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SYNOPSIS 

Hydrogels with varying cross-linking ratio and ionic content were prepared from interpene- 
trating networks of poly (vinyl alcohol) and poly (acrylic acid). Equilibrium swelling studies 
were conducted and the average molecular weight between cross-links, Mc, and mesh size 
were determined. Hydrogels with large MC values were found to swell to a greater extent 
than those with small values. I t  was also observed that an increase in Mc yielded faster 
swelling and deswelling rates, as the rates for membranes with Mc = 18,000 were about 
twice as fast as were the rates for membranes with Mc = 34,000. Oscillatory swelling 
behavior was investigated in response to changes in the pH and ionic strength of the 
swelling medium. A change in pH from 3 to 6 caused an  ionization of the hydrogels and 
an increase in the weight swelling ratio, with a greater increase exhibited by IPNs 
with a higher ionic content. Increase in pH also caused an increase in the average mesh 
size. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

Membrane-separation processes require high per- 
meant flux to maintain cost and energy consumption 
at reasonable levels, good mechanical strength for 
withstanding pressure and long use, and resistance 
to fouling by permeants. On the molecular level, the 
pores or network mesh within a membrane must be 
of sufficient size to allow the desired permeants to 
pass while rejecting others. In homogeneous, non- 
porous gel membranes, which exhibit a uniform 
structure throughout, transport occurs through the 
mesh of the network. Membranes containing pores 
with diameters in the 200-500 nm range are termed 
microporous, whereas macroporous membranes 
contain pores of diameter greater than 500 nm. 

Since hydrogels are hydrophilic, strong, and easily 
processed, they have been investigated for use in 
membrane processes, especially in bioseparations 

* Present address: EverReady Battery Co., P.O. Box 450777, 
Westlake, OH 44145. 

To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 55,919-928 (1995) 
0 1995 John Wiley & Sons, Inc. CCC 002 1 -8995/95/0609 19- 10 

and medical applications. Ionizable, “environmen- 
tally sensitive,” hydrogel networks are especially 
attractive because their permeability can be con- 
trolled not only by changing their molecular struc- 
ture but also by adjusting external conditions. The 
desirable qualities of hydrogels have led to this work, 
which focuses on membranes of poly (acrylic acid) - 
an ionizable polymer-and poly (vinyl alcohol). 

The hydrophilicity of such hydrogels can be en- 
hanced by the incorporation of ionizable functional 
groups, such as carboxyl groups. When the func- 
tional groups are ionized, their fixed ions repel one 
another, and this repulsion leads to further swelling 
of the network. The extent to which the ionized hy- 
drogel swells at  equilibrium increases with an in- 
crease in the concentration of functional ionizable 
groups on the network. The equilibrium swelling ra- 
tio is also a function of the properties2z3 of the swell- 
ing medium, including the pH and the ionic strength. 
An increase in the concentration of ions (ionic 
strength) in the swelling medium has been found3 
to decrease the equilibrium swelling ratio of an ion- 
izable hydrogel. 

The hydrogels investigated here for membrane 
applications were poly (vinyl alcohol) (PVA) and 
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poly (acrylic acid) (PAA) . PVA is of interest because 
of its strength, processability, low fouling potential, 
and long-term temperature and pH stability. PAA 
is anionic, containing carboxyl groups that become 
ionized4 a t  pH values above the pKc, of 4.7. Mem- 
branes prepared from cross-linked PAA and from 
copolymers of AA with hydroxyethyl methacrylate 
( HEMA) exhibited higher equilibrium swelling ra- 
tios as pH and AA content (in the copolymers) were 
in~reased .~  

Copolymers of vinyl acetate and acrylic acid have 
previously been prepared in solution via a free-rad- 
ical process, using azobis-methylpropionitrile 
( AIBN) as an  initiator.6 The resulting P (VAc-co- 
AA) was then hydrolyzed with methanol to  yield 
P (VA- co-AA) copolymers that can form pH-sen- 
sitive hydrogels. The structure of such copolymers 
has been well characterized by Zhang et  al.7 who 
used high-resolution “C-NMR spectroscopy to an- 
alyze their possible phase separation and Liou et al.R 
who studied their swelling characteristics. 

The possibility of preparing blends of PVA and 
PAA or composite membranes thereof has also been 
e ~ a m i n e d . ~ - ’ ~  Composite membranes of PVA and 
PAA lo exhibit protein permeability that can be con- 
trolled by an electric field. Shiga et al.”~’2 showed 
that such gels have interesting electrical properties 
and can be used as  actuator^.'^^'^ Their swelling 
characteristics have been studied under a variety of 
experimental 

Although a wide range of blends and composites 
of PVA and PAA has been prepared, interpenetrat- 
ing polymer network ( IPN)  hydrogels have not been 
reported. A sequential IPN is preparedlg by poly- 
merizing and cross-linking a monomer in the pres- 
ence of a preformed polymer network. A simulta- 
neous IPN is synthesized by mixing two monomers, 
along with their respective initiators and cross-link- 
ing agents, to allow the formation of two intercon- 
nected networks simultaneously. 

Interpenetrating network hydrogels of PVA and 
PAA will be investigated here because these two 
polymers are miscible with one another and can each 
be polymerized and cross-linked in aqueous solution. 
A combination of the two polymers should provide 
strength, hydrophilicity, and biocompatibility, in 
addition to  environmental sensitivity. 

EXPERIMENTAL 

Synthesis of IPN Hydrogels 

Poly (vinyl alcohol) (PVA; ElvanoP 90-50, E.I. 
duPont de Nemours and Co., Wilmington, DE)  was 
added to deionized water and heated a t  85-90°C for 

4-5 h to make a solution containing 10% PVA by 
weight. The number-average and weight-average 
molecular weights of the PVA were M,, = 35,420 and 

= 79,200, respectively, and the degree of hydro- 
lysis was 99.6%. Acrylic acid ( AA; Aldrich Chemical 
Co., Milwaukee, WI) was combined with AIBN (0.5- 
1% by weight). The two solutions were then com- 
bined to  yield PVA-AA molar ratios of 50 : 50, 60 : 
40, or 67 : 33. 

Glutaraldehyde and ethylene glycol dimethacry- 
late (EGDMA) ( Aldrich) were used as cross-linking 
agents. The procedure involved the addition of 
EGDMA (0.5-176 by weight) to the AA-AIBN mix- 
ture, which was then combined with the PVA so- 
lution. The resulting mixture was poured into Petri 
dishes to form films 2-4 mm thick. The dishes were 
tightly covered with Saran Wrap@ and placed in an 
oven a t  62°C for 20 h to induce polymerization and 
cross-linking. The glutaraldehyde mixture was then 
added a t  a cross-linking ratio, X, of 0.02 mol glu- 
taraldehyde /mol PVA repeating unit, and the mix- 
ture was heated a t  73 -t 1’C for 40 min. The quan- 
tities of reactants used to prepare these IPN hydro- 
gels are summarized in Table I. 

In addition to the PAA/PVA hydrogels, hydro- 
gels of the PVA homopolymer were prepared by 
combining the glutaraldehyde mixture (X = 0.019 
mol/mol) with the 10% aqueous PVA solution and 
heating a t  73°C for 40 min. 

Swelling Studies 

Investigation of the cross-linked structure of the 
prepared hydrogels was done by the method of 
Meadows and Peppas.’ Squares of approximately 1 
cm2 were cut from each sample following polymer- 
ization. Sample weights were measured in air and 
in a nonsolvent (n-heptane) . The latter weight was 
obtained by placing the sample in a stainless-steel 
mesh basket suspended in heptane. The samples 
were then placed in deionized water, allowed to swell 
to equilibrium, and again weighed in air (after being 
blotted with a tissue to remove surface moisture) 
and in n-heptane. Finally, the samples were dried 
a t  ambient conditions and under vacuum, and their 
weights in air were measured. The five weights thus 
determined for each sample were used for calculation 
of the polymer volume fraction in the relaxed (before 
swelling) and swollen states. 

In the equilibrium swelling studies, dried samples 
were placed in a solution of the desired pH (3-8), 
ionic strength (0, 0.01, or O.lM), and temperature 
(25 or 37°C). The pH was adjusted by addition of 
hydrochloric acid or sodium acetate ( Mallinckrodt, 
Paris, KY) to water. Every 3-5 days, each sample 
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Table I 
in the Preparation of PVA/PAA IPN Hydrogels" 

Quantities of Reactants and Corresponding Cross-linking Ratios 

Mass of Volume of 25% 
Sample PAA Content Mass of AA EGDMA Aqueous Glutaraldehyde Nominal Cross-linking 

Code No. (Mol %) (9) (9) (mL) Ratio, X (mol/mol) 

14b 50 1.6 0.010 0.13 0.009 
I5 50 1.6 0.010 0.15 0.010 
I le  50 1.6 0.010 0.17 0.011 
14B 50 1.6 0.010 0.22 0.014 
I ld  50 1.6 0.010 0.22 0.014 
I4 50 1.6 0.010 0.22 0.014 

L4 60 2.5 0.063 0.05 0.008 
L4' 60 2.5 0.063 0.12 0.011 
L2b 60 2.5 0.063 0.15 0.012 
L2b 60 2.5 0.063 0.20 0.015 
L2 60 2.5 0.063 0.22 0.016 
L3 60 2.5 0.063 0.22 0.016 

a Each membrane was prepared using 10 g 10% aqueous PVA in addition to the reactants listed above. 

was removed from the solution, blotted, and weighed. 
Measurements were continued until a constant 
weight was reached for each sample. This weight 
was used to  calculate the equilibrium weight swelling 
ratio. 

For investigation of the oscillatory swelling be- 
havior, PAA / PVA IPN hydrogel samples were first 
equilibrated in a solution of pH 3, then alternated 
between solutions of pH 6 and 3, immersed for sev- 
eral hours in each solution. Weights were measured 
at time intervals of between 5 and 30 min. 

RESULTS AND DISCUSSION 

Synthesis 

The preparation of hydrogels from PAA/PVA IPNs 
was investigated. The IPN hydrogels were subse- 
quently used in swelling studies for determination 
of their cross-linked structure and evaluation of their 
response to changes in external pH, ionic strength, 
and temperature. 

The technique used to prepare IPNs was suc- 
cessful in providing the desired cross-linked hydro- 
gels. Experimental parameters that  were varied 
during the IPN preparation were the amount of glu- 
taraldehyde used, the heating ( reaction) time, and 
the PAA-PVA ratio. Their effects on swelling of the 
samples will be discussed below. 

Characterization of the cross-linked structure of 
the PVA/PAA IPN hydrogel samples was achieved 
by equilibrium swelling studies in water a t  25°C as 

described by Meadows and Peppas and Peppas and 
Barr-Howell.20 The polymer volume fraction in the 
gels immediately after preparation (relaxed state), 

and the polymer volume fraction of the swollen 
gels (swollen state), u ~ , ~ ,  were determined using eqs. 
(1) and ( 2 ) :  

TI 

Here, Vp is the volume of the dry polymer sample, 
and Vg,r and V,,s, the gel sample volumes before and 
after equilibrium swelling, respectively. These vol- 
umes were determined from the weight of the dry 
polymer, Wd;  the weights in air, W,,r, and in n-hep- 
tane, wh,r, before swelling; and the weights in air, 

and in n-heptane, w h , s ,  after swelling. They 
were calculated using eqs. ( 3 )  and ( 4 ) ,  where P d  and 
P h  are the densities of the polymer and n-heptane, 
respectively: 

( 3 )  

( 4 )  
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The equilibrium polymer volume fractions in 
equilibrium swollen IPN gels are presented in Table 
I1 for hydrogels of varying cross-linking ratio, X 
(mol cross-linking agent/mol PVA repeating unit), 
and varying PAA content. The data show that an 
increase of the cross-linking ratio led to an increase 
of the polymer volume fraction, as denser networks 
could not swell appreciably. Therefore, adjusting the 
amount of cross-linking agent used in the synthesis 
process is an effective means of controlling the cross- 
linked structure of the IPN hydrogels prepared. 

Molecular Weight Between Cross-links 

The equilibrium swelling data were used to evaluate 
the cross-linked structure of the IPN samples. Typ- 
ically, the number-average molecular weight be- 
tween cross-links, &, was calculated. This param- 
eter is an indication of the cross-linked nature of 
the IPN hydrogels as high values of Mc imply loosely 
cross-linked hydrogels. 

were calculated 
from eq. ( 6 )  using the nominal cross-linking ratio, 
X :  

First, the theoretical values of 

Here, Mr is the molecular weight of the IPN re- 
peating unit that was calculated as the average of 
the repeating units of PVA ( M ,  = 44)  and PAA ( M ,  
= 72) ,  based on the molar ratios of the polymers in 
the IPN samples. 

Experimental values of A?c,e were calculated using 
an expression developed by Peppas and Merrill'l 
for swollen networks produced by cross-linking in 
solution: 

Here, is the molar volume of water (18.1 cm3/ 
mol ) ; A?,,, the number-average molecular weight of 
the polymer before cross-linking; and V, the specific 
volume of the polymer (approximated as 0.788 cm3/ 
g, the specific volume of PVA) . The value of M,, of 
100,000 is the weighted average of the value of the 
molecular weight of uncross-linked PAA (400,000) 
and the PVA used here. The Flory polymer-solvent 
interaction parameter, x, was calculated as a 
weighted average of the values for PVA (x = 0.494) 
and PAA ( x = 0.50) in water." 

Experimental and theoretical values of Mc are 
listed in Table I11 for samples of varying cross-link- 
ing ratio. The experimental values of Mc increased 
with a decreasing nominal cross-linking ratio, X, in 
PVA / PAA IPN hydrogels. The experimental values 
of A?c were much smaller than those predicted by 
theory. This difference may have arisen from en- 
tanglements of the polymer chains that served as 
additional physical cross-links, thus leading to a 
larger number of junctions per unit volume, or to a 
smaller M c .  

Experimentally determined values of MC are 
plotted in Figure 1 as a function of the polymer vol- 
ume fraction for IPN hydrogel samples containing 

Table I1 
IPN Hydrogels Swollen to Equilibrium at 25OC 

Physicochemical Characteristics of Equilibrium Swollen PVA/PAA 

Sample PAA Content Nominal Cross-linking Equilibrium Polymer 
Code No. (Mol X) Ratio, X (mol/mol) Vol Fraction up.s 

I le  
I ld  
I4 
14b 
15' 
I4b' 

L2 
L3 
L2b 
L2b 
L4 
L4' 

50 
50 
50 
50 
50 
50 

60 
60 
60 
60 
60 
60 

0.015 
0.014 
0.014 
0.014 
0.010 
0.009 

0.015 
0.015 
0.015 
0.012 
0.011 
0.008 

0.171 
0.166 
0.164 
0.082 
0.053 
0.059 

0.190 
0.179 
0.175 
0.160 
0.125 
0.103 
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Table 111 Cross-linked Structure of Water-swollen PVAIPAA Hydroaels at 25°C 

Theoretical Molecular 
Weight Between Experimental Molecular Weight 

Sample Nominal Cross-linking Cross-links A& Between Cross-links Mc,e Mesh Size 6 
Code No. Ratio, X (mol/mol) (g/mol) (g/mol) (A) 

I le  
14b 
15’ 
14b 

L2b 
L2b 
L4 
L4’ 

0.015 
0.014 
0.010 
0.009 

0.015 
0.012 
0.011 
0.008 

1900 
2000 
2800 
3200 

2100 
2500 
2900 
3900 

2,700 
2,800 

16,000 
22,000 

1,200 
1,700 
2,400 
5,400 

18 
25 
38 
43 

15 
17 
19 
26 

50 and 60 mol % PAA. The average molecular weight 
between cross-links decreased for both systems as 
the volume fraction of the polymer increased and 
the network structure became denser. 

Cross-linking Density and Mesh Size 

For further analysis of the cross-linked structure of 
the hydrogels, the cross-linking density, p x ,  was cal- 
culated by eq. (8) : 

1 
px = 7 

V M C  

The cross-linking density of the PAA/PVA IPN 
samples was found to increase with an increase in 

cross-linking ratio, as indicated by the data in Table 
IV and Figure 2. 

The network mesh size, [, was next calculated 
using eq. ( 9 )  : 

(9) 

The mesh size characterizes the space between mac- 
romolecular chains. In this expression, C,  is the 
Flory characteristic ratio (Cn,p,, = 8.3 and C,,PAA 
= 6.7), and 1 is the carbon-carbon bond length 
(1.54 A ) .  

Figure 3 shows that the mesh size in IPN hydro- 
gels decreased with increasing polymer volume frac- 

20 

1 5  

10 

5 

0 
0 0.05 0.1 0.15 0.2 

Equilibrium Polymer Volume Fraction, v 
2,s 

Figure 1 Effect of equilibrium polymer volume fraction, u2,*, on the molecular weight 
between cross-links, Mc, for PVA/PAA IPN hydrogels cross-linked by EGDMA and glu- 
taraldehyde and containing of ( 0 )  50 mol % and (0) 60 mol % PAA. 
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Table IV 
with Varying PAA Content and Cross-linking Ratio 

Cross-linking Density, p x ,  of PAAfPVA Hydrogels 

Sample PAA Content Nominal Cross-linking Cross-linking Density, 
Code No. (Mol %) Ratio, X (mol/mol) px x lo4 (moI/cm3) 

14b 
15' 
14b 
I le  

L4' 
L4 
L2b 
L2b 

50 
50 
50 
50 

60 
60 
60 
60 

0.009 
0.010 
0.014 
0.015 

0.008 
0.011 
0.012 
0.015 

0.6 
0.8 
2.8 
7.6 

2.3 
5.3 
7.6 

10.8 

tion. The mesh sizes of the networks varied between 
15 and 700 A, implying that permeation of molecules 
with a wide range of sizes would be possible. 

Equilibrium Swelling Behavior 

The equilibrium weight swelling ratio of an IPN 
laminate or membrane was defined as the ratio of 
the weight of the swollen polymer to that of the dry 
polymer: 

wa ,s 

WP 
9 = -  

For characterization of the response of the lam- 
inates and membranes to  external conditions, sam- 

0.001 2 

ples were allowed to swell to  equilibrium in aqueous 
buffers of varying pH ( 3, 6, and 8 ) ,  ionic strength, 
I (0, 0.01, and 0.01N), and temperature (25 and 
37°C) in order to determine the weight swelling ra- 
tio. The two temperatures were selected to simulate 
biological and environmental (waste water) condi- 
tions, respectively. The pH values were selected to 
allow comparison of swelling behavior in both the 
ionized (pH > 4.7) and nonionized (pH < 4.7) states. 

The results in Table V demonstrate the influence 
of temperature and pH on the equilibrium weight 
swelling ratio of hydrogel samples of varying poly- 
mer volume fraction. The data indicate that swelling 
increased with increasing pH and temperature. A 
comparison of the swelling behavior of IPN samples 

@ = =  0.001 

E 
Y 

- 0.0008 d 
s 
.5 C 0.0006 
0" 
0 

C 
fn 
fn 

5 0.0004 

0.0002 

.- - 

0 

0 
0 0.004 0.008 0.012 0.01 6 

Crosslinking Ratio, X 

Effect of nominal cross-linking ratio, X, on cross-linking density, p x ,  of IPN Figure 2 
hydrogels containing (0) 50 mol % or ( 0 )  60 mol % PAA. 
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h 

t 

t 

I I I 1 
0 0.05 0.1 0.15 0.2 

Equilibrium Polymer Volume Fraction, z, 
2,s 

Figure 3 Effect of equilibrium polymer volume fraction, u P p ,  on the mesh size, t ,  for 
PVA/PAA IPN hydrogels cross-linked by EGDMA and glutaraldehyde and with a PAA 
content of (0)  50 mol % and (0) 60 mol %. 

and PVA homopolymer membranes indicates that 
the former swelled significantly more at pH 8 be- 
cause of the presence of the ionizable component 
PAA. The influence of ionic content is also seen in 
the greater weight swelling ratio of the samples con- 
taining 60 mol '% PAA at  a pH of 6, as compared to 
the samples containing 50 mol %, in spite of the 
slightly higher cross-linking ratios of the former 
samples. 

The effects of the external pH and ionic strength 
on the swelling behavior of IPN samples of varying 
PAA content are summarized in the results of Table 

VI. Below the pK,, the membranes swelled signifi- 
cantly less than above the p K,. An increase in ionic 
strength decreased the swelling because the presence 
of ions in the solution surrounding the network 
counteracted the mutual repulsion of the fixed ions 
on the network itself. The data in Table VI show 
that while ionic strength had little effect on the 
swelling at pH 3 it had a dramatic effect a t  pH 6, at 
which point the network was ionized. The observed 
effects of pH and ionic strength swelling behavior 
were in agreement with the results of Hariharan and 
Peppas' and Khare and pep pa^.^ 

Table V 
with Varying PAA Content and Cross-linking Ratio 

The Effects of pH and Temperature on the Equilibrium Swelling Ratio of PVA/PAA Samples 

Equilibrium Weight Swelling Ratio 

T = 37°C T = 25°C 
Sample PAA Content Nominal Cross-linking 

Code No. (Mol %) Ratio, X (mol/mol) PH 3 PH 8 PH 3 PH 8 

I ld  
I4 

L2 
L3 

PVA 

50 
50 

60 
60 

0 

0.014 
0.014 

0.016 
0.016 

0.019 

3.35 17.3 3.38 19.9 
3.38 17.1 3.76 22.4 

3.55 19.0 4.07 30.5 
3.74 26.8 4.05 34.1 

5.67 5.32 4.31 4.35 
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Table VI 
PAA IPN Hydrogels at 25°C 

The Effects of pH and Ionic Strength on the Equilibrium Weight Swelling Ratio, q, of PVA/ 

Equilibrium Weight Swelling Ratio, q 

Sample PAA Content Nominal Cross-linking PH 3 PH 3 PH 3 
Code No. (Mol %) Ratio, X (mol/mol) I = 0.1N I = 0.01N I = O.ON 

I ld  
I4 

L2 
L3 

50 
50 

60 
60 

0.014 
0.014 

0.016 
0.016 

3.05 3.16 3.21 
3.48 3.66 3.73 

3.37 3.59 3.57 
3.31 3.46 3.49 

PH 6 PH 6 
I = 0 . m  I = 0.01N 

I ld  
I4 

L2 
L3 

50 
50 

60 
60 

0.014 
0.014 

0.016 
0.016 

5.00 19.1 
7.94 31.8 

7.33 26.6 
6.43 27.9 

Table VII presents the results of equilibrium 
swelling studies for samples of varying ionic content 
and a,. Again, swelling increased as pH was in- 
creased and ionic strength decreased; the swelling 
ratio also increased as ac became larger. The effect 
of ionic content (mol % PAA) can become evident 
by comparing the swelling ratio of sample L2b ( ac 
= 1200) to  those of samples 14b (ac = 5700) and 
I l e  ( a, = 1700). Despite a smaller value of a,, and 
therefore a more highly cross-linked structure, the 
former specimen swelled to a greater degree in the 
ionized state (pH 6 ) .  This difference was due to  the 
use of 60 mol % PAA in the synthesis of L2b, com- 
pared to 50 mol % in the other two samples. 

Oscillatory Swelling Behavior 

In addition to the equilibrium swelling experiments, 
oscillatory swelling behavior a t  25"C, with pH al- 
ternating between 3 and 6, was investigated to con- 
firm the reversibility of the swelling process. Figure 
4 presents such swelling data for IPN hydrogel sam- 
ples with 50 mol % PAA and varying degrees of 
cross-linking. An increase in X led to a decrease of 
both the degree and the rate of swelling. For net- 
works of 67 mol % PAA (Fig. 5 ) ,  both the degree 
and rate of swelling were greater than in the samples 
with 60 mol % PAA. The data in Figures 4 and 5 
demonstrate that the swelling process was reversible 

Table VII 
Swelling Ratio, q, of PVA/PAA IPN Hydrogels at 25°C 

The Effects of pH and Ionic Strength on the Equilibrium Weight 

Experiment Molecular 
Weight Between 

Equilibrium Weight Swelling Ratio, q 

Sample PAA Content Cross-links Mc,e PH 3 PH 3 PH 6 PH 6 
Code No. (Mol W )  (g/mol) I = 0.1N I = 0.01N I = 0.1N I = 0.01N 

14b 50 
15' 50 
14b 50 
I le  50 

L4' 60 
L2b 60 
L2b 60 

22,000 
16,000 
5,700 
1,700 

5,400 
3,500 
1,200 

4.47 4.75 27.9 66.7 
4.15 4.34 16.37 
3.52 3.53 11.24 16.38 
3.30 3.28 12.0 18.7 

4.28 7.35 
4.06 4.14 15.6 
3.50 3.63 13.3 25.8 
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6 
5.5 
5 

4.5 
4 

3.5 
3 

2.5 
2 
0 100 200 300 400 500 60 

Time (min) 
0 

Figure 4 Effect of pH on the dynamic swelling of PVA/PAA IPN network samples of 
50 mol % PAA and varying cross-linking ratio: (0 ) X = 0.01; (0) X = 0.02; ( 0 )  X = 0.03. 

as the pH was repeatedly raised and lowered and linking ratio and ionic content were prepared from 
that the swelling behavior was reproducible for the IPNs. Equilibrium swelling studies were con- 
membranes with the same value of M,. ducted for characterization of the cross-linked 

structure of the membranes, and the average mo- 
lecular weight between cross-links, cross-linking 
density, and average mesh size were determined. 
These studies showed that the molecular weight be- 
tween cross-links varied from 1200 to 22,000, and 
the mesh size (in water), from 18 to 43 A. The cross- 

CONCLUSIONS 

The preparation of IPN hydrogels of PVA and PAA 
was investigated. Hydrogels with varying cross- 

6 

5.5 

5 

4.5 

4 

3.5 

3 

2.5 

2 
0 100 200 300 400 500 

Time (min) 

Figure 5 
% PAA and varying cross-linking ratio: (0) X = 0.01; (0) X = 0.03. 

Effect of pH on the dynamic swelling of PVA/PAA IPN hydrogels of 67 mol 
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linking density increased with an increase in the 
cross-linking ratio. Equilibrium and oscillatory 
swelling behavior was investigated in response to 
changes in the pH and ionic strength of the swelling 
medium. The oscillatory swelling studies showed 
that  membranes with a more loosely cross-linked 
structure (higher A&) swelled and deswelled more 
quickly than did denser membranes. 

This work was presented in part at the Annual AIChE 
Meeting (St. Louis, MO, November 1993). It  was sup- 
ported by a grant from the National Institutes of Health 
(Grant GM 43337). 
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