A. THAKUR et al., Structural Parameters and Swelling Behavior of pH Sensitive ..., Chem. Biochem. Eng. Q. 25 (2) 181-194 (2011) 181

Structural Parameters and Swelling Behavior of pH Sensitive
Poly(acrylamide-co-acrylic acid) Hydrogels

A. Thakur,” R. K. Wanchoo, and P. Singh

University Institute of Chemical Engineering and Technology
Panjab University, Chandigarh 160 014, India

Original scientific paper
Received: September 12, 2010
Accepted: May 1, 2011

In the present work, hydrogels based on acrylamide (AAm) and acrylic acid (AAc),
crosslinked with N,N’-methylenebisacrylamide (MBAAm) were prepared by free radical
polymerization in solution. The effect of initial AAm/AAc mole ratio and nominal
crosslinking ratio (moles of crosslinking agent/moles of polymer repeat unit) on the dy-
namic and equilibrium swelling behaviour of hydrogels was investigated. Hydrogels
were characterized by the polymer volume fraction in the swollen state (v, ), the number
average molecular mass between crosslinks (M) and the mesh size (§). The swelling ca-
pacity of hydrogels was found to decrease with increasing nominal crosslinking ratio.
The results show a significant influence of AAc monomer concentration on swelling be-
havior of poly(acrylamide-co-acrylic acid) hydrogels. Hydrogels containing higher
acrylic acid content had a higher equilibrium mass swelling at pH 7.4 and in distilled wa-
ter than at pH 3.0 where the acrylic acid is present in nonionized state. Further, swelling
data was fitted to various models and model parameters were evaluated using regression
technique. Model analysis indicated that the swelling transport followed non-Fickian
mechanism. Scanning electron microscopy (SEM) revealed the macroporous surface
morphology of the matrix with pore size varying between 2—64 microns depending on
the amounts of AAc in the hydrogel.
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Introduction ment.''13 In case of anionic polymeric networks,
ionization takes place as the pH of the external me-
dium rises above the pKa of the ionizable moiety.'
The polymeric network becomes more hydrophilic
as the degree of ionization increases and the drug
release is accomplished as the polymer swells. Be-
cause many of the potentially most useful pH-sensi-
tive polymers swell at high pH values and collapse
at low pH values, the delivery of active agent oc-
curs upon an increase in the pH of the environment.
Such materials are ideal for systems such as oral
delivery, in which the drug is not released at low
pH values in the stomach but rather at high pH val-
ues in the upper small intestine.!'l-15-16

Hydrogels are three-dimensional crosslinked
polymeric networks capable of absorbing and re-
taining large amounts of water and physiological
fluids while remaining insoluble in aqueous solu-
tions. Typically these hydrogels at equilibrium
comprise 60-90 % fluid and only 10-30 % poly-
mer.! Due to characteristic properties such as
swellability in water, high water content and elastic
nature similar to natural tissue, biocompatibility
and lack of toxicity, hydrogels have been utilized in
a wide range of biological, medical, pharmaceutical
and environmental applications.?”

Certain polymeric networks show a change in
their dynamic and equilibrium swelling properties
as the external conditions are changed. Depending
on the nature of polymer, these hydrogels can un-
dergo significant volume changes in response to
slight changes in environment involving pH, tem-
perature, ionic strength, buffer composition etc.®!
The dynamic swelling change can be used in the

In recent years, hydrogel-based drug-delivery
devices have become a major area of research
interest with synthetic hydrogels providing an ef-
fective and controlled way to administer drugs for
treatment of a number of diseases. One of the
important types of synthetic hydrogels are those
of poly(acrylamide) (poly(AAm)) and poly(acrylic

design of site specific drug delivery systems so that
it is incapable of releasing the active agent until it
is placed in an appropriate biological environ
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acid) (poly(AAc)), either based on crosslinked
polymers, or combined with other comonomer
units. Poly(AAm) hydrogels can absorb relatively
high amounts of water; however their swelling ca-
pacity is not very sensitive to pH or electrolytes.!”
The development of a drug delivery system requires
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the control of the water content within the
polymeric structure as it is one of the important
factors influencing the solute transport. The perme-
ation rate can be controlled either by changing
the crosslinking densities or by preparing hydrogel
with comonomer of controlled hydrophilicity.
Poly(AAm-co-AAc) hydrogels, owing to the exis-
tence of hydrophilic -COOH and —NH, groups,
have the capacity to absorb large amounts of water.
Also, due to the presence of hydrophilic carboxylic
acid side groups, the swelling behavior of these
hydrogels is highly dependent on the pH of the sur-
rounding medium.'"® Hence, poly(AAm-co-AAc)
hydrogels have been investigated for use as adsorb-
ents in water purification'*?° and drug delivery sys-
tems etc.??? In the present work, poly(AAm-co-AAc)
hydrogels were prepared by using different initial
AAm/AAc mole ratio and N,N’-methylenebisacryl-
amide (MBAAm) concentrations. The hydrogels
prepared were characterized with respect to their
swelling properties, network structures and diffu-
sional behaviour. The effect of crosslinking ratio
and composition of poly(AAm-co-AAc) hydrogels
on the dynamic and equilibrium swelling behaviour
of hydrogels in buffer solution of pH 7.4, pH 3.0
and double-distilled water at 37 °C was investigated
in this study. The aforementioned hydrogels were
characterized by means of the determination of the
polymer volume fraction in the swollen state v, ,
the number average molecular mass between
crosslinks M ., and the mesh size &.

Table 1 — Feed composition and sample designation in
the preparation of poly(AAm-co-AAc) hydrogels
with MBAAm = 0.2, 0.3 and 0.4 g/20 g monomer

Sample Mass of Mass of AAm/AAc
Code No. AAm/g AAc/g (mole ratio)
20.0000 0.0000 100/0
B 18.9866 1.0134 95/5
C 17.9747 2.0253 90/10
D 15.9550 4.0450 80/20
E 13.9412 6.0588 70/30
F 11.9328 8.0672 60/40
G 9.9301 10.0700 50/50
Experimental
Materials

Acrylic acid (AAc) was procured from CDH
(synthesis grade) and purified by distillation under
reduced pressure. Acrylamide (AAm) (CDH, elec-
trophoresis grade) was used as received without

further purification. N,N’-methylene-bisacrylamide
(MBAAm), (Merck, electrophoresis grade) was
used as the crosslinker for the synthesis of hydrogels
without further purification. Ammonium persulfate
(APS), the initiator, and tetracthylene methylenedi-
amine (TEMED), the accelerator, were used as re-
dox initiator pair for the synthesis of hydrogels and
were supplied by Merck (analytical grade). Potas-
sium dihydrogen phosphate, sodium hydroxide
were of analytical grade and double-distilled
deionised water was used for preparing the solu-
tions in the study.

Synthesis of hydrogels

The hydrogels were synthesized using a proce-
dure based on the simultaneous radical polymeriza-
tion and crosslinking of AAm and AAc.'® The poly-
merization mixture composed of monomers (AAm
and AAc) at a concentration of 20 % (W/v) in dis-
tilled water was added crosslinker (MBAAm) and
redox initiator (APS and TEMED). Each hydrogel
sample was prepared using 0.2 mL of initiator solu-
tion i.e. APS (0.05 g mL™! water) and 0.25 mL ac-
celerator solution i.e. TEMED (0.01 g mL~! water)
for each 10 mL solution of reactants prepared in
distilled water. The reaction mixture was purged
with high purity nitrogen for 30 minutes to remove
the excess of oxygen that may interfere with the
free radical polymerization reaction. The reaction
was carried out in 10 mL sealed test tubes at a con-
stant temperature of 40 + 0.1°C using a water circu-
lating bath (Julabo, F20-VC/3) for 24 h leading to
complete gelation. The sample was then cooled to
room temperature and the resulting hydrogels were
removed from the glass tubes and uniformly cut
into samples of short cylindrical shape. The ob-
tained hydrogels were soft and elastic in nature.
These hydrogels were immersed in an excess of dis-
tilled water in order to remove the unreacted reac-
tants. Water was changed several times during the
first 24 h and then once in at least seven days. The
samples were first dried at room temperature and
finally under vacuum at 40 °C to constant mass,
and stored in dessicators containing anhydrous cal-
cium chloride (a desiccant agent, CDH) for further
use. The crosslinking ratio X, defined as moles of
crosslinking agent MBAAm/moles of polymer re-
peat unit, used in the present study are 0.0046,
0.0069 and 0.0091. The moles of polymer repeat
unit for determining the crosslinking ratio X, was
taken as the weighted average of molecular mass of
the two monomers present in the given hydrogel.
Change in the ratio of AAm/AAc changes the value
of moles of polymer repeat unit. However, in the
present case since the ratio of molecular mass of
AAm/AAc is nearly equal to one, there is no appre-
ciable change in the value of X.
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Hydrogel characterization
Swelling behavior

Hydrogels were characterized by determining
polymer volume fraction in the swollen state (v, ),
the number average molecular mass between
crosslinks (M ,) and the mesh size (§) using the
observed swelling data. Hydrogel volume in dry state
(V,) and hydrogel volume when swollen to equilib-
rium (V) were determined using egs. (1) and (2):2+23

Vv =; (1)

y,o= e )
¢ P

where m, is the mass of the initially dry polymer in
air, m,, is the mass of the dry polymer in n-heptane,
m,  is the mass of the swollen hydrogel in air after
reaching equilibrium swelling, m, ; is the mass
of swollen hydrogel in n-heptane after equilibrium
swelling and p, is the density of n-heptane
(0.688 g cm™). Mass of hydrogel in a nonsolvent
(n-heptane) was obtained by placing the sample in a
stainless steel mesh basket suspended in n-heptane
before swelling measurements were made and after
equilibrium swelling was achieved. The polymer
volume fraction of the hydrogel in swollen state
v, was evaluated from swelling data using the fol-
lowing relationship:®

v2,s - VS
where V', is the volume of the dry polymer, and V| is
the volume of the hydrogel after equilibrium swell-
ing. The determination of swollen hydrogel volume
(V,) required the placement of hydrogel sample in
buffer and allowing it to attain equilibrium.

Swelling measurements

To study the effect of pH on swelling behavior
of the hydrogels, weighed amounts of dry, thin,
polymeric hydrogel disc samples were placed in
buffer solution of pH 7.4, pH 3 and distilled water
at 37 °C. The hydrogels were weighed on a top
loading electronic balance (Sartorius) with an accu-
racy of £0.0001 g. All the swelling studies were
carried out in 100 mL of swelling medium. At inter-
vals, the swollen gels were lifted, blotted on filter
paper, and weighed. While weighing the gels, care
was taken to remove the superficial buffer on the
surface, so that only the weight of the buffer incor-
porated into the hydrogel was considered. The
swelling studies were carried out until equilibrium
in swelling was reached. The equilibrium swelling

was attained in 2 — 3 days. Swelling S (mass swell-
ing or degree of swelling) of samples at any time ¢
was calculated using eq. (4):

m, — m,

§=——""

m,

“)

The equilibrium degree of swelling S,,, after
hydrogels had swollen to equilibrium in the swell-
ing media was calculated using eq. (5):
m,, — m
Sy=—""—" )

eq mo

Here m, is the mass of the swollen hydrogel
sample at time ¢, and m, is the initial dry mass of
the hydrogel sample, m,, is the mass of the swollen
hydrogel sample at equilibrium. For swelling stud-
ies, an average value of four replicates was taken.

Scanning electron microscopy

SEM analysis was carried out using JSM 6100
SEM. Prior to examination, samples were gold-sputter
coated to render them electrically conductive.

Results and discussion

Hydrogel structural parameters

Based on equilibrium swelling data, the num-
ber average molecular mass between crosslinks,
M, was calculated using eq. (6):>1%%

L ln(= v, )+ v, + vl ]
L e ©
M 1
M, ( s m)

Here, V) is the molar volume of water, v, is
the polymer volume fraction in the swollen state, v
is the specific volume of the polymer (taken as
0.67), M, is the number average molecular mass
between the crosslinks, and yx is the Flory-Huggins
polymer-water interaction parameter. The values of
parameters }; and y used in eq. (6) are presented in
Table 2. The theoretical number average molecular
mass between crosslinks, M ., was calculated us-
ing eq. (7):%¢

Mr
MC,I = 2X (7)

Here, M, is the molecular mass of the polymer
repeat unit determined as weighted average for
given sample and X is the nominal crosslinking ra-
tio. The values of M. and M, thus obtained are
reported in Table 3 at pH 7.4, pH 3.0 and distilled
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Table 2 — Characteristic parameters used in eq. 6 and 8

Component Parameter Value Reference
poly(AAm) X Flory-Huggins polymer-water interaction parameter 0.49 33
poly(AAc) X Flory-Huggins polymer-water interaction parameter 0.5 32
poly(AAm) C,  Flory characteristic ratio of the polymer 2.72 34
poly(AAc) C, Flory characteristic ratio of the polymer 6.7 32
water ¥,  molar volume of water 18.1 cm? mol™! 32
poly(AAm), poly(AAc) / length of the C-C bond along the polymer backbone 0.154 nm 32

Table 3 — Structural parameters of swollen poly(AAm-co-AAc) hydrogels at 37 °C at various crosslinking ratio, X/mol mol™!

X = 0.0046 X = 0.0069 X =0.0091
M., = 7786 M,, = 5216 M., = 3931
Sample M, /g mol™! &/um Vs Mg mol™ | &/um o M /g mol &/um o
eq. 6 eq. 8 eq. 3 eq. 6 eq. 8 eq. 3 eq. 6 eq. 8 eq. 3
Sample in pH 7.4
A 155134 437 0.0561 101413 3.35 0.0656 82413 2.94 0.0706
B 355457 7.57 0.0416 221500 5.64 0.0494 169507 4.77 0.0545
C 926565 14.21 0.0293 510312 9.79 0.0364 442210 8.94 0.0385
D 2582934 28.55 0.0201 1661995 21.68 0.0236 1310458 18.66 0.0258
E 3482527 36.27 0.0180 2905657 32.38 0.0192 2383546 28.57 0.0207
F 5299543 49.44 0.0154 4430313 44.12 0.0165 3371267 37.20 0.0182
G 7225790 62.69 0.0137 5461171 52.57 0.0152 4096426 43.81 0.0170
Sample in pH 3.0
A 191305 4.98 0.0521 94706 322 0.0669 71271 2.69 0.0742
B 121093 3.89 0.0612 83472 3.08 0.0700 63161 2.59 0.0775
C 106530 3.71 0.0642 71935 2.90 0.0739 55529 2.47 0.0811
D 79984 3.30 0.0712 51734 2.51 0.0832 49367 2.44 0.0846
E 69935 3.20 0.0746 43454 2.38 0.0885 29736 1.88 0.1013
F 54527 2.88 0.0817 28265 1.91 0.1033 21931 1.63 0.1128
G 29138 2.04 0.1020 17883 1.51 0.1210 13533 1.27 0.1334
Sample in DW

A 181529 4.81 0.0529 97413 3.27 0.0662 62819 2.49 0.0774
B 365288 7.71 0.0411 138796 4.22 0.0584 72860 2.83 0.0736
C 842028 13.41 0.0303 180631 5.14 0.0530 84924 3.21 0.0696
D 1422494 19.70 0.0250 206528 5.93 0.0505 96485 3.70 0.0664
E 1818163 24.22 0.0228 244099 6.94 0.0475 112056 427 0.0631
F 1953935 26.57 0.0222 310928 8.46 0.0435 138445 5.11 0.0585
G 2463073 32.05 0.0204 427175 10.65 0.0400 166318 5.98 0.0547
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water respectively. From Table 3, it is observed that
the experimental values of molecular mass between
the crossinks M ., are much larger than those pre-
dicted by theory M ,. This can be attributed to the
real network formed as against the ideal Gaussian
networks.?>2” High values of M, imply loosely
crosslinked hydrogels. In ionic polymers, M . may
be controlled by the monomer concentration (in this
case AAc) in the polymerization reaction mixture.'4
The results in Table 3 show that the average molec-
ular mass between the crosslinks A , is affected not
only by the AAc content of the hydrogels, but also
by the nominal crosslinking ratio, X, and the pH of
swelling medium. The increasing concentration of
AAc in the reaction mixture leads to a marked in-
crease in M, for swelling studies conducted in pH
7.4 and distilled water (DW) as shown in Table 3.
However, at pH 3, with increase in amount of
acrylic acid in hydrogel, M . decreases, which can
be attributed to the fact that networks of acrylic
acid are nonionised at a pH of 3, and are in compact
conformation. Physical entanglements, chemical
crosslinks, and hydrogen bonding between acid
units (self-association) are important parameters'*
that affect the rate of chain diffusion, thus reducing
the observed M , at a pH of 3. With increase in pH,
ionization of network disrupts the self-associations
thus contributing to the electrostatic repulsion be-
tween adjacent ionized groups, leading to chain ex-
pansion and increase in the mesh size. This parame-
ter reaches a limiting value as the polymer becomes
completely ionized.

___ The molecular mass between the crosslinks,
M ., was also found to decrease with an increasing
nominal crosslinking ratio, X, as listed in Table 3 at
pH 7.4, pH 3.0 and distilled water respectively.

Using the calculated values of number average
molecular mass between crosslinks, M, and the
values of C, for various monomer ratios, the mesh
size, £, was determined using eq. (8).2%%

2C, M,

E=vi T ! (8)

Here, M, is the molecular mass of the repeat
unit, C, is the Flory characteristic ratio of the poly-
mer and / is the length of the C—C bond along the
polymer backbone. In eq. (8), the characteristic ra-
tio, C,, of the poly(AAm-co-AAc) hydrogels was
taken as the weighted average of C, values of
poly(AAm) and poly(AAc) chain according to their
molar ratio in the hydrogel of a given composition.
The different parameters necessary to perform all
the calculations are presented in Table 2. The val-
ues of mesh size &, observed in different swelling
mediums are reported in Table 3. Mesh size is the
space available for transport of solute in a network.

It is clear that the mesh size in a given composition
of hydrogel decreases with increasing polymer vol-
ume fraction. Also, the mesh size of the networks
increased with increase in acrylic acid content of
the hydrogel, when swollen in buffer of pH 7.4 and
DW. The increase in the mesh size results in
increased water contents in the hydrogel. Since
acrylamide is non-ionic and acrylic acid has a
pKa value of 4.7, it is expected that the network
should collapse when swollen in acidic buffer of
pH 3.0, and accordingly their mesh size will be
lowered. It was observed that the mesh size of
poly(AAm-co-AAc) hydrogels decreased when
swelling studies were conducted in acidic buffer of
pH 3.0. The mesh sizes of the networks varied be-
tween 2 and 62 microns, implying that permeation
of molecules with a wide range of sizes would be
possible. Poly(AAm-co-AAc) hydrogels possessed
higher particle pore size (63—44 pm) in buffer of
pH 7.4, when compared to poly(AAm) hydrogels
(4-2 pum) in the same medium for varying cross-
linking ratios X. Scanning electron micrographs of
hydrogel samples swollen in buffer of pH 7.4 after
freeze drying, are shown in Fig. 1, for different
AAm/AAc mole ratios. The cross-sectional views
of the hydrogels present an irregular surface pattern
with macro/micro pores within the hydrogel.
Hydrogels formed with higher acrylic acid content
have a more open and porous channel structure in
buffer of pH 7.4, which is in agreement with the ob-
servations from swelling studies. Fig. 1 also shows
the SEM of 70/30 AAm/AAc hydrogel formed with
different MBAAm concentrations. The pore size is
found to decrease with increase in MBAAm con-
centration.

The equilibrium polymer volume fractions of
hydrogels swollen to equilibrium, v, , are pre-
sented in Table 3 for varying crosslinking ratios X.
It is observed that increasing crosslinking ratio
leads to denser networks and adjusting the amount
of crosslinking agent in the synthesis process can
be an effective means of controlling the crosslinked
structure of hydrogels.

Swelling analysis

For characterization of the response of the
hydrogels to external conditions, samples were al-
lowed to swell to equilibrium in aqueous buffers of
pH 3.0 and 7.4 to simulate the pH of the gastric and
enteric cavities respectively, and also in distilled
water at a temperature of 37 °C. The pH values
were selected to allow comparison of swelling be-
haviour of hydrogels in both the ionized (pH > 4.7)
and nonionized states (pH < 4.7), as AAc has a pK,
value of 4.7 and AAm is nonionic.
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Fig.1 — Scanning electron micrographs of cross-sections of freeze-dried hydrogels swollen in buffer of pH 7.4
for different AAm/AAc mole ratio in hydrogels: (a) 100/0 (b) 90:10 (c) 80:20 (d) 50:50 (e) 70:30 at nominal
crosslinking ratio X = 0.0091 mol mol™ and (f) 70:30 at nominal crosslinking ratio X = 0.0046 mol mol™

The water intake of initially dry gels was moni-
tored for a long time and the measurements were
continued until a constant mass was reached for
each hydrogel sample. The dynamic swelling be-
haviour of hydrogels is shown in Fig. 2(a—c) at a
nominal crosslinking ratio, X = 0.0046 mol mol! in
buffers of pH 7.4, 3.0 and distilled water respec-
tively. Similar curves were obtained for other
crosslinking ratios. As can be seen from these fig-
ures, swelling of hydrogel increases with time until
a certain point when it becomes constant. This con-
stant value is taken as the equilibrium swelling for a
given hydrogel sample. The results in Table 4 eluci-

date the effect of pH of buffer solution as well as
the effect of acrylic acid content in the hydrogel on
the equilibrium mass swelling (or degree of swell-
ing) of hydrogel samples (S,,). Equilibrium mass
swelling of poly(AAm) hydrogel (sample A) does
not seem to be affected by the pH of the solution as
almost the same equilibrium mass swelling was ob-
tained at pH 7.4, in distilled water and at pH 3. This
could be due to the inherent non-ionic character of
poly(AAm). However, equilibrium mass swelling
of poly(AAm-co-AAc) hydrogels in buffer solution
of pH 7.4 and distilled water is found to be signifi-
cantly more in comparison to their equilibrium
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Fig. 2a — Dynamic swelling behaviour of poly(AAm-co-AAc)
hydrogels in buffer of pH 7.4 at nominal
crosslinking ratio, X = 0.0046 mol mol™!
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Fig. 2b — Dynamic swelling behaviour of poly(AAm-co-AAc)
hydrogels in buffer of pH 3 at nominal
crosslinking ratio, X = 0.0046 mol mol™
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Fig. 2c¢ — Dynamic swelling behaviour of poly(AAm-co-AAc)
hydrogels in distilled water at nominal
crosslinking ratio, X = 0.0046 mol mol™!

mass swelling in buffer solution of pH 3.0. It is well
known that the swelling of hydrogel is induced by
the electrostatic repulsion of the ionic charges of its
network. Acrylic acid contains carboxyl groups
(~COOH) and the ionization of these groups above
its pKa causes the swelling to increase. With in-

crease in the content of AAc in poly(AAm-co-AAc)
hydrogels, the equilibrium mass swelling ratio
increases at pH 7.4 and DW, and as can be seen,
the swelling curves are similar in shape for all
the hydrogels investigated. It can be noticed
that the equilibrium mass swelling values of
poly(AAm-co-AAc) hydrogels are influenced
greatly by the content of AAc in the hydrogel and
hence it can serve as an effective means to control
their swelling behaviour. The increase in cross-
linking ratio lowers the equilibrium mass swelling
ratio of poly(AAm-co-AAc) hydrogels that could
be due to increased rate of formation of crosslinks,
resulting in higher crosslink density. Tables (4-6)
show that values of equilibrium mass swelling
of poly(AAm-co-AAc) hydrogels range from
10094175 % at pH 7.4, 905-323 % at pH 3.0,
7162717 % in distilled water at different initial
AAm/AAc mole ratio in comparison to the va-
lues of equilibrium mass swelling of poly(AAm)
hydrogels which range from 973-754 % at pH 7.4,
1044-716 % at pH 3.0, 1062—680 % in distilled
water at increasing crosslinking ratios. The equilib-
rium mass swelling capacities of poly(AAm-co-AAc)
hydrogels is greater than those of poly(AAm)
hydrogels at pH 7.4 and DW due to the presence of
hydrophilic groups in acrylic acid molecules. And
with increasing number of hydrophilic groups in
poly(AAm-co-AAc) hydrogels, swelling capacity
also increases. Whereas the equilibrium mass swell-
ing capacity of poly(AAm-co-AAc) hydrogels de-
creases with increase in hydrophilic groups at
pH 3.0 due to non-ionization of these hydrophilic
groups.

In order to study the effect of pH and composi-
tion of hydrogels on the kinetics of water uptake of
hydrogels, water uptake data was fitted using the
following models. Model I was fitted to the first
60 % of the water uptake data whereas Model II
and III were fitted to the entire data.

Model I*!
S
e 9)
eq
Model 112331
t
= A+ B (10)
Model 11132
_ —t/T
S=S5,(1-e"") (11)

In Model I, S is the degree of swelling (or mass
of solvent imbibed) at any time ¢, S, is the degree
of swelling when equilibrium is reached (or amount
of solvent imbibed at equilibrium), & is the swelling
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Table 4 — Effect of acrylic acid content on swelling kinetic parameters of poly(AAm-co-AAc) hydrogels at X = 0.0046 mol mol ™,
using Models I and 11

e n k Modd D | S * Sa | (Modsl 0 4 D 10cm? s
eq. 9 eq. 9 eq. 12 eq. 10 eq. 5 eq. 12 eq. 10 eq. 14
Sample in pH 7.4
A 0.605 0.012 0.0666 10.9890 9.7334 0.0581 0.748 2.1520
B 0.622 0.01 0.0666 15.1515 13.1852 0.0656 0.641 22111
C 0.689 0.006 0.0940 22.2222 18.4929 0.0548 0.531 2.7035
D 0.787 0.003 0.0127 35.7143 27.4058 0.0388 0.511 2.8128
E 0.811 0.002 0.1757 41.6667 31.5485 0.0310 0.494 2.8272
F 0.821 0.002 0.0217 52.6316 37.4096 0.0386 0.517 2.6567
G 0.848 0.001 0.3612 58.8235 41.7523 0.0281 0.508 2.5460
Sample in pH 3.0
A 0.628 0.015 0.0449 11.2360 10.4381 0.0330 0.382 3.4283
B 0.626 0.016 0.0364 9.7087 9.0520 0.0468 0.395 3.5944
C 0.615 0.019 0.0226 8.8496 8.3482 0.0468 0.399 3.3861
D 0.603 0.013 0.0571 8.4034 7.4926 0.0575 0.865 1.7605
E 0.600 0.012 0.0350 8.0000 6.9648 0.0774 1.169 1.2437
F 0.595 0.013 0.0235 6.9444 6.1180 0.0778 1.270 1.1684
G 0.586 0.013 0.0439 5.3476 4.6740 0.0805 1.670 1.0017
Sample in DW
A 0.630 0.011 0.0227 12.1951 10.6218 0.0627 0.677 1.8527
B 0.671 0.008 0.0640 15.6250 13.5777 0.0403 0.568 3.3284
C 0.732 0.005 0.1057 21.7391 18.4312 0.0557 0.475 4.4175
D 0.777 0.004 0.0520 26.3158 22.2948 0.0432 0.412 4.8293
E 0.818 0.003 0.0859 28.5714 24.1734 0.0631 0.389 5.7286
F 0.834 0.003 0.0411 30.3030 25.1615 0.0705 0.366 6.8012
G 0.842 0.002 0.2756 32.2581 27.1704 0.0624 0.369 6.6234
*Smax = 1/B

max

constant characteristic of polymer network and # is
the diffusional exponent characterizing the mecha-
nism of diffusion of solvent into the network. For
cylindrical geometry, the value of diffusional
exponent n as 0.45 signifies a Fickian diffusion
mechanism, while » = 0.89 indicates a Case II dif-
fusion mechanism, while the value of # in the range
0.45 <n < 0.89, indicates that the diffusion mecha-
nism is anomalous or non-Fickian, where both dif-
fusion and polymer relaxation control the overall
rate of water uptake.>' The representative curves of
swelling kinetics of hydrogels are given in Figs.
3(a—c). The plots between /S, versus 7 on log-log
scale yielded a straight line up to nearly a 60 % in-
crease in the mass of the hydrogel. The values of

diffusional exponent n and diffusion constant k de-
termined from the slope and intercept of the lines
are reported in Tables 4, 5 and 6 for swelling stud-
ies conducted at 37 + 0.1 °C in buffer solutions
of pH 7.4 and 3.0 and distilled water, at various
nominal crosslinking ratios X. It can be seen from
the tables that the value of n increased with the in-
crease in the acrylic acid content of the hydrogels,
as well as, when the pH of the external swelling
medium was increased from 3.0 to 7.4. This indi-
cates that the solvent transport mechanism becomes
non-Fickian as gel ionization becomes prominent.
The dynamic swelling behavior of crosslinked
polymers is dependent upon the relative magnitude
of the solvent diffusion and polymer relaxation
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Fig. 3a — Plot of S/S,, vs time for poly(AAm-co-AAc)
hydrogels in buffer of pH 7.4 at nominal cross-
linking ratio, X = 0.0069 mol mol’!
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Fig. 3b — Plot of S/S,, vs time for poly(AAm-co-AAc)

hydrogels in buffer of pH 3.0 at nominal cross-
linking ratio, X = 0.0069 mol mol™
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Fig. 3¢ — Plot of S/S,, vs time for poly(AAm-co-AAc)
hydrogels in distilled water at nominal cross-
linking ratio, X = 0.0069 mol mol”

times. Fickian transport is observed when solvent
diffusion controls the process. In ionic networks,
ionization may control the solvent diffusion pro-
cess, thus affecting the relative magnitude of diffu-

sion and relaxation times. Macromolecular relax-
ations become more prominent in alkaline solu-
tions. Thus, non-Fickian (anomalous) transport is
observed as the pH of the surrounding fluid in-
creases above pK,. In general, increase in the de-
gree of ionization contributes to the electrostatic re-
pulsion between adjacent ionized carboxylate groups
leading to chain expansion, which in turn affects
macromolecular chain relaxation. The results ob-
tained are in conformation with these observations.

Model II represents second order kinetics that
can be used to explain the extensive swelling of
hydrogels.?>3! Here, S is the degree of swelling at
time ¢, 4 = 1/(dS/df),, is the reciprocal of the initial
swelling rate of the hydrogel, B = 1/S,,,, is the in-
verse of maximum (or equilibrium) swelling of
hydrogel. Figs. 4, 5 show the linear regression of
the representative swelling curves fitted to Model 11
(eq. (10)) for hydrogels at a nominal crosslinking
ratio, X =0.0091 in buffers of pH 7.4 and 3.0. Simi-
lar swelling curves were obtained for hydrogels at
other nominal crosslinking ratios. The initial swell-
ing rate and the values of maximum swelling of

»
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ig. 4 — t/S vs t curves for poly(AAm-co-AAc) hydrogels
in buffer of pH 7.4 at nominal crosslinking ratio,
X = 0.0091 mol mol’!
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Fig. 5 — /S vs t curves of poly(AAm-co-AAc) hydrogels
in buffer of pH 3.0 at nominal crosslinking ratio,
X = 0.0091 mol mol’
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Table 5 — Effect of acrylic acid content on the swelling kinetics parameters of poly(AAm-co-AAc) hydrogels at X = 0.0069 mol mol”,
using Models I and 11

e n k Mo D | S * Sa | (Modsl 0 4 D 10cm? s
eq. 9 eq. 9 eq. 12 eq. 10 eq. 5 eq. 12 eq. 10 eq. 14
Sample in pH 7.4
A 0.599 0.015 0.0290 9.0090 8.1115 0.0503 0.666 2.2710
B 0.620 0.012 0.0330 12.5000 11.1077 0.0542 0.590 2.4826
C 0.673 0.007 0.1206 17.8571 15.2816 0.0514 0.553 2.6288
D 0.760 0.003 0.2167 29.4118 23.2964 0.0464 0.528 2.6011
E 0.774 0.002 0.2945 38.4615 28.