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Figure S1. Image of the vacuum filtration device 
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Figure S1. SEM-EDS spectrum and SEM images of SEM-EDS analysis areas of the surface TM120 

substrate (a), surface I (b,c) and cross-section (near surface II) (d,f) of the experimental sample PF-543_2.5 

and PF-120_5 
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S3. A microheterogeneous model algorithm for characterizing membrane structure and transport 

 

The microheterogeneous model developed by Gnusin and co-authors [1–3] provides a quantitative 

framework for understanding how the structural and kinetic properties of a swollen ion-exchange membrane 

influence its transport characteristics, including transport numbers, sorption, diffusion permeability, and 

electrical conductivity. The model has been successfully applied to predict and describe the properties of 

various commercial and experimental ion-exchange membranes (IEM) [4,5] with diverse structures, including 

those doped with various dopants [6]. Also it can by apply to analysis of membrane behavior in solutions of 

strong and weak electrolytes [7] and studies of aging and fouling processes [8,9]. 

The model presents the ion-exchange membrane as a disordered microheterogeneous multiphase 

system. Using effective medium theory, it describes the overall physicochemical properties of the membrane 

as functions of the properties and relative positions of its constituent phases. In its simplest form, the 

microheterogeneous model represents the membrane as two pseudophases, distinguished by their conductivity 

mechanisms: a gel (or cluster) phase (f1) and an intergel (or intercluster) phase (f2). The gel phase is a quasi-

homogeneous microporous medium comprising hydrophilic polymer chains of the ion exchanger with charged 

fixed groups, surrounded by a charged internal solution that compensates for the fixed group charge (the 

solution within the electrical double layer). 

Within the gel phase, a distinction is often made between the hydrophilic region (“pure gel”) and a 

region of intertwined hydrophobic polymer chains lacking charged fixed groups. This hydrophobic region can 

consist of the reinforcing substrate or an inert binder. In the gel phase, current transfer (𝜅̅) occurs solely via 

counterions (unipolar type of conductivity), with their movement limited by interactions with the fixed groups. 

In contrast, the intergel phase contains the internal equilibrium electrolyte solution, filling macroscopic 

membrane defects (cracks, caverns) and the central portions of mesopores (pores with radii > 4-5 nm). Current 

transfer in this phase (κ) is bipolar, involving both cations and anions. While ion movement in the intergel 

phase is less constrained, it remains dependent on the channel structure. 

To simplify the analysis, the model incorporates several assumptions: 

• The internal “intergel” solution possesses the same properties as the external equilibrium electrolyte 

solution; 

• The gel phase and the intergel solution are in local equilibrium, as described by the Donnan equation; 

• The electrolyte is completely dissociated; 

• Ion-ion and ion-dipole interactions, as well as electroosmotic permeability, are considered negligible. 

Based on the theory of generalized conductivity for structurally inhomogeneous materials and 

considering the assumptions above, the effective electrical conductivity (κ*, under alternating current) of the 

ion-exchange membrane depends on both the conductivity of its individual phases and their spatial 

arrangement [3]: 

𝜅∗ = (𝑓1𝜅̄𝛼 + 𝑓2𝜅𝛼)1/𝛼 (S1) 

The structural parameter α describes the arrangement of phases within the membrane. A parallel 

arrangement of phases relative to the transport axis corresponds to α = 1, while a series (or sequential) 

arrangement corresponds to α = -1. 

Equation (S1) can be simplified under specific conditions: when the structural parameter α approaches 

0 (|α| ≤ 0.2, indicating a near-chaotic arrangement of conducting phases) and when the concentration of the 

external equilibrium solution is within an order of magnitude (no more than a factor of 10) of the isoelectric 

conductivity point (𝐶𝑖𝑠𝑜), where 𝜅∗=𝜅̅=𝜅: 

𝜅∗ = 𝜅̅𝑓1𝜅𝑓2 (S2) 

Linearization of equation (S2) in bilogarithmic coordinates allows us to determine the value of f2 from 

the tangent of the slope of the straight line: 

1 2lg lg lgf f   = +  (S3) 

𝑓2 =
𝑑 lg 𝜅∗

𝑑 lg 𝜅
 (S4) 

Next, using the expression f1 + f2 = 1, which determines the ratio of the conducting phases, we can find 

the proportion of the gel phase f1: f1=1- f2. The linearity of the relationship (S3) in the given concentration 

range has been confirmed in several studies [10–12]. 

Outside the concentration range of 0.1𝐶𝑖𝑠𝑜<𝐶<10𝐶𝑖𝑠𝑜, the slope of the lg(κ*) vs. lg(κ) relationship 

increases with increasing external solution concentration [13]. At these higher concentrations, the membrane 
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conductivity becomes sensitive to the structural parameter α, which governs the relative contribution of the 

intergel phase to the overall membrane conductivity. When α ≤ 0.2 (indicating a dominant sequential 

connection of phases), the membrane conductivity is primarily limited by the less conductive gel phase. 

Conversely, when α ≥ 0.2 (indicating a dominant parallel connection), the more conductive intergel solution 

dictates the overall membrane conductivity. Consequently, as α increases, the membrane conductivity also 

increases, leading to a steeper slope in the lg(κ*) vs. lg(κ) relationship. The slope reaches its maximum value 

for a free solution. When the lg(κ*) vs. lg(κ) relationship deviates from linearity, the apparent volume fraction 

of intergel spaces, denoted as f2app., is used to characterize the membrane. The value of f2app. increases with 

increasing concentration, reflecting the growing contribution of the intergel spaces to the membrane’s overall 

conductivity. This effect is particularly significant in membranes with a high density of macropores filled with 

an electroneutral equilibrium solution. 

At the isoelectric conductivity point, the electrical conductivity of the gel phase (𝜅̄), can be 

approximated (neglecting the typically small contribution of co-ions) using the electrolyte’s diffusion 

permeability coefficient in the gel phase 𝐷1 [14]: 

𝜅̅ =
𝑧1𝐷1

̅̅ ̅𝑄̅𝐹2

𝑅𝑇
 (S5) 

𝑄̅ =
𝑄

𝑓1
, (S6) 

where 𝑄̅ is the concentration of fixed ions in the gel phase, 𝑄 is the exchange capacity of the IEM, 𝑧1 

is the charge of the counterion, T is the temperature, R is the universal gas constant, F is the Faraday constant. 

For more precise calculations, it is necessary to take into account that the conductivity of the gel phase 

also depends on the transport of co-ions in this phase (for 1:1 electrolyte): 

𝜅 = (𝐷1𝑐1 + 𝐷𝐴𝑐𝐴)𝐹2/𝑅𝑇 
(S7) 

where the concentrations of counterions and coions are found using the Donnan equation: 
𝑐∗

𝑐
= 𝑓1

𝐾𝐷

𝑄
𝑐 + 𝑓2 (S8) 

where, 𝐾𝐷 is the Donnan constant, 𝑐∗ is the concentration of co-ions sorbed per unit volume of the 

membrane с∗ = 𝑓1с̄𝐴 + 𝑓2𝑐. 

Thus, at sufficiently low concentrations of the external solution, the ratio с∗/𝑐 should depend linearly 

on c, and the resulting straight line cuts off a segment on the ordinate axis equal to 𝑓2; the tangent of the angle 

of inclination of the straight line is equal to 𝑓1𝐾𝐷/𝑄̄. 

The differential (or “local”) diffusion permeability coefficient, P*, is derived from the transfer 

equation within the framework of irreversible thermodynamics [3,15]. This local coefficient is related to the 

membrane’s integral (or “global”) diffusion permeability coefficient, P, by the following expression [16]: 

𝑃∗ = 𝑃 (1 +
𝑑 lg 𝑃

𝑑 lg С
) = 𝑃(𝛽 + 1) (S9) 

where С is the electrolyte concentration  (NaCl) (𝐶 = |𝑧1|𝑐1 = |𝑧𝐴|𝑐𝐴, index A denotes co-ion); 𝛽 is 

parameter characterizing the concentration profile in the ion-exchange membrane [17]. 

Therefore, the differential diffusion permeability coefficient can be calculated from the experimentally 

determined concentration dependence of the integral diffusion permeability of the IEM. 

Typically, for external equilibrium solution concentrations below 1 mol/L, the concentration of co-

ions in the gel phase is inversely proportional to the concentration of fixed ions. This inverse proportionality 

allows for an approximate expression of the diffusion permeability using the following equation: 

𝑃∗ = 2𝐷𝐴𝑡1
∗ [𝑓1 (𝐾𝐷

𝐷̅𝐴𝑐𝐴

𝐷𝐴𝑄̅
)

𝛼

+ 𝑓2]

1 𝛼⁄

 (S10) 

Thus, the diffusion permeability of the membrane is controlled by the diffusion of co-ions in the gel 

phase and in the intergel spaces. The higher the values of the parameters f2 and α, the higher the diffusion 

permeability of the membrane. In the first case, the diffusion of co-ions is determined by the Gnusin parameter 

[3,18]: 

𝐺 = 𝐾𝐷𝐷𝐴
̅̅̅̅ 𝑄̅⁄ 𝐷𝐴 (S11) 

It characterizes the transport of co-ions in the gel phase of the membrane, i.e. reflects both the ability 

of the gel phase to sorb co-ions (ratio 𝐾𝐷 𝑄̅⁄ )) and the mobility of co-ions in this phase (ratio 𝐷𝐴
̅̅̅̅ 𝐷𝐴⁄ ). Diffusion 

of electrolyte through the intergel phase is determined by the parameters 𝑓1 (𝑓2), α and 𝐷𝐴. Thus, the greater 
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G, f2 and α, the greater the diffusion permeability of the membrane. To find the above-described parameters of 

the model, the following algorithm was used in the work (similar to that proposed in [19]): 

1. First, f1 and κiso are determined from the experimental relationship between the membrane’s specific 

electrical conductivity and the concentration of the equilibrium solution. These data are analyzed in 

logκm – logκsol coordinates. Next, f2 is determined from the slope of this relationship using equation 

(S5); f1 is calculated using equation (S2). 

2. The value of κiso is also determined from the coordinates of the intersection point between the 

concentration dependencies of the membrane conductivity and the conductivity of equilibrium 

solution. 

3. The parameter β is determined from the concentration dependence of the diffusion flux, plotted in 

bilogarithmic coordinates, using equation (S9). 

4. The differential diffusion permeability coefficient (P*) is then calculated using equation (S9). 

5. Using these previously determined values, α can be obtained from equation (S10). 

6. Finally, G is calculated using equation (S11). 

The values of 𝜅∗ and 𝑃∗ obtained from the experiment allow us to determine the transport numbers of 

counterions (𝑡1
∗) and co-ions (𝑡𝐴

∗) in the IEM using approximate equation [20]: 

𝑡1
∗ =

1

2
+ √

1

4
−

(𝑧1|𝑧𝐴|)𝑃∗𝐹2𝐶

(𝑧1 + |𝑧𝐴|)𝑅𝑇𝜅∗
 , 𝑡𝐴

∗ = 1 − 𝑡1
∗ (S12) 
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T a b l e S1  

Comparison of performances of LF-4SC pore-filled TM membrane PF-543_5 and previously 

reported different types of commercial and composite membranes fabricated from pore-filling 

method 

 

Membranes 

Membrane 

preparation 

(method, 

substrate/ 

filling 

electrolyte) 

Thickness(dry), 

μm 

Exchange 

capacity 

(dry), 

mmol g-1 

Water 

content, 

gН2О / 

gdry, % 

1Resistance  

(Ohm cm2) 
𝒕𝟏𝒂𝒑𝒑

∗  Ref. 

Commercial membrane 

Nafion 117 

(Du Pont) 

melt extruding 

the sulfonyl 

fluoride 

precursor of 

PFSA 

195 0.91 37 1.56 

0.975 

1/5 mM 

NaCl 

[21] 

CMX 

(ASTOM) 

paste of 

PS+DVB+PVC 

165 1.66 26.2 2.35 0.974 

0.01/0.05 M 

KCl 

[22] 

CEM Type 1 

(Fujifilm) 

pore-filling, 

PO / 

AMPS+MBA 

114 1.83 66.2 2.10 

0.974 

1/5 mM 

NaCl 

[23] 

Lab-made pore-filling membrane 

PF-543_5 
PET TM / LF-

4SC5 
19 0.35 23.4 0.89 20.990 ours 

PFPEM PE / 

Sty95+DVB5 

25 2.28 31.2 0.32 0.974 

1/5 mM 

NaCl 

[21] 

PFCEM-4 PE / 

Sty65+GMA15 

30 2.10 25.7 1.14 0.973 

0.01/0.05 M 

KCl 

[22] 

PCEM PE / AMPS 16 1.80 49.5 0.42 0.957 

 1/5 mM 

NaCl 

[23] 

SPES-PES PES / SPES40 - 0.52 85.67 3 0.920 

0.1/0.5 M 

KCl 

[24] 

PFCEM M PTFE / 

SSS+MBA 

35 1.97 49.79 - 0.910 

0.01/0.05 M 

KCl 

[25] 

CEM PO / 

crosslinked 

PESA 

27 3.4 - 0.37 0.980 

0.05/0.5 M 

NaCl  

[26] 

PFCEM-16T PO / 

AMPS+BAP 

20 1.75 - 0.36 0.940 

0.01/1 M 

NaCl  

[27] 

1 Membrane equilibrated with 0.5 М NaCl solution. 
2 the “true” counterion transport numbers, 𝑡1

∗, found from the conductivity and diffusion permeability measurements in 

0.1 М NaCl solution. 

DVB + PS is copolymer of polystyrene and divinylbenzene; PVC is polyvinyl chloride; PE is low-pressure 

polyethylene; PVDF is polyvinylidene fluoride; PET is polyethylene terephthalate; PFSA is perfluorosulfonic acid; AMPS 

is 2-acrylamido-2-methyl-1-propanesulfonic acid; MBA is N,N′-methylenebisacrylamide; GMA is glycidyl methacrylate; 

PES is poly (ether sulfone); SPES is sulfonated poly (ether sulfone); PTFE is polytetrafluoroethylene; SSS is sodium 4-

vinylbenzenesulfonate; PO is polyolefin; BAP is N,N-bis(acryloyl)piperazine.
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