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The concept of gel diffusion in the kinetics of swelling
and shrinking of a polystyrene sulfonic acid
ion exchanger in the K* form
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The kinetics of swelling and shrinking of polystyrene resins of the sulfonic acid type was investigated.
The ion-exchange bead in the K* form, equilibrated with a 0.1 M, 0.5 M, 1.0 M or 2 M KClI solution was placed
into water and its diameter was measured continuously. In the reverse experiments, the bead, which came into
equilibrium with water, was transferred into KCI solutions and the kinetics of grain shrinking was studied
analogously. The experimental data were processed by using the theory of "gel diffusion", the parameter of
which is the so-called gel diffusion coefficient, similar to the molecular diffusion coefficient. In contrast to
previously published works, in which only the first term of the series in the corresponding equation was taken
into account, in our work the first ten members of the series were taken into account. It turned out that it is
necessary to take into account not only the first member of the series (as was done in previously published
works), but also the second member of the series. It also turned out that the values of the obtained gel diffusion
coefficient, obtained by this method, quite logically increased somewhat during the process of swelling (for
example, in experiments with 1 M KCI from 2.1x107° to 3.0x107® cm?/s) and decreased somewhat during the
process of shrinking. It was shown that the average values of the diffusion coefficients of the gel make it
possible to adequately describe the main part of the kinetic curve. The concept of gel diffusion allows compar-
ing the swelling kinetics of various polyelectrolyte gels in terms of diffusion coefficients, regardless of the
particle shape, systematize data for various materials, and comparing their properties with the molecular diffu-
sion of other substances.

It also turned out that in the very final parts (5-10%) of the kinetic curves a sharp decrease in the
diffusion coefficient value was observed both in experiments with the swelling and shrinking of grains. It
indicates that during the final stages there was a sharp deceleration of the process due to a change in its mech-
anism.

Keywords: ion exchanger, swelling, swelling kinetics, gel diffusion, diffusion coefficient.

Ion exchange resins occupy a special
Introduction place among cross-linked polyelectrolytes,
as they are produced in the world in hun-
dreds of thousands of tons per year and are
widely used in energetics, chemical industry,
chemical analysis, sciences, etc. The appa-
ratuses in which ion-exchange processes are
carried out vary in volume from miniature
analytical columns to multi-ton industrial
equipment. Therefore, when creating ion-ex-
change processes and designing the corre-
sponding apparatus, one must take into ac-

One of the key properties of cross-linked
polyelectrolytes (including the so-called
polyelectrolyte gels, usually weakly cross-
linked) and ion exchange resins is the ability
to sorb water or other solvent from the exter-
nal environment (vapor or liquid). The de-
gree of swelling of ion exchangers varies de-
pending on the chemical nature, phase state
(liquid or vapor) and the composition of the
external environment, its pH value, temper-
ature, etc.
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count the fact that ion exchangers can signif-
icantly change their volumes. Reference
books and monographs on the properties of
ion exchange resins and ion exchange pro-
cesses mainly provide information on the de-
grees of swelling at equilibrium. The kinet-
ics of swelling and compression of ion ex-
changers has been studied much less. At the
same time, some quite interesting phenom-
ena are observed here. The swelling and
shrinking of the same material can proceed
at different rates, which results in obtaining
not only "traditional" time dependences with
a gradual monotonic achievement of equilib-
rium values, but also of dependences with
extrema [1-5]. We also showed [6] that in
some cases, different stationary degrees of
swelling can be established under the same
conditions, depending on the initial state of
the ion exchanger from which they are
achieved.

The kinetics of swelling of hydrophilic
gels based on cross-linked polyelectrolytes
and nonionic polymers [7] has been studied
much more extensively. A typical and the
most studied representative of such gels is
polyacrylamide gel cross-linked with N, N-
methylenebisacrylamide [8].

When describing the kinetics of swelling
(or shrinking) of hydrophilic gels, a formal
kinetic equation of the form [9, 10] is used:

Ml‘ — ktn
Mo (1)
where M; and M., are the masses of the ab-
sorbed (released) substance at time ¢ and af-
ter reaching the equilibrium, & and » are co-
efficients. The swelling mechanism is inter-
preted as diffusion when the exponent # is
close to 0.5, meaning that the relaxation of
polymer chains proceeds faster than the dif-
fusion of the substance. When n approaches
1, the mechanism is interpreted as relaxa-
tion, meaning the opposite situation.
In order to take both mechanisms into ac-
count, the following equation was proposed

M
L=kt +hk,t"

- (2)

and other similar kinetic equations [7, 11].

A certain justification for this interpreta-
tion can be the solution to the problem of dif-
fusion in a semi-infinite medium with the in-
itial absence of matter in it and constant con-
centration at the boundary:

< = erfc——

G, 27Dt (3)
where C and C are the concentrations of the
substance at time 7 in the z coordinate meas-
ured from the boundary and at the boundary,
D is the diffusion coefficient [12, P. 21, 37].
It follows that the distance z from the bound-
ary at which the concentration of the sub-
stance reaches the value C and the amount of
the substance penetrating into the medium
through a unit area on its surface are propor-
tional to /. However, this interpretation
does not take into account the shape of the
swelling particle. In real particles, the semi-
infinity condition which implies the absence
of sorbate far from the boundary at any mo-
ment in time, is only satisfied during the very
initial period.

Solutions to the problems of diffusion in
particles having the shape of a plane sheet, a
cylinder, or a sphere give more complex
time dependences [12]. So, for diffusion in a
spherical particle of a constant size at a con-
stant concentration on the outer boundary,
the total amount of matter that has penetrated
into the bead from the outside or, conversely,
left it, is described by the equation

0w _,

0. T a=l n’ (4)
where D is the diffusion coefficient, O(¢) and
O- are the amounts of absorbed (released)
substance (usually in moles or gram equiva-
lents) at time ¢ and after equilibrium with the
external phase is reached, Ry is the radius of
the bead. It was shown in [13] that in the in-

itial period for small values of the parameter

D

R l‘
R; , when O(#)/Q» <0.05, an approxima-
oy 6 D

tion Z» R V7T can be used. Thus,
equation (4) also shows the proportionality
to - at the very beginning of the diffusion

-t
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process, when the sorbed substance has not
yet penetrated to the center of the bead.

Due to the fact that the coefficient k£ in
equation (1) depends on the exponent n, and
both parameters depend on the shape of the
sample, it is difficult to compare the swelling
rates of different materials and to systema-
tize the data on the kinetic properties of dif-
ferent materials. It seems more attractive to
characterize the penetration of a solvent con-
sisting of only one component into a bead of
a certain shape by a single parameter, the dif-
fusion coefficient.

Equation (4) was obtained for constant
sizes of spherical particles. It is widely used
in the study of the kinetics of ion exchange
on a swollen polymer ion exchanger, since
during the exchange of ions, the bead of the
ion exchanger usually does not change its
size very significantly. However, in many
cases, the beads of ion-exchange resins (es-
pecially weakly cross-linked ones) change
their volumes more significantly. Therefore,
strictly speaking, it is necessary to use the
solution to the problem of solvent diffusion
in a particle with changing dimensions. This
circumstance is pointed out in some works,
for example [14] (however, when treating
their experimental data, the authors never-
theless used the solution for flat disks with
constant dimensions).

The diffusion problem for a spherical par-
ticle with a variable diameter was considered
in [15]. Using this approach, the kinetics of
changes of the bead volume of polystyrene
sulfonic cation exchanger with 4% divi-
nylbenzene as a result of changes in the com-
position of the external water-alcohol solu-
tion was studied in [1, 2]. The diffusion of
the two components occurred simultane-
ously in the bead, and as a result kinetic de-
pendences of the bead size on time with ex-
trema were observed. For this case the au-
thors presented the balance equations and
simulation results, which agreed very well
with the experimental kinetic curves. How-
ever, the solution to the problem itself was
presented very sparingly and, most im-
portantly, the significance of taking the

movement of the outer boundary of the bead
into account was not discussed.

Less well known in ion exchange is the
theory of polymer gel swelling by Tanaka
and Fillmore [16-19]. They assumed that the
change in the volume (swelling or shrinking)
of a gel bead after its immersion in the liquid
phase is controlled by the dynamics of the
movement of polymeric chains in the liquid
phase.

It is assumed that in the beginning, in the
polymer network in a bead immersed in a
liquid, there are tensions that cause the pol-
ymer chains to move in the liquid until the
stress is relieved and the final equilibrium
state is reached. The dynamics of the poly-
mer network movement is determined by:
(1) stresses in the volume of the gel and (2)
retarding pressure as a result of friction of
the moving polymer against the liquid. The
role of stresses was taken into account ac-
cording to the theory of elasticity of Landau
and Lifshitz [20], and the retarding pressure
was taken to be proportional to the speed of
polymer motion by analogy with the Stokes
formula for a viscous fluid flow around a
sphere. As a result of solving the mathemat-
ical problem in the case of a spherical bead,
the equation of motion of the polymer in a
liquid was derived in the form

4
ou KH3M 6{1[8 . }

o _ D N

ot f or \r*|or (5)

where fis the friction coefficient between
the polymer network and the liquid, K is the
bulk modulus, 7 is the radial coordinate of a
certain point of the polymer particle, u is the
linear coordinate determining the displace-
ment of this point from its final equilibrium
position, and p is the shear modulus. The co-
efficient before the derivative on the right
side of expression (5) has the same dimen-
sion as the molecular diffusion coefficient.
Therefore, the authors of the theory [16-19]
called it the diffusion coefficient of the gel
Dg= (K +4Ww3)/f.

In the case of a spherical particle, the
shear modulus can be neglected. When solv-
ing the problem, the authors of [17, 18] as-
sumed that in the initial (stressed) state, the
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deviation of a certain point of the gel with
coordinate 7 from its final equilibrium posi-
tion (after removing the stress) is

u(r,t=0)=(R,—R,)—

%0
where Ro and R are the particle radii in the
initial and final equilibrium state.

The solution to the problem, which deter-
mines the kinetics of the change in the radius
of a spherical gel particle, was obtained in
[17, 18] and can be written in the form

R(t)—R, 6 e
R _RO 7172 ,,Z:; I’l2 (7)

0

Also, in [17, 18], solutions were obtained
for particles in the form of cylinders and flat
disks, analogous to (7).

Thus, it turned out that the right-hand
sides of equations (4) and (7) contain func-
tions of the same form. Consequently, the Dy
value in equation (7) is similar to the molec-
ular diffusion coefficient D in equation (4),
although it should characterize the "collec-
tive" movement of polymer chains of the gel
into the external solution.

The authors of [21] considered some as-
sumptions of the theory of Tanaka and Fill-
more to be controversial, first of all, the as-
sumption that the polymer network is in a
stressed state before immersion in a liquid.
They offered a somewhat different problem
statement. The solvent penetrates into the
grain (or migrates out of it) due to the differ-
ence in chemical potential in the grain and
outside it. As a result, stresses gradually in-
crease in the grain, affecting the chemical
potential in it, and an equilibrium state is es-
tablished. The analytical solution obtained in
[21] remained the same in form as in [17,
18], but the coefficient D, in equation (7) is
interpreted as the diffusion coefficient of the
solvent in the grain.

When the degree of swelling of the gel
changes, simultaneous movement of poly-
mer chains ("diffusion" of the gel) and diffu-
sion of the solvent in the granule take place.
These processes are interdependent, there-
fore the coefficient D, in equation (4) is ap-

parently a characteristic of both. In what fol-
lows, we will adhere to the previously intro-
duced term "gel diffusion -coefficient",
which has already been used in many works.

As noted in [ 14], the theory of Tanaka and
Fillmore makes it possible to compare the
swelling kinetics of various polyelectrolyte
gels in terms of D, values, regardless of the
particle shape, to systematize data for vari-
ous materials, and to compare their proper-
ties with the molecular diffusion of other
substances. This approach was used to study
the swelling of various weakly cross-linked
polyelectrolyte gels [14, 16, 17, 19], but was
practically not used in the field of ion ex-
change resins. We know of only one work
[22], in which this theory was used to study
the swelling kinetics of sulfonated styrene
and divinylbenzene copolymers with the
content of the latter being from 2 to 16 wt%
when dry granules were immersed in NaCl
solutions with different pH values. However,
it should be borne in mind that the test sam-
ples were subjected to a freeze-drying pro-
cess. The authors supposed that this proce-
dure led to the porosity of the granules (as a
result, the studied samples may differ from
industrial ion-exchange resins), which they
took into account by introducing some addi-
tional coefficients into equation (7).

In our work [23], the kinetics of swelling
of spherical grains of an industrial polymeth-
acrylic gel ion exchanger KB-4P2 with 2.5
wt% DVB in the Ca-form (1 mol of DVB per
60 mol of methacrylic acid) in a 1 N CaCl,
solution. The swelling occurred as a result of
the fact that the temperature was lowered
sharply from 363 K to 298 K.

In the above-mentioned works [14, 16,
17, 19, 23], when determining D,, only the
first term of the series in equation (7) was
used, thus reducing it to the form

ln(l—R(I)_Rszlni—nz .D—i.t
R, —R, n R} ®)

The values of D, were found from the
slope of the experimental linear dependence
of the left-hand side of (8) on time for the
values of In (R(?)-Ro)/(R»-Ro) > 0.6.

Thus, it seems relevant to expand the
study of the swelling of ion-exchange resins
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using the theory of Tanaka and Fillmore. In
this work, the following tasks were posed:
(a) to estimate the values of D, in different
parts of the kinetic curves of swelling
(shrinking) of polystyrene sulfonic cation
exchanger, (b) to estimate the need to take
into account a larger number of terms of the
series in equation (7), (c) to assess the possi-
bility of describing the kinetics of swelling
(shrinking) of the grains of the ion exchanger
with the concept of "diffusion" of the gel, (d)
to compare the D, values for the polystyrene
sulfonic cation exchanger with the data
known from the literature for polyacryla-
mide and polyacrylate gels, as well as for
some polymer substances in solutions.

Experimental

We used a commercial sample of a gel
sulfonic acid cation exchanger based on sty-
rene and divinylbenzene KU-2x8 (1 mol of
the crosslinking agent divinylbenzene per
14 mol of styrene).

To measure the radius of the ion ex-
changer bead, we used an optical microscope
combined with a digital video camera and a
personal computer, which made it possible
to photograph the images of the bead at short
time intervals of the order of 1 second.

In order to study the kinetics of swelling
of the ion-exchanger granule, a cuvette with
distilled water (optical path length 1 cm) was
placed on the microscope stage. At the initial

1.00 5
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0.98

0.97
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096;
095

0.94{!

moment of time, the granule, which had pre-
viously reached equilibrium with a solution
of potassium chloride of a certain concentra-
tion, was transferred with tweezers into the
cuvette so that the granule fell into the field
of video camera. At the same time, the cam-
era was turned on. In time, the size of the
granule changed and its images were stored
in the computer until its equilibrium size
with water was established.

When studying the process of contraction
(shrinking) of the granules, a cuvette with a
solution of potassium chloride of a certain
concentration was placed on the microscope
stage, and the ion-exchanger granule, which
had previously been equilibrated with dis-
tilled water, was transferred into the cuvette
with tweezers.

In order to obtain the values of the radius
of the granules, the recorded images were
processed using a computer program based
on the Canny edge detector [24]. To deter-
mine the conversion factor for the radius of
the granule from the number of pixels to mil-
limeters, we used the results of preliminary
photographing of the granule and a ruler
with a scale division of 0.01 mm. After pro-
cessing, the radii of the granules and their
changes in time were stored in numerical
format.

Some kinetic curves of the processes of
swelling and shrinking of the ion exchanger
in the coordinates R/Ro versus time are
shown in Figure 1.
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Fig. 1. Changes of the ratio of the radius of a KU-2x8 granule to its equilibrium radius
in water Ry with time upon the transfer of the granule: (1) from 1M KCI solution to water, (2)
from 2M KCI solution to water, (3) from water to 1M KCI solution, (4) from water to a 2M KCl
solution. Points are experimental data, dashed lines are the initial sections of the kinetic curves,
when the values of the radius were not recorded in the experiment.
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Calculation of the diffusion coefficient
from experimental data. In contrast to previ-
ously published works, in which only one
term of the series in equation (7) was taken
into account, in our calculations the first ten
terms of the series (n=1-10) were explicitly
taken into account. From the experimental
values of R(f), Ro, and R, for each R(¢) the
D, value was calculated by varying it as a
fitting parameter and minimizing the differ-
ence between the experimental value of
(R(?)-Ro)/(R«-Ro) and the one calculated by
Eq. (7). The deviation was minimized by the
iteration method by using the Solver add-in
in Microsoft Excel.

As in [14, 16, 17, 19], the data was not
collected and the calculations were not
performed for the initial parts of the kinetic
curves (the first 20-40 s), where the most
abrupt changes in the size of the granules
occur. This is due to the fact that the
operation of placing the granule under the
microscope eyepiece and positioning it in
the field of view of the video camera takes
some time.

Discussion of the results

Fig. 2 shows the contributions of the first
three terms of the series in equation (7) to the
total sum obtained by processing the results
of two experiments on the swelling of a
granule upon its transfer into water from a
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KCl solution. Similar dependences were ob-
tained in other experiments. It can be seen
that the contribution of the second term of
the series remains quite significant up to
(R()-R0)/(Rx-R0)=0.8 (such values were
reached within ~ 2 min) and it is inappropri-
ate to neglect it. At the same time, the third
term of the series is insignificant.

For all experiments on the swelling and
shrinking of ion exchangers, the depend-
ences of Dy on (R(?)-Ro)/(R»-Ro) were ob-
tained (Figs. 3 and 4).

It turned out that in the range of (R(?)-
Ro)/(Rx-Ro) from 0.4 to 0.9, the gel diffusion
coefficient Dy is not constant and depends on
the current degree of swelling. When a grain
is transferred from a KCI solution to water,
a slight, almost linear increase in Dy is ob-
served, which correlates with the fact that, in
this case, the gel swells and becomes less
dense. In the case of grain transfer from wa-
ter to a KCl solution, when the grain is com-
pressed, the D, values somewhat decrease.
However, in the final portions of the kinetic
curves (at (R(¢)-Ro)/(R«x-Ro) more than 0.9-
0.95), a very sharp decrease in the D, value
is observed both in experiments with swell-
ing and compression of grains.

For all experiments with sulfonic cation
exchanger, the range of variation of the D,
coefficients and their average values (in pa-
rentheses) in the range of (R(¢)-Ro)/(Rx-Ro)
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Fig. 2. Contributions of the first (1), second (2), and third (3) members of the series
to the total sum in equation (7) as a function of (R(¢)-Ro)/(R»-Ro) for the swelling
of the granule KU-2x8 (transfer of the granule into water from 1 M KCl (a)
and from 2 M KCI (b)).
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Fig. 3. Dependences of D, on (R(f)-Ro)/(R»-Ro) when the granule swells
(transfer of the granule into water from 1 M KCl (a) and from 2 M KCI (b)).
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Fig. 4. Dependences of D, on (R(f)-Ro)/(R»-Ro) when the granule shrinks
(transfer of the granule from water into 1 M KCl (a) and into 2 M KCI (b)).

from 0.4 to 0.9 are presented in Table 1. Also
presented are the values obtained in [14, 16-
19] for polyacrylamide gel, as well as the
values obtained in [23] for the polymeth-
acrylic type cation exchanger. For compari-
son, the table also shows the values of the
diffusion coefficients of water in organic
solvents, glucose and some polymer globu-
lar proteins and ribosomal RNA in water.

It can be seen that for sulfonic acid cation
exchangers of the polystyrene type, the D,
values are slightly higher than the values
found in [23] for polymethacrylic cation ex-
changers, and higher than those obtained in
[16, 17, 19] for polyacrylamide gels in the
form of spherical granules. They are also
higher than the value found in [14] for swell-
ing in water of disks made from poly (vinyl
methyl ether) cross-linked by irradiation.
The relatively slow kinetics of swelling of

these gels could be due to the fact that, in
contrast to sulfonic cation exchangers, they
do not contain dissociating groups. In addi-
tion, in these works the swelling was carried
out from the dry states of the gels. The D,
values obtained for sulfonic acid and
polymethacrylic cation exchangers seem
logical if we compare them with the diffu-
sion coefficients of some other polymeric
substances in aqueous solutions, which are
also presented in the table. The values of the
diffusion coefficients of the gels turned out
to be 1-2 orders of magnitude lower than the
diffusion coefficients of water in organic lig-
uids. No differences in the values of D, for
swelling and shrinking of sulfonic cationite
were found.

At the same time, a sharp decrease in Dg
at (R(?)-Ro)/(Rx-Ro) more than 0.9-0.95 in
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Fig. 5. Changes of the ratio of the radius of a KU-2x8 granule to its equilibrium radius in wa-
ter Ry with time upon the transfer of the granule: from 1M KCI solution into water (1), from wa-
ter into 1M KClI solution (2). Points are experimental data, solid lines are calculations with a con-

stant value of Dy = 3.0 x 107® cm?/s.

experiments both with swelling and shrink-
ing of grains (Figs. 4 and 5) indicates that at
the final stages there is a sharp deceleration
of the process due to a change in its mecha-
nism. This correlates to some extent with the
fact that earlier in our work [7], in kinetic ex-
periments with grains of polymethacrylic
cation exchanger in the ionic form of doubly
charged ions, it was found that in some cases
even different stationary degrees of swelling

can be established under the same condi-
tions, depending on from which initial state
of the ion exchanger they are reached.

Fig. 5 shows the results of direct calcula-
tion of the kinetic curves with the average D,
value for the corresponding experiment (see
Table 1) in comparison with the experi-
mental kinetic data. It can be seen that on the
whole, the experimental dependences are
satisfactorily described by the calculated
curves with a constant diffusion coefficient.

Table 1. Values of diffusion coefficients of some substances and gels

Temperature D, D, cm?/s
Water in acetone 298 K 4561073 [25]
Water in ethanol 298 K 1.24-10°° [25]
Water in n-butanol 298 K 0.56-107° [25]
Glucose (180 Da) in water 4.7-10°° [26]
Ribonuclease (1.37-104 Da) in water 293 K 1.1-10°° [27]
Bovine serum albumin (6.7-104 Da) in water 293 K 6.7-1077 [27]
Ribosomal RNA (1.1-106 Da) in water 1.6:1077 (28]
Polyacrylamide cross-linked by N, N-meth- ~298 K 31077 [16, 17,
ylenebisacrylamide (2.6 wt%) in water 19]
Poly (N-isopropylacrylamide) cross-linked ~298 K 2:1077 [16, 17,
by N, N-methylenebisacrylamide (2.4 wt%) 19]
in water
Poly (vinyl methyl ether) cross-linked by irra- ~297 K 461077 [14]
diation in water
KB-4P2 in 0.1 N CaCl, 298 K 2.85-1077 [23]
3.74-1077
2.78-1077
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Temperature D, D, cm?/s
KU-2x8 (from 0.5 M KC1 298 K 1.0-107-1.2-10°° this work
into water) (0.6-107°)
KU-2x8 (from water into 0.5 M 298 K 1.0-107-1.2-10°¢ this work
KCl) (0.6:10°)
KU-2x8 (from 1.0 M KCl 298 K 2.1-10°-3.6-10°¢ this work
into water) (2.9-107%)
KU-2x8 (from 1.0 M KCl 298 K 2.5-10%-3.0-10°¢ this work
into water) (2.8-10°%)
KU-2x8 (from 1.0 M KCl 298 K 1.2:10%-2.5-10°° this work
into water) (1.8-107%)
KU-2x8 (from water 298 K 3.2:10°%-3.0-10°¢ this work
into 1.0 M KCI) (3.1:10-6)
KU-2x8 (from water 298 K 42:10%2.5-10°¢ this work
into 1.0 M KCl) (3.4:10°)
KU-2x8 (from water 298 K 42-10°%3.2-10°° this work
into 1.0 M KCI) (3.7-10°%)
KU-2x8 (from 2.0 M KCl 298 K 2.0-10%-3.6:10°° this work
into water) (2.8:107%)
KU-2x8 (from 2.0 M KCl 298 K 3.3-10°%-3.6:10°¢ this work
into water) (3.5-10°%)
KU-2x8 (from 2.0 M KC1 298 K 2.2:10%-3.4-10°° this work
into water) (2.8:107%)
KU-2x8 (from water 298 K 3.1-10°%-3.5-10°¢ this work
into 2.0 M KCI) (3.3:10°9)
KU-2x8 (from water 298 K 48-10°-3.8:10°¢ this work
into 2.0 M KCI) (4.3:10°6)
KU-2x8 (from water 298 K 4.8-10°%-3.0-10°¢ this work
into 2.0 M KCI) (3.9:10°%)
main part of the kinetic curve. The concept
Conclusion of gel diffusion allows one to compare the

The concept of gel diffusion of Tanaka
and Fillmore is very fruitful for describing
the kinetics of processes of changes in the
degree of swelling of the sulfonic ion-ex-
change material in the K* form with a change
of KCI concentration in external solution.
The values of the obtained gel diffusion co-
efficient quite logically increase somewhat
during the main part of the process of swell-
ing and decrease somewhat during the main
part of the process of shrinking. The average
values of the diffusion coefficients of the gel
make it possible to adequately describe the

swelling kinetics of various polyelectrolyte
gels in terms of D, values, regardless of the
particle shape, systematize data for various
materials, and compare their properties with
the molecular diffusion of other substances.
In the very final parts (5-10%) of the ki-
netic curves a sharp decrease in the diffusion
coefficient value is observed both in experi-
ments with the swelling and compression of
grains. It indicates that during the final
stages there is a sharp deceleration of the
process due to a change in its mechanism.

The work was carried out within the framework of the state assignment
(topic No. 121031300090-2).
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KoHuenuua auddysnm rens B KNHETUKe HabyxaHuUA
U CXKaTUA NONIMCTUPOSILHOIO Cynb(OKUCITIOTHOIro
MOHOOOMeHHMKa B hopme K*
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HETIPEPHIBHO M3MEPsUIM AuameTp. B oOpaTHBIX OIbITax 3€pHO, NMPHIIEALICEe B PABHOBECHE C BOAOI, MepeHo-
cuin B pactBop KCI 1 u3ydanu KHHETHKY cyKaTusl 3epHa. Pe3ynbTaThl SKCIepuMEHTOB 00padaThIBajIM ¢ HC-
MIOJIF30BaHNEM TEOpUH «In(y3un rensy», mapaMeTpoM KOTOPOil ABISETCS Tak Ha3bIBAeMBIH KOA((HUIIMEHT
T dy3un rens, aHaJOTHIHBI KOdQQHUINEHTY MOJIeKy IsipHOH muddy3nn. B oTimane ot panee my0anKoBaB-
UXcs paboT, B KOTOPHIX B COOTBETCTBYIOIEM MaTEMAaTHYECKOM BBIPQKCHUH YYUTHIBAIU JIUIIb OJWH YJICH
psia, YYUTHIBAIN TIEPBBIC AECATh WICHOB psiga. OKa3anock, YTO HEOOXOIMMO YYHTHIBATH HE TOJIBKO MEPBBIH
4IIeH pana (Kak 3To AeJaioch B paHee MyOIMKOBaBIINXCS pad0oTax), HO M BTOPOH WieH psaaa. OKa3aJochk TaKkxKe,
YTO B DKCIIEPHMEHTaX ¢ HaOyXaHWEM TPaHyIbl 3HAYCHHUA Kod(pHuIreHTa TudQy3un Tes COBEPIICHHO JIO-
IMYHO HECKOJILKO BO3pAcTaroT (Hampumep, B okcnepumentax ¢ 1 M KCl or 2.1-107° g0 3.2-107° cm%/c) n,
HaINpoTHB, HECKOJILKO CHIDKAIOTCSI B 00paTHBIX dKcnepuMenTax. IlokasaHo, 4yTo cpenHue 3HaueHus koaddu-
UEeHTOB MU Py3HHN Telisi TO3BOJISIIOT JJOCTATOYHO a/IEKBATHO OIMKMCATh OCHOBHYIO YaCTh KHHETHYECKOH KpH-
BOI.

Konnenuus augdys3un resnst mo3BosieT CpaBHUBATh KUHETHKY HAaOyXaHUs! Pa3IMYHbIX MOJIHAIIEKTPO-
JIMTHBIX TeJel C TOUKU 3peHHs 3HaueHUH Kodpduunenra nudpQy3un, He3aBUCUMO OT (OPMBI YaCTHLI, CUCTE-
MaTU3UPOBATH JaHHBIC JUIS PA3INYHBIX MAaTEPUAJIOB U CPAaBHUBATH UX CBOWCTBA ¢ MOJIEKYJIIpHON muddy3ueit
JPYTUX BELIECTB.

Oxa3asock TakKe, YTO Ha CaMbIX KOHEYHBIX ydacTKax (5-10%) KMHEeTHYECKUX KPUBBIX HaOIOAaeTCs
pe3koe CHIDKeHHE 3HaueHus Koddduirenta mnd¢ys3un Kak B SKCIEPUMEHTaX ¢ HA0yXaHHUEM, TaK U IPH CxKa-
THH 3epeH. DTO yKa3blBaeT Ha TO, YTO HA 3aBEPLIAIONIMX CTAAUIX MPOUCXOIHUT PE3KOe 3aMeICHHE TIpoliecca
13-32 I3MCHEHHUS ero MeXaHu3Ma Ha HeAn((y3HOHHBIH.

KoaioueBble ciioBa: noHOOOMEHHUK, HaOyXaHUe, KHHETHKa HaO0yxaHus, quddy3us remns, kodaddum-
eHT nuddy3uu.
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