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Abstract

Diffusion of non-associated electrolytes (potassium chloride and lithium chloride) in concentrated aqueous solutions
(0.1-1.0 moldm™>) has been studied in hydrogels derived from acrylamide and methyl methacrylate to study the
mechanism of electrolyte transport. The preparation of two gels with different monomer ratio compositions resulted in
obtaining membranes of substantially different hydrophilic character with polymer fractions of 0.3 and 0.5.

Cukier hydrodynamic model was applied to explain the dependence of the diffusion coefficients of KCI and LiCl on
the electrolyte concentration in hydrogel obtained experimentally. It was shown that the increase of the diffusion co-
efficients is accompanied with a decrease of the mean distance of approach of the ions. This can be explained by the
formation of ion-pairs, resulting in a further contribution to diffusion once there is a decrease in the hydrodynamic
resistance of the medium to the diffusing particles. Parameters, which characterise such a behaviour quantitatively, are
different for different electrolytes and depend on water content in the gel. © 2001 Published by Elsevier Science Ltd.
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1. Introduction philicity using this finding is severely limited. An alter-
native way for controlling the hydrophilic/hydrophobic

Diffusion of molecules in polymer gels has been the balance in polyacrylamide-based hydrogels, is the design

subject of several studies [1]. The role of diffusion pro-
cesses in many industrial applications of hydrogels and
consequent need to control the diffusion and obtain the
desirable diffusion characteristics accounts for the in-
creasing interest in this area.

The hydrophilic character of acrylamide (AAm) hy-
drogels depends on the concentration of cross-linker [2].
However, the possibility of altering the material hydro-
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of co-polymers containing hydrophobic monomers. An
investigation of the effect of a specific co-monomer, the
methyl methacrylate (MMA), on the transport of non-
associated electrolytes (KCl and LiCl) in AAm-based
gels is the scope of this paper.

2. Experimental
2.1. Reagents
The chemicals are from the following sources: AAm

and MMA from Riedel-de Hden; N,N’-methylene-bis-
acrylamide (MBAAm) from Merck; sodium persulphate
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from Fluka AG; poly(vinyl alcohol) (PVA) of molecu-
lar weight of 13000-23000 from Aldrich Co.; lithium
chloride and KCl from Riedel-de Haen (these electro-
lytes were further dried until constant weight at 110°C
(KC]) and 180°C (LiCl) [3]); 2-propanol from Riedel-
de Haen; tri-distilled water from our laboratory. All
chemicals were of Pro-Analysis quality and used without
further purification.

2.2. Synthesis

Free-radical aqueous co-polymerisation of AAm and
MMA was performed [4] using MBAAm as the cross-
linking agent. The ratio between monomers in the syn-
thesised polymer membranes was altered varying the
amount of MMA (in 2-propanol).

The pre-gel solutions were prepared using the fol-
lowing procedure: AAm solution (2.5 moldm™) was
added to MMA solution (2.5 moldm™) in a volume
ratio of 4:1 and 3:2 for gels I and II, respectively. The
initiator (Na,S,0g) and the cross-linker (MBAAm) were
also added in the proportions of 1% (w/v) and 5% (mol/
mol), respectively. All the components were mixed to
obtain homogeneous solutions. For gel II it was neces-
sary to add PVA in the concentration of 0.05%-0.1%
(w/v) in order to increase the mechanical strength of the
membrane.

The hydrogel membranes were produced polymeris-
ing the pre-gel solution (Table 1) inside two glass sheets
separated by plastic rubber gasket. Spring clips were
used to hold the glass sheets together. After this proce-
dure, the mould was placed in an oven at 50°C for 2 h.
The hydrogel membrane was then removed from the
mould, placed between two plastic sheets, and stored
inside an exsiccator at nearly 100% humidity.

2.3. Sorption isotherms

The concentration of a specific electrolyte sorbed by
the membrane (C.q) was calculated by measuring the
concentration of salt in the aqueous solution prior to
(co) and after (c,) the swelling experiments, using a
conductivity instrument (YSI 3200), according to

Coq = (coc =)V /Wy (1)

Table 1
Composition of the pre-gel solutions

Hydrogel AAm/ MMA/

MBAAm/ PVA/

% v% (mol/mol%) (WIv%%)
1 80 20 5 -
11 60 40 5 0.05-0.1

AAm: acrylamide, MMA: methylmethacrylate; MBAAm:
N,N’-methylene-bis-acrylamide; PVA: poly(vinyl alcohol).

where 7 and V}, are the volume of the aqueous solution
and membrane sample, respectively.

The membranes previously in equilibrium with water
were then immersed in the electrolyte solution for two
weeks, without stirring, in order to guarantee the equi-
librium.

The approach to equilibrium was controlled gravi-
metrically (Sartorius analytical balance, with a resolu-
tion of 0.1 mg). Each experiment was repeated at least
three times and they were carried out at 25°C.

2.4. Permeability cell

The same permeability cell was used to measure
steady-state flux (J) of electrolyte through hydrogel
membranes, which was earlier designed and described in
the references [5,6]. The cell consists of two compart-
ments of 250 mL each, connected by two horizontal
tubes of 14 mm diameter. The polymeric membrane,
previously swollen in water up to the equilibrium, is
sealed with silicone between these two tubes thus sepa-
rating compartments, of which one is initially filled with
electrolyte solution and the other with water. The elec-
trolyte flux was monitored using a selective chloride
electrode coupled with a pH meter Methrom 645, with a
0.1 mV resolution. The temperature remained constant
throughout the permeability experiments (thermostatic
bath multistirrer 6 from Velp Scientifica) and the solu-
tions were stirred at ~220 rpm in both cells.

The initial concentration of electrolyte solution is in
the range 0.1-1.0 moldm™3. For each of these initial
concentrations, the electrolyte concentration inside the
membrane (C.q) was calculated. This is taken as the
concentration at the interface between the membrane
and electrolyte solution. Each C., value was simply
found using results of sorption experiments. The integral
diffusion coefficient of the electrolyte in a gel, Dg, was
then calculated from

Dp =J1/Cq (2)

for different ¢ values.

3. Results and discussion

The interaction between electrolyte molecules and
polymer groups (physical or chemical sorption, immo-
bilisation, formation of complexes involving water, etc.)
can be generally described in terms of Langmuir sorp-
tion. It can be assumed that the sorption parameters are
different for AAm and MMA monomers. Thus, in
general, sorption of an electrolyte can be described by
equations

Ceq = [CLlKLlc/(l —O—KLlc)} =+ [CLzKch/(l +KL20)] (3)
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where Cp; is the concentration of the electrolyte mole-
cules that could be sorbed due to interaction with, say,
AAm groups at saturation conditions, Ki; is the cor-
responding equilibrium constant, Cr, and K, are pa-
rameters characterising electrolyte interaction with
MMA.

Eq. (3) can be re-written in form

Ceq = CLKLC/(l + KLC) (4)

where Cp = C1Cr2/(Cui + Cr2), K = KuiKia(Cu +
C12)/(KLiCp1 + K12Cp) are effective (or average) pa-
rameters of an electrolyte sorption by co-polymer.

The isotherms of electrolyte sorption by two gels
shown for KCl and LiCl in Figs. 1 and 2, respectively,
confirm the Langmuir character of sorption.

The fitting parameters of the experimental data using
Eq. (4) are presented in Table 2 showing C. decrease and
K increase with the increase of the concentration of
MMA-groups in the co-polymer. It is quite reasonable
that more hydrophobic MMA sorbs less amount of
electrolyte from aqueous solution than AAm, and
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Fig. 1. Equilibrium sorption of KCI aqueous solutions by gel 1
(M) and gel 11 (@), at 25°C; C.q and c are the concentration of
electrolyte in the hydrogel and in water, respectively.
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Fig. 2. Equilibrium sorption of LiCl aqueous solutions by gel I
(M) and gel 11 (@), at 25°C; Cq and c are the concentration of
electrolyte in the hydrogel and in water, respectively.

Table 2
Langmuir’s parameters computed from fitting Eq. (3) to the
experimental data shown in sorption isotherms (Figs. 1 and 2)

KCI solutions LiCl solutions

Gel I Gel 11 Gel I Gel 11
CL/M 23 1.5 32 1.3
Ky 0.5 1.7 0.7 2.7

therefore gel I is characterised by a lower Cp, value than
that of gel I. Furthermore, it is reported [7] that MMA
should make the access of the electrolyte to the hydrated
water molecules of the remaining polar groups of the gel
more difficult, due to the steric hindrance. For this
reason the contribution of AAm and MMA monomers
in electrolyte sorption is not additive as it is proved by
CL data shown in Table 2.

An increase of the hydrophobic part of the network
structure provokes a structure promotion to the water
molecule [8]. In these circumstances the specific features
of an electrolyte affect the stability of water molecules to
a lesser degree. Consequently, the solubility of both
electrolytes becomes similar as measured for Cp values
of KCI and LiCl in gel II. This is not the case of gel I,
where the predominant hydrophilic AAm groups are
typically non-aqueous [8]. In this case water structure
promotion is provoked by the lithium ions only, whereas
potassium ions have the structure-breaker effect on the
water molecules [9]. This can explain higher solubility of
LiCl in gel I in comparison with that of KCL.

Table 3 shows the integral diffusion coefficients (D)
of KCI and LiCl in the gels I and II. The diffusion co-
efficients increase with the electrolyte concentration, c.
Such an increase is more significant in the system gel I/
KCl. For each gel, the variation of electrolyte diffusion
coefficients is similar to that occurring in a free solution.
For this reason we can assume that water-water and
water—ion interactions play predominant role in the
diffusion process. In other words, the higher diffusion
coefficients of KCl in comparison with LiCl mean that
hydrated ions are the predominant diffusing species in
our gels. Therefore, to analyse KCl and LiCl diffusion in
gels I and IT quantitatively we should take into account
water—ion (or water—electrolyte) and water—water inter-
actions. Moreover, water—polymer interactions cannot
be neglected because these hydrogels are characterised
by a very inhomogeneous monomer density [10], re-
sulting in the existence of polymer—solvent and pure
solvent regions inside the matrix. On the other hand, a
model of the process can be simplified by neglecting the
polymer—solute interactions.

The hydrodynamic model developed by Cukier [11]
satisfies the above conditions. It describes the depen-
dence of diffusion coefficients of solutes (D,) on the
polymer volume fraction (¢) by
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Table 3
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Integral diffusion coefficients (D) of KCI and LiCl in poly(acrylamide-co-methyl methacrylate) membranes, at 25°C

c/(moldm™3)

Dg (£5)/(1071° m?s71)

Gel /KCI Gel TI/KCI Gel T/LiCl Gel TI/LICI

0.1 4.57 (£0.41) 1.77 (£0.09) 3.14 (£0.18) 1.41 (£0.08)
0.2 4.82 (£0.22) 1.89 (0.06) 3.25 (£0.22) 1.52 (£0.05)
0.3 5.40 (£0.16) 2.02 (£0.04) 3.44 (£0.23) 1.60 (£0.10)
0.4 5.45 (£0.23) 2.25 (£0.08) 3.58 (40.18) 1.67 (0.09)
0.5 5.50 (£0.31) 2.86 (£0.06) 3.71 (£0.30) 1.88 (£0.08)
0.6 5.76 (£0.39) 3.01 (£0.04) 3.96 (£0.4) 1.99 (0.09)
0.7 5.88 (£0.22) 3.32 (£0.07) 4.02 (£0.09) 2.28 (£0.06)
0.8 6.11 (0.18) 3.49 (£0.07) 4.30 (£0.12) 2.46 (£0.08)
0.9 6.48 (£0.08) 3.55 (£0.04) 475 (£0.41) 2.78 (£0.09)
1.0 6.86 (£0.10) 3.69 (£0.08) 5.00 (£0.35) 2.95 (0.08)

s: standard deviation of the mean.

Table 4
Degree of swelling (Q + s) for polyacrylamide-based hydrogels in aqueous KCl and LiCl solutions at 25°C and ¢ (Eq. (6))
c/(moldm™?) KCl LiCl
0 5.12 (£0.01) 3.00 (£0.03) 5.24 (£0.04) 3.12 (£0.02)
0.1 5.19 3.00 (£0.01) 5.31 (£0.03) 3.12 (£0.01)
0.3 5.27 3.01 (£0.01) 5.36 (£0.01) 3.13
0.5 5.33 3.00 (£0.01) 5.38 3.12
0.7 5.35 (0.01) 2.98 (0.01) 5.40 (£0.01) 3.11
1 5.37 (£0.01) 2.97 (£0.01) 5.41 3.11
® 0.30 0.48 0.29 0.47
s: standard deviation of the mean.
Dg =Dy CXp(—kCVSQDOJS) (5) 4.5
where D is the diffusion coefficient of the electrolyte in £ 4.01 * o R
. . 4
aqueous solution [12,13], k. is a constant parameter .
characterising specific polymer—solvent system, and 7y is 51 " .
the radius of the solute. Since the ions of different charge 204 - . .' ®
diffuse with the same velocity of the system (due to LU B .
electroneutrality), r; corresponds to a mean distance of 25 .
approach of the ions. The polymer volume fractions of
our systems (Table 4) were calculated using [10] 2.0 T ' T T T T
| 0 0.2 0.4 0.6 0.8 1 1.2 1.4
o ={14+[(Q—1)p,/d}" (6) Ce KCY) / (mol dm™)

assuming that all sorbed electrolyte has a density, d,
similar to that in aqueous solutions [14]. The polymer
densities, p,, of gels I and II are 0.55 (40.03) and 0.53
(£0.01) gecm™3, respectively. These values were calcu-
lated assuming water density in the gels equal to 1
gcm . The swelling degrees of the gel, O is mass of
hydrogel/mass of xerogel, are shown in Table 4 as they
vary with electrolyte concentration.

Since polymer volume fraction does not vary with
Ceq, the increase of D with the increase of electrolyte
concentration should have another explanation. Figs. 3
and 4 show how the factor (k.rs) changes with the KCI
and LiCl concentration inside matrices, Ceq, respectively.
The (kcrs) factor was calculated using D, = Dg. These

Fig. 3. Dependence of k., on the concentration of the KCl
aqueous solution in the gel I (M) and in the gel II (@).

figures show the decrease of (k.r;) with an increase of
Cq, and this should be due to 7, decrease because k. is a
constant for each gel/electrolyte system. Such a decrease
can be interpreted as a close position of the ions with
consequent ion-pair formation. This form of electrolyte
is characterised by less resistance to motion through the
liquid than it would be in the case of two separate ions.
Consequently, ion-pairs make a contribution to an elec-
trolyte flux increasing the apparent diffusion coefficient
Dg. Such an assumption is in agreement with experi-
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Fig. 4. Dependence of k.r; on the concentration of the LiCl
aqueous solution in the gel I (M) and in the gel II (@).

mental results reported by Zaikov et al. [15, pp.101,
102].

More significant variation of r, with concentration,
which is observed for gel II, is a consequence of the
decrease of the water content available as diffusing
media. The later results in an easier approach of the
counter-ions to each other.

The values of k., can be estimated for all systems
using Eq. (5) and data reported in Figs. 3 and 4 if we
extrapolate the fitting lines to Coq = 0. If concentration
is relatively low (close to infinitesimal values), the ions
diffuse as single entities and their radius, », can be cal-
culated directly from the Stokes—Einstein equation

r=(ksT)/(6mnD") )

where kg is the Boltzmann’s constant, 7 is the tempera-
ture and 7 is the water viscosity at that temperature
(T =298 K in our case). The Nernst limiting diffusion
coefficients, D°, of KCl and LiCl were calculated from
the limiting ionic conductivities [16] and are 1.994 x
107 and 1.367 x 10~ m?s~!, respectively. Introducing
experimental data into Eq. (7) we find the radii of KCI
and LiCl as 1.229 and 1.793 A, respectively.

The calculated values of k. are reported in Table 5
showing: (a) the different effect of KCI and LiCl on the
polymer—water interactions (this is in close agreement

Table 5

Estimated values of k. for the polyacrylamide/electrolyte/water
systems, using the radius of the electrolyte (») and the mean
distance of approach of the ions (a) from Ref. [16]

A alA rske ke ke
(Ceq:()) (Vs:}") (}"5:0)

Gel I/ 1.229 3.63 3.79 3.1 1.0
KCl

Gel 11/ 4.22 3.4 1.2
KCl

Gel I/ 1.793 4.32 3.64 2.0 0.84
LiCl

Gel 11/ 4.04 2.2 0.93
LiCl

with the possible effect of the ions on the water molecule
structure); (b) that the values of k. obtained using the
radius of the electrolyte (r;) are three, two times higher
than those reported by Amsden [17] for polyacrylamide
systems. This means that when we are talking about
strong electrolytes we must take into account the mean
distance of approach instead of the solute radius, which
is meaningless in this case. Substituting the solute radius
computed using Eq. (7), by the mean distance of ap-
proach of the ions, a, in dilute solutions (3.63 and 4.32 A
[16] for KCl and LiCl respectively), we find the values of
k. (Table 5) which agree with those reported in literature
[17].

The analysis of k. values shows that: (i) the depen-
dence of Dg on the “solute radius” is less affected by the
polymer—water interactions in the systems containing
LiCl; (i) as water concentration decreases inside the
matrix the probability of ion-pairs formation increases,
and, consequently, the diffusion coefficients are more
variable within a small range of concentration.

4. Conclusions

A co-polymerisation of AAm hydrogels with MMA
resulted in interesting findings in comparison with an
earlier attempt to alter hydrophilic character of AAm
gels by cross-linking [18]. The osmotic effect of salts,
which was observed therein [18], is nearly cancelled by
introduction of hydrophobic monomer. Furthermore,
the diffusion coefficients of KCl and LiCl in co-polymers
depend on a wider set of interactions. The most relevant
one is the ion—ion interaction. An application of Cu-
kier’s model [11] made possible to find that the increase
of the diffusion coefficients are due to a decrease in the
mean distance of approach of the ions. This can lead to
the formation of ion-pairs and their contribution to the
total flux of an electrolyte. An increase of MMA content
in the polymer chain results in stronger dependence of
effective diffusion coefficient of an electrolyte on the
apparent radius of the solute. Thus, the synthesised gels
can be used to induce ion-pair formation of strong
electrolytes in a concentration range where, in free so-
lutions, ion-pairs do not exist.
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