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Material properties of cation exchange membranes for
chloralkali electrolysis, water electrolysis and fuel cells*
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Owing to the development of perfluorinated ion-exchange membranes, the application of the mem-
branes in electrochemical cells has advanced greatly, especially in chloralkali electrolysis. Material
properties of perfluorinated carboxylate membranes used for chloralkali electrolysis are described in
relation to the conditions of their use. Some new membranes for water electrolysis and fuel cells are

briefly described.

1. Introduction

The application of ion-exchange membranes in the
field of chloralkali electrolysis originated with their
use in fuel cells. Du Pont had developed a perfluoro-
sulfonate membrane for fuel cells in spacecraft, and
introduced it commercially in 1969, later calling it
Nafion [1].

In the early 1970s, strong incentives for develop-
ment of a new technology in the chloralkali industry
came from the rapid rise in energy costs and environ-
mental concern about mercury pollution, especially in
Japan. Perfluorosulfonate membranes were tested in
chloralkali cells, but the loss of current efficiency due
to the back migration of hydroxyl ions was as high as
20-50%. Many attempts were made to reduce this
back migration of hydroxyl ious.

In 1975, the development of a perfluorocarboxylate
membrane created a breakthrough. The membrane
achieved a current efficiency as high as 95%, pro-
ducing a strong caustic solution. Next, an important
improvement was made in the early 1980s for reduc-
tion of cell voltage. The surfaces of the membranes
were modified to increase the hydrophilicity and
prevent the adhesion of gas bubbles. Using the
surface-modified membrane with a small gap between
electrodes, a reduction of about 0.2V in cell voltage
was achieved.

Perfluorinated membranes played a big role in
chloralkali electrolysis, but they are not so widely used
in water electrolysis or fuel cells because of their high
cost. Some new membranes, aimed at such uses, are
under development in pursuit of low resistance and
low cost.

2. Membranes for chloralkali electrolysis

The key to success in chloralkali electrolysis is a
perfluorocarboxylate membrane. Asahi Glass syn-

thesized a perfluorocarboxylate polymer as a pioneer.
Based on this polymer, Asahi Glass has developed a
membrane for the chloralkali process and named it
Flemion. In the following, the material properties of
the membrane are described in relation to the con-
ditions of chloralkali electrolysis [2, 3].

2.1. General features of the perfluorocarboxylate
membrane

As the membrane is made of a perfluorinated polymer,
it is resistant against chlorine and strong caustic sol-
ution at high temperature, meeting a fundamental
requirement for use in chloralkali electrolysis.

When the membrane is used in chloralkali electroly-
sis, it demonstrates a higher current efficiency than a
perfluorosulfonate membrane, as shown in Fig. 1.
This is due to the fact that the fixed anion concen-
tration within the carboxylate membrane is higher
than that in the sulfonate membrane, and hydroxyl
ious in a catholyte are effectively excluded from the
carboxylate membrane.

As shown in Fig. 2, the water content of the mem-
brane decreases with increase in the concentration of
the caustic solution in which the membrane is equilib-
riated. In other words, the fixed anion concentration
within the membrane increases with the caustic
concentration.

In Fig. 3, the results of brine electrolysis using two
grades of carboxylate membrane are shown. Both of
the membranes are homogeneous, single-layer car-
boxylate. The ion-exchange capacity of one mem-
brane is higher than that of the other. The reason for
the change in current efficiency with caustic con-
centration can be explained in relation to the previous
figure. As the caustic concentration increases, the
water content of the membrane decreases and back
migration of hydroxyl ion is reduced. However, as the
water content of the membrane becomes too low, ion
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pairs are formed between carboxylate and sodium ion
to some extent, and current efficiency is reduced.

For the membrane of higher ion-exchange capacity,
the water content is higher than that for the other
membrane at a given caustic concentration. As a
result, optimum current efficiency, in other words,
optimum water content for a high charged membrane,
shifts to a higher caustic concentration.

2.2. Design and performance of commercial
membranes

Taking into consideration the change in performance
with ion-exchange capacity, an efficient membrane
can be designed with a two-layered structure. On the
cathode side is applied a thin perfluorocarboxylate
membrane of an ion-exchange capacity most suitable
for attaining the highest current efficiency with the
required caustic concentration. The other thicker
membrane facing the anode is made of a copolymer
with a high ion-exchange capacity so as to attain a
high conductivity. With this design, both a high cur-
rent efficiency and a high conductivity can be realized.

Regarding reinforcement, it is essential that the
amount of non-conductive reinforcing material be as
little as possible. Woven cloth made of thin and strong
PTFE fibres has been adopted. It is also advan-
tageous to use sacrificial fibres, which dissolve during
electrolysis, in combination with PTFE fibres.

Asahi Glass’s DX processing of membrane surfaces
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is an innovative technology for a reduction of cell
voltage. In Fig. 4, the dependence of cell voltage upon
electrode gap for a Flemion DX is shown in com-
parison with that for a Flemion 230, without DX. The
cell voltage for Flemion DX is lower than that for
Flemion 230, and decreases monotonously with
decrease of the gap. This confirms the absence of gas
bubble adhesion to the surface of Flemion DX, and
indicates the feasibility of using the membrane with
little gap between electrodes. By these means, cell
voltage is reduced by nearly 0.2V.

Summing up the above, the design elements of com-
mercial membranes are shown in Table 1. The mem-
brane is composed of two layers. Facing the cathode,
a thin carboxylate layer of an optimum composition is
selected. As for the thicker layer, a carboxylate poly-
mer or a sulfonate polymer may be used as long as its
electric resistance is low. The membrane is reinforced
and surface treated.

Though membrane resistance and current efficiency
is already close to the practical limit, we are still trying
to improve the membrane, aiming at operation with a
higher current density and adaptability to various user
conditions.

We now have several commercial membranes
widely used in our AZEC system, in other filter-press
cells and also in retrofitting of diaphragm cells. Stan-
dard Flemion for use in any type of filter-press cells,
producing 35% NaOH, is numbered as 865. In Fig. 5,
the performance of Flemion 865 under normal operat-
ing conditions is shown. The low content of NaCl in
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Table 1.

Table 2.

Cathode side layer Optimum ion-exchange capacity for:
(a) 20-25% NaOH
(b) 30-35% NaOH
(c) >45% NaOH
(d) 30-35% KOH
High conductivity
carboxylic acid
(sulfonic acid)
High strength and low resistance
thin and strong fibre
(sacrifice (soluble) fibre)
Improvement of hydrophilicity
porous inorganic layer

Anode side layer

Reinforcement

Abatement of gas
blanketing

NaOH is the feature of the performance of the
Flemion membrane. This is attributed to the high
carboxylate concentration within the two layers of the
carboxylate membranes.

2.3. Proper usage of the membrane

Fundamentally,
‘chemically stable under normal electrolytic conditions
[4]. Very slow relaxation of the polymer chain leads to
a gradual decrease in current efficiency of less than 1%
per year. However, in order to realize a full-life use of
the membranes in a commercial cell, it is necessary to
design and construct the cell to secure every mem-
brane from damage, and to operate the cell under the
recommended conditions for the best performance,
avoiding upsets in operation [5].

In Table 2, detrimental factors to a membrane life
are summarized. Mechanical damage of the mem-
brane is caused by inadequate structure of a cell.
In cell design, it is essential to prevent the stag-
nation of chlorine gas on the surface of a membrane.
The chlorine gas diffuses into the membrane and
reacts with caustic soda to form sodium chloride
crystals within the membrane, resulting in blistering
or delamination.

It is also important to avoid undesirable conditions

98 T 1
- E‘ 96} A — -
§E8
as 99U -
92 Bl | l
31
3.0;— -]
o -
TeeS -
$EET 29 w=™ .
&gg 5 gl | |
g _ 40
£2% ]
z,;gg 20 E————
= o | 1 i 1
0 30 35 40

Caustic concentraion (%)
Fig. S.

perfluorocarboxylate polymer is

Abrasion with anode or cathode
due to the membrane fiuttering

Strong compression with anode

Mechanical damage
and cathode

(regarding cell strcture)
Misalignment of gasket

Chilorine gas stagnation

(regarding operating

Undesirable operation [ Brine impurities
conditions)

Upset operation

in operation. Impurities in brine should be reduced to
below allowable limits, and upsets in operation such
as blockage of brine feed to anolyte or water feed to
catholyte should be prevented [6].

For a membrane in an operating chloralkali cell, an
assymetric profile of water content occurs across its
thickness (Fig. 6). When electric current is passed,
water is forced into the membrane by electro-osmosis,
and the water content of most of the membrane
approaches the equilibrium value with anolyte, while
a small part on the cathode side resists swelling and
maintains low water content, which is essential for
rejection of hydroxyl ion.

Fluctuation in the caustic strength directly affects
the water content on the cathode side and also current
efficiency. The effect of the anolyte concentration is
indicated in Fig. 7. As the anolyte concentration
decreases, the water transfer coeflicient, expressed as
mole per Faraday, increases. This fact indicates that
the water content of the bulk layer facing the anolyte
increases with decrease in brine strength.

The effect of temperature should be considered in
combination with caustic concentration (Fig. 8).
Where cells must be operated under irregular con-
ditions, it is essential to avoid a high temperature with
weak caustic, which leads to membrane swelling, or a
low temperature with strong caustic, which may cause
dehydration resulting in ion pair formation.

The effect of impurities in brine on membrane per-
formance can also be understood in relation to the
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profile of water content within the membrane. The
calcium ions travelling through the membrane from
the anolyte may precipitate as Ca(OH), in the
cathode side layer of the membrane, where water
content is at its lowest and caustic strength is at its
highest. The precipitate breaks the structure of
the hydroxyl-rejecting surface skin so that current
efficiency drops. If the concentration of calcium in the
anolyte is below a limiting value, calcium ions pass
through the membrane without forming a precipitate.
The limiting value for calcium in the anolyte rises with
decrease in catholyte strength, in accord with the
explained mechanism (Fig. 9).

2.4. Progress of the membrane process [7]

The membrane cell chloralkali process made a con-
siderable advance during the first decade of commer-
cialization. It can now be regarded that this energy-
saving system is ‘fully commercialized’ [8).

In Japan, following government policy, the oper-
ation of the mercury cell process ended by August
1986, and the membrane cell process, including the
rectrofitting of diaphragm cells, covers 80% of the
total production capacity.

Now the membrane chloralkali process has a strong
foothold to prosper throughout the world. The energy
consumption for the membrane process is about 30%
less than those for the mercury or diaphragm cell
processes. The construction cost for membrane cell
plant is also about 20% less than those for other
plants. Worldwide, the capacity of membrane processes
has reached 10% of the total capacity. It is expected
that the membrane process will be predominant in the
world chloralkali industry in the near future.
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3. Application of ion-exchange membranes for water
electrolysis and fuel cells

3.1. Perfluorinated membranes

GE developed a novel use of membranes called the
SPE cell [9]. In the SPE cell, catalytic materials are
attached to both surfaces of the membrane so that the
membrane plays a role as the sole electrolyte between
the electrodes. Current collectors are pressed onto
both surfaces of the membrane to provide electric
current over the whole areca. SPE systems have been
applied in fuel cells and small-scale water electrolysis
so far. For a large-scale water electrolysis system, the
AZEC system, which had been developed originally
for chloralkali electrolysis, scems to be a better can-
didate. In the Sunshine Project under MITI, Asahi
Glass studied the performance of the AZEC cell in
water electrolysis [10]. A perfluorocarboxylate mem-
brane with a DX surface coating was used in alkaline
electrolytes. With nearly zero gaps between electrodes
and the membrane, a low voltage comparable to that
for the SPE cell can be obtained (Fig. 10). With AZEC
cells, contact of the membrane and an electrode is not
required so that scale-up for a large-sized cell is easier
than with an SPE cell.

3.2. New membranes for water electrolysis and fuel
cells

In these applications, the membranes are exposed to
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less severe conditions than in chloralkali electrolysis
where chlorine is evolved at the anode. In pursuit of a
low electric resistance and a low cost, some new mem-
branes have been developed and tested (Table 3).

The first of these is an aromatic carboxylate. The
polymer was originally prepared for possible use as a
windshield material on supersonic aircraft. It can be
cast into tough, flexible films that display outstanding
chemical and thermal stability. The feature of the
membrane made from this polymer is a high conduc-
tivity. It is highly conductive even in strong caustic
solutions, regardless of current density [11].

Another series of new membranes are those which
are prepared by radiation grafting of functional
monomers onto films. Grafting of styrene or acrylic
acid on polyethylene was established earlier, but the
resulting membranes were not resistant against
oxidants. In recent studies, fluorine-containing mono-
mers or fluorine-containing films are used in order to
endow resistance against oxidation [12, 13].

All the above membranes are rather expensive.
Mass production may lead to future cost reduction of
the membranes.

4. Conclusion
Summing up, the application of ion-exchange mem-

branes has resulted in an innovative process in chlor-
alkali electrolysis, but in water electrolysis and fuel

cells the situation is not yet so promising. However,
further development in ion-exchange membranes
aimed at applications in these fields, based on the
advanced knowledge obtained through the past dev-
elopment of membranes from styrene-divinylbenzene
types to perfluorinated types, is expected to contribute
to solving problems related to future energy supply.
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