ELSEVIER

PII: S0032-3861(97)00391-1

Polymer Vol. 39 No. §, pp. 1165-1172, 1998
© 1997 Elsevier Science Ltd

Printed in Great Britain. All rights reserved
0032-3861/97/$17.00+0.00

Prediction of swelling behaviour of hydrogels
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Prediction of swelling behaviour of hydrogels containing diprotic acid moieties, sensitive to pH and ionic strength
changes of the swelling medium, was investigated. The equations derived for the prediction of the theoretical
swelling curves are based on the phantom network theory of Erman et al. and the approaches of Peppas et al. For
all predictions, a number of polymer-based parameters, solution property parameters and polymer—solvent
combination type parameters were evaluated typical of dicarboxylated copolymers. The advantages of the derived
equations for the determinations of average molecular weight between the cross-links and also a polymer—solvent
interaction parameter have been exemplified. © 1997 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Hydrogels are cross-linked hydrophilic polymers capable of
imbibing large volumes of water, and yet are insoluble
because of their network structures, crystalline regions or
entanglements. The hydrophilicity of these materials is
due to the presence of hydrophilic functional groups such as
—OH, -COOH, —CONH,, ~CONH and —SO-H along the
polymer chains'~

Much of the work on synthesis, characterization and
swelling of hydrogels has been directed to the networks
made of neutral polymeric chains. Increasing attention,
however, has been directed in the past several years in
hydrogels that display controllable changes in volume in
response to small env1ronmental conditions such as pH,
temperature, ionic strength, etc.*”” Temperature and pH
sensitive gels have been suggested for use in a number of
new applications, including controlled drug delivery®’
immobilized enzyme systems'® and separatlon
processes'>!3

One of the basic parameters that describes the structure of
a hydrogel network is the molecular weight between cross-
links, M_ for highly swollen networks. This describes the
average molecular weight of polymer chains between two
consecutive junctions. These junctions may be chemical
cross-links, physical entanﬁlements, crystalline regions, or
even polymer complexes'®. Several theories have been
proposed to calculate the molecular weight between cross-
links in a hydrogel. Probably the most widely used of these
theories is that of Flory and Rehner'>'®. This earliest theory
describes the equilibrium swelling characteristics of a cross-
linked polymer system where the polymer chains are reacted
in the solid state and the chains exhibit a gaussian
distribution. This theory deals with neutral polymer chains
and tetrafunctional cross-linking within the polymer gel.
From their swelling expression the average molecular
weight between consecutive cross-links, M, can be
expressed by equations (1) and (2), these equations have
been widely used to characterize a variety of networks.

*To whom correspondence should be addressed

Equations (1) and (2) were used when the networks were
prepared from polymer and monomer or monomer mixtures,
respectively '~
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Here M, is the number average molecular weight of starting
polymer, ¥ is the specific volume of the polymer, V, is the
molar volume of the swelling agent, v,, is the polymer
volume fraction in the equilibrium-swollen system and x
is the Flory polymer—solvent interaction parameter.

The Flory—Rehner model describes the situation in which
Cross- 11nks are introduced in the dry stage. Peppas and
Merrill*!' derived a model reported by Peppas and Barn-
Howelll which accounts for the introduction of cross-links
in the swollen state as in the case of solution polymerization.
The final form of the Peppas—Merrill model for determining
the molecular weight between cross-links is given in
equation (3):
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Here, v, is the polymer volume fraction in the relaxed state,
i.e. after cross-linking but before swelling.

The Flory—Rehner and Peppas—Merrill models describe
the molecular weight between cross-links for neutral
polymer networks, but hydrogels may be neutral or ionic
in nature. If the polymer chains making up the network
contain ionizable groups, the forces influencing swelling
may be greatly mcreased due to localization of charges
within the hydrogel** 3. Tonic polymer networks in aqueous
salt solutions yield a far more complicated situation than
that of neutral polymers. The equilibrium swelling ratios
attained are often an order of magnitude larger than those of
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neutral networks, as intermolecular interactions such as
coulombic, hydrogen-bonding and polar forces are present.
Brannon-Peppas and Peppas have derived equations to
describe this ionic contribution term for both anionic and
cationic hydrogels?*%°. The expression for a monoprotic
acid containing anionic homopolymeric network is given in
equation (4), and theoretical swelling predictions based on
this and other similar equations are well described by
Brannon-Peppas and Peppas®*:
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During the last decade, the molecular treatment of rubber-
like elasticity has been improved by Flory and Erman?%?’
including a detailed swelling—structure relationship?®~*',
These relationships, theories and the results are reviewed
by Queslel and Mark®>** and Mark and Erman34, for the
characterization of model and randomly cross-linked
networks. A brief description of these relationships empha-
sizing, the determination of molecular weight between
cross-links of non-ionic networks by the gaussian models
of networks i.e. affine and phantom are summarized below.
A combined evaluation of the approaches of Peppas er al.
and Erman et al. are later considered and predictive equa-
tions for the swelling of hydrogels containing diprotic acid
moieties are derived in the present work.

DETERMINATION OF M. FOR NON-IONIC
HYDROGELS

When a non-ionic polymeric network is placed in a swelling
agent, there are two contributions to the free energy of the
system, mixing and elastic-retractive free energies as
expressed as AG;; and AG, respectively. It is assumed
that the change in the total free energy is the sum of AG
and AG, thus

AG=AGy;x +AG, )]

By taking the derivative of each term in equation (5) with
respect to the number of molecules of swelling agent in the
system, a relationship between the chemical potential con-
tributions and total chemical potential can be derived for
equilibrium conditions:

1~ ) = (B )mix + (Apy ) =0 (6)

where w; is the chemical potential of the swelling agent in
the polymer—swelling agent mixture, and u) is the chemical
potential of the pure swelling agent. The first term in the
right-hand side of equation (5), for the mixing of polymer
chains with the solvent can be given in terms of the Flory—
Huggins relationship:

(AG)yix = kT [ny1nv) + nylnvyy + xnyvon] @

In this equation »; is the number of sweliling agent mole-
cules in the solution, v, is the volume fraction of solvent, n,
is the number of polymer molecules in the solution and v,
is the polymer volume fraction of the swollen chains
(swollen state). For any cross-linked polymeric system,
the number of ‘free’ polymer molecules, in the solution »n,
is zero. Therefore equation (7) may be differentiated to give
equation (8):

(ApDmix = RTTIN(L = va) + Vo + XV (8)
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Expressions of (AG), for a phantom and an affine network
to the state of isotropic dilation are given in equations (9)
and (10) below, respectively34:
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where » is the number of network chains, y is the number of
junctions, and £ is the cycle rank which denotes the number
of chains that have to be cut in order to reduce the network
to a tree with no closed cycles. The polymer volume frac-
tions in the gels immediately after preparation (relaxed
state), v,,, and the polymer volume fraction of the swollen
gels (swollen state), »,,,, can be determined by equations
(11) and (12).

V2r=Vd/V0 (11)

V2m - Vd/VS (12)

Here, V, is the volume of the dry polymer sample and V,
and V the gel sample volumes before and after equilibrium
swelling, respectively.

Differentiation of equations (9) and (10) with respect to
the number of moles of solvent and substitution in equation
(6) together with equation (8), one obtains for an affine
network>*:
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and for a phantom network,
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and ¢ is the functionality at the cross-linking site.

In the highly swollen state, the constrained junction
theory indicates that a real network exhibits properties
closer to those of the phantom network model. Conse-
quently equation (14) is a more realistic representation for
equilibrium swelling. equation (14) may thus be used to
estimate the average chain length between cross-links,
especially at the high degrees of expansion obtained in the
swelling experiments®®. Using equation (15) and solving
equation (14) for M, leads to
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where

(16)

This derived equation using the phantom network model is
valid for neutral or non-ionic structures and Bahar et al.*
using several network samples with different cross-link
densities had proved that equation (16) leads to an estimate
of x as a function of v, as well.

In the following discussion we have attempted to derive
similar equations for the case of ionically charged and
diprotic acid containing copolymeric hydrogels. The
derivation given below is a combination of the approaches
of Peppas et al. and Erinan et al. presented so far.



DETERMINATION OF M, IN IONIC COPOLYMERIC
HYDROGELS

When an ionic polymer is placed in swelling agent there is
an extra contribution to the free energy of the system which
is expressed with AG,,. Thus the following equation can be
written for the total free energy change of the system.

AG = AG,, + AG, + AG, (17)

This can be rewritten in terms of chemical potentials by
taking the derivative of each term in equation (17) with
respect to the number of molecules of swelling agent in
the system:

w1 = 1 = (ApDmix + (BpDe + Q)i =0 (18)

The u, and p.(l) are already defined above. At swelling equi-
librium, the chemical potential of the swelling agent, u,, is
equal to the chemical potential of the swelling agent in the
solution surrounding the polymer, u], i.e.

(A#T)ion —(Appion = (Ap ) mix + (A e (19)

Brandon-Peppas and Peppas®® have obtained the following
equations for (Ap;*)i0n — (Ap1)ion fOr the cases where exter-
nal electrolyte concentration is small [equation (20)], and
large [equation (21)], as compared to the concentration of
counterions belonging to the polymer and the concentration
difference of the mobile electrolyte between the inside and
outside of the gel is non-comparable and comparable in
magnitude to the concentration of counterions for equations
(20) and (21), respectively:

. ic

(AL Yion — (At ion = VIRT(Z 2) (20)
* i202

(Ap)ion — (At )ion = VIRT a7 (21)

In the above equations, i is the degree of ionization, [ is the
ionic strength of the swelling medium, €2 is the concentra-
tion of ionizable polymer(g dry gel cm ™). ¢, can be written
in terms of polymer structural parameters for copolymeric
hydrogels, using the polymer volume fraction(vyy,) and
weight fraction (X) of ionizable polymer in the gel
system, equation (22):

Vsz

€= (22)

v

The degree of ionization i, can be expressed in terms of
other analytical variables of the polymer—solvent system.
For gels with diprotic acid moieties there are two equilibria:

_[HATJH*]

K= TImAl (23)
_[A’T]HY]

Ke=""HA-T" (24)

where [H»A] is the concentration of undissociated anionic
repeating units on the chain, [HA ] and [A%] are the con-
centration of dissociated polymer chains and [H*] is the
concentration of hydrogen ions. The ionization i is defined
as shown in equation (25):

i=2 — A2 = (20t + )2 (25)

where 7i represents the average number of protons bound to
carboxyl groups in the diprotic acid and &, o and «;, are the
ratio of the concentration of species [AT7], [HAT] and
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[H,A] to the analytlcal concentration (C) of diprotic acid,
respectlvely . The « values can be defined by the following
equations in terms of the dlssoaatlon constants K,; and K,
of the ionizable polymer’®:

[A 71 K, K,
=" = ([H‘+]§) (26)
[HA™] _  ( Ka
=7 ([H+]) @7)
_[HA] Ka | KaKa] ™'
i B

Combining equations (26)—(28) into equation (25) and sub-
stituting in equations (20) and (21), the following equations
can be obtained for (Ap1*)ion — (Al 1)ion:

(AP-T Jion — (A/-"l dion

_ [2K,1 K + 107K ] ViRTe; o,
2[00 PH2 110K, + K, K pl] z-

(A#T)ion - (Aﬂl)ion
B 2K, K, + 107K ] *V,RTE o)
T 2[00 P2 £ 10 PHK + K K] 41

Using the phantom network model, as proposed by Erman®’

the complete equilibrium expression accounting for the
mixing, elastic-retractive and ionic contributions to the
chemical potential of diprotic copolymeric networks satis-
fying the conditions for equations (20) and (21) are given
below in equation (31)eq. equation (32).
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PREDICTION OF SWELLING BEHAVIOUR

Swelling in solutions with low ionic strength

In order to predict the swelling behaviour of copolymeric
hydrogels with diprotic acid moieties, the equations derived
in the previous section were analysed under various
conditions with a number of parameters. The parameters
in the construction of theoretical equilibrium swelling
curves were chosen to be very close to typical experimental
parameters. Thus in all analyses the specific volume of the
polymer was v = 0.8cm’g™', the Flory interaction
parameter was x = 0.5. All 51mulations were made for
aqueous solutions, and therefore the molar volume of the
solvent V, = 18 gcm =3It was assumed that cross- linking
occurred in the presence of solvent and with a polymeric
volume fraction after cross-link but before swelling of v, =
0.6. The weight fraction of ionizable polymer in the gel
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Figure 1 Theoretical swelling curves at low ionic strength for a diprotic
anionic network, where M, = 10000 and X = 0.05 with: pK,; = 2.0 and
pK,2 =6.50 for curve 1, pK,, = 2.85 and pK,, = 5.75 for curve 2, pK,y =
3.85 and pK,; = 5.45 for curve 3
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Figure 2 Theoretical swelling curves at low ionic strength for a diprotic
anionic network, where M, = 20000 and X = 0.05 with pK,; = 2.0 and
pK,» = 6.50 for curve 1, pK,, = 2.85 and pK,, = 5.75 for curve 2, pK,| =
3.85 and pK,; = 5.45 for curve 3

system between X = 0.02-0.05. The K, and K ; values are
taken to be close to the dissociation constants of itaconic
and maleic acids whose copolymeric h3ydrogels have
already been prepared with acrylamide'>'*3%,

A comparative study of theoretical and experimental
swelling behaviours of these hydrogel systems has recently
been undertaken and will be published separately”.

Influence of the K,; and K, on the equilibrium degree of
swelling (EDS) in the low ionic strength solution, i.e.
external electrolyte concentration being small as compared
to the concentration of counterions belonging to the
polymer, is given in Figure 1.

The EDS is defined as Q = 1/v,,. As the difference
between the K, values increased the shape of the swelling
curves changed from an S-shape to a double S-shape. The
maximum equilibrium swelling, however, is not changed.
When this difference, ApK,, is 4.5, two steps were observed
in the theoretical swelling curves. First and second steps
indicating the dissociation of the first and second acidic
groups of the ionic repeating unit in the gel system. When
the difference is 1.6 the swelling curve has almost had
one step with a broadened S-shape which can be compared
to the swelling curves of monoprotic acid containing
systems>*,

EDS can be increased by increasing the molecular weight
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Figure 3 Theoretical swelling curves at low ionic strength for a diprotic
anionic network, where M, = 20000 and X = 0. 1 with pK,, = 2.0 and
pK,» =6.50 for curve 1, pK,, = 2.85 and pK, = 5.75 for curve 2, pK, =
3.85 and pK,; = 5.45 for curve 3
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Figure 4 Theoretical swelling curves at 0.1 M ionic strength for a diprotic
anionic network, where M, = 10000 and X = 0.05 with: pK,, = 2.0 and
pK,; =6.50 for curve 1, pK, = 2.85 and pK,, = 5.75 for curve 2, pK,, =
3.85 and pK,, = 5.45 for curve 3

between the cross-links as well as by increasing the fraction
of ionizable groups within the polymer chains. Figure 2
shows that when M, is doubled EDS increased by 50%.

The value of the equilibrium swelling of an ionic network
very much depends on the concentration of ionizable
polymer in the network. Figure 3 shows the influence of
the weight fraction of the anionic polymer segments and
pH of the surrounding solution on the equilibrium
degree of swelling. Figure 3 indicates that the contribution
of ionizable component in the swelling gel is quite
significant.

Swelling in solutions with moderate and high ionic strength

Theoretical swelling prediction at moderate ionic
strength condition / = 0.1 for an ionic network described
in previous section is given in Figure 4. The experimental
variables considered in Figures I and 4 are the same except
for the ionic strength. It is clear from a comparison of these
two figures that there are some significant changes in the
shape of the swelling curves and equilibrium swelling
values. Increasing ionic strength of the solution causes a
decrease in EDS. The effect of ionic strength on the swelling
of ionized %els has been explained by Donnan-equilibrium
arguments®. As ionic strength rises, the difference in
concentration of mobile ions between the gel and solution is
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Figure 5 Theoretical swelling curves at 0.1 M ionic strength for a diprotic
anionic network, where M, = 20000 and X = 0.05 with: pK,, = 2.0 and
pK,; = 6.50 for curve 1, pK,; = 2.85 and pK,, = 5.75 for curve 2, pK,; =
3.85 and pK,, = 5.45 for curve 3
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Figure 6 Theoretical swelling curves at 0.1 M ionic strength for a diprotic
anionic network, where M, = 20000 and pK,, = 2.00, pK,; = 6.50 with:
1) X=0.022)X=003,3)X=0.044) X=005

reduced, thereby decreasing the osmotic swelling pressure
of these mobile ions inside the gel. This low EDS may be
increased by increasing the molecular weight between
cross-links as depicted in Figure 5. The effect of other
parameters used in equation (30) onto EDS are given below
for two extreme cases of ApK, = 4.5 and ApK, = 1.6.

Prediction for a diprotic acid with ApK, = 4.5

In the simulation of swelling behaviour of hydrogels the
choice of dissociation constants greatly affects the ultimate
swelling. These constants, in other words pK, values are
not, however, arbitrarily selected, pK, = 2.0 and pK,;, =
6.50 values used in the following discussion are considered
for being very close to the dissociation constants of maleic
acid, one of the comonomers used in our previous
works>!1 %12,

The role of the concentration of ionizable polymer in the
network has already been discussed for low ionic strength
above. Figure 6 shows the influence of the weight fraction
of the anionic gel and pH of the surrounding solution on the
equilibrium degree of swelling in moderate ionic strength
conditions. Figure 6 predicts that as the amount of ionizable
component in the gel increased large equilibrium swelling
ratios are achieved. This value can be tempered by
decreasing the molecular weight between cross-links
(Figure 7).

Swelling behaviour of hydrogels: M. Sen and O. Giiven

35
=4 4
& 301
2
o 254 3
[*]
e
g 2
g 204
£ 1
5 15
=
e
10 T L) T T T T T
1 2 3 4 5 6 7 8 oH 9

Figure7 Theoretical swelling curves at 0.1 M ionic strength for a diprotic
anionic network, where M, = 10000 and pK,, = 2.00, pK,; = 6.50 with:
1)X=10.022)X=003,3)X=0.04,(4) X =005
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Figure 8 Theoretical swelling curves for a diprotic anionic network,
where M, = 20000, X = 0.05 and pK,, = 2.00, pK,, = 6.50 with: (1) /=
005 2)1=0.1,3)1=025,4)1=05,(51=075(6)1=1.0
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Figure9 Theoretical swelling curves at 0.1 M ionic strength for a diprotic
anionic network, where M, = 20000, X = 0.05 and pK,; = 2.00, pK,; =
6.50 with: (1) v, =04, () v, =05, (3) v, = 0.6, @) vy, = 0.7, (5) vor =
09, (6) vy, = 1.0

The effect of ionic strength of the swelling medium on the
equilibrium degree of swelling is shown in Figure 8. As
expected an increase in the ionic strength decreased the
extent of swelling. The drastic changes in the swelling,
however, occured in the same pH regions for all ionic
strength values. This behaviour is very similar to the
predziftive curves of monoprotic acid containing polymeric
gels™.

POLYMER Volume 39 Number 5 1998 1169



Swelling behaviour of hydrogels: M. Sen and O. Gliven

80

Equilibrium degree of swelling, Q
5

1

3

4

20 4 2
/

0.

T T T T T T Y

1 2 3 4 5 6 7 8 9

Figure 10 Theoretical swelling curves at 0.1 M ionic strength for a
diprotic anionic network, where M, = 20000, X = 0.05 and pK,; = 2.00,
pK 2 = 6.50 with: (1) x = 0.40, (2) x = 0.45, (3) x = 0.50, (4) x = 0.55, (5)
x = 0.60, (6) x = 0.70
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Figure 11 Theoretical swelling curves at 0.1 M ionic strength for a
diprotic anionic network, where M, = 20000, pK. = 2.00, pK,, = 6.50
and X = 0.05 with: (1) ¢ =3.0,(2)$=32,3)9 =34, ¢ =36,5) ¢ =
38,(6) ¢ =40

Another parameter to be considered is the volume
fraction of polymer in the cross-linking medium. The
mobility of the polymer chains in the final cross-linked
system may be increased as the amount of solvent present
during the cross-linking is increased, i.e. as the volume
fraction v,, increases (Figure 9). This variation becomes
more significant at higher pH values when the polymer fully
ionized.

The polymer solvent interaction parameter, x, is another
important factor affecting the swelling of gels. As shown in
Figure 10 in poor solvents x = 0.7 and the equilibrium
degree of swelling is not affected at all with variations in
pH. In such solutions one can hardly expect any swelling.
For good solvents i.e. x < 0.5, however, because of
increasing polymer—solvent interactions equilibrium
swelling is shifted to higher values at every pH.

The influence of the functionality at the cross-linking
site, ¢, on the equilibrium degree of swelling is given
in Figure 11. Network structure formed by the simul-
taneous random copolymerization and cross-linking of
monomers, at least one type of which has a functionality
¢ of 3 or greater where ¢ is the number of sites from
which chains grow has an influence on the density of
cross-links. An increase in ¢ decreases the swelling of
the polymer in both the nonionized and fully ionized
states.
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Prediction for a diprotic acid with ApK, = 1.6

The shape of the swelling curves would be quite different
if the dissociation constants of the diprotic acid part are
relatively close to each other. For this purpose a ApK, value
of 1.6 has been considered in the following analysis. The
selection of this value is not arbitrary since it corresponds to
the difference in the dissociation constants of acidic groups
in itaconic acid, another comonomer that we used in our
previous works>>*!. Theoretical swelling curves predicted
for a copolymeric anionic gel having ionizable groups with
ApK, = 1.6 are collected in Figures 12-16.

The influence of weight fraction of ionizable groups, X,
the ionic strength, /, the mobility of the polymer chains in
the final cross-linked system, v, the x parameter and
functionality of cross-linking, ¢, on the equilibrium
swelling of hydrogel are given in Figures 12-16,
respectively.

The comparison of theoretical swelling curves shown in
Figures 6—11 with those in Figures 12—16 indicates two
main points. Instead of having double S-shaped curves,
single S-shapes are observed when the ApK, value is as
small as 1.6. The overlap of dissociation ranges of two
acidic groups gives rise to a single broad S-shape. When
ApK, value is small, the swelling curves become very much
like the curves of hydrogels containing monoprotic acid
moieties®*,
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Figure 12 Theoretical swelling curves at 0.1 M ionic strength for a
diprotic anionic network, where M, = 20000 and pK,, = 3.85, pK,» = 5.45
with (D X =0.02,(2) X =003 (3) X =0.04, (4) X = 0.05
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Figure 13 Theoretical swelling curves at 0.1 M ionic strength for a
diprotic anionic network, where M, = 20000, pK,, = 3.85, pK,; = 5.45
and X = 0.05 with: (1)1=0.05,(2)I=0.1,(3)I=0.25,(H1=055) 1=
0.75,(6) I = 1.0
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Figure 14 Theoretical swelling curves at 0.1 M ionic strength for a
diprotic anionic network, where M, = 20000, pK,, = 3.85, pK,; = 5.45
and X = 0.05 with: (1) vy, = 0.4, (2) vo, = 0.5, 3) vy, = 0.6, (4) v, = 0.8,
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Figure 17 Graphical representation of equation (34) for the determination
of M, and x values
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& 1 utilized. These can be grouped as polymer-based para-
5 601 2 meters, solution property parameters and polymer—solvent
E combination type parameters. By recasting equations (31)
e 3 and (32) it is therefore possible to find some relations which
go 40+ 4 can be used for the determination of some of these
= parameters from swelling data. One of the most important
5 5 properties to be characterized of a network is the average
% 20+ chain length between consequetive cross-linking points, that
g / means M.. The other parameter that would be of great
6 interest is the polymer—solvent (swelling agent) interaction
0 T T T T T parameter, x. When equations (31) and (32) are rearranged
2 3 4 5 6 T ou 8 for low and moderate ionic strength conditions, equations

Figure 15 Theoretical swelling curves at 0.1 M ionic strength for a
diprotic anionic network, where M, = 20000, pK,, = 3.85, pK,, = 5.45
and X = 0.05 with: (1) x = 0.40, (2) x = 0.45, (3) x = 0.50, (4) x = 0.55, (5)
x = 0.60, (6) x = 0.70

(33) and (34) are obtained, respectively:

_Vv

2K, K, +107PK ] Vi Xvig
2010~ P92 1 10~ PHK,, + K, K 5]

50 2/3. —5/3
1-2¢)V
o : ST (it L £
& 2 VM,
R (33)
3
30 s e RKaKo+10"k,1 )\ (VX2
g 2[(10~PH)2 + 10~-PHK,| + K, K,5]) \ 4172
£ 1 —2/¢)V a3
g 2 - 11’1(1 - v2m)V2—m2 - V2_ml :X+ <( qu x 2m (34)
) VM,
03 . 4 s 6 7 8 A plot of the left-hand side of these equations versus
pH (1 —2/¢)Vv3Pv5, 1% should give a straight line with 1/

Figure 16 Theoretical swelling curves at 0.1 M ionic strength for a
diprotic anionic network, where M, = 20000, pK,, = 3.85, pK,, = 5.45
and X =0.05 with: (1) =3.0,(2)¢=3.2,3)¢=3.4,(4)6=3.6,(5)¢p =
3.8,(6) 9 =4.0

The other observation is related with the ultimate degree
of swelling of hydrogels. Since the individual pK|, values in
these two cases are rather close, the equilibrium degree of
swelling are almost the same at high pH values under
various conditions.

Determination of M. and x parameter from equilibrium
swelling behaviours

In the derivation of equations (31) and (32) a number of

M, and ¥ as the slope and intercept of the horizontal axis,
respectively. Thus equation (34) is checked by using the
swelling data of the curves 1-3 in Figure 10 and curve 1
in Figure 4. The predictive linear curves are collected in
Figure 17.

The x values determined from the intercept are 0.40, 0.45
and 0.50 for the curves 1, 2 and 3, and 4. The three parallel
lines obtained for the data of curves 1, 2 and 3 give the
identical M, value of 20000 whereas 10000 is found for
curve 4.

In the construction of experimental curves based on
equations (33) and (34), polymer related properties such as
p, X and ¢ must be known or determined as accurately as
possible.
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CONCLUSION

Within the context of this paper it has been tried to derive
some equations for the prediction of swelling behaviours of
hydrogels containing diprotic acid moieties. In the deriva-
tion of predictive equations the Flory—Rehner equation was
modified by incorporating the previous approachs of Peppas
et al, and Erman et al. It has become possible to include the
effect of various extents of dissociation of diprotic acids,
dissociation constants on the swelling of hydrogels under
varying pH, ionic strength, relaxed state, volume fraction
of ionizable polymer, functionality of cross-links and
polymer—solvent interaction parameter. The theory satis-
factorily predicts the equilibrium swelling of hydrogels with
mono and diprotic acid containing systems under different
experimental conditions.
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