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Complex Formation of Divalent Cations with Carboxylic Acid
Resins as a Factor Determining Different Stationary States of
Their Swelling
Ekaterina A. Karpyuka, Oksana I. Titovaa, Alexander V. Pastukhovb, Vadim A. Davankovb,
Sergei I. Kargova, and Vladimir A. Ivanova

aDepartment of Chemistry, Lomonosov Moscow State University, Moscow, Russia; bNesmeyanov Institute of Organo-
Element Compounds, Russian Academy of Sciences, Moscow, Russia

ABSTRACT
Three samples of carboxylic acid gel-type cross-linked polyelectrolytes were
examined by registering the extent and kinetics of their volume change
depending on the temperature, concentration, and nature of external electro-
lyte solutions, as well as the initial state (ionic form, water content) of the bead.
It is found that in some systems the swelling of the bead (as a result of lowering
the temperature) proceedsmuchmore slowly than the preceding shrinking (as
a result of the increase of temperature). Moreover, the initial volume of the
bead is not restored, and a new stationary state of swelling is established. By
means of optical dilatometry, it is found that in the systems in which the
differences in the stationary states of swelling are found, the beads display
plasto-elastic properties, whereas in the absence of such differences the beads
show elastic properties. It is found that different stationary states of swelling
are also established when the beads of copolymer of methacrylic acid cross-
linked with divinylbenzene in Na+ form in the dry state and in the NaCl
solution-swollen state are placed into a solution of a divalent cation salt. The
difference in the stationary states of swelling reaches 12% in 4 N NiCl2 solution.
The substantial differences in the swelling behavior and viscoelastic properties
of the resins in their Na+, Mg2+, Ca2+, and Ni2+ forms are interpreted in terms of
formation of different kinds of complexes of functional groups of the polymer
with Ca2+ and Ni2+ ions.
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Carboxylic cross-linked
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Introduction

The ability of cross-linked polyelectrolytes (CPEs) and hydrophilic polymers to absorb water and
other polar liquids is used in various processes. There are also endeavors to use for separation
purposes the influence of temperature on the swelling of weakly cross-linked hydrophilic gels that
considerably change their degree of swelling in a rather narrow temperature range. Such gels are
called temperature-sensitive or thermoresponsive gels.[1–5] The critical volume transition with
temperature change is observed for nonionic acrylamide-type gels and also for their ionic counter-
parts with some amounts of ionizable carboxylic groups.[6–8] In the process of swelling at room
temperature, these gels selectively extract the solvent from solutions containing high-molecular-
weight substances (various proteins, lignin, etc.), thus increasing their concentration.[9–22]

Upon heating, the swollen thermoresponsive hydrogel shrinks and liberates the absorbed water.
When being placed again into the cool solution, such polymer absorbs water and further concen-
trates the solution. Because, for thermoresponsive gels, only weakly bound water is redistributed
upon temperature changes,[23] and because the transition takes place in a very narrow temperature
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range, the dual-temperature concentration processes require considerably less energy than conven-
tional concentration techniques, such as solvent evaporation.

When studying the concentration processes of high-molecular-weight substances using tempera-
ture-sensitive gels, it was noted[9–13] that the effectiveness of such separation processes increases with
the increase of the degree of cross-linking and with the increase of the molecular size of the solute. In
contrast, low-molecular-weight substances are absorbed and released by weakly cross-linked gels
simultaneously with the solvent, thus showing no concentration effect.

Nevertheless, it was supposed[24,25] that temperature-sensitive gels can also be used for analogous
dual-temperature concentrating of low-molecular-weight mineral electrolytes. However, no consid-
erable progress was initially achieved in this direction. Only recently, a real possibility of practical
application of this effect for concentration and purification of electrolyte solutions was found, and an
applicable process developed. The latter was realized using a commercial polymethacrylic cation-
exchanger cross-linked with divinylbenzene (about 1 mol of cross-links to 60 mol of methacrylic
monomers). 26,27] In this dual-temperature process, the initial electrolyte solution (e.g., CaCl2) is
passed through the column with the cation-exchanger in the Ca2+ ionic form, while its temperature
is periodically changed. As a result of the temperature increase, the resin in the column shrinks; the
water from it migrates into the intergranular solution and dilutes it. This portion of the solution with
the reduced concentration is displaced from the column by the continuous fluid flow and then the
temperature of the column is decreased again. The resin in the column swells, absorbing water from
the intergranular solution and concentrating it. This portion of the solution with the increased
concentration is displaced from the column. As a result of such temperature change, the initial feed
solution is divided in two parts—with the increased and with the decreased concentrations. On the
polymethacrylic resin, the concentrations of the two portions may differ by a factor as high as 2.

It turned out, however, that a real separation effect can be achieved only on a very few types of
CPEs. [27] It was also found that an important role in the process is played not only by the magnitude
of the change in the degree of swelling of the CPE with temperature, but also by the kinetics of the
uptake and the discharge of the solvent by the CPE phase. Moreover, even the optimal types of CPE
demonstrate substantial differences in their behavior depending on the nature of counterions.

In the present work, both kinetic features and the extent of changes in the degree of swelling of
carboxylic CPE in forms of different counterions are studied as a function of temperature. Special
attention is paid to the discovered effect of attaining different stationary states of swelling of the
resin.

Experimental

Materials

AMAC was synthesized according to the usual technique by suspension copolymerization of their
methyl esters followed by alkaline hydrolysis of ester groups.[28]

The characteristics of the CPE used in this work are summarized in Table 1. All CPE samples
were carefully washed with hot water and ethanol to remove the residual adsorbed surfactants and to
extract other possible leachables from the polymers. All carboxylic CPE used in this study had an
exchange capacity of over 6 mequiv/g and had the form of transparent colorless beads. Only
defectless spherical beads were selected under the microscope for all measurements.

Conversion of CPE into Na+ Form
Before the experiments, the polymeric materials were converted into the Na+ form. To this effect, a
twofold excess (with respect to the ion exchange capacity) of 0.5 N HCl solution was passed through
the CPE placed in a column. Then the CPE was washed with water and converted into Na+ form by
means of passing of twofold excess (with respect to the capacity) of 0.5 N NaOH solution through
the column. To remove excess of the alkali from the intergrain space, the column was washed with

SOLVENT EXTRACTION AND ION EXCHANGE 363

D
ow

nl
oa

de
d 

by
 [

M
os

ko
w

 S
ta

te
 U

ni
v 

B
ib

lio
te

] 
at

 0
1:

40
 0

7 
Ju

ly
 2

01
6 



approximately twofold excess (with respect to the volume of the CPE in the column) of distilled
water or 2.5 N NaCl solution at pH ~8–9. In the course of washing, hydrolysis of sodium carboxylate
groups is possible, but under these conditions only a negligible part (<0.01%) of the groups could
have been converted into their hydrogen form.

Conversion of CPE into the Form of Bivalent Metal Ions (Ca2+, Mg2+, Ni2+)
A 0.5 N solution of the respective metal chloride was passed through the column with the CPE in the
Na+ form. The pH values of CaCl2 and MgCl2 solutions were adjusted to pH ~8. At this pH value,
Са2+ and Mg2+ ions occupy more than 90% of the carboxylate capacity of the resin, with no
formation of hydroxide precipitates. To prevent the formation of nickel hydroxide precipitate
(that begins to form already at pH 6.7–7.7 depending on the concentration), the pH of the 0.5 N
NiCl2 solution was adjusted to 5.5–5.9 by addition of 0.5 N HCl. Because of the high selectivity of
carboxylate groups to Ni2+ ions (higher than that to Ca2+ and Mg2+ ions), more than 90% of the
carboxylate capacity of the CPE at this pH is occupied by Ni ions.

Study of CPE Swelling by Optical Dilatometry
For this study, an apparatus was assembled in which an optical microscope was combined with a
digital camera and a computer. A thermostatted quartz cell with 1 cm optical path containing 3 mL
gas-free solution of a definite composition was placed on the microscope stage. A spherical bead of
CPE (with the diameter of 0.2–0.5 mm when in the dry state) was placed into the cell. At stated time
intervals, a series of photographs of the bead was taken, and with the use of a computer program, the
areas of the obtained images and the volumes of the bead were calculated (the bead was considered
an ideal sphere, which is accurate within 0.2%). Because the extent of bead swelling depends both on
temperature and on the composition of the solution, two kinds of kinetic measurements were
conducted.

In the first set of experiments, the bead of resin in the Ca2+, Mg2+, or Ni2+ forms was placed in the
cell with 3 ml of respective CaCl2, MgCl2, or NiCl2 solutions of some definite concentration at 293 K.
After equilibration, the sustained bead volume was measured. Then the solution in the cell was
heated rapidly to 363 K and the changes of the bead volume with time were registered until a
constant volume was reached (the solution in the cell attained this temperature in no more than 3–5
minutes). The results of the measurements were represented as the values of temperature swelling
factors fT = V363/V293, where V363 and V293 are the volumes of the bead at 363 K and 293 K,
respectively.

In the second set of experiments, the volume changes of a dry and the same swollen CPE bead in
the Na+ form were compared at the constant temperature of 293 K. First the dry bead was placed
into respective CaCl2 or NiCl2 solution, and the changes of the bead volume with time were
registered until a constant value was reached. After that, the same bead was converted back into
the Na+ form. For this purpose, the equilibrium solution was removed from the cell by a syringe, and

Table 1. Characteristics of the cross-linked polyelectrolytes (CPEs) used in this work.

CPE Type Chemical composition Cross-linking agent

KB-4P2,
commercially
available
(Russia)

weakly acidic gel-
type cation
exchanger

poly(methacrylate) divinylbenzene, 1 mol to 60 mol of methacrylic
monomer

KB-2e3,
commercially
available
(Russia)

weakly acidic gel-
type cation
exchanger

poly(acrylate) dimethacrylate triethyleneglycol, 1 mol to 100
mol of acrylic monomer

AMAC, synthesized
in the laboratory

weakly acidic gel-
type cation
exchanger

copolymer of acrylic and
methacrylic acids, molar ratio
170:150

divinylbenzene, 1 mol to respectively 170 mol
and 150 mol of acrylic and methacrylic
monomers
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then the cell was filled with 0.5 N HCl solution. After about 1 hour, the solution was changed with a
fresh acid solution. Very large excess of acid ensured complete removal of polyvalent ions from the
bead. The constancy of bead volume after that additionally guaranteed the completed ionic trans-
formation. After that, the solution of acid was substituted for 0.5 N NaOH solution. After two hours,
the bead in the Na+ form was rinsed with 0.5 N NaCl solution thoroughly to prevent calcium or
nickel hydroxides precipitation and again placed into the respective CaCl2 or NiCl2 solution. Then
the changes of the bead volume with time were registered again, now from the swollen initial state.
The results of the measurements were represented as the ratio of the current measured bead volume
VMe to the volume of the swollen bead in its Na+ form VNa.

Study of Viscoelastic Properties of CPE
The standard equipment UIP-70 (Russia) adapted for precise dilatometric measurements on a single
spherical polymeric sample (Figure 1) was used for the experiments. The adaptation of the equip-
ment and its use for the study of swelling processes was described elsewhere. [29–31] A spherical
defect-free swollen bead of 0.25–0.5 mm in diameter (measured under a microscope) and a droplet
of ~0.02–0.03 mL of the corresponding equilibrium electrolyte solution were placed into a shallow
spherical pit in a quartz plate. A quartz sliding rod 190 mm in length and 4 mm in diameter with a
polished flat end pressed against the bead with a load of 0.2–0.5 g, which would not yet distort the
regular spherical shape of the swollen bead. While being fixed in the pit with the rod, the bead is
prevented from rotational movements during the measurement. The sliding rod is connected to the
mechanical motion transducer (for transforming mechanical displacement of the rod into electronic
information by the instrument’s capacitive sensor) that automatically registers the changes in the size
of the swollen bead.

After the bead with the equilibrium solution was fixed on the support plate, the quartz sliding rod
was loaded at its top with the load of 5 g and the changing of the vertical size of the bead in time was
registered. After the size of the bead ceased to change, the sliding rod was unloaded, and the
relaxation of the bead with time was again registered. In the same manner, the deformation of the
bead was sequentially registered under increasing loads of 5, 10, 20, 50, 100 g (and 200 g in some
experiments). The results were plotted as the dependence of relative axial deformation on time (ΔD/
D0, ΔD = D − D0, where D and D0 are the current and the initial diameter of the bead sample,
respectively). The accuracy of determining the axial deformation by the above dilatometric technique
is estimated to be better than 0.8%. Note that deformations considered in the present study vary in
the wide range from 1 to 60%.

Results and Discussion

Temperature-induced Swelling

Figure 2 shows the kinetics of swelling and shrinking of two carboxylic resin beads immersed
into the corresponding equilibrium solutions on temperature changes. The results indicate that
different resins belonging to the same narrow carboxylic gel-type of CPE can behave differently.
The rates of shrinking of polymethacrylic KB-4P2 cation exchanger and of the acrylic–
methacrylic copolymer AMAC cross-linked with DVB in the Ca2+ form (on increasing the
temperature) and of its swelling back (on lowering the temperature) are sufficiently high, so
that the initial volume of the bead is rapidly restored after heating and subsequent cooling
(Figure 2a,d). Though there exists some difference in the rates of these two stages, this difference
is not as great as in the case of other weakly cross-linked hydrophilic gels that were formerly used
in dual-temperature processes of concentrating high-molecular-weight substances.[32–34] We
found that the process of swelling can be well described by the well-known diffusion model
proposed by Tanaka.[35] The evaluation of the diffusion coefficient of the polymer network upon
swelling of the gel according to this model gives the value 5 × 10−8 cm2/s, which agrees well with
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the known data for hydrophilic gels.[32,35,36] The same KB-4P2 cation exchanger in the Mg2+ form
behaves analogously in solutions with relatively low concentrations of MgCl2. However, at
concentrations of MgCl2 solution higher than 2 equivalents per liter, the rate of swelling upon
cooling decreases substantially (Figure 2b). For the Ni2+ form of the resin, even at low concen-
trations of the external solution, the swelling proceeds considerably slower than shrinking, and
the initial volume of the bead is not restored (Figure 2c). For the polyacrylic cation exchange
resin KB-2e3 in the Ca2+ form, the shrinking of the bead on heating proceeds very rapidly. But
the subsequent swelling on cooling proceeds extremely slowly and the equilibrium extent of
sorption of additional amounts of water is not reached even after 2 months: after this time the
volume of the bead increased only by ~6% (Figure 2e). This suggests that being once heated by
70 degrees, this resin upon cooling attains a new stationary state of swelling.

Figure 1. Equipment for registering the size changes of a swollen polymer bead on loading: 1, quartz support; 2, swollen
polymeric bead; 3, glass tube; 4, quartz sliding rod; 5, mechanical motion transducer; 6, load.
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The discovered difference of stationary states of swelling of hydrophilic gels appears to be a very
unusual phenomenon, and it may even seem improbable. However, it is appropriate to recall the
work [34] in which the authors observed an incomplete collapse of temperature-sensitive poly(N-
isopropylacrylamide) hydrogel after increasing the temperature.

The reasons for such a behavior of the CPE of carboxylic kind were elucidated by the second set
of experiments.

Ion-induced Swelling

Figure 3 shows photographs obtained after a dry bead of the KB-4P2 resin in the Na+ form was
placed into a 1 N NiCl2 solution. It can be seen that at the initial stages, there exists a boundary
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Figure 2. Changes of the swelling factor fT for the KB-4P2 cation exchanger in its (a) Са2+, (b) Mg2+, (c) Ni2+ forms in 4 N solutions
of metal chlorides; (d) for the weakly cross-linked gel AMAC and (e) KB-2e3 cation exchanger in their Са2+ forms in 2.5 N СaCl2. The
temperature of the samples rapidly changes from 293 K to 363 K (filled symbols) and from 363 K to 293 K (open symbols). Solid
lines are approximating curves.
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between the dry core and the swollen outer layer of the bead. As the bead swells, the dry core
diminishes and finally disappears.

Earlier, analogous moving boundaries inside the beads were observed as well. [37–39] The authors
used a weakly cross-linked copolymer—poly(0.75 sodium acrylate/0.25 acrylic acid) cross-linked
with 0.06% mole fraction N,N-methylene-bis-acrylamide. The initially dry spherical beads with the
radius from 0.05 to 0.1 mm were placed in aqueous solutions of CuSO4 or AgNO3.

Time dependencies of the volumes of the KB-4P2 bead and its dry core in our experiments are
shown in Figure 4. The total volume of the bead first increases quickly, then decreases much more
slowly, reaching the stationary value. The initial dramatic increase is caused by rapid penetration of
water into the Na+ form CPE bead, and the subsequent decrease by the more slow process of the
exchange of Na+ ions for Ni2+ ions. As a result of this exchange, a more dense zone of the Ni2+ salt
forms on the surface of the bead and gradually propagates to the center (the boundary between the
Ni2+ and Na+ forms in the photos is indiscernible). Noteworthy is the fact that the swelling of the
bead with the disappearance of the dry core completes in a few minutes, while the ion exchange with
replacing of the initial system of ionic-type bonds carboxylate–Na+ by the system of coordination-
type bonds of Ni2+ ion with several carboxylate ligands takes more than an hour. The latter process is
necessarily associated with the approach of several functional groups of the polymer network to the
complexing metal ion and with the slow rearrangement of the conformation of respective segments
of polymer chains, which results in the decrease of the volume of the swollen bead.

With the increase of the concentration of NiCl2 solution, the rate of hydration of the dry core
decreases, and the approach to the equilibrium volume (or rather, to the stationary volume) of the
bead also slows down. This fact reveals the role of the forming outer shell of the Ni2+ form. The shell

0 s 70 s 80 s 90 s 120 s 150 s 230 s 

Figure 3. Photographs of the KB-4P2 bead showing the changes with time of the dry core and the swelling shell in 1 N NiCl2
solution at the constant temperature of 293 K. The time in seconds is indicated under the photos. The photos correspond to the
initial part of the curves in Figure 4. The NiCl2 solution looks as the outer light spherical layer. The boundary between this layer
and the next dark layer shows the outer boundary of the swelling bead growing in time. The dry core of the bead looks as the
central sphere diminishing in time.
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0.0
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 / 
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Figure 4. Time dependencies of the volume of the KB-4P2 bead (open symbols) and its dry core (filled symbols) in 1 N NiCl2
solution. VNa is the volume of the swollen bead in the Na+ form. The initial part of the curves corresponds to the photos in
Figure 3.
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becomes more dense with the concentration of the solution, which hinders the interphase transfer of
water and the exchange of ions, but to an even greater degree retards the conformational restructur-
ing of the polymer network.

The role of “rigidity” or “low elasticity” of the outer shell of the bead in the Ni+ form was
confirmed in the following experiments. Figure 5a,b compares the results of experiments in which
the same KB-4P2 bead in the Na+ form (in the dry state in the first experiment and in the water-
swollen state in the second experiment) was placed into solutions of NiCl2 or CaCl2. Note that the
final stationary volumes of the same bead in NiCl2 solution are different: the initially dry bead does
not reach the final volume of the initially swollen bead. The difference in the final volumes increases
with the concentration of the external solution. The data of XAFS-spectroscopy show that the beads
do not contain nickel hydroxide, formation of which could be expected because of possible hydro-
lysis of the salt in the alkaline media inside the initial bead in its Na+ form. [40] The data of XAFS-
spectroscopy also show that, regardless of the way of obtaining the final sample, from the dry or
from water-swollen states, the structure of the first coordination sphere of Ni2+ ions, comprising at
least two carboxylic groups, is virtually the same. These data indicate that the differences in the
properties of KB-4P2 bead in the Ni2+ form obtained from different initial states are caused not by
the differences in the immediate structure of complexes of Ni2+ in the polymer, but rather by the
differences in the sets of carboxylate groups fixed in the coordination sphere of the complexing ion
and, accordingly, by the differences in the conformational states of polymer chains of the gel
network.

Indeed, the difference in the volumes of the same CPE bead in these two stationary states must be
caused by the fact that the process of the exchange of Na+ for Ni2+ (Figure 5a,b) in the outer layer of
the initially dry bead proceeds at a substantially lower hydration degree of polymeric chains. As a
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Figure 5. Time dependencies of bead volumes in the experiments when the same KB-4P2 bead in Na+ form in the dry state (filled
symbols) and in the 0.5 N NaCl solution-swollen state (open symbols) was placed into (a, b) NiCl2 solution and (c, d) CaCl2 solution
with concentration (a, c) 0.005 N and (b, d) 4 N at constant temperature of 293 K. VNa is the volume of the bead in the Na+ form
swollen in the 0.5 N NaCl solution.
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result of different initial distances between carboxylate ligands involved in formation of sufficiently
stable dicarboxylate complexes, different sets of carboxylic groups react with migrating Ni2+ ions in
the case of the initially dry bead compared with the situation in the preliminarily swollen bead. Here,
a direct analogy is observed with the well-documented fact that upon cross-linking of linear
polymeric chains in solutions by bifunctional reagents, the swelling ability of the formed gel rapidly
decreases with the concentration of the initial polymer solution. [41]

The two plots in Figure 5c show that the stationary values of the swelling factor of the KB-4P2
bead obtained from its dry and swollen initial states in dilute CaCl2 solution virtually coincide. It
means that the final states of sorption of both water and calcium ions are close to the equilibrium
and are slowly reached from any initial states of the bead. However, for a concentrated solution
(Figure 5d), a somewhat different picture is observed. The volume of the dry bead placed into CaCl2
solution first increases because of the rapid sorption of water, then decreases as a result of the
reaction of ion exchange, and then the bead continues to swell to reach the final stationary state.
During this period a restructuring of the system of electrostatic bonds of calcium ions with
carboxylic anions probably takes place. The salts of calcium with carboxylic groups have rather
ionic than coordination character. They are much more labile than complexes of nickel, and rapidly
exchange carboxylate ligands, which allow polymeric chains to change their conformational states
and gradually reduce the local strains of the whole network.

Deformation under Load

The influence of the ionic form of CPE and the concentration of the external solution manifests itself
also on examining viscoelastic properties of the beads. For polymethacrylic and polyacrylic CPE in
the Na+ form swollen in water, elastic deformation behavior is typical on uniaxial compression of a
spherical sample. This is clearly seen in the plots of axial deformation (here D0 is the initial diameter
of the bead and D is the current vertical size of the same bead under load) on periodic loading and
unloading of the sample (Figure 6). The deformations proportionally increase with the magnitude of
the compressive force, but rapidly vanish upon unloading, that is, remain completely reversible.

A linear dependence of the instantaneous elastic deformation on the magnitude of the compres-
sive force is observed (Figure 7). The residual deformations do not exceed 1%, that is, remain within
the measurement accuracy of the applied experimental method.

The deformation behavior of swollen-in-water KB-4P2 and KB-2e3 beads in their Na+ form allows to
characterize these polymers as typical elastomers with a small modulus of elasticity. A similar elastic
deformation behavior is also characteristic for the Ca2+ and Ni2+ forms of KB-4P2 and KB-2e3 beads in
dilute solutions of Me2+ chlorides. However, the compression amplitude for the Ca2+ form is
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Figure 6. Axial deformations of swollen beads of (a) KB-2e3 and (b) KB-4P2 in Na+ form on periodic loading and unloading of the
samples. The load in grams is indicated over each “peak”.
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considerably smaller (about 40% for an axial force of 1 N) and for the Ni2+ form even smaller (not
exceeding 10%) (Figure 8a,b), as compared to the flexibility (deformations amounting to 60% under the
same stress) for the Na+ form of the beads (Figure 6). The more rigid structure of the polymer in the Ca2+

and, in particular, Ni2+ form can be attributed to the fact that the bivalent cations act as cross-links of the
network by interacting simultaneously with two carboxylate ions. By that, in comparison with Ca2+ ion,
Ni2+ ion displays a pronounced tendency to form stable complexes or chelates, which is characteristic of
all transition metal ions. Apart from the electron deficiency of its d-shell, of importance is also the fact
that the ionic radius of Ni2+ (0.7 Å) is smaller than the ionic radius of Ca2+ (0.94 Å), which enhances its
polarizing action and increases the bond strength with electron-donating carboxylate ligands.

Noteworthy, with the increase of the concentration of the external Me2+ salt solution, both the
degree of deformation of the bead under mechanical load (Figure 8) and the elastic part of
deformation decrease. Accordingly, the contribution of viscoelastic deformations decreases, which
manifests itself in the reduction of immediate elastic deformations (Figure 9) and in the growth of
residual deformations. Here the influence of the concentration of the electrolyte on the water content
of the CPE is clearly demonstrated: the lower the water content the higher the rigidity of the polymer
(the extent of deformation decreases) and the slower the conformational restructuring of the
polymer network under changing load (the contribution of residual deformations grows). Also
clearly demonstrated is the higher rigidity of the beads substantially reinforced by the more stable
nickel complex bridges. The deformability of beads in Ni2+ form is lower and residual deformation is
higher than those for the Ca2+ form of CPE.

Conclusions

Thus, it is discovered that the ion exchange resins of polymethacrylic and polyacrylic types in Ca2+

and Ni2+ forms can attain different stationary states of their swelling depending on the way of
swelling. The rates of shrinking of polymethacrylic cation exchanger and of the acrylic–methacrylic
copolymer cross-linked with DVB in the Ca2+ form (on increasing the temperature) and of its
swelling back (on lowering the temperature) are sufficiently high, so that the initial volume of the
bead is rapidly restored after heating and subsequent cooling. The same polymethacrylic resin in the
Mg2+ form behaves analogously in solutions with relatively low concentrations of MgCl2. However,
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Figure 7. Dependence of the instantaneous elastic deformation of the swollen KB-4P2 bead in the Na-form on the magnitude of
compressive force. R2 = 0.988.
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at concentrations of MgCl2 solution higher than 2 N, the rate of swelling upon cooling decreases
substantially. For the Ni2+ form of the resin, even at low concentrations of the external solution, the
swelling proceeds considerably slower than shrinking, and the initial volume of the bead is not
restored. For the polyacrylic resin cross-linked with dimethacrylate triethyleneglycole in the Ca2+

form, the shrinking of the bead on heating proceeds very rapidly. But the subsequent swelling on
cooling proceeds extremely slowly and the equilibrium extent of sorption of additional amount of
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Figure 8. Axial deformations for KB-4P2 in (a, c) Ca2+ form and (b, d) Ni2+ form on periodic loading and unloading of the samples swollen
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water is not reached even after 2 months. It is also discovered that the dry and the swollen in the 0.5
N NaCl solution beads of the polymethacrylic resin in the Na+ form after being placed in solution of
CaCl2 or NiCl2 attain different stationary states of swelling. The difference in the degree of swelling
increases with the concentration of the external solution. The ionic form of crosslinked polyelec-
trolytes of acrylic and methacrylic types and the concentration of the solution affects the elastic–
plastic properties of the gel: in sodium chloride solutions either dilute or concentrated and in dilute
solution of calcium chloride gels exhibit elastic properties, whereas in concentrated solutions of
calcium chloride and in solutions of nickel chloride plasticity manifests itself in the deformation.
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