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Abstract: The isothermal kinetics curves of the swelling of a poly(acrylic acid) hy-
drogel in distilled water and physiological solution at temperatures ranging from 20
to 40 °C were determined. The possibility of applying both the Fick’s kinetics mo-
del and kinetics model of the first order chemical reaction to the swelling kinetics
of the PAA hydrogel in distilled water and physiological solution were examined. It
was found that the possibilities of applying these models were limited. The new
model of the kinetics of swelling in distilled water and physiological solution was
established. The kinetic parameters (E,, In A) for the swelling in distilled water and
physiological solution were determined. The decrease of the equilibrium degree of
swelling and the saturation swelling rate of the swelling of the PAA hydrogel in
physiological solution compared to swelling in distilled water could be explained by
the decreased differences in the ionic osmotic pressures between the hydrogel and
the swelling medium. The increase of the initial swelling rate in the physiological
solution might be caused by an increased density of charges at the network and by
an increased affinity of the network towards the water molecules. The increase of
the activation energy of the swelling of the PAA hydrogel in the physiological solu-
tion is a consequence of its additional “ionic crosslinking”.

Keywords: swelling kinetics, kinetics parameters, model, poly(acrylic acid) hydrogel.

INTRODUCTION

Hydrogels are three-dimensional cross-linked polymeric structures which are
able to swell in an aqueous environment. Due to their characteristic properties,
such as swellability in water, hydrophilicity, biocompatibility, and lack of toxi-
city, hydrogels have been utilized in a wide range of biological, medical, pharma-
ceutical and environmental applications.12 In the biomedical field, hydrogels are
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used in diagnostics, therapeutics and implantable devices (catheters, biosensors,
artificial skin, controlled release drug delivery systems and contact lenses). Envi-
ronmental chemists are interested in utilizing these superabsorbent materials to
purify waste water by removing heavy metal ions and organic pollutants.3:4

The application of hydrogels could be affected significantly by their swelling
properties. The swelling kinetics and equilibrium degree of swelling are influen-
ced by many factors, such as the type of monomers, pH, ionic strength, network
structure, hydrophilicity, degree of ionization of functional groups, cross-linking
ratio, etc. The equilibrium degree of swelling is also a function of the properties
of the swelling medium, including the pH and the ionic strength.> lonizable “en-
vironmentally sensitive” hydrogel networks are especially attractive because their
properties can be controlled not only by changing their molecular structure but
also by adjusting external conditions.®

Hydrogels of acrylic polymers and their copolymers have been reported as
having adjustable swelling kinetics, which display special properties® and that the
presence of polyacrylic segments in the hydrogels significantly increases their
ability to uptake water.’ It is predictable that, due to the presence of carboxylic
acid side groups, the swelling behavior of a poly(acrylic acid) (PAA) hydrogel
would be highly dependent on the pH of the surrounding medium.® The swelling
behavior of copolymeric acrylic hydrogels also depends on the pH value of the
solution.89 It was shown that the swelling equilibria are primarily governed by
an energy balance between the osmotic pressure within the polymer network and
the elastic repulsive force of the network structure.8 It is known that PAA hydro-
gels swell significantly in a medium with a pH higher than 5 and that they do not
swell significantly in an environment with pH below 4, which is the pH of the
stomach. Thus one of the major applications of acrylic acid gels is in sustained
gastro-intestinal drug delivery systems.>10 A change in pH from 3-6 causes the
ionization of the hydrogels and an increase of the degree of swelling.

In the field of hydrogels, research on the kinetics of swelling is important
and numerous papers have been published on this topic, dealing with the swelling
kinetics of various types of hydrogels. The kinetics of the swelling of hydrogels
are most frequently formally described as first order chemical reaction or as a
process controlled by diffusion.

The swelling behavior of hydrogels synthesized by y-radiation cross-linking
of poly(acrylic acid) was investigated by swelling the hydrogels in buffered me-
dia of pH 4 and 7. It was found that the swelling mechanism was dependent on
the pH of the swelling medium and the concentration of PAA during irradiation.
Based on the results of Jabbary et al., all possible mechanisms of transport of the
solution into the gel were observed: Fickian diffusion, a combination of Fickian
and anomalous diffusion, anomalous diffusion and diffusion between anomalous
diffusion and case-11 diffusion.11
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Completely neutralized poly(acrylic acid) showed the highest degree of swel-
ling in pure water compared to several salt solutions. In this case, free counter
ions remain inside the gel to neutralize the fixed charges on the network chains.
The driving force of the swelling process is the presence of mobile osmotically
active counter ions. When salt is added to the system (1:1 salts; LiCl, NaCl, KCI
and CsCl), ions diffuse from the solution into the network. The overall concen-
tration of mobile ions in the gel is higher than before but the difference between
ion concentrations inside and outside is reduced. Consequently, the driving force
of swelling decreases gradually with increasing salt concentration.12

Bearing in mind the possible biomedical applications of PAA hydrogels, the
kinetics of the isothermal swelling of a PAA hydrogel in bidistilled water and
physiological solution in the temperature range of 20 to 40 °C were investigated.
This investigation employed both usual and newly-established methods. The aim
of this work was to compare the swelling kinetics of the PAA hydrogel in bidis-
tilled water and a physiological solution and to determine the kinetic parameters (ac-
tivation energy and pre-exponential factor) for the investigated swelling processes.

EXPERIMENTAL
Materials

Acrylic acid, in glacial form, was obtained from Merck, Darmstadt, Germany and was stored
in a refrigerator before use. Sodium persulfate and sodium thiosulfate both p.a. purity, were also
supplied by Merck and were used as a redox initiator pair with 30 % hydrogen peroxide, obtained
from Zorka-Sabac, Serbia. N,N’-Methylenebisacrylamide (NMBA), purchased from Merck, Da-
rmstadt, Germany, was used as the cross-linking agent. An activator, ethylenediaminetetraacetic
acid (EDTA), p.a., was purchased from Merck, Darmstadt, Germany. Sodium carbonate (Na,CO,),
p.a., Zorka-Sabac, Serbia, was used for neutralization. All chemicals were used as received. Bidis-
tilled water was used in the polymerization and swelling experiments. Physiological solution was
purchased from Hemofarm, Vr8ac, Serbia.

Synthesis of the partially neutralized poly(acrylic acid) hydrogel

The partially neutralized poly(acrylic acid) hydrogel used in this investigation was synthe-
sized following a procedure based on the simultaneous radical polymerization of acrylic acid and
cross-linking the formed poly(acrylic acid) according to the procedure described in a previous in-
vestigation,3 which is described below.

The hydrogel was synthesized under a nitrogen atmosphere in a polymerization reactor equip-
ped with a magnetic stirrer, reflux condenser, nitrogen inlet and thermometer. The monomer solu-
tion was prepared from 80 ml of acrylic acid dissolved in 180 ml of distilled water and 0.8 g of
NMBA and 0.08 g of EDTA, both dissolved in 60 ml of distilled water. This monomer solution was
placed in the reactor, stirred and de-oxygenated with nitrogen gas bubbling through the solution for
60 min. Initiator stock solutions were: sodium persulfate and sodium thiosulfate (both 2.5 g dissol-
ved in 22.5 ml bidistilled water) and hydrogen peroxide, 30 %. After completion of the de-oxyge-
nation, the initiator solutions were added to the monomer solutions: 2.4 ml of sodium persulfate so-
lution, 10 ml of hydrogen peroxide and 1.2 ml of sodium thiosulfate solution. Then, the reaction
mixture was slightly warmed up to 50 °C until the temperature of the reaction mixture dramatically
increased (gel point) and it was then left at 50 °C for a further 4 h. The obtained gel-type product
was converted to the Na* form (60 %) by neutralizing it with a 3 % solution of Na,CO3. Next, the
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synthesized hydrogel was thoroughly washed with distilled water. The water was changed 7 times
every 5 h or left over night and changed the following morning in order to remove the residual mo-
nomers and soluble fraction of the polymer. The hydrogel obtained in bulk was cut into small discs
approximately the same size and then dried in an air oven in the temperature regime of 2 °C min!
up to 105 °C, to constant mass. The obtained product was stored in a vacuum desiccator before use.
Swelling experiments

To determine the swelling parameters, the samples of xerogels (with diameter of about 0.5 cm
and thickness of 1 mm) of average weight of 0.1 g (5 %) were left to swell in distilled water and a
physiological solution at temperatures ranging from 20 to 40 °C. At the beginning of each experi-
ment, a piece of xerogel was weighed and immersed in an excess of the desired swelling medium to
swell. At predetermined time intervals until a constant mass was attained, the swollen gel was re-
moved from the swelling medium and weighed. Since the swollen gels appeared to be fragile, they
were put on a grid boat with a mesh size of 1 mm. This technique allowed the polymer to be placed in
water and to be weighed without it breaking. Each time the grid boat with the polymer was remo-
ved from the swelling medium, it was gently dried with a paper tissue in order to remove excess liquid.
Determination of the degree of swelling

The isothermal degree of swelling (SD), defined as the difference between the weight of the
swollen hydrogel sample at time t, m;, and the weight of the xerogel sample, mg, divided by the
xerogel weight, was calculated according to Eq. (1) and determined as a function of time:

sp[oe] =M —Mo 100 Q)
Mo
The equilibrium degree of swelling, SDeg, is the degree of swelling of the swollen hydrogel at
equilibrium, i.e., the hydrogel sample which had reached constant mass, meq. At least three swelling
measurements were performed for each sample and the mean values are reported. The maximal
error of the measurements was 0.5 %, i.e., 10 % of the determined SD.
The normalized swelling degree, ¢, is defined as the ratio between the degree of swelling, SD,
at time, t, and the equilibrium swelling degree, SDeq:
SD

= 2
“= oo @

Physico—chemical characterization of the xerogel

The xerogel was characterized by the following structural properties: density, pyg, cross-link
density, o, and the distance between the macromolecular chains, d, according to the methods pro-
posed by Gudeman and Peppas.®

Xerogel density, pyg, determination. The apparent density of the synthesized sample was de-
termined by the picnometry method using n-hexane as the non-solvent.

The cross-link density, o, and the distance between the macromolecular chains were calcula-
ted using the following equations:

P
SV ®)

Cc
d =0.154v5/3(0.19M )2 4

where M, is the molar mass between the network cross-links and is a nominal value estimated from
the initial composition:
72

c —X (5)
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where X is the nominal cross-link ratio (moles of NMBA/moles of acrylic acid in the reaction
mixture) and v, is the volume fraction of the polymer gel in the equilibrium swollen state at 25 °C,
which was determined as follows (Eq. 6):

V2= ®)
ag,s

where V,, is the volume of the xerogel sample and Vg is the volume of the gel sample after

equilibrium swelling:

W, s =W,
Vg,s = a,sp = )
h

where W, ¢ is the weight of the polymer after swelling in air, Wy, 5 is the weight of the polymer after
swelling in n-hexane and py, is the density of n-hexane.
RESULTS AND DISCUSSION

The determined basic structural properties of the synthesized PAA xerogel and
the nominal cross-linking ratio, X, are given in Table I. Based on the results pre-
sented in Table I, it may be concluded that the synthesized xerogel was of a me-
dium cross-linking density and macroporous (pores with average diameter > 50 nm).

The swelling isotherms of the synthesized partially neutralized poly(acrylic
acid) (PAA) xerogel in (a) distilled water and (b) physiological solution at
temperatures from 20 to 40 °C are shown in Fig. 1.

TABLE 1. The basic structural properties of the synthesized PAA xerogel sample and its nominal
cross-linking ratio (X) in the reaction mixture

X Pxg | kg m3 M / g mol-1 pex10%/ mol cm3 V) d/nm
0.005 994 7200 14 0.6 1.02

As can be seen from the results presented in Fig. 1, the swelling isotherm
curves are similar in shape at all of the investigated temperatures, both in distilled
water and in the physiological solution. Three characteristic regions of the degree
of swelling changes with swelling time may be distinguished in all the swelling
curves: a linear part, a non-linear part and a saturation range or plateau.

To analyze the influence of temperature on the kinetics curves of swelling,
the following specific parameters were used: the initial swelling time, tj,, the ini-
tial swelling degree, SDjp, the initial swelling rate, vj,, the equilibrium swelling
time, teg, the saturation swelling rate, veg, and the equilibrium swelling degree,
SDeq. These parameters are defined as follows: tj, is the time interval within
which the degree of swelling increases linearly with swelling time (from the be-
ginning of the process), SDj,, is the degree of swelling at the end of this linear in-
crease, Vip is the rate of swelling during the initial, linear region of swelling (Eqg. (8)):

(8)
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teq represents the time when the equilibrium swelling degree is first attained, vegq
is the saturation swelling rate and is defined as the swelling rate when SDgq is
attained for the first time (Eq. 9):

Veq =— )
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Fig. 1. Swelling isotherms of the PAA hydrogel at different temperatures in
(a) distilled water and (b) physiological solution.

The changes of tin, Vin, teg, Veq and SDeq With temperature for the swelling of the
investigated hydrogel in water and the physiological solution are presented in Table .

TABLE II. The influence of temperature on the specific parameters of the swelling kinetics curves:
tin, Viny teg Veq and SDeq

Distilled water Physiological solution
t/°C t, v g Veq SDegx10%  tj, Vin teg Veq  SDggx107
min % minl min % min‘! % min % mint  min % min! %

20 90 555 350 3143 11.0 10.0 89.2 300 7.87 2.36
25 60 783 250 45.20 11.3 9.2 118.3 250 10.88 2.72
30 38 1052 180 64.44 116 8.8 141.8 200 14.25 2.85
35 30 1333 150 78.67 118 8.7 164.7 150 19.53 2.93
40 22 1820 120 100.00 120 8.5 188.5 100 30.00 3.00

From the presented results, it is clear that as the temperature of the swelling
increased, the initial swelling rate and the equilibrium degree of swelling increa-
sed in both investigated systems, while simultaneously, the values of tjy and teq
decreased. The values of the initial swelling time and equilibrium degree swel-
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ling, at the same swelling temperature, were significantly higher in water (2-9
times) than in the physiological solution. On the contrary however, the calculated
values for the initial swelling rate were higher in the physiological solution than
in distilled water.

When the kinetics of swelling are determined by the kinetics of penetration
of molecules of the swelling medium, Fick’s law of diffusion: SD = kt1/2,14.15
could be used as a model for the kinetics of the isothermal swelling.

Plots of the degree of swelling as a function of the square root of time at diffe-
rent swelling temperatures in distilled water and in the physiological solution are
presented in Fig. 2. These results deviate significantly from straight lines, both for
distilled water and the physiological solution. In fact, it is possible to obtain straight
lines only in certain period of swelling. For swelling in distilled water, the middle
region of the swelling process gives a straight line for the dependence SD vs. t1/2,
while for swelling in the physiological solution, only the first stages give straight
lines. Also, the shapes of the obtained curves of the process in water and in the phy-
siological solution differ significantly from each other. These results imply that the
so-called Fickian type of solvent diffusion into the hydrogel is not the dominant fac-
tor influencing the swelling kinetics of the hydrogel. They also imply that the swel-
ling mechanisms in water and in the physiological solution are probably different.
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Fig. 2. Plots of the degree of swelling as a function of the square root of time in
(a) distilled water and (b) physiological solution.

If the kinetics of swelling is determined by diffusion of the network, the
isothermal swelling kinetics of the gel could be described by the Eg. (10):

SDgq —SD

In =kt (10)

eq
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I.e., the plots of In (SDeg/(SDeg—SD)) vs. t give straight lines.

The dependences of In (SDgq/(SDeq—SD)) on time for the swelling of the in-
vestigated hydrogel at the investigated temperatures are presented in Fig. 3, from
which it can be seen that the plots of In (SDeg/(SDeq—SD)) as a function of time
give straight lines only in parts of both of the investigated swelling processes.
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Fig. 3. Plot of In (SD¢g/(SDeq-SD)) vs. time in (a) distilled water and (b) physiological solution.

Bearing in mind that the isothermal swelling kinetics, both in water and in
the physiological solution may be described by the actually known models of
swelling only over limited time intervals, an attempt was made to investigate the
possible applicability of a new model for swelling kinetics. The choice of the
new model is based on the so-called “model-fitting method” which is widely
used to establish the reaction models for reactions occurring in the solid state.16

According to this procedure, the best choice of the approximate reaction mo-
del of the swelling process is achieved by comparing (both graphically and ana-
Iytically) the shapes of the function: ae = f (tg,red) of the investigated systems to
the shape of the function a =f (toq) of common reaction kinetics models for
heterogeneous processes, where, o is the normalized degree of swelling and tyqq
is the reduced time:

tred = te/t0.9 (11)

where t, is the swelling time which corresponds to the normalized degree of
swelling a, while tg g is the swelling time which corresponds to SD = 0.9SDg,

The sets of the common kinetics reaction models which were used to analyze
the investigated swelling kinetics models are presented in Table 111.17.18
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TABLE Ill. The set of kinetics models used for the determination of the kinetics model of the swel-
ling of the PAA hydrogel

General expression of  Integral form of the

Model Reaction mechanism the kinetics model, f() kinetics model, g(«)
P1 Power law 48/ al/4
P2 Power law 3a23 alf3
P3 Power law 20112 alf2
P4 Power law 2/3a7112 o32
R1 Zero-order (Polany—Winger equation) 1 o

Phase-boundary controlled reaction (con-

_ )12 _(1_)112
R2 tracting area, i.e., bidimensional shape) 2(1-a) [1-(1-0)~]
Phase-boundary controlled reaction (con- 213 o N1/3
R3 tracting volume, i.e., tridimensional shape) 3(1-a) [1-(1-0)*"]
F1 First-order (Mampel) (1-a) -In(1-a)
F2 Second-order (1-a)? (1-a)t-1
F3 Third-order (1-a)3 0.5[(1-a)2-1]
A2 Avrami-Erofe’ev 2(1-a)[-In(1-0)]Y/2 [-In(1-a)]22
A3 Avrami-Erofe’ev 3(1-a)[-In(1-0)]?3 [-In(1-a)]*3
A4 Avrami-Erofe’ev 4(1-a)[-In(1-0)]34 [-In(1-a)]4
D1 One-dimensional diffusion 1/2a o?
Two-dimensional diffusion (bidimensio-
D2 nal particle shape) U[-In(1-a)] (1-0) In(1-a) + &
Three-dimensional diffusion (tridimen- 231011 (1 A1/3 i N1372
D3 sional particle shape), Jander equation 3(1-a)™*/2[1-(1-0)""] [1-(1-0)*"]
D4 Three-dimensional diffusion (tridimensio- 3/2[(1-a)13-1] (1-20/3)~(1-0) 23

nal particle shape), Ginstling—Brounshtein

Fig. 4 shows the plots ae =f (t;red) for the theoretical reaction models pre-
sented in Table 111 (solid curves) and the experimental plots ae = f (tg,red) for the
swelling of the employed partially neutralized poly(acrylic acid) hydrogel in dis-
tilled water and in physiological solution, 4a and b, respectively.

Based on the results presented in Fig. 4, it may be concluded that the isother-
mal swelling kinetics of PAA in distilled water could be described with the so-cal-
led kinetics model of “contracting area” which is characteristic for phase-boun-
dary controlled reactions, of bidimensional shape.19 Furthermore, the isothermal
swelling kinetics in the physiological solution could be described by the so-called
kinetics model of tridimensional diffusion, which is characteristic for tridimen-
sional shaped particles (Jander equation).20 This means that the following expres-
sions are, respectively, valid:

1-(1-a)12 = kit (12)
[1-(1-0)Y/3]2 = knt (13)
where Kk, is the model rate constant.
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Fig. 4. Plot of @ = f (t;’red) for swelling in distilled water (o) and in
physiological solution (o) and the theoretical models (solid lines).

Fig. 5 presents the dependence of 1-(1-a)Y/2 on time for the swelling of
PAA in distilled water at the investigated temperatures.

g

ti°c
—n—20
—8—25

A— 30
—y—25
40

0.2

0.0

200 300 Fig 5. Plot of 1-(1-«)Y2 vs. time for swellling
r/ min in distilled water at the investigated temperatures.
Over a very wide range of “periods of applicability” (P >90 %) at all the
investigated temperature in distilled water, the dependence 1-(1-a)1/2 vs. time gi-
ves a straight line. The values of the model swelling rate constants (k) were de-
termined from the slopes of the lines obtained according to Eq. (12), which are
presented in Fig. 5. These values are shown in Table IV.
The dependences of 1-(1-a)1/3 on the square root of time at the varying in-
vestigated temperatures are in Fig. 6 shown for the swelling process of PAA in
the physiological solution.

T
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TABLE V. The temperature changes of model swelling rates constants (k) and their periods of
applicability (P) for the swelling of the PAA hydrogel in distilled water and physiological solution

t/°C Distilled water Physiological solution
P/% Km / 1073 mint P/% Km / 1073 mint
20 0-99 3.0 0-100 2.1
25 0-94 3.9 0-100 3.1
30 0-90 5.0 0-100 4.2
35 0-95 6.4 0-100 5.7
40 0-92 7.8 0-98 7.7

Over a very wide range of “periods of applicability” (P > 90 %), namely for
the entire range at all of the investigated temperatures in the physiological solu-
tion, the dependence 1-(1-a)/3 on the square root of time gives a straight line.
The swelling rate constants (ky) of the model were determined based on the
slopes of the lines obtained according to Eq. (13), which are presented in Fig. 6.
These values are also shown in Table V.

1.0
0.8
:? 0.6 1
= B t1°c
—u—20
—e—25
0.2 - A— 30
—v—35
40

0.0 —— _ Fig 6. A plot of 1-(1-a)* versus the square
0 5 10 15 20 root of time for swelling in the physiological
£ 1 min"® solution at the investigated temperatures.

Based on the results presented in Table IV, it is easy to observe that as the
temperature of swelling increases, the swelling rate constants (kp,) of the model
also increases. As the swelling rate constants calculated for the determined “peri-
ods of applicability” (P) using the applied models exponentially increase with
increasing temperature, it is possible to determine the kinetic parameters: activa-
tion energy (Ez) and pre-exponential factor (InA) for the applied kinetic models
using the well-known Arrhenius equation.

The results of the determined values of the kinetic parameters (E; and InA)
determined for the reaction models and their corresponding “periods of applicabi-
lity” (P) in distilled water and the physiological solution are summarized in Table V.
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TABLE V. The values of the kinetics parameters obtained using the different kinetics models

Model Distilled water Physiological solution
P/% Ej/kimoll In(A/minY) P/% E,/kImol?l In(A/min?)
Initial rate 0—(30-46) 44.36 2224  0-(37.7-70) 27.9 16.01
Fickian diffusion 22-82 21.68 15.69 0-(37-62) 277 17.06
First order 0—(50-70) 32.07 8.38 0—-(50-78) 49.6 16.14
Model 0-(9-95) 35.01 8.60 0-(99-100) 48.3 13.7

For all of the swelling kinetics models examined, the calculated kinetic para-
meters for the swelling of PAA hydrogels in the physiological solution are higher
than the calculated values for the same process in distilled water.

The values of the kinetic parameters for both investigated processes, deter-
mined by the newly established models and those of the first order kinetics
model, are mutually comparable and differ from one another by 5-10 %. The nu-
merical values of the kinetics parameters determined using Fick’s kinetics model
are significantly lower. The established changes of the swelling kinetics model
and the swelling kinetics parameters in physiological solution when compared to
those obtained with distilled water imply that the swelling mechanism in the phy-
siological solution when compared to distilled water is changed. Based on the
obtained results, it may be proposed that the swelling kinetics of PAA hydrogel
in distilled water are caused by the rate of two-dimensional movement of the
reactive interface, which is formed during the interaction of the polymer network
with the molecules of the swelling medium. On the contrary, the isothermal
swelling kinetics in physiological solution can be described by the kinetics model
of three-dimensional movement of the reactive phase boundary.2!

According to Flory’s theory,22 the degree of swelling of a gel in a specific
medium is a function of its characteristic properties (cross-link density, affinity
towards the molecules of the swelling medium, concentrations of the bonded
charges, degree of ionization of the functional groups, etc.), as well as of the
characteristics of the swelling medium (pH, ionic strength, valences of the oppo-
site ions). This theory simply explains the established decrease of both the equi-
librium degrees of swelling and the saturation swelling rate at all applied tempe-
ratures in the physiological solution when compared to those in distilled water.
The penetration of the physiological solution into the gel, due to the higher con-
tent of cations, leads to an increase in the Na* concentration onto the gel, as well
as to an increase of the osmotic pressure in the gel, i.e., to a decrease in the
difference in the osmotic pressure between the gel and the swelling medium,23
which leads to decrease of SDeg and Veg

The established increase of the rate of the initial swelling in the physiolo-
gical solution compared to that in distilled water can be explained as a conse-
guence of the increased concentration of the charges bonded to the network and
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the affinity of the network to the molecules of the swelling medium compared to
the molecules of distilled water. In the physiological solution (pH 6.4) the
network’s functional carboxylic groups of the network of the PAA hydrogel are
completely ionized because the pK, of PAA is 4.6. Thus, increasing the con-
centration of COO~ groups, i.e., the fixed charges, leads to an increase of the af-
finity towards the molecules of the swelling medium, which in turn leads to ele-
ctrostatic repulsion. This causes the initial swelling rate to increase in the phy-
siological solution more than in distilled water (note: this comparison concerns
two different time intervals. Approximately 10 min for the swelling in the phy-
siological solution and about 80-100 min in distilled water). If the activation
energy of the swelling process is equal to the energy necessary to cause elastic
shrinkage of the hydrogel network, the established increase of the activation
energy of the swelling process in the physiological solution compared to the one
in distilled water, can be explained by the existence of so-called “ionic cross-lin-
king”23 in the physiological solution. That is, “ionic cross-linking” occurs due to
the interaction of Na* ions with COO~ (of the network), which mainly occurs at
the surfaces and makes them stronger, which additionally decreases the flexibi-
lity of the network.

The established changes of the swelling kinetics models in the physiological
solution compared to that in distilled water, are in accordance with the theoretical
and mathematical prediction of Wang and co-workers.24 The hypothesis was
postulated on the theory of gel swelling kinetics, which is based on the collective
motions of both the network and swelling medium during the swelling process,
i.e., the diffusion motion of the “adsorption complex” formed from the network
and diffusion of the swelling medium. According to their theory, the swelling
medium moves together with the network, the swelling medium rate is the same
as the network rate and the motion of the polymer network of a gel during the
course of swelling is described by an equation called the “collective diffusion
equation”.24 When the rate of axial movement of the reactive interface is higher
than the rate of radial movement of the reactive interface (as is the case for PAA
hydrogels swelling in water) then for higher degrees of swelling, the reactive in-
terface increases because the rate of network shrinkage is lower than the rate of
penetration of the molecules of the swelling medium. On the contrary, when the
rates of the axial and radial movement of the reactive interface are identical, as is
the case for a PAA hydrogel swelling in the physiological solution, for higher
degrees of swelling, the reactive interface and reactive boundary volume will be
diminished and, hence, the rate of swelling of the hydrogel will be decreased.

CONCLUSIONS

The isothermal swelling kinetics of a poly(acrylic acid) hydrogel in distilled wa-
ter and physiological solution were described by Fick’s kinetics model and the ki-
netics model of first order chemical reaction only during limited stages of the process.
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The isothermal swelling kinetics of the PAA hydrogel in distilled water
could be described by the so-called kinetics model of “contracting area”, while
the isothermal swelling kinetics in the physiological solution could be described
by the so-called kinetics model of “tridimensional diffusion”.

The decrease of the equilibrium degree of swelling and the saturation swel-
ling rate of the PAA hydrogel swelling in the physiological solution compared to
the swelling in distilled water could be explained by the decreased differences in
the ionic osmotic pressures between the hydrogel and the swelling medium.

The increase of the initial swelling rate in the physiological solution might
be caused by an increased density of charges at the network and by the increased
affinity of the network towards the water molecules.

The increase of the activation energy of the PAA hydrogel swelling in the phy-
siological solution is explained as a consequence of the additional “ionic cross-linking”.
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142025G.

U3BOJ

INOPEBEBE KMHETUKE BYBPEBA XUJIPOI'EJIA JEJIMMHUYHO
HEYTPAJIMCAHE ITOJIN(AKPUIIHE) KCEJIMHE ¥V
JECTHJIOBAHOJ BOIU 1 ®U3MOJIOIIKOM PACTBOPY

AJIEKCAHJIAP KOCTURY, BOPUBOJ AJIHABEBURZ, AJIEKCAH/IAP [IOIIOBUES 1 JEJIEHA JOBAHOBUR?

omoupuspednu daxyaiiei, Hemarwuna 6, 11080 3emyn, Beozpad, Daxyaiieii 3a dusuuxy xemujy, Cisiydeniticiu
iwpz 12—16, 11000 Beozpad u *Xemujcku paxyaimieim, Ciiydeniticku mipz 12—16, 11000 Beozpad

V pany cy ucnuTHBaHE H30TEpMalIHE KMHETHYKE KpHUBe OyOperma Xuaporeia IeIMMUYHO Hey-
TpajicaHe noJik(akpuilHe) KUCEIUHE Y IECTUIIOBAHOj BOAM U (DM3HOJIOIIKOM PAaCTBOPY y TeMIiepa-
typaoM omcery ox 20 mo 40 °C. UcnuruBana je moryhnoct npumeHe OHKOBOT KHHETHYKOT MO-
Jiesia Kao M KMHETHKE U pelia XeMHjCKHX peakiija Ha KHHETHKY OyOpema MOJHaKpUIIHOT XUAPO-
rena.YTBpheHo je na cy MOryhHOCTH 3a BUXOBY IIPUMEHY BpJIO orpanuueHe. M3 tux pasiora npu-
MEHCH je HOBH MOJIENl KHHEeTHKE OyOpema. Onpelhernu cy kunetnuk napamerpu (E,, In4) 3a npo-
Hece OyOpema y IeCTHIIOBAHOj BOAU U (HH3UOJIOMIKOM pacTBOpy. CMamemhe paBHOTEKHOT CTEHeHA
OyOpema u carypanuone Op3uHe OyOpema Xuaporena JEIMMUYHO HEyTpallucaHe Moi(aKpuiHe)
KUCEIIMHE Y (PU3HOJIOUIKOM PacTBOPY y OJHOCY Ha JSCTHIOBaHY BOJY MOXeE Ce 00jaCHHTH CMabe-
BEM Pa3jiiKe Y jOHCKOM OCMOTCKOM MPUTHCKY u3Mel)y xuzaporena u meaujyma 3a Oyopeme. [Tose-
hamwe nHHLMjanHe Op3uHEe OyOpema y (DM3HOJOMIKOM PAacTBOPY y OAHOCY Ha IECTHIOBAHY BOIY
MPOY3pOKOBaHO je noBehameM I'yCTHHE HaeJIeKTpUcamha Ha MOJMMEPHOj MpexH U nmoBehanum adu-
HHUTETOM IIpeMa MoJieKyiuMa Boje. [ToBehiame eHepruje akTHBaluje Xuaporena ACIUMHYHO HEY-
TpaJicaHe MoJu(aKpHiIHe) KUCeIHHe MpU O0yOpemy y HH3HOIOLIKOM pacTBOpY ce objallimasa J10-
JIaTHUM “JOHCKHMM yMpexemeM~ XHUAporena y (GU3HOJIOMKOM PacTBOpY.

(TTpumsbeno 23. pebpyapa 2006, pesuanpano 19. pebpyapa 2007)
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