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Transport Properties of Cation-Exchange Membranes Obtained
by Pore Filling of Track-Etched Membranes with Perfluorosulfonic Acid Polymer

In this paper the correlation between the structural characteristics and transport properties of pore-filling mem-
branes formed by embedding an ion-conducting polymer into track-etched substrates was studied. Cation-ex-
change membranes were fabricated by filling the pores of track-etched membranes with a perfluorosulfonic
acid polymer (trade mark LF-4SC). The resulting membranes differed in the volume fraction of the ion-con-
ducting polymer and in the presence or absence of a surface LF-4SC layer. SEM and ATR-FTIR spectroscopy
were employed to characterize the chemical composition and structure of the membranes. A comparative anal-
ysis of ion-exchange capacity and water uptake was carried out. Concentration dependences of specific electri-
cal conductivity and diffusion permeability in NaCl solutions were obtained. The effects of pore filling degree
and LF-4SC layer thickness on osmotic transport, diffusion permeability, and selectivity were analyzed. The
electrical resistance of the prepared membranes was found to be comparable to that of the commercial MF-4SC
membrane, produced from the same perfluorosulfonic acid polymer, despite a significant fraction of the poly-
mer in the new membranes not participating in counterion transport. The observed structure—property relation-
ships were interpreted within the framework of the two-phase microheterogeneous model, providing insight
into the functional behavior of the composite membranes.

Keywords: cation-exchange membranes, track-etched membranes, pore-filling membranes, perfluorosulfonic,
electrical conductivity, osmotic flux, diffusion permeability, true transport numbers

1. Introduction

The growing demand for ion-exchange membranes (IEMs) and proton-exchange membranes (PEMs),
driven by expanding application areas, has stimulated exponential research efforts. Beyond dialysis and elec-
trodialysis, IEMs and PEMs are now used in a wide range of technologies, including membrane bioreactors,
hydrogen production electrolyzers; low-temperature fuel cells, flow batteries, and membrane capacitive deion-
ization, etc. Meeting these diverse requirements demands a careful balance between high transport perfor-
mance and cost control. Consequently, understanding the relationship between membrane structure and
transport properties is essential to address this challenge [1, 2]. The microheterogeneous model, originally
formulated by N.P. Gnusin et al. [3, 4] and later refined [5—7], provides a valuable framework for predicting
the transport characteristics of ion-exchange membranes. Based on effective medium theory [8], this model
describes a swollen I[EM (or PEM) as a multiphase system, in which membrane properties are determined by
the intrinsic features and spatial organization of the constituent phases. In the simplest case, a membrane is
considered as a two-phase system. The first phase, known as the “gel phase”, includes the inert binder, rein-
forcing fabric and the polymer matrix carrying fixed groups, as well as a charged solution of mobile counteri-
ons (and, to a lesser extent, coions) that neutralize the charge of the fixed groups. The second phase is an
electroneutral solution, identical to the external equilibrium solution, which fills the intergel space, including
structural defects and the central regions of meso- and macropores of the IEM (PEM). The microheterogeneous
model is mainly employed to interpret the concentration-dependent behavior of several key membrane prop-
erties, such as specific electrical conductivity [9-13], diffusion permeability [14—16], and sorption capacity
[13, 17-19]. It is also used to determine the volume fractions of the gel phase (f2) and intergel space (f1), the
coefficient o reflecting the spatial arrangement of the phases, and to estimate counterion and coion diffusion
coefficients within the membrane [11, 20]. Most studies applying this model have focused on (1) homogeneous
membranes with a uniform nanostructure, (2) quasi-homogeneous composite membranes, or (3) heterogeneous
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membranes [21, 22]. Type (1) includes monopolymer or interpolymer membranes, for example, Nafion 117
(DuPont, USA) and CIMA-4 (Hefei Chemjoy Polymer Material Co, China). Quasi-homogeneous (2) compo-
site membranes, such as CSE, ASE (Astom, Japan), consist of an ion-exchange material containing granules
of inert binder (40-60 nm). Heterogeneous membranes (3), for example, Ralex AMH PES (Mega, Czech Re-
public) and MK-40 (Shchekinoazot, Russia), contain ion-exchange resin granules (5-50 um) dispersed in an
inert binder. Most of these membranes include a reinforcing fabric with a fiber diameter of 30-55 pum [23, 24].
Recently, a new class of quasi-homogeneous membranes, known as pore-filling membranes (PFMs), has been
developed. Functional PFMs are attracting increasing attention because their production costs are comparable
to those of heterogeneous membranes. This advantage arises from a simpler fabrication process, the use of
inexpensive substrates, and lower consumption of pore-filling electrolyte. At the same time, PFMs demonstrate
excellent electrochemical characteristics and physicochemical properties similar to those of homogeneous
membranes [25-27]. PFMs are typically prepared either by casting an ion-exchange polymer dispersion onto
a porous substrate or by soaking the substrate in an ion-exchange polyelectrolyte [22]. Depending on pore
orientation within the substrate, PFMs can be classified as isotropic, anisotropic, or asymmetric [28, 29]. Figure
1 illustrates examples of such substrates and a schematic of pores filled with ion-exchange material.
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Figure 1. Representative cross-sections of isotropic (a), anisotropic (), and asymmetric (c) substrates,
and PFM (d) derived from them

In fact, PEMs combine the advantages of homogeneous ion-exchange films and porous membranes, while
their unique structure helps overcome traditional challenges such as the compromise between thickness and
mechanical stability, as well as high ion-exchange capacity and water uptake [30]. The morphology of the
porous substrate provides high mechanical stability even for relatively thin PFMs and suppresses undesirable
excessive swelling of polyelectrolytes in the membrane pores when humidity, temperature, or external solution
concentration changes [31]. A substantial reduction in the number of dead-end pores, compared to membranes
of previous generations, ensures high conductivity of PFMs [32]. A dispersion of perfluorosulfonic acid
(PFSA) polymer in various solvents [28, 33—36] and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS)
[37, 38] are often used as cation-exchange pore-filling agents. Literature sources have also reported the possi-
bility of producing environmentally friendly pore filling membranes [27, 39, 40]. In addition, the pore-filling
method is the most common approach for preparing so-called “stimuli-responsive” or “smart” membranes [40—
44]. Such membranes not only exhibit good selectivity but may also possess a range of additional functions.
For example, R. Xie et al. fabricated thermo-sensitive membranes by grafting poly(N-isopropylacrylamide)
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(PNIPAM) onto the surfaces and into the pores of polycarbonate track-etched (PCTE) membranes via plasma-
graft pore-filling polymerization [44]. R. Childs et al. [43] prepared pH-sensitive pore-filled membranes by
incorporating a cross-linked poly(4-vinylpyridine) gel as the pore-filling electrolyte into a porous polyethylene
host membrane; in this case, the pure-water permeability of the resulting membrane was reversibly controlled
by pH. Commercial examples of PFMs include membranes from Fujifilm Manufacturing B.V. (The Nether-
lands), which use a nonwoven polyolefin porous substrate made of polyolefin fibers [45], as well as the
Nafion™ XI. membrane by lon Power Inc. (USA), which employs a woven microporous substrate made of
expanded polytetrafluoroethylene [33].

Anisotropic materials, in particular track-etched membranes (TMs), show considerable promise as PFM
substrates due to their ordered, parallel and through pores oriented perpendicular to the membrane surface
plane, as well as their regular pore geometry with a narrow pore size distribution (Fig. 15). Several stud-
ies [46, 47] have demonstrated that PFMs with TM substrates exhibit enhanced electrical conductivity com-
pared to conventional IEMs (PEMs), which is attributed to the reduced tortuosity of the counterion transport
pathways. Moreover, the low thickness and high mechanical strength of TMs indicate the potential for reduced
surface resistance in TM-based PFMs. Despite the growing number of publications on PFMs with TM sub-
strates [28, 34, 48—50], a significant gap remains in the literature regarding the relationship between structure
and transport characteristics of these membranes, particularly when analyzed using modern modeling ap-
proaches such as the microheterogeneous model.

This study aims to elucidate the relationship between structure and transport properties of pore-filling
membranes prepared by incorporating an ion-conducting polymer into track-etched substrates. The specific
objectives are: (1) experimental determination of key structural parameters; (ii) measurement of specific elec-
trical conductivity, diffusion permeability, and counterion/coion transport numbers; and (iii) interpretation of
the structure—transport property relationship using the two-phase microheterogeneous model.

2. Experimental

2.1 Membranes

Track-etched membranes with different pore diameters and pore densities were used to fabricate cation-
exchange PFMs (Table 1). The TMs were produced at the Flerov Laboratory of Nuclear Reactions, Joint In-
stitute for Nuclear Research (Dubna, Russia) from polyethylene terephthalate films (Hostaphan RNK,
Mitsubishi Polyester Films, Japan). The methodology and details of the TM fabrication process are reported
elsewhere [51]. The structural, transport; and electrochemical properties of TM 24 and TM 543 have been
described previously [52]. A dispersion of LF-4SC (OJSC Plastpolymer, Russia) in the H" form (10 % in
isopropyl alcohol, equivalent weight — average weight of the polymer per functional group — 980 g mol™)
was used as a cation-exchange filler. LF-4SC is obtained by radical copolymerization of tetrafluoroethylene
and fluorovinyl ether with a fluorosulfone group [53].

Table 1
Some characteristics of TM used as anisotropic substrates for PFMs fabrication
Parameter TM-24 [TM-543 [TM-120
Matrix material polyethylene terephthalate
Fixed groups -COOH, -OH
'"Pore diameter, d,, nm 1340+ 10 580+5 140+ 3
'Surface pore density, Nx107 cm™ 1 7 89
Surface porosity, € % 12+1 19+1 14+ 1
I — the number of tracks (pores) per unit area was estimated using SEM images;
2 total pore area normalized per unit area of the membrane surface; estimated using the equation & = (l/ 4)TCNd; [54].

All TM substrates were initially weighed in an air-dry state and subsequently cleaned by sequential wash-
ing with isopropanol (C3HsO, 99.9 %, Sigma-Aldrich) and deionized water (conductivity = 5.28 + + 0.01 uS
cm!, pH=4.86+0.01 at 25 °C) prior to any modification.

A track-etched membrane was mounted in a filter holder (vacuum filtration device, Fig. S1, Supplemen-
tary Materials) on top of a 1 cm thick silicone rubber band with ~5 um diameter holes. Ten milliliters of LF-
4SC solution (PFSA concentration of 5.0, 2.5, or 1.5 wt %) were applied onto the upper surface of the TM
(Surface 1), and the system was hermetically sealed. Air beneath the membrane was evacuated using a vacuum
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pump until the first drops of the pore-filling solution appeared at the lower surface of the TM (Surface 2). The
sample was then carefully removed and dried in a vacuum oven at 80 °C for 3 hours. This procedure was
repeated twice. The resulting membranes were designated PF-Y_ X, where Y denotes the track-etched mem-
brane number (Table 1) and X corresponds to the LF-4SC mass concentration in the pore-filling solution.

The commercial homogeneous cation-exchange membrane MF-4SC (OJSC Plastpolymer, Russia) was
investigated as a reference for comparative analysis. The membrane MF-4SC (an analogue of Nafion-117) is
prepared by solution casting of LF-4SC in the lithium form (10 wt% in dimethylformamide solution).

For conditioning of PFSA-based CEMs, oxidative-thermal pretreatment is commonly employed [47, 55],
which removes residual unreacted monomers and leads to pore expansion. In order to avoid possible defor-
mation of the substrate, a standard salt pretreatment [21] was applied to both experimental and commercial
membranes in this study.

2.2 Experimental Methods for Membrane Characterization

Morphology of membrane surfaces and cross-sections. The morphology of the membrane surfaces
and cross-sections of dry samples was examined after transport characterization using a JEOL JSM-7500F
scanning electron microscope (SEM) (JEOL Ltd., Japan). To improve conductivity and enhance image quality,
the samples were coated with a thin (about 5 nm) layer of silver nanoparticles. The surface porosity was de-
termined as the ratio of the pore outlet area to the unit area of the TM.

The chemical composition of the surface of air-dried samples was analyzed by energy-dispersive
X-ray spectroscopy coupled with SEM, as well as by attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectroscopy using a Vertex70 spectrometer (Bruker Optics, Germany) in the range of 4000-500
cm!. The IR spectra were processed using OPUS™ software.

Membrane thickness was measured at least 20 times at different points across each air-dried sample
using a Micron MKC-25 digital micrometer (Micron, China). The average thickness and measurement error
were then calculated.

Perfluorosulfonic acid polymer content in PF-Y_X. The amount of cation-exchange material in the
fabricated membranes (Am, g cm2) was calculated as:

Am =%xloo %, (1)

0
where my is the weight of the dry track-etched substrate membrane, g; m; is the weight of the dry PF-Y_X
membrane, g; and Sy is the membrane area, cm?,

Water uptake. All membranes were pre-equilibrated in deionized water. The sample was then removed,
and excess surface moisture was carefully blotted with filter paper. Subsequently, the sample was placed in an
MB25 moisture content analyzer (Ohaus Co., USA). The mass of the swollen sample, m,, was measured at a
temperature of 25 °C. Water was evaporated at 100 °C until a constant mass of the dry sample, mary, was
achieved. The water uptake of the membrane, W (%), was calculated as:

mg,, — My,
W=—"-—"x100%. 2)
m,,

The total ion-exchange capacity (Q) of both strongly acidic cation-exchange membranes and weakly
acidic track-etched membranes was determined using the static method [19, 52]. A membrane sample of known
dry mass (mas), converted to the H" form, was immersed for 24 h with periodic shaking in either 100 mL of
0.1 M sodium hydroxide (for membranes with strongly acidic groups) or 20 mL of 0.01 M sodium acetate (for
membranes with weakly acidic groups). The resulting solutions (with the membranes still immersed) were
then potentiometrically titrated with 0.1 M HCI solution (strongly acidic fixed groups) or 0.01 M NaOH solu-
tion (weakly acidic fixed groups) using an EasyPlusTitrators autotitrator (METTLER TOLEDO, Switzerland).
Titration data were recorded via computer output.

The ion-exchange capacity of the dry membrane (strongly acidic fixed groups), O (mmol g!) was deter-
mined using the formula:

_100—-kV

10-m,,,

: 3)

where V' is the volume of hydrochloric acid solution used for titration; & is a coefficient equal to the ratio of
the working solution volume to the aliquot volume.
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The calculation of the ion-exchange capacity of the dry membrane (weakly acidic fixed groups) in mmol
¢! was carried out according to the equation:

0= ; 4

where Vr is the volume of titrant (NaOH) corresponding to the inflection point of the potentiometric titration
curve.

Specific electrical conductivity was measured by the difference method [56] using a clip cell and a GW
Instek LCR-76002 RLC immittance analyzer (GW Instek, China) in NaCl solutions of 0.1, 0.2, 0.3, 0.4, and
0.5 M.

Diffusion permeability. Integral diffusion permeability coefficients were determined in a two-chamber
flow cell according to the procedure described in [19]. The membrane separated compartment I (initially de-
ionized water) and compartment II (NaCl solution: 0.1, 0.2, 0.3, 0.4, 0.5 M). The NaCl concentration in com-
partment I (C;) was calculated from electrical conductivity and pH using Kirchhoff’s law and the second
Gluckauf approximation. The electrolyte diffusion flux density through the membranes was determined as

_1d(¢r)

dif — E

Osmotic permeability [57] was estimated in conjunction with diffusion permeability by measuring water
transfer from compartment [ (deionized water) to compartment II (NaCl solution) over 3 hours. The water flux
density, J,, [mol s m™], was then calculated using the formula:

v,-V
Jw:p( - t)’ (5)
MtS
where V is the volume of water in compartment I (cm?), p is the density of distilled water (considered equal to
1.0 g cm™); M is the molar mass of water (18 g mol™!), S'is the active area of the swollen membrane (m?); # is the
experiment duration (s). Index 0 denotes the volume in compartment I before the start of the experiment.
Experiments were conducted at 25.0 = 0.5 °C.

, where V; is the volume of water in compartment I and S is the active membrane area.

3. Results and Discussion

3.1 Microstructure and Chemical Composition of the Studied Membranes

SEM Images of Dry Samples

Figures 2 and 3 present the surface and cross-section images of both the TM substrates and the resulting
PF-Y_X samples.

As seen in Figure 2 and Figure 3, the pore outlets are randomly distributed across the surface of the TM
substrates, which is typical of such membranes [58]. SEM cross-sectional images reveal predominantly cylin-
drical pores (> 0.5 um) oriented perpendicular to the surface plane. It has been reported [47] that smaller pores
exhibit less regular geometries.

Figure 2 and Figure 3 also demonstrate that, in PF-Y 1.5 samples prepared with a pore-filling solution
containing 1.5 wt % LF-4SC, the ion-conducting polymer occupies the pores of the TM substrate to a greater
extent compared to other cases. The cross-sectional images of PF-Y 1.5 (Fig. 2 b, e, h) clearly show penetra-
tion of the LF-4SC polymer into the TM substrate from Surface I, onto which the solution was applied during
fabrication. The polymer penetration depth increases in the order PF-120_1.5 <PF-543 1.5 <PF-24 1.5, cor-
relating with the increasing pore diameter of the TM substrate.

When the concentration of LF-4SC in the pore-filling solution was increased, a distinct polymer surface
layer formed (as illustrated in Fig. 2 c, f, 1). This layer was primarily observed on Surface I, the surface onto
which the pore-filling solution had been applied. By contrast, Surface II, which faced the vacuum chamber
during the membrane fabrication process, showed only negligible polymer deposition. For example, in the PF-
120X membrane (Fig. 3), Surface I appeared practically homogeneous, whereas the morphology of Surface
II remained similar to that of the original TM-120 substrate (Fig. 2¢). The thickness of the LF-4SC layer
increased in the order PF-24 5 < PF-543 5 < PF-120 5 (Fig. 3, Table 3), indicating an inverse correlation
between the thickness of the polymer layer and the pore diameter of the TM substrate.

For comparison, the homogeneous MF-4SC membrane exhibited a uniform surface and bulk struc-
ture [59].
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surface v cross-sgctig cross-sectin cross-section
e TM120 & 5% PF-120 1.5 PF-120_25§

cross-section cross-section
PF-24 150

Figure 2. SEM images of the surfaces and cross-sections of the TM substrates (a, d, g),
as well as cross-sections of the experimental samples PF-Y 1.5 (b, e, #) and PF-Y 2.5 (¢, f i)

cross-section surface |

Figure 3. SEM images of the surfaces and cross-section of the experimental sample PF-120 5.
Further details are provided in the text

70 Eurasian Journal of Chemistry. 2025. Vol. 30, No. 3(119)



Transport Properties of Cation-Exchange Membranes ...

3.2 Results of ATIR Spectroscopy and Energy-Dispersive X-Ray Spectroscopy

The data obtained from scanning electron microscopy are consistent with the compositional analysis pro-
vided by energy-dispersive X-ray (EDX) spectroscopy (Fig. S2, Supplementary Materials), as detailed in Table
2. The EDX results show that on Surface I the fluorine content (originating from the LF-4SC polymer) in-
creases both with higher LF-4SC concentration in the pore-filling solution and with decreasing pore diameter
of the substrate surface. In contrast, at Surface II, a higher fluorine content was detected in sample PF-543-2.5
than in PF-120-5.0, suggesting a different trend.

Table 2

Carbon, oxygen and fluorine content (atomic %) on the membrane surface and cross-section

2Amayy, Surface I Cross-section (near surface II)
Membrane mg-crryn’2 C 0 F C ) F
TM-Y — 88 12 — 88 12 —
PF-543 2.5 0.26 55 23 22 63 23 14
PF-120 5.0 0.27 40 2 58 76 21 3
'Reproducibility of three measurements is +2 %.
’Membrane mass gain after modification.

Figure 4 shows the IR spectra of the LF-4SC film, the TM-120 track membrane, and the PF-120_5 sam-

ple.
5,(CH)
TM120 VC=0) 5(cH,) 82p(CH)8,(C=0)
ap— : L v, (C-0) P
o o | ; Lo ¥,,(C-0)
> < > /\/
o] (o]
s n
s |PF-120_5
o
f=
©
£ [LF-4SC
=
= Lﬂcfﬁi:l o rEaH | v, (CF-CF,)! ‘
‘ - Vvso .
VG | vics) 11959
(o)
3200 2800 2400 2000 1600 1200 800 400

Wavenumber, cm-!

Figure 4. IR spectra of the TM-120 substrate surface, PF-120 5.0 sample cross-section,
and LF-4SC film (cast from isopropyl alcohol)

The IR spectrum of the TM-120 substrate exhibits characteristic bands of polyethylene terephthalate [60,
61]: C=0 (stretching vibrations of carbonyl groups, 1715 cm™), C-O (stretching vibrations in ester groups,
1243 em™"), C-O-C (stretching vibrations in ethers, 1097 cm™! and 1120 cm™'), CH»- (symmetrical bending
vibrations of methylene groups in the plane of H atoms, 1410 cm™' and 1340 cm™), C—C (bending vibrations
of the benzene ring in the plane of the ring, 1018 cm™), C-H (bending vibrations of the benzene ring perpen-
dicular to the plane of the ring, 872 cm™), C=0 (bending vibrations of the carbonyl group in the plane of the
C atoms, 723 cm™).

The IR spectrum of the LF-4SC layer is characterized by asymmetric and symmetric stretching vibrations
of the CF, groups at 1143 and 1203 cm™!, as well as strong stretching of the —SO,F side chain at 1205 cm™!
and medium-intensity stretching of the C—O—C group at 989 cm™!, which are characteristic of perfluorsulfonic
acid [62, 63]. The IR spectrum of the PF-120_5 sample cross-section is a superposition of the spectra of TM-
120 and the LF-4SC film. For PF-120_5, a pronounced decrease in the intensity of the peaks characterizing
polyethylene terephthalate is observed, while broad intense peaks appear at 507 cm™!, 632 cm™!, along with a
weak band at 1060 cm™, corresponding to symmetric and asymmetric vibrations of sulfo-groups [63].
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3.3 Equilibrium and Transport Characteristics of Membranes

Table 3 provides a summary of the key characteristics of the studied membranes. Figure 5 compares area
resistance, osmotic water flux (J,,), and NaCl diffusion flux (J;) for the track-etched membranes and the result-
ing ion-exchange membranes (PF-Y_X), with MF-4SC included as a reference. The performance of the PF-
Y X membranes is largely governed by the properties of the TM substrates employed in their fabrication
(Tables 1, 3).

Table 3

Some characteristics of the membranes under study
Membrane i’gdéyr’na dyw, pm |dgry, pm ﬁif’y’ r%mol - rAn%(?i ol 3: ’ AWlg, %
MF-4SC - 19542 177£3 0.84 - 24.0 |-
TM 24 - 21«1 0.01 = 2.5 =
PF-24 1.5 0.05 234 21.0 0.2 0.02 0.09 3.1 5.2
PF-24 2.5 0.06 23.8 22.8 0.8 0.03 0.18 3.4 7.6
PF-24 5 0.17 23.8 23.0 1.0 0.05 0.37 5.0 20.8
TM 543 = 111 0.02 = 3.9 =
PF-543 1.5 0.06 12.8 11.7 0.7 0.04 0.08 8.3 23.0
PF-543 2.5 0.26 18.4 15.7 4.7 0.20 0.93 9.5 29.6
PF-543 5 0.45 20.8 19.0 8.0 0.35 1.71 234 11024
T™ 120 = 10+1 = 0.05 — 2 =
PF-120 1.5 0.08 14.7 12.8 2.8 0.09 0.31 8.3 45.2
PF-120 2.5 0.12 19.4 16.3 6.3 0.11 0.47 6.1 29.0
PF-120 5 0.27 20.6 18.7 9.5 0.27 1.61 149 919
Error +0.05 +0.3 +0.01 +1.0

Literature [6, 64, 65] reports the formation of a “loose” or “gel layer” on the TM pore walls, containing
—OH and —COOH groups. This nanometer-thick layer is generated during heavy ion bombardment followed
by chemical etching, as a result of incomplete polymer degradation. The gel layer, typically a few nanometers
thick, exhibits ion-exchange characteristics and is capable of swelling in aqueous environments. Polytetraflu-
oroethylene track-etched membranes have shown surface charge densities ranging from 0.1 to 1 elementary
charge per nm?, as determined by various methods [6, 64, 65]. Consequently, the ion-exchange capacity of the
TMs increases in the following order: TM 24 < TM 543 < TM 120, which correlates with a decreasing pore
diameter and increasing pore density (Tables 1 and 3), thereby enhancing the relative contribution of the “gel
layer”.

The water uptake of TMs depends not only on the degree of hydration of the fixed groups within the gel
layer, but also on the amount of free water in the membranes, which is determined by the value of the volume
porosity (here assumed to be equivalent to the surface porosity; Table 1). Accordingly, water uptake increases
in the order TM 120=TM 24<TM 543.

The adopted pore-filling strategy for producing PF-Y X membranes leads to a systematic increase in
several key properties with increasing LF-4SC concentration in the impregnating solution. Specifically, in-
creases are observed in the specific mass of the ion-conducting polymer, membrane thickness, ion-exchange
capacity, and water uptake (Table 3). The difference in thickness, measured in the dry state, between the PF-
Y_ X membranes and their corresponding TM substrates allows estimation of the thickness of the LF-4SC layer
formed on the surface of these experimental membranes. The lowest values of this parameter (Ad) are observed
for PF-Y 1.5 samples (prepared with the 1.5 wt% LF-4SC solution), whereas the highest are found for PF-
543 5.0 and PF-120 _5.0.

When the ion-conducting polymer is predominantly located within the pores of the PF-Y X samples, the
resulting increase in ion-exchange capacity and water uptake, normalized to the porosity of the TM substrate,
shows a relatively weak dependence on the LF-4SC concentration used for pore filling. In contrast, the for-
mation of an LF-4SC film on the surface of the PF-Y 5 samples (fabricated with the highest LF-4SC concen-
tration) leads to a sharp and significant increase in the measured values of ion-exchange capacity (AQ/¢) and
water uptake (AW/e), as summarized in Table 3. Moreover, when the ion-conducting polymer is primarily
located within the pores of the membranes, the rigid and inflexible structure of the TM substrate restricts the
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swelling of the PF-Y X samples. However, the particular type of TM substrate used does not appear to exert
any significant effect on the degree of swelling exhibited by the LF-4SC surface layer of these membranes.

The observed differences in the extent to which the pores are filled with the ion-exchange material, cou-
pled with the presence of layers of ion-conducting polymer on the surface of certain PF-Y X samples, give
rise to a complex and intricate relationship between the underlying structural parameters of the TM substrate,
the concentration of LF-4SC used in the pore filling solution, and the resulting transport characteristics of the
fabricated experimental membranes (Fig. 5).
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Figure 5. Area resistance (a), densities of the osmotic water flux J, (b) and electrolyte diffusion flux across
the membrane J; (NaCl) (c) of the TM substrates and ion-exchange membranes (PF-Y_X).
The characteristics of the MF-4SC membrane are given for comparison

The PF-Y_X membranes exhibit higher area resistance compared to the TM substrates (Fig. 5a), as ex-
pected [2]. This effect arises because the ion-exchange material replaces the 0.1 M NaCl solution
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(90.9 Ohm cm?) within the TM pores, the resistance of which is approximately 1.4 times lower than that of
LF-4SC. Furthermore, the LF-4SC film itself adds to the resistance of the PF-Y X membranes, with the con-
tribution increasing proportionally to its thickness.

AN = —— }1LF-4SC film layer
: - $ dpy, K> Ry,
PF-Y X I
membrane Pore-filled
d, k", R dTMlayrfr
y

Figure 6. Schematic illustration of the PF-Y X sample, consisting of a layer of LF-4SC
ion-conducting material and a track membrane with straight pores filled with the same ion-conducting material

In line with the concepts outlined in studies [47, 66], the resistance of the PF-Y X samples, schematically
illustrated in Figure 6, can be regarded as the sum of the resistances of the LF-4SC layer and the track-etched
membrane, the pores of which are filled with the same ion-exchange material:

R =Ry + Rppy - (6)

PF-Y X

Hereafter, the following indices are used: PF-Y X — a sample of the PFM membrane; FL. — the film
layer of the LF-4SC polymer on the PFM surface; PFL (pore-filled layer) — the TM with pores filled with the
LF-4SC polymer. The resistance of LF-4SC film can be easily estimated using the following formula:

RFL =% (7)

FL
where «,, is equal to specific electrical conductivity of the LF-4SC. Then:
exj exj d
Ry, = RPIf—YiX -—=. ®)
KFL
The index exp denotes the resistance found experimentally.

The resistance of an ideal PFL layer can be estimated under the following assumptions: all pores of the
track membrane are straight, and the LF-4SC polymer completely and defect-free fills these pores (Fig. 6). In
this case, the PFL can be considered as-a parallel circuit consisting of alternating components of the dielectric
material of the TM and the ion-exchange material. Accordingly, the resistance of the PFL layer is determined
as:

Lot o
RPFL RTM RF

Here R;,, denotes the resistance of the material from which the track-etched membranes are made. As a first
approximation, we may assume that R, —oo. Then R,., =R, , where R, is the resistance of the LF-4SC
polymer, completely filling the pores:

R, =9 (10)
SKFL

Ry =
where ¢ is the volume fraction of pores in the PFL layer, which is equal to the volumetric porosity of the TM.
To estimate the value of R} , we use equation (10), substituting €“” in place of €. The parameter £“*
counts for the incomplete filling of TM pores with the LF-4SC polymer. The coefficient y is determined as
follows:

ac-

Roin =Rory _yg9e =87 (11)

exp

y(%):lOO

PFL
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allows estimation of the proportion of TM pores that are not filled with the LF-4SC polymer.

The estimated y values, calculated using formula (11), are presented in Figure 7. These values correlate
well with the SEM morphological observations, indicating that a decrease in TM pore diameter and an increase
in LF-4SC concentration in the pore-filling solution both enhance the fraction of pore volume left unoccupied
by the LF-4SC polymer. Notably, despite this incomplete filling, the R values measured for the PF-543 X and
PF-120_X samples are comparable to those obtained for the MF-4SC membrane (Fig. 5a). This result, favor-
able for electromembrane applications, is primarily attributed to the markedly reduced thickness of PFMs rel-
ative to conventional membranes.

100 0.1 M NacCl
%0 Surface ' di:n?::er |
. 0 ,
porosity, € % m el
_ 60 12+1 | 1340%10
> S
2
40 19 i1_ ‘ —5801:5
14+ 1 140+ 3
20 " 9
0

zTM24 =TM 543 =TM 120

Figure 7. Proportion of PF-Y_ X pores not filled with LF-4SC ion-conducting polymer.
The surface porosity (assumed to be equal to the volume porosity) for each TM is provided in the table

Due to the fact that the thickness of the electrical double layer formed on the pore walls is two orders of
magnitude smaller than the pore diameter (Table 1) [6], water transport through the TM membrane can occur
even under a small pressure difference. In contrast, the PF-Y X samples lose this ability because of pore filling
(Fig. 3¢). Moreover, the measured values of J,, (osmotic water flux) decrease with increasing LF-4SC concen-
tration in the pore-filling solution and with increasing thickness of the LF-4SC layer formed on the PF-Y X
surface. Despite this decrease in J,,, the resulting values still significantly exceed those that are measured for
the MF-4SC membrane. The comparatively high J,, values can be attributed to non-uniform pore filling with
the ion-exchange material, a defect that is most apparent in the PF-24 1.5 sample, but is also present in all of
the obtained samples (as can be seen in Fig. 5). The presence of the LF-4SC layer as a continuous film on the
surface of the PF-Y_5.0 samples further reduces water flux density. However, these values still remain ele-
vated, primarily because the thickness of this surface film is much smaller than the total thickness of the MF-
4SC membrane (Table 3).

The electrolyte diffusion flux through the PF-Y X experimental membranes is generally higher than that
measured for the commercial MF-4SC membrane (Fig. 3d). Notably, for the PF-24 X samples, the flux in-
creases with increasing LF-4SC concentration, whereas for the PF-543 X and PF-120 X samples, the flow
decreases with increasing LF-4SC concentration in the pore-filling solution. The largest reductions in diffusion
flux, relative to the MF-4SC membrane, are observed for PF-543 2.5 and PF-543 5.0.

The differences in how the TM pore morphology and LF-4SC concentration affect the osmotic and dif-
fusion permeability of the membranes are presumably attributed to the PF-Y X fabrication process. Due to the
amphiphilic nature of the PFSA polymer, it readily forms micelles in polar solvents such as water and isopropyl
alcohol [67, 68], which prevents complete, void-free filling of the substrate pores. The effect of polymer ag-
gregation is further enhanced by decreasing the substrate pore size [28, 69] and increasing the polyelectrolyte
concentration in the pore filling solution, which increases its viscosity. Consequently, for each substrate with
a specific pore diameter, there exists an optimal polymer concentration that leads to the formation of nanovoids
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[70]. The presence of these nanovoids introduces a complex influence on both the osmotic pressure (which
should be applied to the concentrated solution to prevent the solvent from transferring across the membrane)
and the diffusion of electrolyte through the membrane [35, 71]. It is noteworthy that the osmotic and diffusion
flows across the membrane are oppositely directed (insertion in Fig. 5b), hence a high osmotic flux can effec-
tively hinder electrolyte diffusion across the membrane.

Considering all the data, the PF-120_5 and PF-543 5 samples emerge as the most suitable for providing
an optimized balance between transport characteristics, mechanical strength, minimal membrane thickness,
and efficient use of ion-exchange material.

3.4 Structural and Transport Parameters of the Studied Membranes

The two-phase microheterogeneous model [4] provides a deeper understanding of the structure-property
relationship in PF-120_5 and PF-543 5 membranes. Using this model, the structural and transport parameters
of these membranes, along with those of MF-4SC, were determined from the concentration dependence of
their specific conductivity (Fig. 8a, b) and diffusion permeability (Fig. 8c) in NaCl solutions.
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Figure 8. Concentration dependences of specific electrical conductivity k* (a), integral coefficient of diffusion
permeability P (c¢) and counterion transport numbers #" (d) of the studied membranes in NaCl solution.
Figure (b) demonstrates the procedure for determining the parameter f>. The numbers near the curves
correspond to the membrane designations (Table 3). The dotted line in Fig. (a) corresponds
to the concentration dependence of the solution’s electrical conductivity
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Table 5 presents values of the structural parameter (o), characterizing gel phase/intergel space arrange-
ment), intergel space volume fraction (f3), ion-exchange capacity (Q) and counterion diffusion coefficient (D))
in the gel phase, as obtained from the microheterogeneous model. Figure 85 illustrates the f, determination
from the slope of membrane electrical conductivity versus NaCl solutions concentration curves (logarithmic
coordinates). Details on determining other parameters are provided in [19, 72].

Table 5

Structural and transport parameters of the studied membranes in NaCl solution,
determined using a microheterogeneous model

Membrane 5 a 0, mmol cm Dix10%, cm?s™!
MEF-4SC 0.12+0.02 0.35+£0.02 1.1£0.1 2.9+0.2
PF-543 5 0.20+0.02 0.27+£0.02 0.5+0.1 0.6+0.2
PF-120 5 0.51+0.02 0.09+0.02 0.7£0.1 0.2+0.2

Prior to discussing the data obtained, it should be noted that the studied MF-4SC membrane apparently
exhibits lower crystallinity compared to similar membranes reported in [73—75]. This follows from the higher
water uptake, specific electrical conductivity, volume fraction of intergel spaces, and the value of the diffusion
permeability coefficient of MF-4SC (Figure 8, Table 5), which may result from differences in solvent removal
(annealing) conditions during commercial membrane production, as well as variations in pre-treatment proce-
dures.

The specific electrical conductivity of the membranes is primarily governed by counterion transport. For
the experimental PF-543 5 and PF-120_5 membranes, as well as for the commercial MF-4SC membrane,
specific conductivity increases with increasing concentration of the external solution. This behavior is typical
of most ion-exchange membranes in strong electrolyte solutions and has been extensively discussed in the
literature [24]. Within the studied range of NaCl concentrations, the conductivity of the PF-543 5 and PF-
120 5 samples is nearly an order of magnitude lower than that of the commercial MF-4SC membrane (Fig. 8a).
This reduction, discussed in Section 3.2, is mainly attributed to the low volume fraction of pores in the track-
etched membranes and the incomplete filling of these pores with the LF-4SC polymer. Based on the derived
f; values (Table 5), the PF-120 5 sample appears to contain a greater number of voids filled with the external
solution than the PF-543 5 sample. As mentioned in Section 3.1, this difference arises from the partial aggre-
gation of the LF-4SC polymer due to its high concentration in the pore-filling solution [28, 69]. However, it is
important to note that, only in the case of the MF-4SC membrane, the studied concentration range satisfies the
condition 0.1C5,<C<10C;s0, where Ciso represents the concentration of isoelectric conductivity of the gel phase
and the intergel space. This condition is required for the simplified equation k" =k/'k” to be applicable (the
derivation of this equation is provided in the S3, Supplementary materials). Consequently, the f; values that
were determined for the PF-120 5 and PF-543 5 samples may be overestimated [24].

Parameter a.(characterizing gel/intergel phase arrangement) increases in the sequence: PF-120 5 < PF-
543 5 <MF-4SC (Table 5). This trend suggests a gradual transition from a predominantly parallel arrangement
of these phases in PF-120 5 to a more balanced combination of parallel and sequential contacts in MF-4SC.
The primary determinant of the a values appears to be the morphology of the LF-4SC polymer within the pores
rather than the thickness of the LF-4SC layer on the surface of the TM substrates (Table 3). Considering the
inherent measurement uncertainties, the studied membranes exhibit a clear inverse relationship between a and
/> (Fig. 9), a behavior commonly observed in many commercial membranes [4, 76, 77].

The ion exchange capacity of the gel phase (Q = Q/ f,) of the PF-120_5.0 and PF-545_5.0 samples is

the same, taking into account the measurement error, and is almost three times lower compared to the same
parameter for the commercial MF-4SC membrane. These data also indirectly indicate incomplete filling of the
PFL pores with the LF-4SC ion-conducting polymer.

The diffusion coefficient of counterions in the membrane ( D, x10°) decreases in the sequence MF-4SC>

PF-543 5> PF-543 5, reflecting the increasing pore-filling defects in the PFL layer of the experimental sam-
ples.
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Figure 9. Dependence of the parameter a on the parameter f; of the studied membranes in a NaCl solution

The diffusion permeability of membranes is primarily governed by coion transport, effectively represent-
ing the non-selective transport of electrolyte through the ion-exchange membrane. Consistent with observa-
tions for many other ion-exchange membranes [24], the diffusion permeability of MF-4SC, PF-120 5.0, and
PF-545 5.0 increases with increasing concentration of the external solution (Fig. 8c), a phenomenon attributed
to the reduced effectiveness of the Donnan (electrostatic) exclusion of coions from the gel phase of the mem-
brane [78]. Somewhat unexpectedly, the slope of these dependencies decreases in the order MF-4SC > PF-
120 5.0 > PF-545 5.0. The concentration of coions within the gel phase is, to a first approximation, inversely
proportional to the concentration of fixed ions, i.e., the ion-exchange capacity of the gel phase (O =0/ 1)

The higher the density of the fixed groups, the stronger the Donnan exclusion of coions from the gel phase.
Consequently, it might be expected that the diffusion permeability of the membrane would decrease with in-

creasing O and with decreasing f>, as the Donnan exclusion of coions is not effective within the intergel space.

On the other hand, if the intergel solution forms a continuous pathway for coion transport, the values of P can
be relatively high. This case is most likely to occur with a predominantly parallel arrangement of the f; and f>
phases, which corresponds to a— —1. However, it appears that the primary factor contributing to the reduced
diffusion permeability coefficient of the membranes is not these effects but rather the low overall pore content
within the PFL structure, which restricts the available pathways for coion transport.

The transport numbers of coions, t, and counterions (# =1 — ¢4) were calculated using the equations

proposed in [72] (derivation provided in S3, Supplementary Materials) and the experimental concentration
dependences of the specific electrical conductivity and diffusion permeability of the studied mem-
branes (Fig. 8). It is known [72] that, to a first approximation, the transport number of counterions determines
the membrane selectivity. Its value is proportional to the conductivity and inversely proportional to the diffu-
sion permeability of the membrane. The calculated values (Fig. 8d) indicate that, within the studied NaCl
concentration range, the selectivity of the experimental PF-120 5 and PF-543 5 membranes approaches that

of the commercial MF-4SC membrane. As mentioned earlier, the higher ¢ values of the MF-4SC membrane

compared to the PF-Y 5.0 membranes are due to the higher O values and the absence of areas of the TM

pores not filled with LF-4SC polymer.

Furthermore, physicochemical properties of the fabricated PF-543 5 membrane were evaluated, and a
comparison was made with commercially available cation-exchange membranes [38, 79, 80] as well as previ-
ously reported laboratory-prepared pore-filling membranes [37-39, 79-82] in terms of key properties, includ-
ing thickness, IEC, transport number, electrical resistance, and water uptake (Table S1). The values of the

“true” (¢ ) transport number of PF-543 5 membrane prepared in the present study were comparable to previ-

ously reported apparent (tfapp ) counterion transport numbers determined using the potentiometric method [24,
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37]. The resistance of PF-543 5 was lower than that of commercial ion-exchange membranes but generally
higher than that of PFMs prepared on the basis of an isotropic substrate. The water uptake of the prepared
membrane was lower than that of the compared membranes. Both of these factors can be explained by the low
porosity of the original track membrane.

4. Conclusions

It is demonstrated that pore filling of the track-etched membrane with the PFSA polymer LF-4SC is an
effective approach for producing thin cation-exchange membranes. The best-performing membranes obtained
in this study exhibit electrical resistance and selectivity comparable to the commercial MF-4SC membrane,
with the added advantage of reduced swelling upon dilution of the external electrolyte solution. However,
these same samples show higher osmotic and diffusion fluxes compared to MF-4SC. These performance dif-
ferences arise from incomplete filling of the track-etched membrane pores with the ion-conducting material,
as well as from the formation of the LF-4SC layer on one of the PF-Y_X membrane surfaces. These undesirable
trends observed for the transport characteristics of the experimental samples become more pronounced with
increasing concentration of LF-4SC (from 1.5 wt % to 5 wt %) in the pore-filling solution and with decreasing
pore diameter of the track-etched membranes.

Modeling the PF-Y X membranes as track-etched membranes with straight pores filled with an ion-con-
ducting polymer, overlaid with a surface layer of the same polymer, allows quantifying the contribution of
pore-filling defects to the overall resistance of the samples. Furthermore, analysis of the concentration-depend-
ent data for specific electrical conductivity and integral diffusion permeability coefficients of the PF-Y X
samples using a microheterogeneous model demonstrates that, when these pore-filling defects are taken into
account, the fabricated membranes exhibit the same fundamental behaviors characteristic of most commercial
ion-exchange membranes.

The set of determined transport characteristics for the PF-543 5 sample (R 0.89 Ohm-cm?,
Jw49.4mmol m2 s, J;0.11 mmol m2 s, t,=10.97 in 0.5M NaCl) indicates its potential suitability for use
in electrodialyzer-concentrators and other electromembrane modules.
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