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Abstract—The transport properties of ion-exchange membranes depend on many factors, primarily, on ion-
exchange capacity and chemical composition. Therefore, the correlation of transport properties with a single
particular parameter is generally not quite strict. In this study, the dependence of transport properties of sev-
eral perfluorinated sulfonated cation-exchange membranes that differ in side chain length and fraction of
fragments containing ether groups on ion-exchange capacity is analyzed. It is shown that, with a decrease in
the ion-exchange capacity from 1.35 to 0.66 mg-equiv/g, the proton conductivity of membranes contacting
water and their diffusion permeability with respect to a 0.1 M HCl solution decrease by two orders of magni-
tude. A decrease in relative humidity leads to the most significant decrease in the conductivity of membranes
with a low ion-exchange capacity. Thus, at a relative humidity of 32%, the conductivity of the studied mem-
branes decreases more than 600-fold with a decrease in ion-exchange capacity. In general, the oxygen per-
meability of membranes is characterized by a similar dependence. However, in this set of membranes, it varies
as little as threefold.

Keywords: perfluorinated sulfonated polymers, Nafion, Aquivion, ion-exchange capacity, proton conductiv-
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Ion-exchange membranes are used for several
practical applications, the most common of which are
water treatment and concentrating, food purification,
and a number of other technologies associated with sep-
aration processes based on ion transfer [1–4]. The mem-
brane selectivity in these processes is primarily deter-
mined by the ratio of transfer rates of ions with different
signs or charges [5–8]. In most technologies, relatively
cheap heterogeneous membranes are most commonly
used. It should be noted that, owing to the synthesis
method, heterogeneous membranes are characterized by
a bimodal pore size distribution and a low selectivity [9–
11]. A higher selectivity is exhibited by homogeneous ion-
exchange membranes, in particular, perfluorinated sul-
fonated cation-exchange membranes used in the energy
sector, primarily, in fuel cells. In this case, negative pro-
cesses are primarily associated with the through transport
of neutral molecules of a fuel (hydrogen, methanol) or an
oxidizer (oxygen) across the membrane, which does not
lead to energy generation (crossover) [12].

Despite the fundamental differences in the nature
of transport processes for coions and neutral mole-
cules, their transfer generally occurs via similar routes.
Since the pore walls of cation-exchange membranes
have a negative charge, which is determined by the
localization of  anions on them, a Debye layer is

formed near pore walls; most of the cations are local-
ized within this layer [13, 14]. Conversely, the so-
called electrically neutral solution is localized in the
middle of pores; the composition of this solution is
close to that of the solution in contact with the mem-
brane. In the case of using membranes in fuel cells, the
composition of this solution is close to that of clean
water. It is this solution through which most coions
and neutrally charged nonpolar molecules or low-
polarity molecules are transferred [13]. Therefore, the
mechanisms of their transfer should be similar, and
the selectivity values, which are determined from
coion transfer and crossover, should correlate with
each other.

However, it stands to reason that the selectivity of
transport processes is not the only characteristic that
determines the properties of membranes. An equally
important parameter is ionic conductivity. It should
be noted that there is a certain correlation for ion-
exchange membranes: the higher the conductivity, the
lower the selectivity, and vice versa [15–17]. It is obvi-
ous that this correlation is purely statistical. The prob-
lem is that the transport properties of ion-exchange
membranes depend on many factors, primarily, ion-
exchange capacity (IEC) and chemical composition
[18–23]. Therefore, their dependence on only one of−
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Fig. 1. Structure of perf luorinated sulfonated membranes
with (a) a long and (b) short side chain.
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the parameters is generally not very strict. In addition,
to increase the selectivity or conductivity of mem-
branes, various approaches are commonly used; they
include bulk or surface modification of membranes
[24–28], crosslinking [29–31], and other approaches
that also affect the transport process rate [32–34].

In view of the above, the correlation of transport
properties and IEC becomes more evident for mem-
branes of a similar nature, for example, in a set of
grafted materials with different ratios of the original
and grafted polymer [35, 36]. For materials with simi-
lar structures, the value of these parameters is primar-
ily determined by the structure of pores and channels.
Typically, the higher the concentration of electricity
carriers, cations, determined by functional group con-
centration, the higher the membrane conductivity. At
the same time, with an increase in the counterion con-
centration in the membranes, their water uptake and,
consequently, pore size increases [37–39]. In this
case, the charge density on the pore walls and the
Debye layer thickness vary only slightly; the pore vol-
MEMBRANES AND M

Table 1. Basic characteristics of the studied membranes

* The membrane was synthesized by casting from a f luorine-subs
and conversion to the proton form. 
** Calculated per weight of the dry membrane at a relative humidity

Manufacturer, membrane brand (country) Si

YuanBo Engineering Company (China)
Fuzhou Topda New Material Company (China)
Weifang Senya Chemical Co (China)
Thinker Membrane materials (China)
GUS Industry Company (China)
DuPont de Nemours Inc. (United States)
Solway Group (Luxembourg, Switzerland, Estonia)
InEnergy (Russia)
Solway Group (Luxembourg, Switzerland, Estonia)
Solway Group (Luxembourg, Switzerland, Estonia)*
ume increases primarily owing to an increase in the
concentration of the electrically neutral solution
through which undesirable transport processes occur
[40]. Therefore, with an increase in the IEC, the
membrane conductivity should increase, while the
selectivity should decrease. In this context, it is of
interest to study the dependence of ionic conductivity
and selectivity of membrane samples having similar
structures and different concentrations of functional
groups. Perfluorinated sulfonated cation-exchange
membranes, which are in high demand in modern alter-
native power engineering, are of the most interest [41].

The aim of this study was a comparative study of
the transport properties (conductivity, diffusion per-
meability, and gas permeability) of several perfluori-
nated sulfonated cation-exchange membranes of the
Nafion and Aquivion type characterized by different
IECs, side chain lengths, and fractions of fragments
containing ether groups. It should be noted that the
description of the dependence of the proton conduc-
tivity of perfluorinated membranes on the IEC varied
in a narrower range at room temperature is given in
[19, 42].

EXPERIMENTAL

The properties of several perfluorinated sulfonated
cation-exchange (PFSA) membranes of Nafion (long
side chain, five carbon atoms in the side chain) and
Aquivion type (short side chain, two carbon atoms in
the side chain) manufactured by various companies
were studied; the IEC and water uptake of the mem-
branes vary over a wide range, (Fig. 1, Table 1).

To standardize the experimental conditions, all
studied membranes were conditioned in accordance
with a standard procedure, which included the
sequential exposure to a 3% aqueous solution of H2O2
EMBRANE TECHNOLOGIES  Vol. 2  No. 4  2020

tituted precursor in dimethylformamide and subsequent hydrolysis

 (RH) of 95%.

de chain 
length

IEC, 
mg-equiv/g

Thickness in contact 
with water, μm

Water uptake, 
%**

Long 0.66 40 11
Long 0.69 35 11
Long 0.69 35 11
Long 0.77 35 11
Long 0.90 40 12
Long 0.91 60 12
Short 1.02 65 12
Short 1.10 40 14
Short 1.15 70 15
Short 1.35 70 20
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and a 3% aqueous solution of HCl at 80°С for 2 h at
each stage and then to two runs of exposure to large
amounts of deionized water at 80°С.

Infrared (IR) spectra were recorded in the attenuated
total reflectance mode on a Nicolet iS5 Fourier trans-
form IR spectrometer in a range of 520–4000 cm–1. Prior
to recording, the membranes were held at RH = 95%.

The water uptake of the membranes was deter-
mined on a Netzsch TG 209 F1 thermal balance in a
temperature range of 25–200°C at a heating rate of
10 K/min. The samples were either withdrawn from
water and wiped with filter paper immediately before
experiments or held in a desiccator at RH = 95%. The
IEC of the samples was determined by direct titration.
The IEC values were calculated per weight of the
anhydrous sample. A ~0.3-g weighed portion of the
membrane in the dry state was held in 50 mL of a
0.1 M NaCl solution under constant stirring for 12 h.
After that, the salt solution and the membrane were
titrated with a 0.01 M NaOH solution.

To study the transport properties of the samples,
their ionic conductivity in the hydrogen form, the dif-
fusion permeability with respect to an HCl solution,
and oxygen gas permeability were studied. The con-
ductivity of the materials was studied using an Elins
Z1500 impedance meter in a frequency range of 10 Hz
to 2 MHz in the potentiostatic mode with a sinusoidal
signal amplitude of 100 mV in a temperature range of
25–95°С. The studies were conducted both in contact
with deionized water and at a controlled humidity. In
the latter case, a Binder MKF115 climatic chamber
was used (humidity control accuracy of ±2.5%). The
electrodes were prepared using graphite paper (surface
area of 1 cm2). Ionic conductivity values were found
via extrapolating the impedance hodograph to the axis
of active resistances.

The diffusion permeability of the samples was
measured in a two-compartment cell separated by a
membrane along the ion f low generated when the
membrane was placed between 0.1 M HCl solutions
and deionized water. The pH value was measured
using an Econix-Expert-001 pH millivoltmeter. A
more detailed description of these experiments can be
found in [43].

To measure the gas permeability of the synthesized
materials, the sample was fixed in a two-compartment
cell between the f lows of diffusing oxygen and a carrier
gas (argon). The concentration of the passed gas was
determined on a Kristallyuks-4000M chromatograph
equipped with a thermal conductivity detector (cur-
rent of 60 mA) and two packed columns (HayeSep T
sorbent, 60/80 mesh, 2 m, 150°C, 30 cm3/min, He).
The sample was introduced via two heated gas valves
with a loop volume of 0.891 and 0.887 mL, respec-
tively, at a temperature of 49°C. The measurements
were conducted at an RH of the gases and the mem-
brane of 100% and a temperature of 30°C.
MEMBRANES AND MEMBRANE TECHNOLOGIES  V
RESULTS AND DISCUSSION
The IR spectra of all the studied membranes are

represented by a combination of stretching and bend-
ing vibrations of water and vibrations of sulfo groups
and the perfluorinated carbon chain; they slightly dif-
fer in intensity ratios of individual bands (Fig. 2). This
fact confirms that their structures are similar. For
membranes with a long side chain, the spectra exhibit
a peak splitting in the region of 970 cm–1, which corre-
sponds to the region of the stretching vibrations of the
C–O–C groups of the side chains.

Ion-exchange capacity in terms of dry membrane var-
ied almost twofold in a range of 0.66–1.35 mg-equiv/g.
This fact makes it possible to observe the dependence
of various transport parameters of these membranes
on the IEC, which characterizes the concentration of
functional groups and charge carriers. The water
uptake of the membranes also varies over a wide range:
from 16 to 35% in the case of contact of the mem-
branes with water and from 11 to 20% at RH = 95%; it
increases in proportion to the increase in the IEC. The
water uptake of the membranes also significantly
decreases with a decrease in the RH value. Therefore,
to characterize the ionic conductivity of the studied
membranes, three reference points were selected,
namely, in contact with liquid water and at RH = 95
and 32%. Despite the fact that, in the first two cases,
the activity of water is almost identical, the water
uptake of the membranes changes, on average, is two-
fold owing to Schroeder’s paradox [44]. This finding is
attributed to the fact that some of the ions leave the
ion-exchange membrane to pass into the aqueous
phase. Therefore, the charge of negatively charged
pore walls of the membrane is not fully compensated;
this factor leads to the expansion of the pores and an
increase in water uptake.

The proton conductivity values of the studied
materials in contact with water are quite typical for
perfluorinated sulfonated cation-exchange mem-
branes. They increase by two orders of magnitude with an
increase in the IEC from 0.66 to 1.35 mmol/g (Fig. 3).
Note that the error in the determination of the con-
ductivity of these thin membranes can be up to 8%;
this value does not affect the drawn conclusions. In
addition, the proton conductivity of the membrane
with the highest functional group concentration sig-
nificantly exceeds the reported conductivity values for
these materials. The causes of this dependence are
described above: an increase in the IEC leads to an
increase in the carrier concentration, pore volume,
and water uptake and, along with them, in the conduc-
tivity value.

At RH = 95%, this tendency is preserved; however,
the lower the IEC, the more pronounced the depen-
dence of conductivity on humidity. Thus, in contact
with water, the membrane conductivity changes as lit-
tle as 100-fold, whereas at RH = 95% it changes
160-fold (Fig. 4). With a further decrease in RH to
ol. 2  No. 4  2020
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Fig. 2. Infrared spectra of some perfluorinated sulfonated membranes held at RH = 95% for membranes with (a, b) a long and
(c, d) short side chain and an IEC of (a) 0.77, (b) 0.91, (c) 1.02, and (d) 1.35 mg-equiv/g.
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32%, the proton conductivity of the membranes
changes more than 600-fold (Fig. 5). In addition, the
higher the functional group concentration, the less
pronounced the dependence of the conductivity on
the IEC; conversely, the maximum decrease in con-
ductivity at a low humidity is achieved for membranes
characterized by a minimum IEC (Figs. 3–5). This
dependence appears to be quite natural. In fact, the
MEMBRANES AND M

Fig. 3. Dependence of the proton conductivity of perfluo-
rinated sulfonated cation-exchange membranes in contact
with water on their IEC at 25°C. Hereinafter, membranes
with a short side chain are shown by dark symbols.
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lower the functional group concentration, the smaller
the pore size and the larger the distance between the
groups. These factors lead to a lower level of pore
binding and a violation of percolation for membranes
with a low exchange capacity. In addition, owing to an
increase in the distance between the functional groups
at a low water uptake, the activation energy for proton
hopping between them increases.

An important characteristic of ion-exchange mem-
branes is their diffusion permeability. It should be
noted that the passage of salts or acids across a cation-
exchange membrane requires simultaneous transfer of
the cation and anion. Therefore, the salt diffusion rate
(permeability) is limited to the transfer of anions, the
concentration of which in the pores is significantly
lower [45]. Therefore, proton conductivity is deter-
mined by proton transfer, whereas diffusion permea-
bility characterizes the undesirable transfer of anions.
The ratio of these values can be used to determine the
selectivity of transport processes in membranes. It is
evident from Fig. 6 that the dependence of the diffu-
sion permeability of perfluorinated sulfonated cation-
exchange membranes with respect to an HCl solution
on the IEC of the membranes is fairly similar to the
analogous dependence for ionic conductivity. Even
the value of it for the studied set of membranes
changes by almost the same two orders of magnitude
(Fig. 6). The analogy in the change in the general ten-
dencies is determined by the increase in the water
uptake of the membranes and the size of pores and
channels with an increase in the IEC. It is obvious that
EMBRANE TECHNOLOGIES  Vol. 2  No. 4  2020
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Fig. 4. Dependence of the proton conductivity of perfluori-
nated sulfonated cation-exchange membranes RH = 95%
on their IEC at 25°C. 
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Fig. 5. Dependence of the proton conductivity of perfluori-
nated sulfonated cation-exchange membranes RH = 32%
on their IEC at 25°C. 
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Fig. 6. Dependence of the diffusion permeability of perflu-
orinated sulfonated cation-exchange membranes with
respect to an HCl solution on the IEC of the membranes
at 25°C.
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this factor has a similar effect on all transport pro-
cesses, although the revealed similarity in the change
in the quantities does not appear equally obvious.

In terms of use in fuel cells, another important
parameter is gas permeability, which determines the
loss of power owing to the transfer of feeding gases
across a membrane in the molecular form. In this
work, these processes were studied using the example
of oxygen permeability of membranes. To standardize
the experimental conditions, the water uptake of the
membranes was maintained by oxygen saturation via
slowly bubbling water vapors through it. In general,
the behavior of the recorded dependence of the oxygen
permeability of perfluorinated sulfonated cation-
exchange membranes on their IEC shows the same
tendencies as for the conductivity and HCl diffusion
permeability. However, with an increase in the IEC,
the last two values for the studied membranes change
by two orders of magnitude, whereas the oxygen per-
meability changes in a significantly narrower range,
namely, as little as threefold (Fig. 7). This finding is
apparently attributed to the fact that gas permeability
across a membrane occurs not only through the sys-
tem of pores and channels. It is highly probable that
this process partly occurs via gas diffusion across the
perforated polymer matrix. In fact, the determined
values are comparable to the oxygen permeability of
many polymer films, in particular, Teflon [46, 47].
However, the presence of a pronounced increasing
dependence on the IEC of the membranes suggests
that the contribution of oxygen diffusion through the
system of pores and channels is also significant. These
assumptions are in good agreement with the data of
the authors of [48], who studied a “resistor network
model” to describe gas diffusion across membranes.
In addition, comparison of the data (ratio of proton
conductivity and gas permeability) suggests that mem-
MEMBRANES AND MEMBRANE TECHNOLOGIES  V
branes with a high IEC should exhibit advantages for
use in fuel cells.

Comparison of the recorded dependences shows
that the transport properties of perfluorinated mem-
branes substantially depend on their IEC. In addition,
the dependence of their conductivity on the IEC is
most critical at a low humidity. The authors of some
reports on studying Aquivion membranes argue that
short side chains and the absence of an ester group and
tertiary carbon in the side chain provide a better
strength of the membranes and an improvement in
their transport properties [49]. It has been speculated
ol. 2  No. 4  2020
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Fig. 7. Dependence of the oxygen permeability of perfluo-
rinated sulfonated cation-exchange membranes on their
IEC at 25°C.
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[42] that this effect is primarily attributed to their
lower equivalent weight (this parameter is inversely
proportional to the IEC); this assumption is in excel-
lent agreement with the data of this study. At the same
time, in this study, it has been speculated that the pres-
ence of a short side chain provides a less significant
dependence of the membrane conductivity on humid-
ity. The derived data show that, most probably, this
effect is also the result of an analogous dependence on
the IEC.

CONCLUSIONS

One of the main tasks of membrane science is to
increase the transfer rate of the target component,
while suppressing undesirable processes. For various
fields of application of ion-exchange membranes, this
task reduces to increasing the counterion conductivity,
while minimizing the coion transport numbers or the
amount of transferred gases feeding fuel cells. The
dependence of the transport properties of membranes
on their IEC is one of the dominant dependences. To
minimize the effect of the chemical composition, in
this study, the dependence of the transport properties
of a number of perfluorinated sulfonated cation-
exchange membranes that differ in the fraction of frag-
ments containing ether groups and the number of car-
bon atoms of the side chains on the IEC has been ana-
lyzed. With a decrease in the IEC from 1.35 to
0.66 mg-equiv/g, the proton conductivity of mem-
branes in contact with water and their diffusion per-
meability with respect to a 0.1 M HCl solution
decrease by two orders of magnitude. In addition, with
a decrease in the RH of the atmosphere, the conduc-
tivity of membranes with a low IEC decreases most
significantly. Thus, at RH = 32%, the conductivity of
MEMBRANES AND M
the studied membranes differs more than 600-fold. In
general, the oxygen permeability of membranes is
characterized by a similar dependence. However, the
decrease in the gas permeability with a decrease in the
IEC is significantly smaller. This finding shows that
membranes with a higher IEC can have substantial
advantages for use in fuel cells. These advantages
include both a higher ionic conductivity and a much
less significant dependence of conductivity on ambi-
ent humidity and a higher selectivity, which is evident
as a considerably smaller increase in the oxygen per-
meability of the membranes with an increase in
exchange capacity.
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