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Abstract—The free solvent transport number in an MF-4SK perfluorinated membrane in solutions of alka-
line metal chlorides and hydrochloric acid is for the first time calculated within the framework of a capillary
model based on the data of standard contact porosimetry and membrane conductometry. The reasons for the
change in the structural characteristics and specific conductivity upon varying the nature of the counterion
are discussed. The portion of through mesopores in MF-4SK homogeneous and MK-40 heterogeneous sul-
fonated cation-exchange membranes is estimated using the experimental data on the water transport numbers

in solutions of electrolytes of different natures.
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INTRODUCTION

Currently, increasing attention is paid to the prob-
lems of creation of closed water cycles and develop-
ment of zero liquid discharge (ZLD) technologies that
include both the traditional concentration methods of
waste water such as evaporation of the solution and
reverse osmosis and dynamically developing mem-
brane methods, e.g., membrane distillation, forward
osmosis, and electrodialysis [1], which find their
application in the composition of hybrid and multi-
stage units [2, 3]. The wide use of electrodialysis for
the concentration of solutions of electrolytes is first of
all limited by the prime cost of the technology, the
application of which is justified in the case of
extraction of valuable components. In addition, spe-
cial requirements are imposed to the membranes for
electrodialysis. In the case of processing of solutions
with complex compositions, the key role in the effi-
ciency of the process belongs to the specific selectivity
of the membranes relative to a specific kind of ions.
For obtaining concentrates from solutions of individ-
ual substances, the main negative factor is the solvent
transport through ion-exchange membranes. The sol-
vent flow is composed of electroosmotic and osmotic
flows, and the influence of the latter is negligibly small
[4—6]. A dynamic ion hydration number [7, 8] or a
water transport number [9] which includes bound
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water present in the composition of the primary and
secondary hydrate shells as well as free water trans-
ported by the pumping mechanism [10, 11] is used as
the quantitative characteristic of the electroosmotic
transport through a membrane.

Most works present the results of determination of
the electroosmotic solvent transport for a membrane
pair directly from the experiments on electrodialysis
[5]. In such a case, the measured value of the water
transport number or dynamic hydration number is a
sum of the individual characteristics of the membranes
on the assumption that the coion transport number
tends to zero, and there is no electroosmotic flow with
the coion. At the same time, the determination of the
electroosmotic characteristics for individual mem-
branes opens up a possibility of optimizing the struc-
ture of an individual membrane at the stage of its
preparation as well as predicting the characteristics of
an electrodialysis apparatus upon its development.
However, in this case, the water transport with the
coion is also generally neglected. The experimental
determination of the electroosmotic permeability of
individual materials consists in the determination of
the volume of water (height of the liquid level, weight,
etc.) transported upon the passage of a certain quan-
tity of electricity through the system [12, 13]. The
specified experiments are labor-intensive, because of
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Fig. 1. Schematic representation of a membrane within the
framework of a capillary model.

which the theoretical calculation of the electroosmotic
permeability of individual ion-exchange membranes is
important [14—19]. For this, an effective tool is non-
equilibrium thermodynamics that describes the inter-
relation between flows and forces inducing them via
the parameters of a continuous conducting medium
[14—16]. However, the consideration of ion-exchange
membranes as microinhomogeneous materials makes
it possible to find out the peculiarities of the influence
of structural organization on the transport properties
of membranes [18, 19], which opens up a possibility to
a directed variation of the properties of the material. In
addition, it is well known that the structure of a mem-
brane has a determining influence on the value of the
electroosmotic flow.

The formation of pores and channels in an ion-
exchange membrane is determined by the hydration of
ionogenic groups, in which connection the model
description of their geometry is challenging. One of
the common methods of consideration of the complex
geometry of a system is the use of a pore tortuosity fac-
tor that has been for the first time proposed in [20]. In
such a case, a swelled membrane can be represented in
the form of a system of through capillaries, some of
which are dead-ended (inaccessible for transport) and
branched. Thus, the water transport numbers in ion-
exchange membranes can be calculated with the use of
a capillary model based on simpler experimental data.
The key role of the structural type of the membrane
was earlier shown upon describing the water transport
with a sodium ion in solutions of sodium chloride with
a concentration above 1 M within the framework of a
capillary model, which made it possible to find out the
interrelation between the pore tortuosity and specific
water content of the polymer [21]. Also, the effect of
the nature of an alkaline metal cation on the electroos-
motic transport in an MK-40 heterogeneous cation-
exchange membrane was studied with the use of a cap-
illary model. This opened up a possibility of calculat-
ing the water transport number based on the known
value of specific water content. However, the interre-
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lation between the value of the tortuosity factor and
nature of the polymer matrix and electrolyte has not
been fully studied so far.

The aim of this work was the study of the influence
of the nature of a cation on the electroosmotic free sol-
vent transport in MF-4SK and MK-40 cation-
exchange membranes by way of example of alkaline
metal ions and a proton with the use of a capillary
model. The goal of the work included the investigation
of the influence of the structural type of the mem-
brane and nature of the counterion on the effective
pore radius distribution of water and specific conduc-
tivity as well as the comparison of the results of the cal-
culation of free solvent transport numbers within the
framework of a capillary model with the experimental
data.

THEORY

The structure of a swelled membrane can be pre-
sented as an isoporous capillary system that is sche-
matically depicted in Fig. 1.

It can be assumed that electroosmotic transport is
predominantly implemented in mesopores because
the radius of micropores is small, while macropores
are structural defects. In such pores filled with a solu-
tion with a concentration above 1 M, the thickness of
the electrical double layer (EDL) and Debye length
are much smaller than the curvature radius of a pore,
and the electroosmotic flow can be calculated using
the Helmholtz—Smoluchowski equation
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where v,, is the linear electroosmotic velocity of the
solvent, / is the length of the pore equal to the thick-
ness of the membrane, 1 is the dynamic viscosity of
the solution, { is the electrokinetic potential, A@ is the
difference of potentials on the membrane, and € and g,
are the dielectric permeabilities of water and vacuum
of 81 and 8.85 x 1072 F/m, respectively. The potential
in the Helmholtz plane can be calculated based on the
Stern theory for a flat EDL by the equation

Q=4dCEm(%£)+2AJam(9g?} (2)
RT 2RT

where ¢ is the current density at the internal interfacial
surface, @, is the electrostatic potential in the Helm-
holtz plane, d is the coordinate of the Helmholtz
plane, C is the concentration of the electrolyte in

depth of the solution, A = /2ee,RT, Fis the Faraday
number, R is the universal gas constant, and 7 is the
absolute temperature. It is taken that the distance d is
equal to a sum of the diameter of water molecules
(0.28 nm) and radius of the counterion and 7= 293 K.

The value of the electrokinetic potential { that is a
potential in a point of the diffusion part of the EDL
Vol. 4
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spaced away from the Helmholtz plane at a distance
equal to the radius of a hydrated ion which is further
used for the calculation of the solvent transport num-
ber is calculated within the framework of the Gouy—
Chapman theory for the diffusion part by the formula

w2 _ y/2 _
g=mn —l-me =1 (3)
M 41 e 11
where & = g e and y, = £ e
RT

T, V= )
RTeg, RT
Nk . .
dimensionless parameters and d is the coordinate of
the slip plane numerically equal to a sum of the diam-
eter of a water molecule and radius of the counterion.

Assuming that the water transport number ¢, is
composed of the free water transport number f,, and

primary ion hydration number 4,

Bw = tw - h’ (4)
and B,, can be calculated using Eq. (1) by the for-
mula [21]
€g,0AVp,, ¢

N K
where x,, is the specific conductivity of the mem-
branes; 0 is the proportionality coefficient character-
izing the fraction of pores accessible for transport, i.e.,
directed along the transport axis taking into account
their tortuosity as is shown in Fig. 1; AVis the volume
of water present in the mesopores; p,, is the density of
the swelled membrane; and C,, is the number of moles
of water in 1 L. The charge density at the internal
interfacial surface ¢ under the condition of its uniform
distribution throughout the volume of the material can
be calculated by the equation [22]

F
¢=< ®)
S
based on the values of the ion-exchange capacity of
the membrane Q and specific internal surface area S.

B, = FC, (%)

EXPERIMENTAL

Russian-made commercial sulfonated cation-
exchange membranes with different polymer matri-
ces, namely, an MK-40 heterogeneous membrane
(OAO Shchekinoazot, Shchekino) and an MF-4SK
homogeneous perfluorinated membrane (OOO Plast-
polimer, St. Petersburg), were used as the study objects.

Prior to the study, the membranes were subjected
to chemical conditioning (oxidative thermal pretreat-
ment for MF-4SK and salt pretreatment for MK-40)
and then successively transformed to the ionic form
under study. Prior to measuring the transport charac-
teristics, the samples were equilibrated with the work-
ing solutions of LiCl, NaCl, KCl, CsCl, or HCI; prior
to studying the porous structure, the membranes were
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washed out with distilled water with the control of its
resistance.

The electroosmotic permeability of the membranes
which was used for comparison with the results of the
calculation by a capillary model and estimation of the
value of the parameter characterizing the fraction of
the pores accessible for transport taking into account
their tortuosity was determined by a volumetric
method in a two-chamber cell with polarizing sil-
ver/silver chloride electrodes and horizontally posi-
tioned measuring capillaries [23]. The water transport
number that is the number of moles of water trans-
ported through the membrane upon the passage of 1F
of electricity was calculated by the formula

__VF
V,iS, v

where Vis the volume of transported water, i is the cur-
rent density, V,, is the molar volume of water, S, is the
area of the membrane, and T is the time.

The value of specific conductivity of the mem-
branes was determined based on their active resistance
measured by an alternating current mercury contact
method by the formula

(7)

w

_ 1
RuSn’

where /is the thickness of the membrane and R, is the
measured resistance.

The distribution of water with respect to the bond
energies and pore radii was determined by standard
contact porosimetry described in detail in [24]. The
specific internal surface area and volume of water in
the mesopores were calculated by the formulae pre-
sented in [24] based on the experimentally obtained
porosimetry curves.

All the experiments were performed at 25°C, the
error of the experiments did not exceed 5%.

K

®)

m

RESULTS AND DISCUSSION

To calculate the electroosmotic permeability of the
membranes within the framework of a capillary
model, information about the structural characteris-
tics of the membranes in different ionic forms and data
on the specific conductivity in solutions of alkaline
metal chlorides and hydrochloric acid is required.
Table 1 presents the main physicochemical character-
istics of the studied cations in an aqueous solution:
primary hydration number 4, crystallographic radius
r., and radius in the hydrated state r,, and mobility A°.

Structural Characteristics of Membranes in Form
of Alkaline Metal Cations and a Proton

The results of the experimental study of the distri-
bution of water with respect to the bond energies and
effective pore radii in an MF-4SK membrane in dif-

No.5 2022
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Table 1. Physicochemical characteristics of cations in an
aqueous solution

Counterion | /' |fers M| £, N A" x10°,
[25] | 1261 | 1271 | Sm2mol ! [28]
H,0" 2 0.136 | 0.334 349.8
Lit 7 0.06 | 2.25 38.68
Na* 45 | 0.095| 1.68 50.8
K+ 2.5 | 0133 | 116 73.5
Cs* 1 0.165 | 115 77.2

ferent ionic forms are presented in Fig. 2a. For com-
parison, the same figure presents the porosimetry
curve foran MF-4SK membrane in the H* form. Sim-
ilar curves for an MK-40 heterogeneous membrane in
the form of alkaline metal cations have been adopted
from [29] and are supplemented with the curve for the
H* form (Fig. 2b).

From the porosimetry curves, the total volume of
the pores filled with water V|, was determined and the
specific internal surface area .S, distance between the
fixed ions L, and charge density at the internal interfa-
cial surface g were calculated. The obtained structural
characteristics of the membranes are presented in
Table 2. The table also presents the values of the spe-

V,cm’/g (2)
0.25 ¢

—1 0 1 2 3 4
logr [r, nm]

4 3 2 1 0
logA [A, J/mol]
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cific water content of the membranes n,, calculated
from the data of standard contact porosimetry taking
into account the exchange capacity of the membranes.

As is seen from Table 2, the parameter V}, is almost
twofold higher for the heterogeneous membrane than
for the homogeneous membrane. Analyzing the influ-
ence of the nature of the counterion on the character-
istics of the porous structure of the membranes, it can
be noted that an expected decrease in the total poros-
ity is observed for both membranes in the series of
alkaline metals upon the transition from the Li* form
to the Cs™* form, which is associated with the reduction
of the hydrate shell of the counterion. For an MK-40
membrane, the transition from the Li* form to the K*
form is also accompanied by a decrease in the specific
internal surface area and distance between the fixed ions;
however, there is no such regularity for an MF-4SK
membrane. The high water content of the perfluori-
nated membrane in the H* form stands out, which
was also noted by the authors of [30]. It has been
shown in [31] that the swelling of a perfluorinated
membrane in some alcohols decreases in the series
H* > Li" > Na* > K* = Cs*.

As is seen from Table 2, the charge density at the
internal interfacial surface of an MK-40 heterogeneous
membrane varies in a range of 0.44 up to 0.56 C/m? for
different ionic forms, and for an MF-4SK membrane,
from 0.48 up to 0.51 C/m?. The obtained values of the

V,emi/g  (b)
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Fig. 2. Distribution of water with respect to the bond energies and effective pore radii for the (a) MF-4SK and (b) MK-40 mem-
branes in the form of cations: (1) HT, (2) Lit, (3) Na™, () K*, and (5) Cs™.
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Table 2. Characteristics of the porous structure of the sulfonated cation-exchange membranes in different ionic forms

Membrane | Counterion | s, (mol of H,O/mol of SO3) V,, cm?/g S, m?/g L, nm g, C/m?
MF-4SK H 13.6 0.22 175 0.57 0.50
Li* 13.1 0.21 177 0.57 0.50
Na* 11.5 0.19 182 0.58 0.48
K* 10.9 0.18 180 0.57 0.49
Cst 9.9 0.16 173 0.56 0.51
MK-40 H* 15.3 0.58 421 0.70 0.55
Lit 15.8 0.59 526 0.60 0.44
Nat 13.2 0.52 483 0.58 0.48
Kt 11.9 0.50 416 0.54 0.56

parameter g were used for the calculation of #, through
the membranes within the framework of a capillary
model.

Conducting Properties of Membranes in Solutions
of Alkaline Metal Chlorides and Hydrochloric Acid

The concentration dependences of the specific
conductivity of MF-4SK and MK-40 cation-
exchange membranes in solutions of LiCl, NaCl, KCI,
CsCl, and HCI in a range of concentrations of 0.1—3
M which are presented in Fig. 3 were studied for the
calculation of 3.

As is seen from Fig. 3b, for an MK-40 heteroge-
neous membrane, the conductivity in the series of
studied counterions decreases in the series H" > K* >
Na* > Li* and correlates with the values of the mobil-
ity of these ions in the solutions of electrolytes pre-
sented in Table 1. At the same time, in the case of an
MF-4SK perfluorinated membrane, the order of the
concentration dependences is not in agreement with
the series of mobility of the cations in a solution pre-

sented in Table 1. As is seen from Fig. 3a, the conduc-
tivity of an MF-4SK membrane decreases in the
series H* > Na*™ > Li* > K* > Cs* at the concentra-
tion of the solutions of electrolytes above 0.5 M. A
similar effect was earlier observed by the authors of
[32, 33]. The work [34] also noted an abnormally high
conductivity of homogeneous membranes in solutions
of lithium chloride, and it was shown that a lithium ion
occupies a position between hydrogen and sodium
ions with respect to the ionic conductivity. In the
authors’ opinion, the transport of lithium cation
through the channels of a homogeneous membrane is
facilitated due to the large hydrate shell and lower
energy of interaction of the counterion with the fixed
group. At the same time, less hydrated potassium and
cesium ions are characterized by higher values of the
energy of activation of conductivity, which results in
lower conductivity of an MF-4SK membrane in the
form of potassium and cesium cations.

The fact that the transport in homogeneous mem-
branes is mainly executed through micro- and meso-
pores, while the ion transport in heterogeneous mem-

K, S/m (a) K, S/m k,S/m (b) K, S/m
3r 16 3 16
H+
H— W >
+
2t Na® 4y ot {4
[ ] Li*
K+ K+
L 1, 4L M 2
s ././.f_.——.—.\' Li*
1 1 0 1 1 1 O
0 1 2 0 1 2 3
C, mol/L C, mol/L

Fig. 3. Concentration dependences of the conductivity of the (a) MF-4SK and (b) MK-40 membranes in solutions of LiCl, NaCl,

KCl, CsCl, and HCL
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Fig. 4. Concentration dependences of the electrokinetic potential of the (a) MF-4SK and (b) MK-40 membranes in solutions of

electrolytes of different natures.

branes occurs through the macropores filled with the
equilibrium solution as well, may also be not unim-
portant.

Calculation of Dynamic Hydrate Characteristics
of Alkaline Metal lons and Proton in Membrane

To estimate f3,, in an MF-4SK ion-exchange mem-
brane, the dependences of ¢, and { on the concentra-
tion of the solutions of the studied electrolytes were
calculated taking into account that the coordinates of
the Helmholtz plane and slip plane in the case of H*,
Li*, Na*, K, and Cs™ ions are 0.334, 0.34, 0.375,
0.413, and 0.445 nm, respectively. These values were
obtained by summing up the radius of a water mole-
cule of 0.28 nm and crystallographic radius of the ion
r,.. In addition, the values of the internal specific sur-
face area and charge density at the internal interfacial
surface presented in Table 2 were used for the calcula-
tion.

Figure 4 shows the concentration dependences of
the electrokinetic potentials for the studied mem-
branes in solutions of LiCl, NaCl, KCI, CsCl, and
HCI. As is seen from the figure, a sharp drop in the
electrokinetic potential is observed with the increase
in the concentration of the solution of the electrolyte
in a range of 0 up to 0.5 mol/L. This is determined by
the decrease in the thickness of the EDL in the case of
an increase in the concentration of the equilibrium
solution. Upon further increasing the concentration of
the solutions of electrolytes, the values of the poten-
tials reach a plateau. Analyzing the obtained depen-
dences, we see that, in the case of the membrane in the
Li* form, the value of the electrokinetic potential will
be somewhat higher in comparison with the mem-
branes in the K™ or Cs*™ form. This is explained by the
fact that a Li* ion has the smallest crystallographic
radius in comparison with other singly charged alka-
line metal ions, which allow it nearer approaching the

MEMBRANES AND MEMBRANE TECHNOLOGIES

pore wall. It should be noted that the calculated values
of the potentials of the Helmholtz plane and potential
in the slip plane for an MF-4SK membrane and an
MK-40 heterogeneous membrane have similar values,
which is determined by the comparable values of the
charge density at the internal interfacial surface.

To estimate the values of the fraction of the pores
accessible for transport and subsequently calculate [3,,
by formula (5), the concentration dependences of ¢,
presented in Fig. 5 were measured for the membranes
in the solutions of LiCl, NaCl, KCI, CsCl, and HCI.
As is seen from the figure, the curves are ranged as
LiCl > NaCl > CsCl > KCI1 > HCI, which corresponds
to the values of the primary cation hydration numbers
in a solution except for a cesium cation. The higher
value of #,, for a cesium cation is associated with the
pumping effect similarly to how water is transported
with hydrophobic organic ions [11]. It is also seen that,
in concentrated solutions, the electroosmotic trans-
port is reduced to the water transport in the composi-
tion of the primary hydrate shell of the ion.

For an MF-4SK membrane, the highest values of
1, are observed in a solution of lithium chloride, which
should decelerate the motion of this ion in an electric
field. Despite this, the conductivity of the perfluori-
nated membrane in the Li* form is higher than in the
K" or Cs* form. Because of this, the most probable
reason for the abnormally high conductivity of the
membrane in a solution of lithium chloride is the
deformation of the hydrate shell of a lithium cation
upon its motion along the narrow channels of the per-
fluorinated membrane. At the same time, the hydrate
shell of potassium and cesium cations is rigid due to its
small radius, in connection with which the mobility of
these cations in the perfluorinated membrane
decreases.

It was earlier shown [21] that the calculation of B,
by a capillary model gives an overestimated value,
Vol. 4
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Fig. 5. Dependences of water transport numbers in the (a) MF-4SK and (b) MK-40 membranes on the concentration of solutions

of LiCl, NaCl, KCIl, CsCl, and HCI.

which is determined by the complex structure of the
system of transport channels in ion-exchange materi-
als. Because of this, the authors introduced a formal
parameter O characterizing the fraction of through
mesopores and their accessibility for transport taking
into account the tortuosity. In this work, experimental
concentration dependences of ¢, presented in Fig. 5
were used for the estimation of the specified parame-
ter. The calculations of the parameter 6 were per-
formed by the minimization of the mean square devi-
ation of the experimental and calculated by a capillary
model values of B, in a range of concentrations of solu-
tions of LiCl, NaCl, KCl, and CsCl from 1 up to 3 M.
The chosen range of concentrations has important
practical significance for the concentration of solutions
of electrolytes by electrodialysis. Figure 6 presents the
concentration dependences of B, for an MF-4SK mem-
brane calculated by a capillary model using formula (5)
(curves) and by formula (4) taking into account the
experimental values of the water transport numbers
(points). As is seen from the figure, the calculated by a
capillary model B, in an MF-4SK membrane in solu-
tions of electrolytes with a concentration above 0.75 M
are in good agreement with the experimental values.
Similar curves for an MK-40 heterogeneous mem-
brane in solutions of LiCl, NaCl, and KCI were earlier
obtained and are presented in [35].

The results of the estimation of the value of 6 for an
MF-4SK perfluorinated membrane are presented in
Fig. 7. This same figure presents by way of comparison
the dependence of the fraction of through mesopores
for an MK-40 heterogeneous membrane in the form
of alkaline metal cations from the work [21].

The results of the calculation showed that the val-
ues of the parameter 0 for the perfluorinated mem-
brane were substantially higher than for an MK-40
heterogeneous membrane. This is first of all explained
by the difference in the structural organization of the
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specified membranes. Perfluorinated membranes are
a noncrosslinked gel structure with no pores in the dry
state. The formation of these pores that mostly are
through occurs particularly due to the hydration of the
ionogenic groups. Here, in accordance with the theory
of semielasticity of a perfluorinated matrix [36], a
more hydrated lithium ion more intensively pulls apart
the polymer chains, which formally leads to an
increase in the fraction of through mesopores in an
MF-4SK membrane upon the transition from the Cs*
form to the Li* form.

Heterogeneous ion-exchange membranes have a
nonuniform structure due to the presence of a poly-
mer binding agent (polyethylene) in them which often
forms dead-ended pores in them. As is seen from Fig. 7,
in a perfluorinated membrane in solutions of alkaline
metals chlorides, an increase in the fraction of through

By, mol H,O/F

25
‘ © HCI
204 e LiCl
A NaCl
B o KClI

m CsCl

Fig. 6. Concentration dependences of free water transport
numbers calculated (curves) by a capillary model taking
into account the fraction of through mesopores and
(points) based on the experimental data on the water trans-
port numbers for an MF-4SK membrane.
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Fig. 7. Dependence of the fraction of through mesopores
inthe (/) MF-4SK and (2) MK-40 membranes in different
ionic forms on the value of the specific water retention
capacity of the membranes in the form of alkaline metal
cations.

mesopores on both the specific water content of the
membrane and radius of the hydrated cation is
observed. This is associated with the increase in the
volume of the pores upon the retention of their total
number in view of the cluster structure of this polymer.
This results in an increase in the accessibility of the
pores for the transport of hydrated ions.

The investigation of the water transport with a proton
is of special interest. As is known, the proton transport in
hydrated ion-exchange membranes is described by two
main mechanisms: hopping (or Grotthuss mechanism)
and migration (or vehicle mechanism) [37]. The hop-
ping mechanism is the reason for the high conductiv-
ity of both membranes in the H* form in comparison
with the salt forms of these same membranes (Fig. 3).
However, we observe water transport with a proton
that moves by the migration mechanism only in the
electroosmotic experiments. In the physical sense, #,
shows the number of water molecules transported with
one counterion. Therefore, it is seen from Fig. 5 that z,,
with a proton changes from 4 down to 2 mol of H,O/F.
This indicates the proton transport in the composition
of various hydrate complexes for an MF-4SK mem-
brane: the Eigen ion [HyO,4]" in dilute solutions and
the Tsundel ion [H;O,]" in concentrated solutions,
which is in agreement with the earlier obtained results
[23]. At the same time, almost no change in #, on the
concentration of HCI is observed for an MK-40 het-
erogeneous membrane and, hence, the water transport
is executed by a hydrate complex [H;O,]".

Using an assumption that, in an electric field, water
is transported only with a proton moving by the migra-
tion mechanism, the fraction of the migration mecha-
nism in the total proton transport can be estimated based
on the analysis of the static (n,) and dynamic (%)
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hydrate characteristics of the membranes in hydro-
chloric acid. It has been found that the fraction of
water transported in the composition of hydrate com-
plexes in an electric field of its total content in both
types of membranes is 15—20%, which is in agreement
with the earlier obtained results for an MF-4SK mem-
brane [23]. The values of the parameter 6 were calcu-
lated for both membranes in a solution of HCI which
turned out to be 0.44 and 0.11 for MF-4SK and MK-40,
respectively. These values do not to the full extent cor-
respond to the fraction of through mesopores in these
polymers in view of the specified reasons.

CONCLUSIONS

The effect of the nature of counterions on the dis-
tribution of water with respect to the bond energies
and pore radii, conductivity, and electroosmotic per-
meability of MF-4SK and MK-40 sulfonated cation-
exchange membranes in solutions of LiCl, NaCl, KCI,
CsCl, and HCI has been experimentally studied. The
analysis of the characteristics of the porous structure
of the membranes on perfluorinated and polystyrene
matrices has shown that an expected decrease in the
total porosity, specific internal surface area, and dis-
tance between the fixed ions is observed for an MK-40
membrane upon the transition from the Li* form to
the K* form, while for an MF-4SK membrane, the
regularity is only observed in the change in the total
porosity.

The characteristic features of the effect of the
nature of the alkaline metal on the conductivity of the
homogeneous and heterogeneous sulfonated cation-
exchange membranes have been found. It has been
found based on the analysis of the concentration
dependences of the specific electrical conductivity of
the membranes in solutions of alkaline metal chlorides
and hydrochloric acid that the electrical conductivity
of an MK-40 heterogeneous membrane correlates
with the behavior of the studied counterions in a solu-
tion, while the electrical conductivity of an MF-4SK
perfluorinated membrane decreases in the series H* >
Na* > Li* > K* > Cs*. The reasons for the high con-
ductivity of an MF-4SK membrane in a solution of
lithium chloride have been analyzed, the most proba-
ble of which is the deformation of the hydrate shell of
the lithium cation in the structure of the perfluori-
nated membrane.

The charge density at the internal interfacial sur-
face has been calculated for the sulfonated cation-
exchange membranes from the porosimetry curves
which has been used for the estimation of free solvent
transport numbers through the membranes within the
framework of a capillary model together with the
results of determination of their specific conductivity
in solutions of electrolytes of different natures. The
free solvent transport number in an MF-4SK mem-
brane in solutions of LiCl, NaCl, KCl, CsCl, and HC1
Vol. 4
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has been calculated for the first time. A parameter
characterizing the fraction of through mesopores and
their tortuosity in the structure of the membrane has
been introduced for the correct calculation. It has
been shown that the specified parameter is substan-
tially higher in an MF-4SK noncrosslinked membrane
than in an MK-40 heterogeneous membrane and
increases with the increase in the specific water content
of the membrane and radius of the counterion in the
hydrated state, which is in agreement with the peculiarity
of their structural organization.
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