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Abstract — Recent trends in ion exchange membrane research are summarized from
viewpoint of manufacturing ion-exchange membranes. While ion-exchange membranes
used in industrial area are mostly of the polymerization types crosslinked by
divinylbenzene or of perfluorocarbon types, various attempts to make new types of
membranes have also been made using other polymers and different methods. For
certain industrial requirements, ion-exchange membranes having an anisotropic
structure are used in various areas : electrodialytic concentration of sea
water, electrolysis of sodium chloride, reverse osmosis etc. And micro—structure
of the membranes is also actively analyzed by various measuring methods.
Industrial applications of the membranes, being practiced, are discussed
according to our experience. Electrodialysis is applied to concentration of sea
water for making edible salt, demineralization of saline water, treatment of
waste water and food industry. Electrolysis of sodium chloride and other
solutions is also discussed. Other applications are diffusion dialysis to
recover acid from waste acid solutions, and separator for battery. In this work,
other various researches concerning membrane usage are explained by citing the
literature.

INTRODUCTION

Ion-exchange membrane is one of the most advanced materials among functional polymers which
have been studied very actively. While ion-exchange membrane has a long history in its
progress, some epoch-making progresses have been made as follows : the development of
homogeneous polymerization type membranes such as sulfonated and aminated styrene—
divinylbenzene copolymers to replace condensation and heterogeneous membranes, the
production of potable water from saline water by electrodialysis, the edible salt
production from sea water by electrodialysis, the development of perfluorocarbon cation
exchange membranes and the establishment of membrane chlor-alkali technology.
Ion exchange membranes are insoluble membranous materials on which ion exchange groups are
bonded. The membrane is able to keep two different solutions physically separated and is
simultaneously permeable to ions and water. While the target to develop better membrane
varies with the intended application of the membrane, the most important thing is a high
selectivity to the material to be separated with low energy consumption. Also desirable
is not only selectivity between cations and anions but also selectivity among ions of same

charge.
In this work, recent research trends of ion-exchange membranes are summarized. Tokuyama
Soda. Co. Ltd. has been engaged in reseach and development of ion exchange membranes for
about 36 years. So our recent works are also mentioned. In retrospect when an ion
exchange membrane was required for a new kind of application, an eligible membrane was
somehow developed. Therefore, the recent research trends will be known, if emergence of
recent ion-exchange membranes usages is followed to look upon.

PREPARATIONMETHOD OF ION EXCHANGE MEMBRANES

Cation exchange membranes and anion exchange membranes

Most of cation and anion exchange membranes used in the industrial area are composed of
derivatives of styrene—divinylbenzene copolymer, chloromethylstyrene—divinylbenzene
copolymer or vinylpyridines—divinylbenzene copolymer. Besides, perfluorocarbon cation
exchange membranes are used in chlor-alkali process. These membranes are mostly reinforced
with backing materials in order to maintain their mechanical strength. These membranes
show excellent electrochemical properties and high chemical stability in electrodialysis
and electrolysis (ref. 1,2). Manufacturing of these membranes is made continuously. For
example, NEOSEPTA membranes of Tokuyama Soda Co. Ltd. are continuously manufactured by
"Paste Method" (ref. 3).
In addition to these membranes, other new type of ion—exchange membranes and their
preparation methods are studied. One of these studies is grafting of polymerizable
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monomers to polymer film by ray irradiation. The films used are generally polyethylene,

polypropylene (ref. 'U, polytetrafluoroethylene (ref. 5), PFA (ref. 6), FEP (ref. 5) and
so on. While acrylic acid is mainly used as a monomer, , , —trifluoroacrylate and
styrene are used in some cases (ref. 7). In general, when ion—exchange membrane is made
by this method, ion exchange groups are distributed heterogeneously across the membrane
cross-section (ref. 6,7). Another method is direct introduction of cation or anion
exchange groups into conventional polymers such as polyethersulfone, polyphenylene oxide
(ref. 8), polyvinyl chloride, polyvinylidene fluoride (ref. 9) and so on. Especially,
sulfonation or chloromethylation and amination of polyethersulfone or polyphenylene oxide
are studied by many. (ref. 10). As polyethersulfone has strong resistance to heat,
chemicals and compaction by hydraulic pressure, most of these studies are made for the
purpose of charged reverse osmosis and ultrafiltration. A method to make ion-exchange
membranes to be of anisotropic structure is to form a highly crosslinked layer of anion
exchange membrane over the porous polyvinylidene fluoride membrane. The membrane made by
this method is suitable for diffusion dialysis (ref. 11). Another kinds of ion—exchange
membrane are obtained by subsequent sulfonation of the film of which a conventional film
has been impregnated with styrene and divinylbenzene for copolymerization (ref. 12), and
casting the mixed solution of polystyrenesulfonic acid and other inert polymer
(interpolymer membrane). The latter case is suitable for preparing charged reverse
osmosis membrane (ref. 13). In order to increase the concentration of ion—exchange groups
of membrane, some hydrophobic groups are introduced in the membrane matrix (ref. 114).
This method gives low diffusivity of salt and low osmosis of water to the membranes.
Perfluorocarbon cation exchange membranes for chlor—alkali process have an anisotropic
structure in the cross-section of the membrane. Cathode side of the membrane has a thin
carboxylic acid groups layer of a given ion exchange capacity, and anode side of the
membrane has a thick sulfonic acid groups layer or carboxylic acid groups layer of high
ion-exchange capacity (ref. 15). There is a sulfonic acid groups membrane wherein
carboxylic acid groups are introduced by chemical reactions (ref. 16,17). In these
membranes, optimum concentration of catholyte is controlled by ion exchange capacity of
the cathode side carboxylic acid groups layer as is shown in Fig.1 (ref. 17).
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Fig. 1. Examples of optimum ion exchange capacity of per-.
fluorocarbon carboxylic acid groups layer to the catholyte
concentration (IEC meq/g dry membrane).

New kind of ion exchange membrane reported recently is anion exchange membrane having
quarternary ammonium groups which are pendent to the perfluorocarbon chain (ref. 18).
This membrane is made by the following reactions

-CF - CF2- -CF - CF2- -CF — CF2- —CF — CF2- -CF — CF2-
0 0 0 0 0
Rf PC15 Rf HNR1 Rf NaBHz1 Rf R3X Rf
0 - 0 R2—0 0 >0
(CF2)n (CF2)n (CF2)n (CF2)n (CF2)

COON COC1 C0N R1 NR2 R1
CH2 x-

R3

Although inorganic ion exchange membranes are also reported (ref. 19), it is difficult to
use them industrially except the application to water electrolysis as a separator (ref.
20).
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Bipolar, amphoteric, mosaic ion exchange membranes and others

These membranes have been well-known since many years ago. Preparation methods of bipolar
ion exchange membranes are recently reported as follows : introduction of cation exchange
groups to one side of' the membrane and then anion exchange groups to the other side (ref.
21), or a cation exchange membrane and an anion exchange membrane are glued together by
using polystyrenesulfonic acid as a binder (ref. 22). Similarly, it is proposed that
quarternary ammonium groups are introduced into one side of perfluorocarbon sulfonic acid
groups membrane by the same method as above—mentioned (ref. 23). Allied Corp reported the
development of equipment for acid and base production by using a bipolar ion exchange
membrane (ref. 21!). Our company also developed bipolar ion exchange membrane and
equipment for it. There is a report about theoretical analysis of water dissociation in
the bipolar ion exchange membrane (ref. 25).
It was reported that some composition of amphoteric ion exchange membranes is selectively
permeable to hydrogen ions in contrast to sodium ions (ref. 26) as is shown in Fig.2.
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Polysalt membrane (ref. 27) and snake cage membrane (ref. 28) are also amphoteric. In
recent work, a thin amphoteric ion exchange membrane having sulfonic acid groups and
quarternary ammonium groups over porous membrane is reported to concentrate sodium
chloride while it blocks permeation of sugar through the membrane by piezodialysis (ref.
29). The amphoteric type ion exchange membranes show an interesting behavior in the
separation process.
Studies on mosaic ion exchange membranes are active recently. Preparation methods are
1) casting of multiblock copolymer composed of styrene, butadiene and
vinylbenzyldimethylamine and subsequent introduction of cation and anion exchange groups
into the polymer (ref. 30), 2) casting of multiblock copolymer which has been prepared by
ultrasonic irradiation over polystyrene copolymerizing small amount of vinylpyridines,
subsequent grafting of 11-vinylpyridine to the polymer and then introduction of cation and
anion exchange groups into it ( mechanochemical method ) (ref. 31). In general, these
mosaic ion exchange membranes are used for piezodialysis : purification of amino acids
(ref. 32), separation between K and Na+ (ref. 33) and concentration of salt solution
(ref. 31).
It is desirable that ion exchange membranes can separate ions with the same charge.
Selective permeation of certain kinds of monovalent ions is possible in electrodialysis.
Such membranes made it possible to produce salt from sea water by electrodialysis. In
Japan, edible salt has been made entirely by this method since 1972. The permselectivity
of membrane to monovalent cation and anion is achieved by employment of anisotropic
structure of membrane. Namely monovalent cation permselective membranes have a thin
cationic polyelectrolyte layer over the membrane surface (ref. 35) and monovalent anion
permselective membranes have a thin high cross-linked layer over the surface (ref. 36).
Typical example of monovalent cation permselectivity of membranes is shown in Fig.3 (ref.
35). The permselectivity is caused by the difference of electrostatic repulsion force
between multivalent cations and monovalent cations against cationic polyelectrolyte layer.
This deduction is proved by measurements of the relative transport number between
monovalent cations with different hydrated radius. In Fig.14, sodium ions rather than
potassium ions permeate preferentially through the cation exchange membrane with cationic
polyelectrolyte layer although the hydrated ionic radius of sodium ions is larger than
that of potassium ions (ref. 35). In this connection, the measurements of permselectivity
among Li+, Na+ and K+ are reported using the membrane containing lactone rings (ref. 37).
Also there is an interesting report that the membranes made by the copolymer of styrene
and various vinylpyridines show different permselectivity between chloride ions and
bromide ions depending on species of vinylpyridines (ref. 38) as is shown in Fig.5.
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Fig. 5. Initial transport rate of Br- and
Cl in the membranes prepared by copolymers
composed of various vinyl pyridines and
styrene.

Fig. 6. Electric resistance of cation
exchange membrane, NEOSEPTA CL-25T, during
electrodialysis in the presence of alkyl
pyridinium chloride.
0: octyl pyridinium chloride ; 0 : dodecyl
pyridinium chloride ; : hexadecyl
pyridinium chloride ; m : adsorbed or

ion-exchanged amount of them on the
membrane.
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Fig. 7. Change in electric
resistance of cation exchange
membrane, NEOSEPTA CL-25T, in the
presence of hexadecyl pyridinium
chloride (HPC):
1. without cationic polyelectrolyte

layer and with HPC;
2. after immersion of the membrane

into cationic polyelectrolyte
solution and with HPC;

3. after electrodeposition of
cationic polyelectrolyte on the
membrane surface and with HPC;

I. without cationic polyelectrolyte
and HPC.
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Copolymer membranes of poly-1t-vinylpyridine—styrene and poly—2—vinylpyridine—styrene are
preferentially permeable to Br and C1 respectively. This is due to the diffrence of
interactions between the membranes and anions. Of course, permselectivity between two
kinds of cations is changeable to some extent by selecting the electrodialysis conditions.
There is a report concerning permselectivity between nickel ions and sodium ions (ref.
39).
Other interesting report is an anion exchange membrane containing crown ether ( which do
not have amino groups ). It is reported that this membrane shows less pH change above the
limiting current density and is less susceptive to organic fouling (ref. ito). When ionic
organo-compounds of high molecular weight such as ionic surface active agents are
contained in the solution to be electrodialyzed, electric resistance of the membrane
increases remarkably. Typical examples are shown in Fig.6 in the case of alkyl pyridinium
ions against cation exchange membranes (ref. 41). This increase in resistance can be
prevented by forming a thin cationic polyelectrolyte layer on the cation exchange membrane
as is shown in Fig.7 (ref. 112). The similar problems in the case of anion exchange
membranes are also solved by similar method.

In general, as hydrogen ions permeate easily through anion exchange membrane, acid cannot
be concentrated to more than a certain level by electrodialysis at high efficiency. It is
reported that anion exchange membranes of high acid-retention have been developed (ref.
"3).

STRUCTURE AND PROPERTIES OF ION EXCHANGE MEMBRANES

For the purpose of improving the performance of ion-exchange membranes, micro-structure
of the membrane should be clarified. At the same time, it is interesting to investigate
the structure of the membrane : the phase separation of hydrophilic groups in hydrophobic
polymer matrix, the distribution of ion exchange groups in the membrane, the estimation of
pore size of the membrane and so on. The hydrocarbon ion exchange membranes are generally
composed of derivatives of styrene—divinylbenzene copolymer and other inert polymers such
as polyethylene, polyvinyl chloride and so on. It was reported that the derivatives of
such copolymers are finely distributed in the inert polymer material forming microdomain
because of their poor mutual compatibility (ref. 44). This is also confirmed by Far-
Infrared spectrum study by using sulfonated polystyrene with differentiated degrees of
sulfonation (ref. 45). It is well-known that ion-exchange groups are distributed in the
membrane matrix at varied concentration, as confirmed by Donnan adsorption of salt.
Recently, the distribution of Cu2 in the membrane was measured by Electron Spin
Resonance. The data show that concentration of ion-exchange groups in the membrane varies
locally to almost four times higher than the average concentration (ref. 46).
Development of perfluorocarbon cation exchange membranes accelerates the studies on
membrane structure. The analyses of perfluorocarbon cation exchange membranes are : the
NMR measurement of water distribution in the membrane matrix (ref. 47), the analysis of
molecular motion by means of 19F NMR (ref. )48), the measurement of helix reversal by
Infrared spectrum (ref. 49), studies on hydration of ions in sulfonic acid membrane by
Infrared spectrum (ref. 50), the measurements of 1H, 19F NMR and Messsbauer spectroscopy on
perfluorocarbon carboxylic acid groups membrane (ref. 51) and so on. Similarly, hydration
state and proton conducting mechanism in hydrocarbon ion exchange membrane were measured
in detail by Infrared spectrum (ref. 52). It was reported that the ion exchange groups
form clusters in the perfluorocarbon cation exchange membrane (ref. 53). Namely, most of
ion exchange groups exist in such clusters, dissociate and hydrate. These clusters are
mostly channeled each other. Figure 8 shows model of the cluster structure in the membrane

(ref. 53) though size of the clusters varies with ion exchange capacity and species of

ion-exchange groups. There are many works regarding the cluster theory (ref. 54).
Moreover, the relationship between the current efficiency and the concentration of caustic
soda in chlor—alkali process is deduced in connection with hydration of the membrane and
catholyte concentration (ref. 55). Morphological effect on the membrane properties was
measured on the membranes which had been obtained by blending perfluorocarbon sulfonic
acid polymer, perfluorocarbon carboxylic acid polymer and perfluorocarbon sulfonamide

Fig. 8. Cluster-network model

for perfluorocarbon sulfonic
acid membranes.

50 nm
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polymer (ref. 56). Other interesting works concerning analysis of the membrane structure
are the support of cluster model by measurement of the concentration of fixed ion..
exchange groups in the membrane (ref. 57), the evaluation of heterogeneity of the membrane
by measurement of abnormal electroosmosis (ref. 58), the change in the electroosmosis and
osmotic water by hydraulic pressure in accordance with ionic species (ref. 59), permanent
deformation or bulging of Nafion membrane by electric field (ref. 60), the distance
between nickel ions in the wet Nafion membrane is about 3.10 A by X-ray analysis (ref.
61) and so on. It is expected that above-mentioned studies will be reflected to prepare
ion exchange membranes of high performance.

APPLICATION OF ION EXCHANGE MEMBRANES TO INDUSTRY

Many applications of ion exchange membranes to industry have been made. Though the

driving force for ions and water to permeate through the membrane at initial stage was
primarily electrochemical potential and chemical potential, it is reported in the recent
research that hydraulic pressure (ref. 62), temperature difference (ref. 63), difference
of proton concentration (ref. 87) and so on are also utilized as the driving force. These
recent applications are due to development of the ion exchange membranes of an anisotropic
structure or other new types of membranes : charged reverse osmosis membranes, mosaic ion
exchange membranes, gas separation membrane having amino groups and so on. Especially
tube and hollow fiber type ion exchange membranes are preferable in the case that the
driving force is not electrochemical potential. Tokuyama Soda Co. Ltd. has contributed
to the research and development of ion exchange membranes and their industrial
application. First of all, the applications reported are summarized in Table 1. As it is
impossible to explain all applications in detail, several examples of the applications
which Tokuyama Soda Co. Ltd. has developed or participated in the development are given
below.

Application of ion exchange membranes to electrodialysis

The initiative purpose to develop ion exchange membranes for Tokuyama Soda Co. Ltd. was
to produce sodium chloride from sea water by electrodialysis. About 360,000 t/year of
edible salt is now produced by our technology in Japan. Progress in the technology for

TABLE 1. Application of Ion Exchange Membranes

Methods Ion Exchange Membranes used Purposes

Electrodialysis Cation, anion, bipolar Concentration or Desalination of

exchange membranes electrolyte solution.
Separation of ionic materials from
non-ionic materials.
Production of acid and base by
water splitting.
Double decomposition of salt.
Sterilization of water etc.

Electrolysis Cation, anion exchange Separator for electrolytes (chlor-
membranes alkali, organic synthesis, water

electrolysis etc.).

Diffusion Dialysis Anion exchange membrane Recovery of acid from waste acid

(mainly) solution etc.

Donnan Dialysis Cation exchange membrane Recovery of trace amount of ions,

(mainly) ion-exchange etc.

Piezodialysis Mosaic, amphoteric exchange Concentration, desalination and
membranes separation of electrolytes.

Reverse Osmosis Anisotropic cation and anion Desalination, concentration and
exchange membranes separation of electrolytes.

Facilitated Cation, anion exchange Separation between ions with

Transport membranes same charge.

Cell and Battery Cation, anion exchange Electrolyte of fuel cell, reverse
membranes electrodialysis, separator of

redox-flow cell and others

Others Cation, anion exchange Sensor for humidity, proton etc.,
membranes Pervaporation, Gas separation etc.
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sea water concentration directly reflects the development of our technology. In 1965, the
power consumption to make sodium chloride was about 1OOkWh/t-.NaC1 and the concentration of
sodium chloride in brine attainable was 160g/l then. Figure 9 shows progress of the salt
production technology in recent years. Iso-energetic curve, prepared by the Japan Tobacco
Corporation Inc., shows that energy cost change due to saving in electric power
consumption and brine concentration is expressed by minus. For example, energy costs are
equal between the two oases that brine salt concentration is 160g/l and electric power
consumption is 27OkWh/t-NaCl and that the concentration 170g/l and the power consumption
325kWh/t-NaCl. Figure 9 shows that the energy cost saving by our new technology is about
3000 yen/t.NaCl over the conventional technology. Many efforts have been made to reduce
energy consumption and to increase concentration of sodium chloride in brine. The new
technology shows the energy consumption of l5OkWh/t-NaC1 when concentration of sodium
chloride in brine is 200g/l (ref. 611). This has been achieved due to the decrease in the
electric resistance of the membrane, the increase in sodium chloride content in brine and
the improvement of the electrodialyzer.
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Fig. 9. Energy cost reduction by new technology (iso energetic curve).
According to electric power unit price and fuel unit price in November 1985.

It is not difficult to obtain potable water generally in Japan except some special cases.
The cases which require the electrodialytic demineralization of water are seen at remote
islands, primary pretreatment of water for ion exchange resin demineralization in power
generator, potable water making on board small ships and elsewhere. Our company developed
a new energy—saving electrodialyzer for dernineralization. The energy consumption is about
8 - 9 kWh/t—water at 25.0°C and about 6.0 kWh/t.-water at 60.0°C in the case of
demineralization of sea water (ref. 65). Recent work concerning the electrodialytic
demineralization was reported by lonics Corp. It is reported that electrodialysis
reversal (EDR) is effective on protection of membrane from organic fouling and also
protection from scaling of low solubility salt such as CaSOi (ref. 66).
Applications of ion exchange membranes to food industries and medical supplies industries
are active. Figure 10 shows examples of applications of membrane technology, not only
electrodialysis but also reverse osmosis and ultrafiltration, for dairy industry.
Electrodialysis plays an important role in this area (ref. 67). Tokuyama Soda Co. Ltd.
has developed the demineralizing technique for dairy industry in collaboration with Snow
Brand Milk Production Co. Ltd. (ref. 68) in Japan. The commercial plant for whey
demineralization has been operating since 1983 in Hokkaido prefecture of Japan. The
electrodialysis plant to demineralize cheese whey was also supplied to the Danish
Government Research Institute (DRI) in Denmark. Other applications to food industries
are: the demineralization of molasses in order to increase sugar recovery (ref. 69), the
acid removal from fruit juice, the separation of amino acid and minerals in amino acid

Concentration of concentrated brine (NaCl g/l)
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production process (ref. 70, 71) and so on. It was reported that acid removal by
electrodialysis had made grape juice stable against precipitation of potassium tartrate
(ref. 72). In these cases, organic fouling of the anion exchange membranes is serious in
conventional ion exchange membranes. While there are cases where neutral membranes are
used instead of anion exchange membranes, the newly developed anion exchange membranes are

Fig. 10. Application to Dairy Industry.

Flow of plating materials'

Fig. 11. Flow diagram of treatment of Ni-Galvanization Effluent.
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useful for such purpose from the viewpoint of avoiding the remarkable decrease in the
current efficiency.
Treatment of industrial waste water by electrodialysis using NEOSEPTA membranes has
contributed to pollution abatement and recovery of valuable materials. For example, the
concentrating recovery of nickel galvanization effluent as shown in Fig.11, the treatment
of copper, zinc and tin galvanizing liquors and the recovery of noble matels are made
efficiently. Similar applications are developer-regeneration by electrodialysis for color
paper processing (ref. 73) and electrolytic recovery of silver from photographic fixing
solutions and the reuse of the solution by simultaneous treatment of the waste
photographic fixing and bleaching solution in a cell (ref. 7k).
Other interesting studies of ion exchange membrane applications are bactericidal effect of
electrodialysis on E. Coli by ion exchange membranes and accelarated fermentation to
produce glutamic acid and lactic acid. Bactericidal effect of electrodialysis on E. Coli
is observed when the electrodialysis is carried out over the limiting current density and
is dependent on cation and anion species contained in the solution. This effect is
connected with pH—change of the solution and observed remarkably in the presence of ionic
species which permeate easily through the membrane (ref. 75). Accelerated fermentation is
made by removing glutamic acid and lactic acid from culture fluid by electrodialysis
continuously in order to maintain the concentration of products low (ref. 76).
Applications of the electrodialysis to dilute solution are enrichment of trace level ions
( 10—6 i—' mol/l ; ionic strength is adjusted by KC1 ) (ref. 77) and removal of
radioactive ions by multi—step electrodialysis (ref. 78).

Application of ion exchange membranes to electrolysis

Typical example of this case is electrolysis of sodium chloride to produce chlorine,
hydrogen and sodium hydroxide (membrane chlor—alkali process). Principle of this process
was proposed in 1950 and subsequent development of perfluorocarbon ion exchange membranes
led to realize this process. Tokuyama Soda Co. Ltd. has been engaged in research and
development of this process. The progress in this technology has been made rapidly. For
example, the energy consumption to produce caustic soda in our technology was about 3100
kWh/t-.NaOH in 1976, which decreased year by year and attained to the level of 2060 kWh/t—
NaOH at 30 A/dm2 in 1982. This approaches to theoretical value estimated as about 1550
kWh/t-NaOH. This has been attained by improvement of membrane, electrolyzer and
electrolysis methods as well as development of the new cathode of low hydrogen
overvoltage. Especially, perfluorocarbon carboxylic acid groups membranes gave high
current efficiency in caustic soda production and surface treatment of the membrane served
to release bubble from the membrane surface thereby reducing the cell voltage
significantly. Tokuyama Soda Co. Ltd. finished the conversion of mercury electrolysis
process and diaphragm electrolysis process to membrane process in March of 1985 by own
technology. Our technology and electrolyzers were exported to Korea, Taiwan, China and
Kuwait. Especially in the Kuwait plant, sodium chloride produced by electrodialysis of
sea water is supplied as feedstock to membrane chlor—alkali process. The long cherished
dream that reseachers of ion-exchange membrane had aspired for is just about to be
realized at this plant.

Ion exchange membrane is used for electrolysis of water to produce hydrogen gas and oxygen
gas for utilization of hydrogen energy. In this case, the usage of perfluorocarbon cation
exchange membranes and inorganic ion exchange membranes (ref. 20) is reported.
Especially, it is reported that Solid Polymer Electrolyte (SPE) method produces hydrogen
gas at high efficiency, where perfluorocarbon cation exchange membranes are used with
catalyst coated as electrodes (ref. 79). Ion exchange membranes are also used as a
separator in organic synthesis by electrolysis. Typical example is hydrodimerization of
acrylonitrile to produce adiponitrile (ref. 17). Other various applications to
electrolytic organic synthesis have been reported (ref. 80). Tokuyama Soda Co. Ltd. has
contributed to this area. Application of SPE electrlysis method to organic synthesis is
also reported (ref. 81). There are many other applications of the ion exchange membranes
to the electrolysis as separator (ref. 71) : the recovery of precious metal in catholyte
by deposition on the cathode, the reduction of uranyl ions to uranous ions by the cathode
reaction and so on.

Application of ion exchange membranes to diffusion dialysis

Acid recovery from waste acid solutions is made by diffusion dialysis using the anion
exchange membranes. Table 2 shows the examples of diffusion dialysis applied to acid
recovery. Flow rate of the solution in dialyzer is about 1 — 5 cm/mm. That is minute
and is all power consumed for operation. Therefore, this is an energy saving process.
The anion exchange membrane for this purpose has been developed by Tokuyama Soda Co. Ltd.,
i.e., NEOSEPTA AFN (ref. 82). This purpose requires the membrane to be a large permeation
of acid, less leakage of metal ions, long service life, high mechanical strength and so
on. Especially, industrial recovery of nitric acid and hydrofluoric acid has been retarded
because of oxidative deterioration of the anion exchange membrane. Tokuyama Soda Co. Ltd.
and Nippon Stainless Steel Co. Ltd. have jointly developed the technology for recovery of
these acids by using NEOSEPTA AFN. The first commercial plant for this purpose in Japan
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TABLE 2. Examples of Diffusion Dialysis

Process Recovered Acids

Acid recovery from pickling solution H2SOi1, HC1, HNO3, HF
or pickling waste solution of steel

Purification of battery waste acid H2SOi

Acid recovery from Alumite process H2SOij, HNO3
waste acid solution

Acid recovery from metal refining process H2SOi, HC1, H3POi1

Treatment of etching waste solution (Al, Ti) HC1

Acid recovery from surface treatment acid HC1, H2SOi1, HNO3, HF
of electroplating line

Purification and acid removal from HC1, H2SOi1
organic synthetic process

TABLE 3. Operation results of diffusion dialysis plant
(HNO3 - HF recovery system)

Items Results Targets

Acid recover;

rate

rNO3 (%)

IF (%)

Fe elimination rate (%)

Av. 97

Av. 50

Av. 95

Av. over 87.0

Ày. over 60.0

Av. over 90.0

Each

composition

ickl—
ing
taste
acids

Flow rate (ms/H)

HNO3 (g/l)

HF (g/l)

Fe (g/l)

SS (ppm)

0.9

Av. 55

Av. 11

Av. 21

Av. 30

0.94

40.0-l00.0

8.0-25.0

20.8-)400

200.0

lecover—

d acids

Flow rate (ms/H)

11N03 (g/l)

HF (g/l)

Fe (g/l)

0.90

Av. 53

Av. 6

Av. 1.1

0.9)4

34.8 87.0

)4.8 15.0

2.0 )4.0

began to operate at Kashima factory of Nippon Stemless Steel Co. Ltd. from April, 1981L
Table 3 shows the satisfactory operation results of the plant.
Donnan dialysis is also one kind of the diffusion dialysis. Various applications have
been proposed : the water—softing by using the cation exchange membranes and sodium
chloride solution (ref. 83), the removal of potassium hydroxide from gold plating bath
(ref. 811), the removal of hazardous metal ions, pretreatment of ion chromatography in
order to concentrate ions (ref. 85) and so on. The ion exchange membranes in the form of
tube is effective for this purpose (ref. 86). There is a report on the utilization of pH
difference as the driving force to transport ions through the cation exchange membrane
against the concentration gradient (ref. 87).
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Application of ion exchange membranes to cell and battery

Various applications to cell and battery have been made. The usage of perfluorocarbon
sulfonic acid membrane to hydrogen—oxygen fuel cell as the electrolyte is well—known.
Other cases are usage of the membrane of the low electric resistance to alkali battery as
a separator, where the membrane is made by grafting of acrylic acid to polyethylene,
separator for zinc-bromine battery (ref. 88), zinc—chlorine and redox—flow battery (ref.
89). Figure 12 shows principle of redox—f low battery.
Especially, batteries to charge electric energy during off-load time are being developed
by a certain institute of Japanese Government (ref. 90). Reverse electrodialysis is also
studied (ref. 91). If this process is possible, a large amount of energy will be obtained
from membrane potential between river water and sea water. However, it is reported that
it is difficult to realize by means of present membrane and technology (ref. 92).

Discharge charge

Cr2 hJ?;teL>'Fe2 Cr2 Fe2

Te1t'onI 1electrI
out out Fe3

Cr3 circuit Fe3 Cr3 circuit

[cathodel lanodel [athodeI lanociel

Electric power
gener ater

Fig. 12. Principle of redox-flow Battery

Other applications of ion exchange membranes

Ion exchange membranes are interesting materials because they are polymeric membranes
containing ion exchange groups, i.e., hydrophilic groups. In this respect, applications
to pervaporation are now actively pursued : the mixture of water and miscible organic
solvent is separated into each component by the method where the mixture is placed on one
side of the membrane with the other side kept under vacuum. While ion exchange membrane
is not essential in this case, it is effective for this purpose too. Recently, many works
are made for application of the ion exchange membranes to the pervaporation (ref. 93).
Especially, cation and anion exchange membranes of various ionic forms are examined in the
case of separation between ethanol and water. OH-form anion exchange membranes gave the
promising results (ref. 914). Various attempts to increase the flux of water or organic
solvent and to increase the separation factor have been made (ref. 95). As olefinic
compounds react reversibly with silver ions, cation exchange membrane that is ion-

Consumer

pump pump



1624 T. SATA

exchanged with silver ions is expected to separate olefin compounds from alkane compounds.
Similarly, carbon dioxide is separable by the cation exchange membrane that is ion-
exchanged with ethylenediamine (ref. 96). For the purpose of gas separation, the anion
exchange membrane derived from poly ( 2.6 -dimethyl - p -phenylene oxide ) shows the
oxygen—enriching properties (ref. 97).
Water content of the ion exchange membrane varies with humidity. Therefore the ion
exchange membranes are usable as a hygrometer. When water content of the membrane
increases with increasing humidity, the increase in the current or ionic conductivity
between the electrodes on both sides of the membrane is detectable (ref. 98). Membrane
potential is also usable to determine the concentration of ions. There is an example used
in high concentration of hydrofluoric acid to determine the concentration (ref. 99). Ion
exchange membranes are used as a carrier for photosensitive materials because they have
ion exchange groups : photovoltaic behavior of bacteriorhodopsin—loaded cation exchange
membranes (ref. 100), photophysical properties of cadmium sulfide loaded on cation
exchange membrane (ref. 101) and others (ref. 102).

CONCLUSION

Separation is one of the most significant processes in chemical industry. Distillation,
crystalization and sublimation have been practiced for separation in chemical plants.
However technique of membrane separation which does not cause phase conversion calls for

increasing attention for energy saving purpose. Ion exchange membranes and their
application technology are one of the most advanced method among various membrane
technologies.
Significant function of ion exchange membranes is to separate ions efficiently with low
energy consumption. There are many requirements for ion exchange membranes : low electric

resistance, high permselectivity, low diffusion of salt, low osmotic water, high
mechanical strength, high selectivity between ions with same charge, high chemical
stability, anti—organic fouling, low cost and so on. It is very difficult to satisfy all
of these requirements at the same time. The membrane is therefore designed to be provided

with composite requirement-sharing system. For example, reinforced backing fabric, which
most commercial membranes have, takes a part of high mechanical strength. Cationic
polyelectrolyte layer on the cation exchange membrane takes a part of rejecting
multivalent cation on the membrane surface, carboxylic acid groups layer prevents leakage
of hydroxide ions and so on. It is considered that this trend will be further intensified
to improve the performance of ion exchange membranes.
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