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Abstract: Using the previously developed cell model of a charged membrane and the principles of
linear thermodynamics of irreversible processes (the Onsager approach), exact and approximate
(in the case of an ideally selective membrane) analytical formulae for calculating the osmotic and
electroosmotic permeability of the membrane in aqueous solutions of 1:1 electrolyte at constant electric
current density and concentration gradient were suggested. The formulae have been successfully
verified by our own experimental data for the extrusion cation-exchange membrane MF−4SC p.29
in NaCl solution up to concentrations of 3 M. The contribution of electroosmotic and osmotic water
fluxes to the total water transport through the mentioned individual perfluorinated ion-exchange
membrane under conditions close to the process of electrodialysis concentrating was experimentally
estimated. The cases of co- and counter-directed osmotic and electroosmotic water fluxes are studied.
A good correspondence between theoretical and experimental results was obtained, which made it
possible to determine the physicochemical parameters of the electromembrane system (the diffusion
coefficients of individual ions and the coefficient of equilibrium distribution of electrolyte molecules
in the membrane matrix, the characteristic exchange capacity of the cell model). The achieved results
make it possible to fully characterize existing and promising types of ion-exchange membranes based
on the developed cell model of a charged membrane.

Keywords: osmotic and electroosmotic permeability; ion-exchange membrane; cell model;
Onsager approach

1. Introduction

Determination of the coefficients of osmotic and electroosmotic permeability of mem-
branes whose matrix carries a fixed charge is an important task in the characterization of
both commercially available and new composite and hybrid ion-exchange materials ob-
tained by modifying their properties by adding various organic or inorganic dopants. How-
ever, when studying the transport properties of membranes, the question often arises—were
experimental measurements of these characteristics carried out correctly? This question can
be answered from the point of view of thermodynamics of nonequilibrium processes [1]
by applying the well-known Onsager approach, which linearly connects thermodynamic
forces (the independent process parameters) and fluxes caused by these forces (the depen-
dent thermodynamic parameters).

As early as 1956, attempts were made to separate the total flux of water carried through
the membrane when an external electric field was applied to water in the composition
of solvate ion shells and free water [2]. Perfluorinated ion-exchange membranes are
approaching in their properties an ideally selective membrane, which has two charged
components, and only one of them, namely the counterion, is mobile. The unidirectional
flow of counterions generates the unidirectional flow of solvent, i.e., electroosmosis. In [2],
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the hydration number of the sodium ion in the membrane was found, which is equal
to 9 mol H2O/F0 (F0 is the Faraday constant). The overestimated value obtained was
explained by the authors so that it is not the primary solvation number but determines
all the water that migrates with the ion when an external electric field is applied—that
is, the dynamic hydration number. In [2], it was concluded that direct measurement of
electroosmosis in charged membranes is impossible since the total volume of the solution
transported by one Faraday of electricity consists of the transfer of “free” water and
approximately the same volume of transported ions together with the volume of their
solvate shells.

Interest in the research of electroosmotic and osmotic water transfer in ion-exchange
membranes is associated with their application in electrodialysis apparatuses, where the
fluxes of free and bound water are a negative factor that leads to the dilution of the process
solution. It was shown in [3,4] that during the electrodialysis concentrating of electrolyte
solutions, the main contribution to the total process of water transfer through a membrane
pair is created by electroosmotic water transfer. According to the authors of [3,4], if the
contribution of diffusion is 5% and osmosis is 15%, then the contribution of electroosmosis
reaches 80%. It was shown in [3,4] that the effect of the diffusion component on the process
of electrodialysis concentrating is negligible compared to osmotic and electroosmotic con-
tributions, which limit the maximum concentration of the resulting electrolyte. Therefore,
determining the contribution of osmotic and electroosmotic fluxes to the total flux of trans-
ported water is an extremely important task. The role of the electroosmotic transport will
increase even more when using membranes of various types with high moisture content,
as well as during the transition from aqueous solvents to aqueous organic media. In [5],
the osmotic water transfer coefficient was calculated for the CMS and ACS membrane
pair (Neosepta, Japan), Dw = 2.04 × 10−10 m2/s, which is associated with the difference in
osmotic pressure caused by the ionic concentration gradient on both sides of the membrane.
This value is about an order lower than the diffusion coefficient of water in a pure solution.
In the same work, it was shown that the electroosmotic transfer of water is proportional
to the applied current density, does not depend on the concentration gradient across the
membrane and is 6.4 (±1.5) mol H2O/F0. In [6], the hydration numbers of individual ions
and electrolyte solutions were calculated from experimental data of ion and water fluxes
obtained in an electrodialysis cell during the concentration of pure and mixed electrolyte
solutions. It is shown that the calculated hydration numbers for monovalent ions are
slightly overestimated since not only the water of the first hydrate shell is determined
from the mentioned experiments. For divalent ions, the hydration numbers differ even
more from the literature data. In [7], the total water flux and osmotic permeability for
various membrane pairs were also measured from experiments in an electrodialysis cell.
The authors of [8] determined the coefficient of self-diffusion of water in proton-exchange
membranes based on cross-linked polytetrafluoroethylene (PTFE) films by the method
of water permeability labeled with tritium. It was found that with an increase in the
crosslinking density of the PTFE matrix, the water content, defined as the number of water
molecules per fixed group of sulfonic acid, decreased, and the value of water mobility
became smaller.

In a recent paper [9], we once again demonstrated the importance of experimentally
measuring the electroosmotic permeability of individual ion-exchange membranes in
solutions of various electrolytes using two alternative methods: the volumetric and the
gravimetric ones. Their correspondence is shown, and formulae for calculating water
transport numbers using a two-phase membrane model are given.

In recent years, alternative energy sources, including solid polymer fuel cells, the
heart of which is a perfluorinated cation-exchange membrane of the Nafion type, have
become an important subject of research [10–12]. Controlling the transfer of water with a
proton is a crucial problem in a solid polymer fuel cell with a proton-exchange membrane
since water is not only formed as a result of the cathodic oxygen reduction reaction but
is also transported by electroosmotic transfer [13–16]. These phenomena can lead to an
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uneven state of hydration in the membrane, which can cause the deterioration of the fuel
cells. In other words, the perfluorinated membrane tends to dehydrate from the anode
side, which leads to a loss of proton conductivity, while flooding from the cathode side
can make it difficult to supply the reagent gas. Thus, the regulation of water transport in
a proton-conducting perfluorinated membrane is a serious problem in the development
of stable operation of fuel cells [17–19], and the study of electroosmotic and osmotic
transport through Nafion-type membranes is an urgent task for both experimenters and
theorists [20,21]

Due to the complexity of experiments to determine the total flux of water, as well as
the separate determination of electroosmotic and osmotic fluxes through ion-exchange
membranes, the question of the theoretical determination of these characteristics, knowing
other properties of membranes, has always been on the agenda [22–32]. However, the task
of a theoretical description of the electric transport of water in charged membranes in a
wide range of concentrations is also quite complex and requires various assumptions.

Due to the fact that a theoretical assessment of the mechanism of water transfer in
membranes is possible only for a membrane pair in an electrodialysis device, the question
of determining the contributions of osmotic and electroosmotic water transport to the total
water transport through an individual membrane has remained open until recently. To solve
this problem, we performed experiments under conditions close to the real electrodialysis
process but with an individual membrane of Nafion type (MF−4SC). In this paper, for the
first time, we suggested analytical formulae for determining the osmotic and electroosmotic
permeability of a real and ideal cation-exchange membrane as a function of an equilibrium
concentration of electrolyte. These formulae were obtained based on the cell model of a
charged membrane [30–35] and methods of nonequilibrium thermodynamics in a linear
approximation and have been successfully verified on our own experimental data. The
achieved results make it possible to entirely characterize existing and promising types
of ion exchange and other types of membranes based on the developed cell model of a
charged membrane.

2. Results

When modeling nonequilibrium isothermal processes occurring in an idealized mem-
brane consisting of identical porous cells (Figure 1), it is convenient to use gradients of
pressure ∇p ≈ (p20 − p10)/h, electrical potential ∇ϕ ≈ (ϕ20 − ϕ10)/h, and chemical po-
tential (concentration) ∇µ(C) ≈ RT ∇C/C0 ≈ RT(C20 − C10)/(C0h) as thermodynamic
forces. Here C0 is the equilibrium concentration of electrolyte in the cell, R is the universal
gas constant, T is the absolute temperature, and the indices “1” and “2” indicate the left and
right sides of the membrane located in the measuring cell filled with an electrolyte solution.

Int. J. Mol. Sci. 2022, 23, 12778 4 of 13 
 

 

 
Figure 1. Diagram of the electrolyte solution transfer through a charged membrane.  

Thermodynamic forces are set independently in the experiment. As dependent 
thermodynamic parameters measured in the experiment, we will use the flux densities of 
(1) solvent U , (2) mobile charges (electric current density) I , and (3) solute (density of 
the diffusion flux of the electrolyte) J  (Figure 1). Then the phenomenological transport 
equations take the form: 

( )
( )
( )

11 12 13

21 22 23

31 32 33

,
,
.

U L p L L

I L p L L

J L p L L

ϕ μ
ϕ μ
ϕ μ

= − ∇ + ∇ + ∇


= − ∇ + ∇ + ∇
 = − ∇ + ∇ + ∇

 (1)

Kinetic coefficients ijL  were calculated in [32–35] using the cell model that considers 
the heterogeneous structure of the membrane. The cell model has been successfully 
verified on different types of ion-exchange membranes and electrolytes [30,31]. 

Here we will consider only the transfer of solvent (water) through a charged 
membrane under the combined action of gradients of electrical and chemical potentials 
and the absence of a pressure drop across the membrane: 

12 13U L Lϕ μ= − ∇ − ∇  (2)

It follows from relation (2) that, depending on the directions of the gradients of the 
electrical and chemical potentials, the solvent transfer rate U can change sign since the 
current density, in this case, is equal to 22 23I L Lϕ μ= − ∇ − ∇  and, therefore 

( )12
12 23

22

= LL I L
L

ϕ μ− ∇ + ∇ . Substituting the last expression in relation (2), we obtain the 

following formula for the solvent transfer rate U: 

12 12
23 13

22 22

L LU I L L
L L

μ
 

= + − ∇ 
 

 (3)

We introduce permeabilities at a constant value of direct current: 

12
I

22

LD
L

=  (4)

And at a constant gradient of chemical potential (concentration): 

( )12
C 23 13 23 I 13

22 0 0

L RT RTD L L L D L
L C C

 
= − = − 
 

 (5)

Figure 1. Diagram of the electrolyte solution transfer through a charged membrane.



Int. J. Mol. Sci. 2022, 23, 12778 4 of 12

The membrane is characterized by the thickness h, the diffusion Dm+, Dm− and the
equilibrium distribution coefficients γ+, γ− of cations and anions in the membrane matrix
and the concentration (−ρ), ρ > 0, of fixed groups constant in its thickness (exchange capac-
ity). Recall that γ± = exp(Φ±) reflects the degree of interaction of ions with the membrane
pore walls (Φ±: dimensionless potentials of the interaction of ions with the membrane
pore walls in kBT units, kB: Boltzmann constant). We also introduce the coefficient of the
equilibrium distribution of a pair of ions in a membrane, γm =

√
γ+γ−.

Thermodynamic forces are set independently in the experiment. As dependent ther-
modynamic parameters measured in the experiment, we will use the flux densities of
(1) solvent U, (2) mobile charges (electric current density) I, and (3) solute (density of
the diffusion flux of the electrolyte) J (Figure 1). Then the phenomenological transport
equations take the form: 

U = −(L11∇p + L12∇ϕ + L13∇µ),
I = −(L21∇p + L22∇ϕ + L23∇µ),
J = −(L31∇p + L32∇ϕ + L33∇µ).

(1)

Kinetic coefficients Lij were calculated in [32–35] using the cell model that considers
the heterogeneous structure of the membrane. The cell model has been successfully verified
on different types of ion-exchange membranes and electrolytes [30,31].

Here we will consider only the transfer of solvent (water) through a charged membrane
under the combined action of gradients of electrical and chemical potentials and the absence
of a pressure drop across the membrane:

U = −L12∇ϕ− L13∇µ (2)

It follows from relation (2) that, depending on the directions of the gradients of the
electrical and chemical potentials, the solvent transfer rate U can change sign since
the current density, in this case, is equal to I = −L22∇ϕ − L23∇µ and, therefore
−L12∇ϕ = L12

L22
(I + L23∇µ). Substituting the last expression in relation (2), we obtain

the following formula for the solvent transfer rate U:

U =
L12

L22
I +

(
L23

L12

L22
− L13

)
∇µ (3)

We introduce permeabilities at a constant value of direct current:

DI =
L12

L22
(4)

And at a constant gradient of chemical potential (concentration):

DC =

(
L23

L12

L22
− L13

)
RT
C0

= (L23DI − L13)
RT
C0

(5)

Since µ = µ0 + RT ln
(

1 + C
C0

)
≈ µ0 + RT C

C0
⇒ ∇µ = RT

C0
∇C , then

U = DI I + DC∇C (6)

Formula (6) allows calculating the solvent flux through the membrane when applying
both direct current and a concentration drop. At the same time, for the electroosmotic and
osmotic permeability of an ideal negatively charged (cation-exchange) membrane, we have
the following formulae, respectively,
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DI =
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(
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(
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−
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(
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)
+
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(
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(8)

where F0 is the Faraday constant, D+, D− are the diffusion coefficients of cations and
anions in the electrolyte solution at infinite dilution, m0 is the macroscopic porosity of
the membrane, ρ0 = µoD+

kDRT is the characteristic exchange capacity of the membrane
system [32–35], kD is the specific hydrodynamic permeability of the ionite grain (gel), µo is
the viscosity of the solution.

In the general case of non-ideal membranes, formulae that are analogous to (7) and
(8) are significantly complicated and can be obtained using expressions (4) and (5) and the
kinetic coefficients L12, L22, L23, L13 calculated in [32,34,35].

Formula (6), when divided by a molar volume of water, ϑH2O = 0.018 dm3/mol
gives a molar flux of solvent (water):

jw = te.o.
w

(
I

F0

)
+ tos.

w (D+∇C) (9)

where the electroosmotic number of water transport is introduced,

te.o.
w = DI

F0

ϑH2O
(10)

for an ideal membrane equal to

te.o.
w =

3
ρ0ϑH2O

3−m0

(
1− Dm+

D+

)
A
(
9(1−m0) + 2m2

0D
)
+ 2m0DB

(11)

and osmotic number of water transport,

tos.
w =

DC

D+ϑH2O
(12)

for the same membrane equal to

tos.
w =

3
2ρ0ϑH2O

2m0(2− D) +
9(1−m0)A

m0 A+B

3−m0
·

3−m0

(
1− Dm+

D+

)
A
(
9(1−m0) + 2m2

0D
)
+ 2m0DB

− 1
m0 A + B

 (13)

Here, for the sake of brevity, new dimensionless parameters are introduced:

A =
Dm+

D+
+

ρ

ρ0
> 0, B =

(
3−m0

(
1 +

ρ

ρ0

))
C0

ρ
> 0, D = 1 +

D−
D+

> 1 (14)

From expressions (11) and (13), it is possible to obtain a relationship between water
transport numbers having different natures:

tos.
w =

(
te.o.
w

(3−m0)

(
m0(2− D) +

9
2 (1−m0)A

m0 A + B

)
− 3

2ρ0ϑH2O

1
m0 A + B

)
(15)
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3. Discussion

The obtained experimental data for the total water flux and the contributions of
osmotic and electroosmotic mechanisms of water transport through the extrusion MF−4SC
p.29 membrane are presented in Figure 2 in the form of a histogram. As can be seen from
Figure 2, the total water flux through the MF−4SC cation-exchange membrane in NaCl
solutions with a constant concentration ratio on both sides of the membrane equal to 10 does
not change with an increase in the concentration gradient (from 0.5/0.05 to 3/0.3). However,
it was found that the contributions of osmotic and electroosmotic fluxes to total water
transport have changed. An increase in the concentration difference from 0.45 to 2.7 M leads
to an increase in the osmotic flux of water by 60%. At the same time, the contribution of the
electroosmotic flux to the total water flux decreases. This is consistent with experimental
data obtained by direct measurement of water transport numbers [36], in which, with
increasing concentration, the number of water transport with the Na+ ion decreases by
almost 40%. This is due to a decrease in the amount of water in the hydrate shell of the
sodium ion with an increase in the concentration of the external electrolyte solution.

Int. J. Mol. Sci. 2022, 23, 12778 7 of 13 
 

 

 
Figure 2. The total water flux through the MF−4SC membrane in NaCl solutions with the 
concentration ratio C10/C20 = 10: OS and EO are the contributions of osmotic and electroosmotic 
mechanisms of water transport, respectively. 

Thus, for the MF−4SC p.29 membrane, the contribution of the electroosmotic 
component to the total water flux was calculated, which decreases from 70% to 45% with 
an increase in the difference of solution concentrations on both sides of the membrane 
from 0.45 to 2.7 M. Under these conditions, the value of the osmotic water flux increases 
by 40%, and the electroosmotic flux decreases by 30–40%. 

The experimental data presented in Figure 2 were calculated using the cell membrane 
model [30–35] and independently obtained data on the ion-exchange capacity of the 
MF−4SC p.29 membrane equal to ρ  = 1.105 mol/dm3 and its macroscopic porosity m0 = 
7.7%. The remaining physicochemical parameters of the cell model were found using a 
special procedure for the one-time minimization of the deviation of the experimental 
values of the electroosmotic and osmotic transport numbers from their theoretical values. 
To do this, we used exact formulae for the specified transport numbers, which are not 
given here due to their bulkiness. The numerical procedure is similar to the one described 
in our paper [30]. Approximate expressions of water transport numbers (11) and (13) can 
be used at the stage of preliminary estimation of their values. Table 1 shows the values of 
the given and calculated parameters of the membrane system, and Figure 3 shows the 
results of comparing experimental and theoretical dependences of the water transport 
numbers on the electrolyte concentration (NaCl). The arithmetic mean of the 
concentrations on the left (C10) and on the right (C20) sides of the membrane was chosen as 
the equilibrium concentration C0. 

Table 1. Parameters of the MF−4SC extrusion p.29 membrane in NaCl solution. 

m0, % ρ , mol/dm3 h, µm γm 0ρ , mol/dm3 Dm+, µm2/s Dm-, µm2/s 
7.7 1.105 220 0.95 5.23 915 80 

As can be seen from Table 1, 0ρ  exceeds the value of the exchange capacity ρ  of 
the membrane by about 5 times, and the diffusion coefficient of the sodium cation in the 
membrane is more than an order of magnitude higher than the diffusion coefficient of the 
chlorine ion so that the diffusion coefficient of the sodium chloride molecule in the 

membrane is equal to 2m m
m

m m

2 147μm sD DD
D D

+ −

+ −

= =
+

. This value is 11 times lower than the 

diffusion coefficient of the NaCl molecule in a dilute solution: 22 1622μm sD DD
D D

+ −

+ −

= =
+

, 

which is quite consistent with the physical concepts of a decrease in the diffusion 
coefficient of the electrolyte molecule by at least an order of magnitude when introduced 

Figure 2. The total water flux through the MF−4SC membrane in NaCl solutions with the concentra-
tion ratio C10/C20 = 10: OS and EO are the contributions of osmotic and electroosmotic mechanisms
of water transport, respectively.

Thus, for the MF−4SC p.29 membrane, the contribution of the electroosmotic com-
ponent to the total water flux was calculated, which decreases from 70% to 45% with an
increase in the difference of solution concentrations on both sides of the membrane from
0.45 to 2.7 M. Under these conditions, the value of the osmotic water flux increases by 40%,
and the electroosmotic flux decreases by 30–40%.

The experimental data presented in Figure 2 were calculated using the cell mem-
brane model [30–35] and independently obtained data on the ion-exchange capacity of
the MF−4SC p.29 membrane equal to ρ = 1.105 mol/dm3 and its macroscopic porosity
m0 = 7.7%. The remaining physicochemical parameters of the cell model were found using
a special procedure for the one-time minimization of the deviation of the experimental
values of the electroosmotic and osmotic transport numbers from their theoretical values.
To do this, we used exact formulae for the specified transport numbers, which are not given
here due to their bulkiness. The numerical procedure is similar to the one described in
our paper [30]. Approximate expressions of water transport numbers (11) and (13) can be
used at the stage of preliminary estimation of their values. Table 1 shows the values of the
given and calculated parameters of the membrane system, and Figure 3 shows the results
of comparing experimental and theoretical dependences of the water transport numbers
on the electrolyte concentration (NaCl). The arithmetic mean of the concentrations on
the left (C10) and on the right (C20) sides of the membrane was chosen as the equilibrium
concentration C0.
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Table 1. Parameters of the MF−4SC extrusion p.29 membrane in NaCl solution.

m0, % –
ρ, mol/dm3 h, µm γm

–
ρ0, mol/dm3 Dm+, µm2/s Dm-, µm2/s

7.7 1.105 220 0.95 5.23 915 80
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Figure 3. Experimental (symbols) and theoretical values of the electroosmotic (curve 1) and osmotic
(curve 2) numbers of water transport through the MF−4SC membrane depending on the equilibrium
concentration of NaCl aqueous solution in the case of co-directional electroosmotic and osmotic
water fluxes.

As can be seen from Table 1, ρ0 exceeds the value of the exchange capacity ρ of the
membrane by about 5 times, and the diffusion coefficient of the sodium cation in the
membrane is more than an order of magnitude higher than the diffusion coefficient of
the chlorine ion so that the diffusion coefficient of the sodium chloride molecule in the
membrane is equal to Dm = 2Dm+Dm−

Dm++Dm−
= 147 µm2/s. This value is 11 times lower than the

diffusion coefficient of the NaCl molecule in a dilute solution: D = 2D+D−
D++D− = 1622 µm2/s,

which is quite consistent with the physical concepts of a decrease in the diffusion coefficient
of the electrolyte molecule by at least an order of magnitude when introduced into a porous
medium. It may seem that the value of osmotic permeability cannot be negative, as is in
the case for the osmotic theoretical curve 2 in Figure 3. And this is indeed the case if we
are thinking about the true osmotic permeability coefficient L13, the dependence of which
on the concentration is plotted in Figure 4 for a set of parameters from Table 1. However,
it should be recalled that when calculating L13, there should be no pressure and electric
potential differences on the membrane, and the potential chemical difference should remain
constant. At the same time, it follows from formulae (5) and (13) that under constant current
density and constant concentration gradient, osmotic permeability and osmotic transport
number of water can have negative values at low electrolyte concentrations. The second
reason for this unexpected effect may be the insufficient accuracy of the applied theory
at very low concentrations when the thickness of the electrical double layers cannot be
neglected. Note that the monotonous drop in the electroosmotic number of water transport
with an increase in the equilibrium concentration of the electrolyte, recorded in Figure 3
(curve 1), was also observed for the heterogeneous cation-exchange membrane MK-40,
studied in the work already mentioned above [9]. As can be seen in Figure 3, there is a
good correspondence between theory and experiment.
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on the equilibrium concentration of an aqueous solution of NaCl.

The same parameter values (Table 1) were used to calculate theoretical values of
transport numbers of water in the membrane system for counter-directional electroosmotic
and osmotic fluxes (Figure 5). Experimental values of counter-directional fluxes were
obtained by reversing the electric field through the cell. In this case, the electric current
density in formulae (6) and (9) should be considered negative, and the concentration
gradient positive.
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Figure 5. Experimental (symbols) and theoretical values of the electroosmotic (curve 1) and osmotic
(curve 2) numbers of water transport through the MF−4SC p.29 membrane depending on the equilib-
rium concentration of an aqueous solution of NaCl in the case of counter-directional electroosmotic
and osmotic water fluxes.

As can be seen from Figure 5, the experimental points are located in the vicinity of
the theoretical curves, which confirms the complete adequacy of the theory. In the case
under consideration, there are no fitting parameters at all for the theoretical values of both
osmotic and electroosmotic water transport numbers.

It should be noted that the developed water transfer model is applicable to any
charged membranes, including those used in electrobarofiltration. In particular, our cell
model will allow calculating water transfer due to the simultaneous action of pressure and
electrical and chemical potential gradients when using promising electrospun nanofibrous
membranes utilized for water and wastewater treatment [37].

4. Materials and Methods

The object of research was extrusion perfluorinated sulfonated cation-exchange MF−4SC
p.29 membrane (JSC Plastpolymer, St. Petersburg, Russia). The thickness of the membrane was
equal to h = 220 microns.
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Deionized water and NaCl (LLC Trading House “KhimMed”, Moscow, Russia,
extra-pure grade) were used in this experiment to obtain the salt solutions of the
needed concentration.

The measurement of the total water flux is made based on the change in solution
volume when passing a certain current through the investigated membrane (1). The cell
consisting of two compartments equipped with measuring graduated capillaries (2) is
shown in Figure 6. The volume of the compartments is 200 cm3. The Ag/AgCl polarizing
electrodes (3) were incorporated into the cell chambers. The cell hermetic was achieved by
means of thin rubber spacers between the cell chambers and was tested after each filling
with electrolyte solution through funnels (7), the cell being without current flow for 30 min.
The ratio of electrolyte concentrations on different sides of the membrane was 10. To reduce
the possibility of concentration polarization, magnetic stirrers (4) were used in the cell
chambers. Special attention during the experiments was paid to the state of reversibility
of the polarizing electrodes (3). The investigated membrane was fixed between the cell
chambers, and the system was checked for pressurizing; after that, a direct current was
passed through the membrane from a DC source (5), and the changes in the liquid volume
in the capillary tubes (2) were registered as a function of time. The meniscus movements
were followed in both capillaries and gave results for the rate of the water flux, which
agreed within a 1% error. Measurements were repeated at each concentration several times,
and the current was inverted after each run.
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Figure 6. An electrical circuit and a cell for determining the water fluxes through the mem-
brane: 1—the membrane under study, 2—measuring capillaries, 3—silver-silver chloride elec-
trodes, 4—magnetic stirrers, 5—a DC source, 6—an ammeter, 7—funnels for filling the cell with
a working solution.

So, the total water flux jtotal
w across a membrane in NaCl solutions was determined by

the volumetric method in the two-chamber cell (Figure 6) with the simultaneous action of
electric and concentration fields.

The obtained values of the change in the volume of solution V in the capillaries of the
cell at given current density I during the time τ were used to calculate the total jtotal

w water
flux according to the formula:

jw =
V

SτϑH2O
(16)

where S is the working area of the membrane (in experiments, it was assumed to be equal
to 1.778 cm2). The current strength (30 mA) was kept constant, which was equivalent to the
current density I = 168.7 A/m2.

Osmotic flux jos.
w was determined in the same cell (Figure 6) under the conditions of the

concentration gradient alone: the ratio of electrolyte concentrations C10/C20 on different
sides of the membrane was equal to 10. The osmotic flux was calculated from Equation (16)
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also using the obtained experimental data of the change in the volume of solution V inside
the capillaries.

Real electromembrane processes of concentrating electrolytes are carried out both in
concentration and in electric fields. As a result, various fluxes appear in the electromem-
brane cell: diffusion, electroosmotic, and osmotic. Figure 7 schematically shows the transfer
of water through the membrane by electroosmotic je.o.

w and osmotic jos.
w mechanisms under

conditions of electrodialysis concentrating. The diagram shows that the electroosmotic
flux of water is directed in accordance with the external electric field, and the osmotic
flux is in accordance with the concentration field. At the same time, under conditions of
electrodialysis concentrating, these fluxes are co-directed into the concentration chamber of
the electrodialysis cell. Thus, the total water flux jtotal

w consists of two fluxes:

jtotal
w = je.o.

w + jos.
w (17)
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The electroosmotic flux je.o.
w was calculated from the obtained experimental data of the

total and osmotic fluxes using Equation (17).

5. Conclusions

Based on the cell model of a charged membrane, analytical formulae for calculating
the osmotic and electroosmotic permeability of the membrane in aqueous solutions of
1:1 electrolyte at constant electric current density and constant concentration gradient are
suggested, which are exact for a real membrane and approximate for an ideally selective
membrane. The exact formulae obtained have been successfully verified on our own experi-
mental data for the extrusion cation exchange membrane MF−4SC p.29 in NaCl solution up
to concentrations of 3 M. The cases of co- and counter-directed osmotic and electroosmotic
water fluxes are considered. A good correspondence between theoretical and experimental
results was obtained, which made it possible to determine the physicochemical parameters
of the electromembrane system (diffusion coefficients of individual ions and the coeffi-
cient of equilibrium distribution of electrolyte molecules inside the membrane matrix, the
characteristic exchange capacity of the cell model). The proposed model can be easily
used to calculate osmotic and electroosmotic water transfer through an arbitrarily charged
membrane (i.e., ion exchange, reverse osmosis, nano- and ultrafiltration membranes) with
the combined superposition of electric and concentration fields. The results obtained here
make it possible to completely characterize existing and promising types of ion exchange
and other charged membranes based on the developed cell model of a charged membrane.
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