sodium as the
negative electrode, the Na+ ions in the molten electro-
lyte (NaAlCl4 has ionic composition of Na+ and AlCl�4 )
move towards the cathode compartment through the b¢¢-
alumina membrane and discharge to form sodium
metal. The AlCl�4 ions discharge at the graphite anode
to give rise to aluminium chloride and chlorine gas. The
aluminium chloride produced at the anode combines
with excess NaCl present in the melt to regenerate
NaAlCl4. As the b¢¢-alumina is permeable to sodium
ions only, the alkali metal collecting at the cathode is
very pure. The configurations of the cell and cell
reactions are as follows:

Cell CjNaCl;NaAlCl4jb00-aluminajNa

Cell reactions:

AlCl�4 ! AlCl3 þ 1
2 Cl2 þ e�  at C anode

Naþ þ e� ! Na  at Na cathode

NaAlCl4 ! NaþAlCl3 þ 1
2 Cl2ðgÞ

AlCl3 þNaCl! NaAlCl4

NaClðsÞ ! Na (l)þ 1
2 Cl2ðgÞ ð1Þ

The scheme of sodium production is depicted in
Figure 1. A similar process with a consumable alumin-
ium anode has been patented [7]. It is clear from the
above equations that NaCl must be present in excess to
regenerate NaAlCl4 electrolyte necessary for continuous
electrolysis. Otherwise NaAlCl4 will become depleted
with build up of volatile aluminium chloride in the
anode compartment.

2. Experimental details

2.1. Cell design

2.1.1. Safety considerations
The sodium metal and NaAlCl4 electrolyte are extreme-
ly reactive to moisture and oxygen. These chemicals,
separated by the beta-alumina ceramic in the cell, are
also exothermically reactive to each other. In the event
of failure of the ceramic membrane, the chemicals can
mix together with the evolution of a large amount of
heat. These concerns necessitated a cell design, which
allows a minimum amount of sodium metal in the cell at
any time and a mechanism for easy draining of the
molten electrolyte in case of diaphragm failure. The
highly volatile aluminium chloride produced during
electrolysis can result in the build up of reactor pressure
and in an increase of the resistivity of the melt. For these
reasons, the aluminium chloride needs neutralization
with excess sodium chloride. The flushing of the cell with
purified argon keeps it moisture-free and also helps to
reduce the pressure build-up in the reactor vessel.

2.1.2. Design of the electrochemical reactor
The electrolytic cell is depicted in Figure 2. The cylin-
drical shaped cell is made of mild steel (190 mm
dia. · 200 mm long · 3 mm thick) and houses a sodi-
um-b¢¢-alumina tube (50 mm o.d., 1.5 mm thick,
100 mm long, supplied by National Physical Laborato-
ry, New Delhi) closed at one end. The tube with its open
end downwards is fixed on the cell vessel using its a-
alumina collar. A stainless steel assembly positioned
inside the b¢¢-alumina tube serves as the cathode
(sodium) current collector as well as sodium outlet.
Two types of anode, one compacted graphite and the
other reticulated vitreous carbon (RVC), were used in
this study. The hollow-cylindrical shaped graphite
anode (70 mm o.d. · 60 mm i.d. · 150 mm long) was
machined from a graphite rod. The flexible RVC

Fig. 1. Scheme of the low-temperature sodium production process

using b-alumina separator.

1384



electrode of more or less similar dimension was sup-
ported in a perforated glass frame. The anode was
placed around the b¢¢-alumina tube so that the radial
distance between the two was 0.5 cm. The funnel
assembly provided on the cell flange was used to add
sodium chloride to the cell under leak-tight conditions.
Two spark-plug type level detectors were provided to
monitor the level of the liquid in the reactor vessel.
Provisions were made to flush argon gas over the melt in
the cell as well as to stir it with bubbling argon through
it. The electrolyte fill/dump line provided on the bottom
of the cell allowed filling of molten electrolyte from the
storage vessel to the reactor vessel and its dumping
back. The flow sheet is given in Figure 3.

2.1.3. Design of auxiliary systems
A stream of argon gas swept the chlorine gas and
aluminium chloride vapours over the melt and carried it
through a moisture trap and finally to a ‘chlorine
absorption unit’, where chlorine gas was neutralised by
reaction with 15% aqueous sodium hydroxide solution
(Figure 3). Apart from the chlorine absorption unit, a
‘chlorine sampling unit’ was also connected in parallel
from the chlorine outlet line of the cell. Like the chlorine
absorption unit, this unit too consisted of an array of
bottles with NaOH solution so that the gas escaping the

reaction in one bottle could be trapped in the successive
bottles.

The cathode steel assembly, with one end inside the b¢¢-
alumina tube, extended into a calibrated Pyrex glass vessel
(sodium collection vessel), which contained thermofluid
at room temperature. This vessel was provided with an
argon inlet-outlet so that the collection and sampling of
sodium metal was done under argon atmosphere.

Electrical tape heaters and chromel–alumel thermo-
couples were provided on the body of all the vessels and
lines in contact with the molten electrolyte/sodium. The
electrolyte temperature was measured using a stainless
steel sheathed chromel–alumel thermocouple placed in
the melt. Argon cover gas flow was maintained over the
electrolyte melt in the different vessels with the help of a
gas-manifold. The argon gas was purified by passing it
through a column containing a mixture of BASF
catalyst and molecular sieves.

2.2. Assembly of the cell and operation

The electrolyte was prepared by mixing together and
heating at �473 K, appropriate quantities of sodium
chloride and aluminium chloride in the storage vessel.
Dried NaCl (AR grade, Merck, India) and as-received
AlCl3 (Fluka, 99.9%) were used.

Fig. 2. Cross-sectional view of the electrolysis cell. The b-alumina tube is positioned at the centre of the cell with its open end downwards.
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Prior to use in the cells, the b¢¢-alumina tube was
etched with boiling phosphoric acid for about a minute
to remove the oxide layer. Subsequently the tube was
washed with alcohol and dried in air at 1073 K for
�12 h. The tube was heated overnight at 748 K with
sodium metal in it to achieve sodium wetting. About 20 g
of pure sodium metal was placed in the tube and the tube
was fixed leak-tight to the cathode assembly with the
help of ‘grafoil’ gaskets. The whole unit was taken out of
the glove box and installed on to the bottom of the
electrolysis cell vessel. The graphite and RVC anodes
were degassed under vacuum at �573 K before intro-
duction into the cell. The entire assembly was tested for
leak tightness with argon gas at 1 kg cm)2 pressure.

With the help of the electrical tape heaters, the cell
assembly was heated slowly to �523 K. Argon gas was
flushed through the entire setup for �24 h to flush out
moisture. The molten electrolyte was then transferred to
the electrolytic cell by maintaining a differential pressure
between the cell and the electrolyte storage vessel and
following the flow sheet in Figure 3. The cell tempera-
ture was maintained in the range 498–523 K and
electrolysis was carried out at currents of 1–2 A. In
order to make an assessment of the cell voltage as a
function of current, the current was increased in steps of
1 A to a maximum of 10 A for short times. The sodium
and chlorine half cell potentials were measured using an
aluminium reference electrode in NaCl saturated Na-
AlCl4 melt, positioned close to the anode. The cell

voltages were measured using a high impedance volt-
meter (HP Data Acquisition/Switch unit 34970A). The
voltage at zero current was obtained by manually
interrupting the current during electrolysis.

The quantity of sodium metal produced by electrolysis
was obtained by measuring the difference in the level of
the thermofluid in the sodium collection vessel before
and after sodium addition. Chlorine gas evolved over a
specified time was collected in cold, aqueous NaOH
solution and analysed by iodimetry.

3. Results and discussion

To compare the electrochemical data obtained from the
cell, the cell voltage and energy efficiency of the process
were estimated for a model cell having identical cell
characteristics.

3.1. Estimation of cell voltage and energy efficiency

The terminal voltage of a cell, based on the dimensions
of the model cell in Figure 4, was calculated using the
relationship

Ecell ¼ ErevðNaClÞ þ Eb00 þ ENaAlCl4 þ gcathode þ ganode þ Es

where Erev(NaCl) is the reversible decomposition voltage
of sodium chloride, Eb00 the voltage drop due to
resistance of the b¢¢-alumina diaphragm, ENaAlCl4 the

Fig. 3. Flow sheet of the low-temperature sodium production experiment.
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voltage drop due to resistance of molten NaAlCl4,
gcathode the sodium cathode overvoltage, ganode the
graphite anode overvoltage, and Es the voltage loss in
the electrodes and cell hardware.

The cell voltage in turn is related to the energy
efficiency of the process as

Energy efficiency ¼ Ecell=Erev � current efficiency

The data available in the literature, as well as some data
generated in our laboratory for the components of such
a cell [11–13] were used in these calculations. Similar
calculations were also carried out for a conventional
Downs cell. The operational parameters of both the
beta-alumina based cell and Downs cell, used in these
calculations, are give in Table 1. More details of these
calculations are given in elsewhere [11].

These calculations have shown that a cell voltage
of 5.3 V and energy efficiency 67% could be possible

for the beta-alumina based process as against 7 V and
40% for the conventional Downs process. The electro-
lysis energy for the two processes worked out to
6.5 kWh kg)1 and 10.6 kWh kg)1, respectively. The cell
voltage, energy efficiency and the specific energy for
sodium production estimated for the Downs process are
generally in good agreement with the data reported from
operating cells [1–4]. In the absence of reported data, a
similar comparison is not possible for the beta-alumina
based process. Typical plots of the voltage balance of
the model beta-alumina cell (Figure 4) and the corre-
sponding energy efficiency values as a function of
current density are given in Figures 5 and 6, respectively.

3.2. Cell voltage

3.2.1. Graphite anode
A typical voltage–time profile of the cell with a graphite
anode during electrolysis at 1 A current at 498 K is
given in Figure 7. From the working voltage of the cell
(3.85 V) and the voltage on current interruption
(3.79 V), the cell resistance was inferred as about
60 mW. The cell voltage remained more or less stable
for more than 12 h and recorded a very slow increase
thereafter. The cell voltages remained less than 4 V
during continuous electrolysis at 1–2 A for about 50 h.

The cell voltages measured in the current range 1–
10 A for short times are given in Table 2. The voltages
estimated for the model cell under similar experimental
conditions are also given in the table. The overvoltages
due to electrode polarization are not considered in the
calculation as the duration of electrolysis was too short
for polarization to set in. Good agreement between the
measured and estimated cell voltages are seen.

As electrolysis continued, the cell developed electrical
discontinuity repeatedly. Physical examination of the
cell showed that the graphite anode had disintegrated.
Similar behaviour was noticed on two more fresh
graphite anodes. The problem was subsequently studied
using cyclic voltammetry and found to be due the
formation of graphite intercalation compounds and the
volume expansion that accompanies the GIC formation
[14, 15]. This conclusively proved that graphite is reactive
in the chloroaluminate melt and cannot be used as

Table 1. Characteristics of Downs cell and beta-alumina based cell for sodium production

Purticulars Downs process b¢¢-alumina process

Electrolyte NaCl (41–42 wt%) + CaCl2 NaCl (30wt%) + AlCl3
(58–59 wt%) (70 wt%)

Anode Graphite Graphite (?)

Cathode Cast steel Sodium

Inter-electrode spacing /cm 3.7 0.5

Electrolyte temperature /K 863 ± 5 573

Cell voltage /V 6–7a 5.12b

7.05b

Cathode current density /A cm)2 0.98a 0.5

Current efficiency /% 78–80a >95a

Energy efficiency /% 38–45a >60b

a reported, b calculated.

Fig. 4. Model cell design with beta-alumina separator.
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anode for electrolysis of chloroaluminate melt [16].
Preliminary electrochemical studies with a RVC anode
showed that it is more stable in the chloroaluminate melt
and hence used in the electrolysis.

3.2.2. RVC anode
The variation of the cell voltage with time during the
initial phase of constant current electrolysis, under
similar experimental conditions used for the graphite
anode, is given in Figure 7. The overvoltage of the RVC
cell was deduced as 540 mV as against 60 mV for the

graphite cell. The higher overvoltage of the former may
be attributed to the higher resistivity of RVC, which is
about ten times higher than that of graphite.

The cell was operated continuously at 1–2 A (10–
20 mA cm�2) levels, for about four months with short
breaks. About 2000 Ah charge was passed through the
cell during this period. The current density had to be
limited to very low values as effective stirring of the
electrolyte could not be achieved due to the deposition
of anodically generated aluminium chloride on the
stirrer and on the cooler parts of the cell. With passage
of time the stirrers were rendered virtually immobile and
the cell had to be operated under static condition, which
increased the cell voltage. It is possible that the build up
of the electrolytically generated aluminium chloride in
the melt, in the absence of proper mixing of with solid
NaCl, increased the resistance of the melt and hence the
cell voltage.

Fig. 5. Estimated voltage balance of the model cell as a function

of current density at 573 K. (a) Erev(NaCl), (b) a + Eb, (c) bþ
ENaAlCl4

, (d) c + ganode and (e) d + Es where (a, b, c, d and e) are

represented by (j, d, m, . and r), respectively.

Fig. 6. Estimated cell voltage and energy efficiency of the model cell as

a function of current density.

Fig. 7. Behaviour of cell voltages during constant current electrolysis

at 498 K. Current 1 A. Key: (d) graphite anode and (m) RVC anode.

Potentials of the sodium electrode during electrolysis, measured

against the Al reference electrode, are given by (j). Graphite and

RVC anode potentials (vs Al) can be obtained by subtracting the Na

electrode potentials from the respective cell voltages.

Table 2. Variation of the cell voltage of the b-alumina based cell with

current density

S.no Current

/A

Current density

/mA cm�2 of

b¢¢-alumina

Cell voltage

/V

Measured Estimated

1 1.0 12.5 3.83 3.84

2 2.0 25.0 3.90 3.87

3 4.0 50.0 3.95 3.94

4 6.0 75.0 4.02 4.02

5 8.0 100.0 4.15 4.09

6 10.0 125.0 4.23 4.16
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An interesting behaviour of the cell voltage was
noticed on continuous electrolysis with the RVC anode.
As electrolysis proceeded, the cell voltage decreased by
�400 mV compared to that at the beginning of elec-
trolysis. An analysis of the half cell potentials revealed
that the decrease in overvoltage was entirely due to the
RVC anode and anodic reactions involving chlorine
were responsible for it. SEM pictures of the electrode
showed clear signs of deterioration and surface modi-
fication [11].

3.3. Current efficiency

From the charge passed and the quantity of sodium
collected (Table 3), the current efficiency of the process
was calculated to be close to 100%, within experimental
error. In the absence of current leakage in the cell, it was
expected that the entire current should have passed
through the beta-alumina to give the current efficiency
as obtained above. The results, conversely, can be taken
as experimental proof that the transport number of
beta-alumina (for Na+-ions) is close to unity.

The results of the analysis of chlorine collected for
different times and for currents of 1–2 A are given in
Table 4. In contrast to the high cathodic efficiency
(sodium), the anodic efficiency (chlorine) is very low. As
the anode and cathode compartments are physically
separated by the beta-alumina diaphragm, combination
of the primary electrolytic products cannot be the reason
for the low anodic current efficiency. This would suggest
that a good part of the anodic chlorine was consumed in

reactions involving the RVC and chloroaluminate melt.
The results of cyclic voltammetric studies of carbon
materials in the chloroaluminate support this [14].

3.4. Analysis of sodium

The sodium metal collected directly from the cell using a
tantalum crucible was analysed for probable impurities
such as Fe, K, Al, Ca and Mg by atomic absorption
spectrometry (AAS). The results are given in Table 5. A
comparison shows that the purity of the sodium metal
produced by the low-temperature process is better than
that of the ‘nuclear grade’ sodium with respect to these
elements. The other impurity elements such as C, Cr, B,
Cd, Ag, S, Co, Pb, Mn, Ni and Zn present in trace levels
in Downs cell sodium is unlikely to be present in the

Table 3. Results of the determination of cathodic current efficiency of the sodium production cell

Current

/A

Duration

/h

Total charge passed

/Ah

Quantity of sodium /g Current efficiency

/%

Measured Theoretical

24 24 20.2 20.59 98.1

1 50 50 43.0 42.9 100

88 88 74.4 75.5 98.5

1.5 28 42 35.3 36.04 97.9

52 78 64.2 66.9 96

2 14 28 23.9 24.02 99.5

24 48 40.0 41.19 97.2

Table 4. Results of the determination of the anodic current efficiency of the sodium production cell

Current

/A

Duration of

electrolysis

/h

Total charge

passed

/Ah

Quantity of chlorine /g Current

efficiency

/%

Measured Theoretical

1 2 2 0.70 2.65 26.4

4 4 1.70 5.3 32

1.5 1.5 2.25 0.79 2.98 26.4

2 3 1.35 3.97 34

2 1 2 0.77 2.65 29.2

2.5 5 2.11 6.62 32

Table 5. Comparison of the impurity levels in the sodium metal

produced in the b-alumina based cell and the Downs cell

Impurity

element

Concentration /ppm

b¢¢-alumina

process

Downs process

Commercial

grade

Nuclear grade

/max

Fe <0.1 – 3.0

K 0.28 100–200 300

Al <0.1 2.0 5.0

Ca 0.81 40–300 10

Mg 0.31 100 0.05
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sodium produced in the new process as beta-alumina
diaphragm electrically filters these elements.

4. Conclusion

A comparative study of the beta-alumina based process
and Downs process for sodium production shows that
the former process is superior on account of its low
electrolysis energy and high sodium purity. The limited
electrochemical data generated in this work supports
this. However, it should be made clear that it was not
the aim of the present work to make a critical assess-
ment of the two processes, but was only an effort to
understand some of the technical problems of the low-
temperature process. The safe operation of the experi-
mental cell for a reasonably long period of time has
demonstrated the validity of the cell design and the
technical feasibility of the low-temperature process on
the lab scale. The results categorically rule out the use of
graphite as anode. But, the estimated and measured cell
voltages with a graphite anode points to the fact that it
may be possible to operate beta-alumina based cells with
an anode of similar electrochemical characteristics, but
inert towards chlorine. New generation chlorine-evolv-
ing anodes like the titanium substrate insoluble anode
(TSIA) or ceramic oxide/glassy carbon coated graphite
may prove to be better anodes. Due to the high
resistivity, RVC may not be an ideal anode. The build
up of aluminium chloride in the cell and the resultant
blockage of inlet–outlet pathways of the reactor vessel
are identified as the most serious problems. This
observation underlined the need for proper mixing of
the electrolyte with excess sodium chloride and a cell
design which can prevent the deposition of aluminium

chloride on the cooler parts of the cell. This may be
better achieved with a cell in which the electrolyte melt
saturated with NaCl is pumped from outside and flows
continuously around the beta-alumina diaphragm. Such
a design will make the operation of the cell less
complicated and will give a better diaphragm service life.
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