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The deterioration of the environmental situation has led to
theneed torestructuretheworld’s power industry, and clean
renewable power sources are coming to the forefront. This
review deals with recent advances in the development of
promising ion-exchange membrane materials for two types
of application that have been intensely developing recently,
namely, hydrogen energy and reverse electrodialysis. Special >
attention is paid to the comparison of two properties of 8
H
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membranes, conductivity and selectivity, that are competing
but fundamentally important in both areas. Perfluorinated :
sulfonic acid membranes now play a dominant role in é) K
hydrogen power engineering, as they provide not only high
proton conductivity but also chemical stability and low gas ®
per meability. Thereview also cover sother typesof membrane
materials, including anion exchange membranes,
polybenzimidazoles and hybrid membranes containing
inorganic nanoparticles that have been actively developed in
recent years. The milder operating conditions of membranes
in rever se electrodialysisunitsallow oneto useless expensive
non-per fluorinated membranes, including grafted ones. It is
of note that in devices of this type, the selectivity of
membranes to the transfer of oppositely charged ions is a
moreimportant parameter.
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Introduction utmost importance to switch to renewable energy sources that

For a long time, the mankind has been consuming an increasing
amount of energy every year. The energy sources included
firewood at first, then fossil fuels. Along with the growth in
industrial production, this resulted in a significant deterioration
of the environmental situation. In view of this, it becomes of

reduce the environmental load. Among these, solar panels and
wind generators should be noted in the first place.? To dampen
the seasonal power fluctuations, long-term energy storage
devices are required, the hydrogen cycle being among the
promising approaches.®* In addition, fuel cells (FC) that generate
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energy by oxidation of hydrogen or hydrogen-containing fuel
can be considered as a renewable energy source that utilize fuels
obtained upon conversion of biomass or bio-alcohols.>® As a
result, many leading world countries have adopted programs for
the development of hydrogen energy.®

At the same time, other possible energy sources exist. Among
them reverse electrodialysis that makes it possible to obtain
energy by mixing salt water with fresh water attracts considerable
attention.?0-12 At first glance, it appears to be an unexpected
approach since great attention is being paid to the opposite
process, i.e. the production of drinking water from sea water.1314
However, rivers inevitably flow into seas, so the mixing process
occurs spontaneously. Therefore, the utilization of this process
can provide another efficient ‘green’ source of energy.*

A key role in both devices belongs to membrane materials
whose parameters determine their efficiency. As a result, much
attention in the literature is paid to the synthesis of new
membranes that differ in the optimal parameters of transfer
processes.5-19

The purpose of this brief review is to describe the recent
progress in ion exchange membranes used in low temperature
fuel cells and in devices for reverse electrodialysis.

1. lonic conductivity and selectivity of membranes

lon exchange membranes have numerous practical applications,
including water purification, food processing, concentrating,
electrochemical synthesis, sensorics, etc.2-24 Their utilization in
modern power engineering has been growing in recent years.
Along with fuel cells and reverse electrodialysis considered in
this review, membranes can be in demand in metal-ion
batteries?>28 and redox cells.?%-%2

Analysis of the ion-exchange membranes operation in all
these devices shows that the efficiency of their use is determined
by two key factors, namely, ionic conductivity and selectivity of
transport processes.3® The transfer of ionic fluxes in membranes
is always accompanied by an undesirable transfer of oppositely
charged ions or molecules. In low-temperature fuel cells, proton
conductivity is important, while the main adverse process that
reduces their performance is the crossover, i.e. transfer of the
feeding reagents (oxygen and hydrogen or methanol) in
molecular form that is not accompanied by power generation.34-36
The key role in reverse electrodialysis usually belongs to the
transfer of cations and anions with small charges, whereas the
interfering processes include the nonspecific transfer of anions
and cations through the cation and anion exchange membranes
and the osmotic water transfer that causes the equalization of salt
concentrations in the system without generating current.37-40

To describe the transport processes in ion-exchange
membranes, it is necessary to have an idea of the structure of
their pores and channels formed due to self-organization
processes.*1*3 The most popular Gierke model describes the
structure of ion-exchange membranes and was developed on the
example of perfluorinated sulfonic acid Nafion membranes.
Hydrophilic SO;H groups assemble into clusters and absorb
water that fills the pores and channels in the hydrophobic matrix
formed by perfluorinated or hydrocarbon chains (Figure 1).

The pore size in hydrated state amounts to 4-5 nm. The pores
are filled with an aqueous solution that contains cations formed
upon dissociation of functional groups.*>-4" Dissociation also
gives fixed SOj3 ions located on the pore walls. Due to the
interaction with negatively charged walls, the majority of the
cations are located in the Debye layer along the pore walls with
a characteristic thickness of about 1 nm, while an electrically
neutral solution is localized in their center. The composition of
this solution is believed to be close to that of the solution
contacting the membrane.8454748 Moreover, this solution may

@@ SOz groups  @cations @ anions ~ polymer chains

Figure 1 Scheme of the structure of pores and channels in ion-exchange
membranes.

contain non-polar molecules of the feed gases. In view of this,
nonselective transfer (anions, nonpolar molecules) is primarily
determined by this electrically neutral solution. In contrast, the
Debye layer largely determines the ionic conductivity of
membranes. A significant contribution to the conductivity of an
electrically neutral solution can be achieved only upon contact
with concentrated solutions of electrolytes.33

It may be assumed that the conductivity of membranes is
largely determined by the size of channels connecting the
pores. In view of this, the degree of membrane hydration should
be increased to enhance conductivity. On the other hand, an
increase in water uptake occurs mainly due to an increase in the
specific volume of the electrically neutral solution. This
determines the inverse relationship between conductivity and
selectivity noted in a number of publications.*®0 This
relationship is of statistical nature, since the properties of
membranes depend considerably on the nature of the polymer
matrix, the concentration of functional groups, the degree of
crosslinking, and some other factors.®3 It should be noted that
in practice, other electrochemical applications often employ
heterogeneous membranes which, in addition to an ion-
exchange polymer, also contain a binder and a reinforcing
mesh.?1-53 Due to the specific methods of their production,
these membranes possess secondary porosity between the
particles of the materials they contain, with a characteristic size
of the order of micrometers. This determines the lower
selectivity of heterogeneous membranes.41:54.55

2. Membranesfor fuel cells
Fuel cells make it possible to oxidize hydrogen or hydrogen-
containing fuel for energy generation with high performance.
Among the various types of such devices, we will focus on low-
temperature FC with a proton-conducting polymer membrane
(Figure 2) that are most popular on the market and constitute
about 90% of the total production. A fuel (hydrogen or alcohols)
is fed to the catalyst through a porous gas diffusion layer. In the
case of hydrogen, it is sorbed in dissociatively [reaction (1)], and
the protons migrate to the cathodic catalyst where the
electroreduction of oxygen occurs to give water [reaction (2)]:°
Cathode

Pt catalyst Anode
&« N

H—>

Proton conductive
membrane

Porous graphite
paper

Figure 2 Operation scheme of a hydrogen—oxygen fuel cell based on
proton-conductive membranes.
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H, = 2H* + 2¢-, )
02+4H++4e_:2H20. (2)

The efficiency of FC usually does not exceed 50% at
conventional current loads, although it can approach 90% at lower
loads. The current density in low-temperature fuel cells abruptly
decreases with an increase in the CO concentration in hydrogen,
since at low temperatures carbon monoxide is irreversibly sorbed
on a platinum catalyst and does not undergo oxidation at a typical
anodic potential of about 1 V.5 It should be noted that methanol
is also used as a fuel in low-temperature FC. It is oxidized in
direct methanol fuel cells according to reaction (3):

MeOH + H,0 — 6e- = CO, + 6 H". ®)

The membranes used in FC should have high protonic
conductivity (102-10-1 S cm1) along with low gas permeability
(methanol permeability) and electronic conductivity.® Important
parameters also include high chemical stability (primarily to
peroxy radicals), dimensional stability, mechanical strength, and
ability to maintain conductivity at elevated temperatures. These
requirements are currently best satisfied by Nafion membranes
whose perfluorinated polymer chain contains side branches,
usually —-OCF,CF(CF3)C,F,SOsH, with SOzH functional
groups. Despite their high cost, they are now most popular in
low-temperature fuel cells since, in addition to high proton
conductivity and selectivity, they also feature excellent chemical
stability.5-%8 The considerable length of the side chains usually
containing five carbon atoms complicates the crystallization of
the polymer5%80 and determines the high fragmental mobility of
the side chains.5” This favors a good organization of the pore and
channel system.58:59 Materials of this kind are usually prepared
by polymerization in solutions or in emulsions.t364 Meantime,
new approaches are being developed, in particular those using
synthesis at high pressures.5®

In view of the data on the importance of the volume and
mobility of side chains, it is not entirely clear why much interest
has recently been given to membranes with a short side chain
containing only two carbon atoms (-OC,F,SO;H). The high
conductivity at elevated temperatures is often considered as one
of their advantages.5166-88 At the same time, it seems that the
variation in the ion-exchange capacity whose relationship with
the conductivity of ion-exchange membranes of various types
has been noted repeatedly is an important factor.t-73 The
properties of a representative series of perfluorinated sulfonic
acid membranes with both short and long side chains and ion-
exchange capacities from 0.66 to 1.35mg-equiv. g™t were
reported.” One can see from the data presented in Figure 3 that
the proton conductivity of membranes increases significantly
with an increase in the ion-exchange capacity (by 2-3 orders of
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Figure 3 Plot of the proton conductivity of perfluorinated sulfocationite
membranes in contact with water (1) and at 32% relative humidity (2) vs.
their ion-exchange capacity at 25 °C. The squares indicate the membranes
with a long side chain (Nafion) and the circles — with a short side chain
(Aquivion) based on the data reported in ref. 74.

magnitude, depending on humidity), and this relationship is the
same both for membranes with short and long side chains.

It should be noted that the proton conductivity of Aquivion
membranes with a maximum ion-exchange capacity of
1.35 mequiv g~* depends on humidity much more weakly than
that of Nafion membranes in which the concentration of
functional groups is usually noticeably smaller. In accordance
with the general regularities, an increase in the water uptake with
an increase in the ion-exchange capacity also results in a decrease
in the selectivity of transport processes in perfluorinated
membranes. In fact, the diffusion permeability of membranes in
an HCI solution determined by anion transfer increases in this
series by the same two orders of magnitude. As a result, the
transport numbers of cations change insignificantly in this series.
However, the oxygen permeability of these membranes changes
by only half an order upon variation in the ion-exchange
capacity.” This determines the significant advantage of
membranes of this type in fuel cells. The significantly smaller
decrease in the gas permeability is most likely due to the fact that
gas molecules are transferred not only through a system of pores
and channels but also due to diffusion through the perfluorinated
matrix, as also noted for other gases.”

Obviously, there are few opportunities for improving the
properties of perfluorinated membranes by changing their
chemical structure. At the same time, their properties can also be
changed in another way, namely, by changing the structure of the
pore and channel system or by modifying the surface. One of the
promising approaches involves the production of hybrid
membranes by incorporation of nanoparticles of various
inorganic materials.5®76-78 There are two principal ways to
incorporate them into a membrane structure. The first one
involves the synthesis of nanoparticles followed by their use
when membranes are cast from polymer solutions. Advantages
of this approach include the relative simplicity and facility of
integration into the membrane production chain.3%7%80 The main
problem in this synthesis is that agglomeration of nanoparticles
occurs, which prevents their uniform distribution and reduces the
modification efficiency. Ultrasonic treatment of a membrane
solution with a dopant is a common method for breaking
agglomerates.81-83 However, to take the effect of the dopant on
the properties of membranes correctly into account, one should
also consider the effect of ultrasonic treatment of membrane
solutions that results in changes in the microstructure, water
uptake, mechanical and transport properties of the resulting
materials.84-86 We believe that another method is more attractive,
namely, the synthesis of inorganic particles directly (in situ) in
the membrane matrix where the membrane pores are used as
nanoreactors,%7.88

The most commonly used dopants include hydrated oxides of
polyvalent elements (silicon, zirconium, etc.)8%-%2 and materials
based on them.%3-% The hydrophilic surface of dopants can
increase the water content of membranes and enhance the proton
conductivity, even at low humidity. A decrease in gas permeability
and methanol permeability was noted in certain materials.?.78
Presumably, the main reason for the increase in conductivity is
that the sizes of pores and channels connecting them increase
when nanoparticles are embedded in them. 697

The conductivity can additionally be increased by
incorporating nanoparticles with surfaces containing proton-
donor groups into the membrane matrix, by adding inorganic
acids or their acid salts.%®-191 A number of authors noted a
decrease in the permeability of gases and methanol upon
incorporation of dopants with surfaces having acid properties. 102
Due to an increase in the concentration of protons in the
membrane matrix, these materials have an enhanced water
uptake and proton conductivity, which is especially important at
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low humidity. This allows them to be used for the production of
fuel cells with performance exceeding that of fuel cells based on
Nafion membranes operating at high humidity.1% On the other
hand, it should be noted that the properties of FC can be improved
by using membranes incorporated some other polymers, in
particular, poly(3,4-ethylenedioxythiophene).1%4-107 It is rather
difficult to compare the performance of fuel cells achieved in
various studies since membranes with different thicknesses
prepared by different methods (extrusion, casting), different
methods for producing the FC, water uptake and composition of
feed gases, catalyst loading and catalytic layer composition are
often used. Therefore, many authors compare investigated
membranes with a reference sample, most commonly with
Nafion in the case of cation-exchange membranes (Table 1).

It should be noted that the high cost of perfluorinated
membranes results in their extremely small usage in the majority

Table 1 Examples of ion-exchange membranes and their FC performance.

of electro-membrane technologies where cheaper heterogeneous
membranes are mainly used.?>2352 The main obstacle to the use
of heterogeneous membranes in hydrogen power engineering is
their much lower selectivity due to additional formation of larger
pores of micrometer size.5*5% Graft polymerization may be
among the most fruitful approaches for overcoming this
problem.*? For this purpose, radical polymerization of styrene
in polyethylene films activated by y-radiation can be used. The
formation of the polystyrene ‘phase’ occurs by separating the
polymer chains of the base film without the generation of
additional porosity. Sulfonation of a copolymer makes it possible
to obtain membranes with various ion-exchange capacities and
water uptake.!#3144 To prevent the loss of membrane strength
and selectivity due to excessive swelling, they are crosslinked
with divinylbenzene. lon-exchange membranes based on other
copolymers were produced using similar approaches.45-147

Sample Conditions E,]e\%( C%Yger density/ Reference
Cation-exchange membranes

Nafion-117 H,/0, PEMFC,270 °C, 100% RHP 310 108
Nafion-117 H,/O, PEMFC, 65 °C, 100% RH 510 107
Nafion-117/poly(3,4-ethylenedioxythiophene) H,/O, PEMFC, 65 °C, 100% RH 810 107
Nafion-212 H,/air PEMFC, 65 °C, 100% RH 563 109
Recast Nafion H,/air PEMFC, 65 °C, 100% RH 417 109
Nafion/0.05 wt% GO¢ H,/air PEMFC, 65 °C, 100% RH 586 109
Recast Nafion H,/O, PEMFC, 80 °C, 100% RH 160 110
Nafion/2.5 wt% TiO, H,/O, PEMFC, 80 °C, 100% RH 343 110
Recast Nafion H,/air PEMFC, 80 °C, 20% RH 210 111
Nafion/PW-mGO H,/air PEMFC, 80 °C, 20% RH 841 111
Recast Nafion H,/0, PEMFC, 70 °C, 20% RH 220 112
Nafion/sulfonated graphene H,/O, PEMFC, 70 °C, 20% RH 300 112
Recast Nafion H,/0, PEMFC, 70 °C, 20% RH 150 113
Nafion/sulfonated mesoporous carbon H,/O, PEMFC, 70 °C, 20% RH 660 113
Recast Nafion H,/O, PEMFC, 60°C, 80% RH 630 114
Nafion-sMWCNT¢ (0.25 wt%) H,/O, PEMFC, 60°C, 80% RH 867 114
Nafion-115/[1,4-phenylenebis(hydroxymethanetriyl)]tetrakis(phosphonic acid) H,/O, PEMFC, 70 °C, 100% RH 383 115
Aquivion® R79-01SX+ H,/air PEMFC, 80 °C, 100% RH 890 116
Nafion® XL H,/air PEMFC, 80 °C, 100% RH 610 116
Aquivion® R79-03S H,/0, PEMFC, 130 °C, 100% RH 870 117
Nafion® 112 H,/O, PEMFC, 130 °C, 100% RH 620 117
Recast Aquivion® H,/air PEMFC, 80 °C, 100% RH 442 118
1-wt%Co-tri MOF¢Aquivion® blend membrane H,/air PEMFC, 80 °C, 100% RH 451 118
Polybenzimidazoles (PBI)

Celtecs MEA' (commercial PBI) Hy/air PBIFC,9 180 °C 200 119
PAYPBI H,/air PBIFC, 200 °C 409 120
PA/PBI/5 wt% PWA-meso-silica Hy/air PBIFC, 200 °C 376 120
PA/PBI/15 wt% PWA-meso-silica Hy/air PBIFC, 200 °C 386 120
Poly(2,5-benzimidazole) membrane Hy/air PBIFC, 160 °C 120 121
PBI H,/O, PBIFC, 160 °C 556 122
PBI containing heterocyclic benzo[c]cinnoline structure H,/O, PBIFC, 160 °C 1253 122
PBI H,/air PBIFC, 160 °C 185 123
PBI/SiO, H,/air PBIFC, 160 °C 240 123
PBI/SiO, H,/O, PBIFC, 250 °C 283 124
PBI H,/O, PBIFC, 150 °C 530 125
PBI/N-(p-carboxyphenyl)maleimide functionalized SiO, H,/O, PBIFC, 150 °C 650 125
Hexafluoroisopropylidene-containing PBI/functionalized Carbon nanofibers H,/O, PBIFC, 160 °C 461 126
Grafted cation-exchange membranes

A membrane based on sulfonated RX-PTFE' with grafted styrene H,/0, PEMFC, 25 °C, 16% RH 469 127
Nafion-212 H,/air PEMFC, 30 °C, 100% RH 180 128
A membrane based on polymethylpentene with grafted sulfonated polystyrene  H,/air PEMFC, 30 °C, 100% RH 180 128
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Table 1 (continued).

Peak power density/

Sample Conditions mW em=2 Reference
Anion-exchange membranes

An AEM with ethylene oxide spacers incorporated into imidazolium-containing H,/O, AEMFC,} 65 °C, 100% RH 437 129
cationic side-chains

A double crosslinked AEM based on PBI and poly(vinylbenzyl chloride) with ~ H,/O, AEMFC, 60 °C, 100% RH 245 130
N,N,N',N'-tetramethyl-1,6-hexanediamine

An ethylene-tetrafluoromethylene-based AEM containing saturated-heterocyclic H,/O, AEMFC, 60 °C, 100% RH 630 131
benzyl-quaternary ammonium groups

A poly(ethylene-co-tetrafluoroethylene) AEM grafted with 2-methyl-N- direct N,H,-H,O/air FC, 80°C 230 132
vinylimidazole and styrene

An N-spirocyclic functionalized AEM achieved through rod-coil grafts with H,/0, AEMFC, 80 °C, 100% RH 850 133
polysulfone backbone

An AEM based on cross-linked quaternized poly(vinylbenzyl chloride) and H,/air AEMFC, 60 °C, 100% RH 640 134
cross-linked poly(vinyl alcohol)

An imidazolium-based graft-type AEM consisting of an ethylene- H,/O, AEMFC, 60 °C, 100% RH 710 135
tetrafluoromethylene copolymer as a base film

A polystyrene-based AEM grafted with bromoalkyl chains H,/0, AEMFC, 60 °C, 100% RH 407 136
A quaternized aryl ether-free poly(fluorene)-based AEM H,/O0, AEMFC, 80 °C, 100% RH 1460 137
A quaternary ammonia poly(N-methylpiperidine-co-p-terphenyl)-based AEM  H,/O, AEMFC, 80 °C, 100% RH 1500 138
A poly(aryl piperidinium)-based AEM H,/air AEMFC, 95 °C, 100% RH 920 139
A low-density polyethylene-based radiation grafted AEM with H,/0, AEMFC, 110 °C, 100% RH 2100 140, 141

benzyltrimethylammonium head-groups

aPEMFC - FC based on proton exchange membranes. PRH — relative humidity. °GO — graphene oxide. 9SMWCNT — sulfonic acid functionalized multiwalled
carbon nanotube. ®MOF — metal-organic framework. ‘MEA — membrane electrode assembly. 9PBIFC — FC based on polybenzimidazole membranes. "PA —
phosphoric acid. 'RX-PTFE - radiation-cross-linked polytetrafluoroethylene. !/ AEMFC — FC based on anion exchange membranes.

Polymerization of styrene in pores formed by mechanical
deformation of polyethylene, Teflon and other polymers is also
USEd.Mg_lSO

Activation by ultraviolet radiation can be used to create ion-
exchange membranes based on polymers containing tertiary
carbon atoms. In fact, a wide range of both cation and anion
exchange membranes with a wide range of capacity and
conductivity have been obtained by grafting polystyrene on
polymethylpentene films.15152  Comparison of the ionic
conductivity and selectivity (transport numbers) of the
membranes obtained shows that in terms of the ratio of selectivity
and ion-exchange capacity, they are not inferior to the best
commercial membranes, including perfluorinated samples.50:152
Testing such membranes in fuel cells shows that they are not
inferior in terms of performance to Nafion® 212 based membrane-
electrode assemblies, though the latter were made using catalytic
and gas-diffusion layers optimized for Nafion® 212 membranes!28
(see Table 1). Although the use of pores created by stretching of
films for grafting does not prevent the preservation of large pores
inside the polymer, membranes that showed rather a high
efficiency in fuel cells were also prepared viathis approach.153-155

A decade and a half ago, while analyzing the prospects of
anion-exchange membranes in fuel cells,’® some separate
advantages of these devices were noted and the main emphasis
was made on methanol fuel cells. However, the slow oxidation of
hydrogen and the low conductivity of such membranes and its
additional decrease due to the sorption of carbon dioxide made it
doubtful that commercialization of fuel cells based on them
would be feasible."158 The relative novelty of this approach
was considered to be its main advantage. However, the situation
changed significantly in recent years.14015%.160 One of the main
advantages of such membranes lies in their significantly reduced
corrosivity compared to sulfonic acid cation-exchange
membranes in H* form, which makes it possible to use non-
perfluorinated membranes and non-platinum catalysts based on
silver, nickel, cobalt and some other metals.161-163 Replacement
of these two most expensive components can significantly reduce
the cost of fuel cells and hence the cost of electricity they

produce. In recent years, new anion-exchange membranes
featuring high conductivity and stability of operation in FC were
developed.1%4-168 The operating temperature of such membranes
is being increased.1®® New design concepts and catalysts allow
the problems associated with the absorption of carbon dioxide,
water balance violation and instability to be handled.1’%-172 As a
result, the performance of fuel cells based on anion-exchange
membranes increases rapidly, so that their peak power density
can now exceed 2 W cm2 (see Table 1).140.141.158,169 The majority
of researchers develop fuel cells using hydrogen as a fuel,
however the use of alcohols and other types of fuel based on
hydrogen compounds with carbon and nitrogen is attracting
more and more attention.>°

There is a severe problem that dehydration of ion-exchange
membranes accompanied by a sharp decrease in conductivity
occurs as temperatures above 90 °C. This is a very serious
problem, since the operation of fuel cells at elevated temperatures
makes it possible to reduce the adverse effect of the sorption of
CO molecules on platinum catalysts that results in a decrease in
their performance.1’3174 This determines the high interest of
researchers in membranes based on polybenzimidazole.17>-177
Materials of this type exhibit weak anion exchange properties
and low proton conductivity by themselves. However, the
situation changes drastically once polybenzimidazoles are doped
with phosphoric acid that is intensely absorbed by their nitrogen-
containing groups. At temperatures of 160-200 °C, such
membranes have low methanol permeability and high proton
conductivity along the chain of hydrogen bonds between H;PO,
molecules.*17® In view of this, FC based on polybenzimidazole
can operate at low humidity and in the presence of CO impurity
in the feed gases or if CO is formed upon oxidation of
alcohols!7®180 (see Table 1). In contrast, a decrease in strength at
high temperatures and phosphoric acid washout by water vapor
become an important problem for polybenzimidazole. Cross-
linking of the base polymer chains is used to stabilize the
mechanical properties. It invloves the incorporation of polymers
that can form salt bridges with basic nitrogen atoms of the
imidazole ring,181182 the use of silanes,’8%-185 halogenated
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Table 2 Some characteristics of fuel cells based on various types of polymer membranes.

Fuel cell parameters

Membrane
Fuel Oxidant T/°C Current carrier/medium Drawbacks

Proton-exchange membrane H,/methanol oxygen/air 20-100  H*/H,O High cost, gas humidification is needed, the CO concen-
tration should be low

PBI H,/methanol  oxygen/air 140-200 H*/H;PO, H3PO, washout, high requirements for corrosion resistance
of materials

Anion-exchange membrane H, oxygen 20-100 OH/H,0 Gas humidification is needed, the CO concentration should
be low

methylbenzene derivatives!®® and other compounds capable of
nucleophilic replacement of the NH group proton in poly-
benzimidazoles.187188

The modification of polybenzimidazole with nanoparticles of
inorganic compounds favors an increase in conductivity and
better retention of phosphoric acid.12418%-192 The modification is
often performed using nanoparticles with functionalized
surfacel®3-197 and organic polymers of various nature.'% The use
of hybrid membranes based on polybenzimidazoles in fuel cells
results in an increase in their performance.24176 Studies are also
in progress where polybenzimidazole itself is grafted with new
functional groups capable of generating current carriers or
increasing the sorption of phosphoric acid.19%-201

A brief comparison of the characteristics of fuel cells based
on various polymer membranes is provided in Table 2.

3. Membranesfor reverse electrodialysis
Rather a new approach that has been rapidly gaining the interest
of researchers in recent years involves power generation by
mixing salt water with fresh water.1%11.202 The very existence of
this technology seems paradoxical, since the mankind is seriously
concerned about the problem of the shortage of pure fresh water.
In view of this, much power is spent annually for water
purification and desalination.29%204 However, rivers inevitably
flow into seas and all we can do is use this process to produce
power. It is also suggested to obtain power from the concentrates
produced at desalination plants.2% For example, it is suggested
to employ the osmosis phenomenon (pressure retarded osmosis)
for this purpose.29-208 However, it turns out that reverse
electrodialysis (RED) is a more attractive approach where the
membrane potential that appears upon diffusion of cations and
anions from compartments with salt water into fresh water serves
as the driving force (Figure 4).15%° It is assumed that the
application of this approach can significantly reduce CO,
emissions to the atmosphere.20

Like in fuel cells, membranes are among the main components
that determine the overall operation of a unit. In this case, priority
is usually given to membranes with high selectivity, conductivity
and small thickness that are necessary to minimize the ohmic
losses, and high stability.2%210 On the other hand, since the
operating conditions of these devices are significantly milder

Red/Ox reaction
Red/Ox reaction

concentrated | |feed solution

dilute feed solution

-
ion_J
electrode solution

Figure 4 Scheme of amembrane-electrode stack in areverse electrodialysis
unit.

than those of FC, the requirements concerning the chemical
stability of membranes are much less critical. Since the early
stages of the development of RED processes, the majority of
researchers used cheaper, mostly pseudo-homogeneous
membranes such as FujiFilm, Fumatech, Tokuyama and
Neosepta.12211-218 The maximum power density (2.2 W m=2)
was obtained for a pair of Fumatech cation- and anion-exchange
membranes.?%21 Optimization of the unit parameters?!® made it
possible to achieve a significantly higher power density of
12 W m2 using 0.1 and 5M NaCl solutions at 40 °C. At the
same time, the power density of such units was invariably found
to be lower in later studies. In fact, a recent study reports that the
power density achieved with such membranes is 0.43 W m2.218
Some gain in power density can be obtained by profiling the
surface of membranes used in RED units.?%0

Nafion 117 and Nafion 115 membranes were compared with
the CMX (Neosepta) and Fuji-CEM 80050 (Fujifilm) membranes
that are widely used in RED units.2% A relatively high power
density of 1.4 W m=2 of the unit with the Nafion 117 membrane
using 4.0 and 0.5 M NaCl solutions was noted. Moreover, it was
shown that their power density, like that of Fuji-CEM-80050
membranes, decreased by more than 20% in the presence of
magnesium chloride. Meantime, the effect of MgCl, addition on
other membranes was found to be significantly smaller.205

It is worthy of note that though the theoretical power density
should increase with a decrease in the concentration of the more
dilute solution, it is actually maintained no lower than 0.1 M in
most cases. The reason is that the conductivity of membranes in
contact with dilute solutions decreases considerably.*

Some successful attempts to use nanoporous membranes with
high selectivity and permeability for the RED process can also
be noted. They provide selective transfer of ions with the same
charge sign, and their power density, according to some
publications, reaches 7-10 W cm=2 for nanotubes of silicon
oxide??! and anodic aluminum oxide.222

Grafted ion-exchange membranes may also be considered
one of the most promising membrane types.??® The prospects of
their application in RED units has been shown in a number of
works, for example, in refs. 50 and 224. As noted above, this
method allows one to obtain membranes with both high
conductivity and selectivity.225 At the same time, these parameters
are usually opposite to each other.3® Their balance can be
controlled by varying the extent of grafting and crosslinking of a
functional polymer and by choosing an appropriate crosslinking
agent.??* However, the choice between selectivity and
conductivity remains in force in this case.

A significant effect of membrane fouling in RED units that
can reduce the performance of a unit more than twofold even in
the first hours of operation was reported.?26:227 The effects of
biofouling, contamination with organic compounds and
deposition of salts of multicharged ions were mentioned. Various
strategies have been suggested to produce membranes preventing
this adverse effect.222 Among the promising solutions to this
problem, one can note the use of membranes that are selective to
the transfer of single-charged ions?2° and coating of a membrane
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with polydopamine.?3® An alternative solution is to use bipolar
shielding membranes to suppress the formation of inorganic
deposits on a cathode. 3!

On the other hand, the use of bipolar membranes makes it
possible toimplementanother approach based on the neutralization
reaction between solutions of acids and alkalis.2322% This
approach allows a higher performance to be attained but has much
more limited applicability due to the specifics of the raw materials
used. For example, it can be used for neutralization of effluents
from chemical or electrochemical plants.

Conclusions

The processes of hydrogen oxidation and mixing of salt and
fresh water for highly efficient power generation are becoming
significant approaches in the modern power industry. The
hydrogen energy programs adopted by the majority of developed
countries in recent years give a new impetus to the development
of membrane science and membrane technologies. lon-exchange
membranes based on perfluorosulfonic acids characterized by
high conductivity, chemical stability, and low gas permeability
for application in the hydrogen power industry attract the greatest
attention. At the same time, the high cost of these membranes
prompts researchers to search for new materials, including a
wide range of grafted membranes, that can efficiently work in
fuel cells. A significant improvement in the transport properties
of membranes can often be achieved by modification of
membranes with inorganic nanoparticles. The fast development
of fuel cells based on anion-exchange membranes should also be
noted. Their main advantages include the feasibility of using
non-platinum catalysts and less stringent requirements for
chemical stability. Moreover, the fact that it is impossible to
obtain relatively cheap high-purity hydrogen makes the synthesis
of membranes capable of operating at elevated temperatures,
among which polybenzimidazoles should be noted, an urgent
task. They provide operation at temperatures up to 200 °C, which
allows one to partially solve the problem of increasing the
tolerance of FC catalysts to carbon monoxide, an unavoidable
contaminant in cheap hydrogen obtained by steam reforming of
hydrocarbons and alcohols.

Compared to the hydrogen energy, reverse electrodialysis is a
relatively new approach, but this fact does not weaken the
advantages of this efficient and environmentally friendly method
of power generation. Due to lower requirements for chemical
stability, this method allows cheaper pseudo-homogeneous,
porous, grafted, and other types of membranes to be widely
used. Membrane fouling is an important problem in the
development of this method. A number of approaches have been
suggested for overcoming this problem, including the use of new
membrane types. Moreover, new methods and membrane
materials are being developed for this method.

This study was financially supported by the Russian Science
Foundation (project no. 21-73-20229).
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