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ABSTRACT

The Important physical properties of hydrogels depend on the precise
structure of the polymer network . Of key importance is equilibrium swelling
capacity . Molecular theories of rubber elasticity describe with varying
accuracy the relationship between the molecular structure of a crosslinked
polymer and the amount of swelling . In this article some theoretical aspects
are presented and experimental results obtained from swelling
measurements are reported .
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INTRODUCTION

Crosslink density can be determined by the two
methods, modulus and swelling measurements.
Determining crosslink density from stress-strain
data requires that the test sample be fabricated
with a precise geometry . Such requirements are
not unduly restrictive . However, many water
absorbent polymers are synthesised by suspension
polymerisation as small, irregular particles or
beads. Thus, in many cases compression testing of
a water absorbent polymer for the determination
of crosslink density may not be feasible . However,
equilibrium swelling experiments can be used for
pieces of any geometry. The major limitation of
this technique is the quantitative deficiency of the
theory involved [1] . According to the equilibrium
swelling theory, a polymer will absorb solvent until

the solvent chemical potentials in the polymer
phase and in the free solution are equal . This

statement can be written in terms of osmotic
swelling pressure which is zeta at equilibrium;

7r mia + 7td,,a + raj. + ?a elec = 0

	

(1)

This assumes that all contributions to the
swelling pressure are independent [2] . The
thermodynamics of the system may be described by
the change in the Gibbs free energy, AG, of the
system.The pressure-volume product does not
change significantly in swelling, however and thus,
AG can he replaced by the change in Helmholtz
free energy, AA, [3] . Introduction of solvent
molecules into the system results in (a) tin increase
in elastic free energy due to the decrease of
entropy of the network chains upon dilation, and
(b) a decrease in mixing free energy primarily due
to increase of the entropy of the mixing of the
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non-charged networks.
Most synthetic superabsorbents are poly -

electrolyte gels, i .e gels which bear ionic or
ionisable moieties . When immersed in a high
dielectric constant medium such as aqueous fluids
these ionic moieties will dissociate and create an
overall charge density along the chains, as well as a
high concentration of mobile ions in the gel . ,
Compared to classical (non-ionic) gel behaviour, .,
this ionic character will bring two "new players" -
forces in the system: the osmotic pressure r'e'sulting
from differences in ion concentratllithbetween the
swollen gel and the external solution, i.e~r;o n, (for
"macroscopic" electroneutrality reasons, mobile
ions belonging to the gel cannot leave it and
minimisation of this osmotic pressure can only be
achieved through dilution of the network charge
density, i .e swelling) and the net charge density
along the chains will generate some electrostatic
repulsion (i .e coulombic) forces between chain
segments Welt,. The resulting expansion of the
network will contribute to the overall swelling
behaviour [5] . Theoretical calculations and
experimental results indicate that nele, is typically
small in comparison to Trion.

The amount of water sorption is quantified
by the degree of swelling : the ratio of the swollen
polymer volume or mass to that of the dry polymer
[2] . The volume degree of swelling of crosslinked
polymers is simply the inverse of the polymer
volume fraction so the former can be readily
predicted as a function of polymer - solvent
interaction parameter, crosslink density and
polymer ionic content by plugging appropriate
expressions for remix, mel .,, Winn and x, I ,, into
equation [1] . Neglecting the electrostatic term and
assuming Gaussian chain statistics, the equilibrium
swelling of an ionic gel in pure solvent is described
by the following equation :

[In(1 u 2s}+vzs Fxtv2a lVt+vZP x [( n agh 'zr) t5-0.5

(vzlv z,)1+ ivzJV, = 0

	

(2 )

where:
U2, , = polymer volume fraction at equilibrium
swelling
xt = polymer -solvent interaction parameter
V t = solvent molar volume
v 2, . = polymer volume fraction at network
formation
p i = crosslink density
i = ionic content

= pronomer molar volume

Ifnon-Gaussian chain statistics are assumed

(that is valid for highly swollen gels), the degree of
swelling is predicted to level off with increased
ionisation 'for a"given'level of crosslinking . Thus at
high degree of ibniSation, the sorption capacity of a
polymer is ptiniarily a'function of crosslink density[6] .

Por ionic gels at large degrees of swelling the
influence ofx i becomes minor. Thus the mixing
term can be neglected and the following equation
for crosslink density can be derived:

v 2r A=[(vvZ=) t ~-D.S(vaalvz,)]+1v2~IV,~ = 0

	

(3)

This may be solved explicitly for crosslink density:

(4)

Degree of swelling (q) can be related to the
volume fraction of polymer in the gel v2,a by the
following equation [7].

+ ( p polymer )

	

1
1 q p liquid

	

oz.

To calculate monomer molar volume the following
equation can be used [8]:

p = Pt° + (1 - Pt°IP2 )02 (6)

Vn = MIp2 (7 )

where :

solvent molecules with polymer network chains [4].
Thus, the swelling pressure due to tendency of the
polymer to dissolve in the solvent mixing of the
polymer and solvent) is given by n,,,A, while zel,s

accounts for the elastic response of the network
due to crosslinking which opposes dissolution [2].
These two factors are characteristics of

(5)
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p= density of the sample
p t °= density of the water
C2 = monomer concentration in g/cm 3 of solution
M = molecular weight of the monomer
p2"= density of the monomer

Moles of crosslinks per unit volume or
crosslink density can be related to the network
chain molecular weight Mc by the following
equation:

'V1

	

M,

	

(8)

where: ppm = (UN)
and rp = functionality of crosslinking agent

Finally, the moles of network chains per unit
volume can be calculated according to the
following equation [9].
(v/V) = p

	

( 9 )

EXPERIMENTAL

The structural properties of some acrylic-based
super absorbents obtained by inverse suspension
polymerisation were determined according to the
above discussions . The hydro gels reported herein
are copolymer of acrylic acid and its salt which
were crosslinked by dimeth.acrylate type crosslinker
with functionality of four . These hydrogels only
differ in amount of the crosslinker used to display
effect of crosslink density. Swelling measurement
was done by the following course . One gram of a
super absorbent resin was dispersed into 1500 mL
of a double-distilled water and allowed to swell
sufficiently under moderate agitation . After 30
minutes the dispersion was filtered through a 100
mesh wire gauze and then dried with a piece of
soft open-cell polyurethane foam . The weight of
the swollen resin obtained was measured as the

Fig.l . A pictorial comparison of non-absorbed sample and swollen sample
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water-absorbency or degree of swelling of the
sample.

RESULTS AND DISCUSSION

The simplest, but also most confounded swelling
measurement, is free swell capacity . The hydrogel
is allowed to swell to equilibrium in an excess of
fluid and the gel is recovered by filterdtion.
Unrealistically high absorption capacities can be

reported because the fluid does not drain
completely . The more swellable the hydrogel, the
softer the gel particles and hence the greater the
deviation of simple free swell capacity from actuall
capacity [10] . It is desirable to minimise the
non-absorbed water of the surface of the particles .
This can be satisfactorily done by using a suitable
foam Pictorial comparison of non-absorbed sample
and swollen sample (after drying with foam) is
presented in Figure 1 . Table 1 represents

Table I . Typical structural properties of acrylic - based superabsorbents hydrogels [11]

Code of Product Al A3 A4

Molar percent of
crosslinker to

monomer

5 .4545 x 10-2 2.3757 x 10.1 2 .2963 4.5836

Degree of swelling 929 880 732 578

Polymer volume
fraction in the gel

69618 x 104 7.3496 x 104 &8343 x 10; 1 .1185 x 10'

Crosslink density
(mol/cm3)

1.7691 x 10' 1 .8346 x 104 2.0758 x 104 2.4325 x 104

Network chain
density (malicm3)

3_5382 x l04 3 .6692 x 10 4 4.1516 x 10; 4 .865 x 104

Network chain
Molecular weight

(g mol)

4366 4210 3721 3175

(1)

Fig .2. (1) lightly crosslinked
(2) hightly crosslinked
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experimental data obtained by swelling
measurements and crosslink density
from theoretical equations . Details of the
polymerisation and the crosslinking processes
related to these types of superabsorbents were
reported elsewhere [11]. The codes Al to A4 were
assigned to various hydrogels which differ in the
amount of crosslinker used . It is observed that by
increasing molar percent of crosslinker to
monomer, degree of swelling and network chain
molecular weight decrease at the expense of
increasing polymer volume fraction in the gel,
crosslink density and network chain density . These
results are reasonable and schematically shown
below.

Figure 2 shows by increasing molar percent
of crosslinker to monomer (i .e . lightly to highly
crosslinked) the number of efficient crosslinks per
unit volume increase, therefore crosslink density
and network chain density increase but by
increasing the latter parameter there is less free
volume or room to accommodate water and hence
degree of swelling and molecular weight between
two successive crosslinks decrease.

CONCLUSIONS

Structural parameters of the acrylic-based
superabsorbents were measured by swelling
measurements through equation (4) . But because
this equation assumes a Gaussian chain distribution
even though the network is highly swollen, it
substantially overpredicts the effective crosslink
density, Another important outcome is the method
of measuring swelling. By numerous experiments it
was found that a course of filteration through a

sieve and drying with soft open-cell foam is a
suitable method to compare absorbency of
different samples but the exact amounts of
absorbency were not found by this method.
Moreover it is to be noted that by increasing
crosslink density this type of swelling measurement
becomes more accurate.
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