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This paper is concerned with oxygen depolarized electrolysis of NaCl by the use of S-alumina solid
electrolyte and molten salts. In the electrolysis, dry chlorine gas and pure molten sodium hydroxide

are produced from sodium chloride, oxygen and water. Because the oxygen reduction proceeds very
smoothly in the molten sodium hydroxide, this process is very promising for the future. The theoretical
decomposition voltage of this process is estimated to be 1.5 V, which is lower than that of the process
without an oxygen cathode by 1.1 V. The model cell study shows that a terminal voltage of 3V at

50 A dm™? is attainable.

1. Introduction

Since 1974, a new method for electrolysis of
sodium chloride by the use of a §-alumina—~molten
salt system has been studied by the authors. The
method is intended to take the place of the
mercury cell electrolysis and has been detailed in
this Journal previously [1]. The advantages of the
process are as follows:

(a) dry chlorine gas and high-purity molten
sodium hydroxide are produced

(b) voltage losses caused by ohmic drop and
overvoltage can be reduced

(c) no energy is required for concentrating
dilute sodium hydroxide solution

Reduction of electrical energy for producing
sodium hydroxide is of greater importance in the
chlor-alkali industries and many attempts have
been made to achieve this objective. If hydrogen
is not required, the decomposition voltage can be
decreased by using oxygen as a depolarizer at the
cathode. Oxygen depolarized electrolysis in the
ion exchange membrane process has been investi-
gated by Yeager [2] from such a point of view.
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However, the oxygen cathode in alkaline solution
requires a large amount of noble metal electro-
catalyst. Thus, low cost, non-noble metal electro-
catalysts must be used in order to exploit the
oxygen depolarized process. In molten sodium
hydroxide, the oxygen reduction reaction proceeds
very smoothly without any noble metal electro-
catalyst [3]. This paper describes an investigation
into the possible use of the oxygen depolarized
electrolysis of NaCl by the use of a f-alumina-
molten salt system.

2. Principle of this method

Fig. 1 shows the scheme of this method. Asa
diaphragm, sodium ion conducting f-alumina is
used. The catholyte is molten sodium hydroxide
with a small amount of water. The anolyte con-
sists of a molten mixture of NaCl and ZnCl,. On
electrolysis, oxygen and water vapour, which are
bubbled into the catholyte, are reduced at the
cathode to produce hydroxide ions, according to
the following equation,
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07, H0 —>=) [=—>Cl,

NaOH.xH,0 1 -1 NaCi-ZnCl,

Fig. 1. Scheme of oxygen depolarized electrolysis of
molten NaCl by the use of a g-alumina diaphragm,

At the anode, chlorine gas is evolved, according
to the following equation,

Cr>1/2CL+e )

Only sodium ions can move from the anolyte to
the catholyte through the f-alumina diaphragm,
because the transport number of the sodium ion
in S-alumina is unity. The overall reaction of the
electrolysis is as follows:

NaCl (in NaCl-ZnCl,) + 1/2 H,0¢,

By this method, molten sodium hydroxide and dry
chlorine gas can be obtained. The cell voltage can
be expected to be about 1V lower than that for
the process without the oxygen cathode.

3. Estimation of theoretical decomposition voltage

The theoretical decomposition voltage at 623K
was determined as follows. The free energy change
AG of the reaction

NaCl (ln NaCl*ZnClg) = Na(l) + 1/2 Clz(g)
4

is calculated to be 368 kI mol™ from the
decomposition voltage of sodium chloride in the
motlten mixture of NaCl and ZnCl, (40-60mol %)
[4]. The standard free energy change of water
decomposition

H;0 = Ha +1/2 Oy (5)

is given as AG = 213.8kJ mol™ [5]. The standard
free energy of formation of the molten sodium
hydroxide
Na(l) + ]/2 H2(g) + 1/2 O2(g) = NaOH(l)
(6)

is given as AG = — 330.8 kI mol™ [5]. From these
three values, the theoretical decomposition voltage
E4 of Reaction 3 is calculated to be 1.5V, This
value is 1.1V lower than that of the process with-
out the oxygen cathode calculated by using the
same data™.

4. Experimental details

Fig. 2 shows the experimental apparatus. As the
diaphragm, a f-alumina tube (37 mm diameter,

2 mm thickness, 110 mm length, NGK Spark Plug
Co. Ltd) was used. Molten sodium hydroxide was
used as catholyte and occupied the inside of the
B-alumina tube. As the anolyte, a mixture of NaCl
and ZnCl, (40 and 60 mol % respectively), both
previously dehydrated, was used. A cylindrical
porous gas diffusion electrode, made of sintered
porous nickel (Sumitomo Electric Co. Ltd), was
employed as the oxygen cathode. Oxygen gas was
introduced to the cathode through a nickel pipe,
which also served as the lead to the power supply.
Water vapour, whose pressure was adjusted before
use, was bubbled into the catholyte. Excess water
vapour and oxygen were taken out of the catho-
lyte compartment to the condenser. All measure-
ments were galvanostatic. The ohmic drop of the
experimental cell was determined by a current—
interrupter method. The operating temperature
was 623K, because the melting point of sodium
hydroxide is about 592 K and the eutectic point
of NaCl-ZnCl is 535 K.

5. Results and discussions
5.1. Decomposition voltage

Fig. 3 shows an example of polarization character-
istics of this process. (Chmic drop is excluded.)
When the experimental data are extrapolated to
the point where current density is equal to zero,
the intercept of the cell voltage axis is about 1.6 V.
This value is close to the theoretical decomposition
voltage.

* The total reaction of the process without the oxygen
cathode is

H,O¢gy + NaCl (in NaCl-ZnCL,3 —~ 1/2 H, ¢y
+1/2Cl, )t NaOHg,) (F1)

The theoretical decomposition voltage of the reaction is
calculated to be 2.6 V from the data used above.
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H,0 Table 1. Specification of the electrolysis
Vr=co,
— =2 Current Total Yields of Current
c, < FH EH: L _>cl, (A) quantity of NaOH efficiency
JHE- electricity (g of NaOH
e 2 (Ah) production
G = D (%)
1T o
ATITE 1-4 2433 264.6 72.9
content was determined by volumetric analysis
B—HHA e (Mohr’s method). The contents of nickel ion and
z zinc ion were determined by atomic absorpti-
F ometry. Table 1 shows the specification of the
. E 1 electrolysis. In this electrolysis, excess amounts
of water vapour were continuously supplied to the

Fig. 2. Experimental apparatus. A: a-alumina tube;

B: porous nickel cathode; C: NaCl~ZnCl, eutectic;

D: graphite anode; E: g-alumina tube; F: molten NaOH;
G: thermocouple.

5.2. Current efficiency

The current efficiency of the anode reaction has
been reported previously [6]. In that report, the
impurity level and yield of the envolved gas at the
anode were determined by gas chromatography.
The relationship between the impurity contents
of the melt, such as water or oxide ion, and the
concentration of O,, CO, or CO in the gas was
derived. It was shown that the current efficiency
of the anode reaction (chlorine evolution) is more
than 99.8% when the melt is treated by hydrogen
chloride gas before electrolysis. Here we are con-
cerned with the cathode current efficiency, i.e.
NaOH current efficiency.

After Jong-term electrolysis at 5~20 A dm™2, the
sodium hydroxide produced was taken out of the
cell and was weighed. The impurity level of the
products was determined as follows. Chloride ion

20 [ — T
1.9
1.8
1.7
1.6

Celt voltage/ Vv

1.5
AQ 10 20 30

Cathode current density/A dm™2

Fig. 3. A typical polarization curve of the process (ohmic
drop is excluded).

cathode compartment and so unconsumed water
vapour was removed from the cell. A small amount
of the sodium hydroxide produced was also
removed from the cell, accompanied by water
vapour. The value of current efficiency shown in
Table 1 is not very good. However, this is based
only on products what could be weighed, and the
parts lost as described above were not taken into
account. Therefore, in order to raise the current
efficiency of the process, there are still some
improvements to be made, especially in the
optimization of the water vapour supply. Table 2
shows the results of impurity level analysis. Since
the impurity levels of the nickel and the zinc
ions were insignificant, it is expected that the
impurities cannot go through the -alumina
diaphragm on electolysis. Therefore, it is con-
sidered that much of the chloride ion content
comes from the chlorine gas evolved at the anode
which might pass through the joint between the
B-alumina tube and the ¢-alumina tube. In order
to advance this process, research for construction

Table 2. The results of impurity level analysis

Number Impurities
Cl~ Zn® Nizt
(%) {rpm) (ppm)
1 1.5 a
2 1.0 100 50
3 1.0 a a
4 0.8 a a

2 Not determined.
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Cell voltage/ Vv

Quantity of etectricity / Ah

Fig. 4. A typical change of cell voltage during long-term
electrolysis at 10 A dm™2.

materials and sealing materials which are com-
patible both with molten sodium hydroxide and
with molten mixtures of NaCl and ZnCl, is vital.

5.3. Life of oxygen cathode

Fig. 4 shows a typical change of cell voltage during
long-term electolysis at 10 A dm™2. Just after the
start of electolysis the cell voltage indicates a
rather high value. However, it then decreases
sharply and approaches a constant value, around
1.8V, which is maintained until the quantity of
electricity passed amounts to 20 Ah. When the
quantity of electricity reaches 20 A h, the cell
voltage begins to increase gradually. In this
example, the cathode current density was decreased
to 5 Adm™? at 25 A h and subsequently the cell
voltage was maintained at a constant for more

that 10 h. From the potential-pQ?” diagram of

Ni [3], it is clear that nickel can be oxidized to
nickel oxide at the potential where oxygen

— -
Smm fmm thick
'E B B-alumina
NaOH.xH,0 13 || -4 NaCl-ZnCl,
0, —> :
Porous Ni-1+ L.— Graphite
— 100 cm?
i
N .
Smm

Fig. 5. Model cell for voltage balance calculation.

reduction proceeds. Thus, it is expected that the
porous nickel electrode is also oxidized to nickel
oxide. Therefore, the reason why the cell voltage
began to increase gradually is that the pores of

the cathode became choked by nickel oxide during
electrolysis, thus reducing the real electrode area.

5.4. Voltage balance

The voltage balance of this process was estimated
on the basis of the above results and conductivity
data. In this case, a rectangular unit cell as shown
in Fig. 5 was assumed. The area of cathode, anode
and B-alumina diaphragm is 100 cm? each. The
distances between the cathode and B-alumina, and
between the f-alumina and anode are each of

5 mm. The thickness of the §-alumina diaphragm
is 1mm. The cathode is made of porous nickel to
the rear side of which oxygen gas is supplied.
Water is dissolved in the molten sodium hydroxide
before being introduced into the catholyte com-
partment. The calculated voltage balance for this
cell at 623K is shown in Fig. 6. The conductivities
of molten sodium hydroxide, the molten mixture
NaCl-ZnCl, and B-alumina were chosen from the
literatures as follows: NaOH — 2.5Sem™ [7],
NaCl-ZnCl, — 0.34S c¢m™ [8], B-alumina — 0.1
Scm™ [9]. The cathode overvoltage was estimated
from the polarization characteristics of the porous
oxygen cathode in the molten sodium hydroxide
[3]. The anode overvoltage was negligible. Fig. 7
shows the voltage balance of the cell used in

this experiment. Ohmic drop, besides that of
B-alumina, is expected to be the sum of the
resistance of the electrolyte, that of the leads

and the interfacial resistance between anolyie and
B-alumina. By decreasing voltage losses from such

T T i i
Cathode overvoltage

3.0

™ @ -alumina ohmic drop
NaCl-ZnCly ohmic drop
) ~
NaQH ohmic drop
2.0

Cell voltage/ V

Decomposition voltage

1.0 i 1 { 1

4] 10 20 30 40 50
Current density/ A dm™?

Fig. 6. Calculated voltage balance.
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Fig. 7. Voltage balance of the cell used in the experiment.

resistance sources, the voltage balance of the real
cell may approach that of the model cell.

6. Conclusion

From the experimental results it was shown that
the oxygen depolarized electrolysis of sodium
chloride by the use of the S-alumina-molten salt
system is very promising. The conclusions are
summarized as follows:

1. The theoretical decomposition voltage of this
process was 1.5 V and was 1.1V lower than
that of the process without the oxygen
cathode, This value was confirmed by the
experiments. .

2. The terminal voltage of 3V at S0 A dm™2 is
attainable when the electrolysis process is
optimized.

3. By the long-term electrolysis, it was certified
that impurity levels were insignificant.

4. The current efficiency was not good for
these experiments. There is still room for
improvement, especially in the optimization
of water vapour supply.

Though there are still many problems to be
solved, such as extending the life time of the
cathode, etc., this process shows promise for
future industrial application.

Acknowledgements

The authors would like to express their gratitude
to NGK Spark Plug Co. Lid, for their courtesy in
supplying the f-alumina tube. We would also like
to thank Sumitomo Electric Co. Ltd for their

courtesy in supplying the sintered porous nickel.

References

{11  Y.Ito,S. Yoshizawa and S. Nakamatsu, /. Appl.
Electrochem. 6 (1976} 361.

E. Yeager, Soda Chlorine 31 (1980) 147.

H. Hayashi, S. Yoshizawa and Y. Ito, Electrochim.
Acta 38 (1983) 149,

S. Yoshizawa, Y. Ito and H, Hayashi, Soda
Chlorine 29 (1978) 191,

[5] I Barin and O. Knacke, “Thermodynamic Proper-
ties of Inorganic Substances’, Springer-Verlag,
Berlin, Heidelberg, New York (1973).

S. Yoshizawa, Y. Ito, M. Matsunaga and
H. Kotohda, Proceedings of the 44th meeting
of Electrochemical Society of Japan, Fuknoka,
Japan, April 29-May 1 (1977) p. 146.

G. 1. Janz (Ed.), ‘Molten Salts Handbook’,
Academic Press, London (1967) p. 297.

H. Bloom and I. A. Weeks, Trans, Faraday Soc.

67 (1971) 1416.

S. Yoshizawa, Y. Ito and H. Hayashi, Soda

Chlorine 30 (1979) 347.



