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Diffusion of non-associated electrolytes (LiCl and KCl) in different hydrogels has been
studied to identify the mechanism of electrolyte interaction with the structure of hydrogels and
its dependence on electrolyte concentration and thermodynamic features of the electrolyte.
Hydrogel membranes have been prepared from acrylamide (AAm) using N,N'-methylene-bis-
acrylamide (MBAAm) as the cross-linker. Properties of membranes have been altered varying
the content of cross-linker. Integral diffusion coefficients of potassium chloride and lithium
chloride in the hydrogel membranes have been compared with mutual diffusion coefficients of
those electrolytes in aqueous solutions. The study of electrolyte diffusion was supported by
data on water solubility in hydrogels (degree of swelling, and sorption and desorption
isotherms) showing dependence of electrolyte diffusion coefficient on water content inside
polymer matrix. Thermodynamic study showed irreversible character of the sorption of
solutes, probably due to acidic hydrolysis of amide groups of gels. The main features, which
characterise properties of aqueous solution of strong electrolytes, remain in polymer matrix
thus defining diffusion coefficients and other parameters representative of electrolyte transport
in polyacrylamide hydrogels.
© 2001 Elsevier Science B.V. All rights reserved.

1. INTRODUCTION

The study of hydrogels receives considerable attention due to a number of applications as
drug release [1], soft contact lenses [2], agriculture [3], filters for water purification [4],
separation materials for chromatography and electrophoresis [5], showing the technological
and fundamental interest in polymer gels. The transport of electrolytes in polymeric materials
[6-8] have been studied to develop the knowledge of the transport mechanism of such specific
solutes, as well as to study the properties of the polymers, as for example their degradation
and stabilisation, when submitted to electrolytic media. Moreover, the mechanism of
electrolyte transport, which may involve a variety of interactions between the system
constituents, must be taken into account for proper designing novel polymeric systems. The
hydrogels represent those polymers where the interaction of solute molecules with the
molecular structure of the gel [9] is very important.
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There are a number of models describing how diffusion coefficients (either Fickian or
thermodynamic) of solutes in hydrogels vary with water concentration, polymer volume
fraction, etc. An overview of these models and experimental data was recently made by
Amsden [10]. It has proven that the development of any specific hydrogel subject to
application in electrolyte-containing media requires clear understanding of the mechanism of
electrolyte diffusion in polymer and adequate modelisation of the diffusion process. For
example, a number of models were derived from the study of organic solutes [11,12]. It is not
clear whether these models are applicable to the diffusion of strong electrolytes. Once
adequate model is selected or developed we need a set of measurable parameters to validate
such a model on a quantitative basis.

The lithium and potassium chlorides show different hydration features on the water
structure [13]. Therefore the interactions water-ion, water-water and ion-ion (usually related to
the interionic distance) are very important to describe the transport phenomena of such
electrolytes in aqueous solutions [14, 15]. The aim of this work is to (i) characterise transport
of the above electrolytes in hydrogels comparing sorption, diffusion and permeability data, (ii)
to evaluate how water-ion, water-water and ion-ion interactions affect the features of the
diffusing media, as well as to study the effect of the cross-linking on the interactions balance.

A quantitative explanation for the experimental data is attempted taking into account the
free volume theory [16,17] as well as the specific features to the electrolyte solutions.

2. EXPERIMENTAL

2.1. Solutions and membranes

The following chemicals were used: acrylamide (Riedel-de Héen), N,N’-methylene-bis-
acrylamide (Merck), sodium persulphate (Fluka AG), and lithium and potassium chloride
(Riedel-de Hien). All chemicals were of pro-analysis quality and were used without further
purification. The electrolyte solutions were prepared after drying the electrolytes until constant
weight at 110 °C (KCl) and 180 °C (LiCl) [18].

Pre-gel homogeneous solutions of acrylamide (AAm) 2.5 M with 1 % and 5 % (mol/mol)
of N,N’-methylene-bis-acrylamide (MBAAm), and 1 % (w/v) of initiator, Na;S,Og, were
prepared. Membranes were produced dropping the pre-gel solution inside two glass sheets
separated by plastic rubber gasket. Spring clips were used to hold the glass sheets together.
After this procedure, the mould was placed in the oven at 50 °C for 2 hours. The hydrogel
membrane was then removed from the mould, placed between two plastic sheets, and stored
inside an exsiccator at about 100 % humidity in order to maintain its water content. The
polymerisation occurs via free-radical co-polymerisation of the AAm and MBAAm [19].

2.2. Equilibrium studies

Different samples of the same membranes were cut, weighed and immersed in water at 25
°C until equilibrium was reached (14 days). When the hydrogel samples reach the equilibrium
in water, they were transferred from water to each of the salt solutions, from 0.1 M to 1.0 M,
with a volume of 200 mL, and left to reach equilibrium (14 days). After this time the
membranes were removed, weighed and each one was transferred to a 100 mL of water
volumetric flask, to calculate the concentration of the electrolyte that may dessorve the
hydrogel matrix, Css. The approach to equilibrium was controlled gravimetically (Sartorius
analytical balance, with a resolution of 0.1 mg) and when necessary the volume of the swollen
membrane, V, was measured. Each experiment was repeated at least 3 times.
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The swelling degree of the gel, Q, in salt (water and aqueous salt) solutions is calculated
from:

Q = mass of swollen gel / mass of xerogel )
The concentration of water in the gel, Cw, is computed through:
CW =nw / Vv (2)

where ny is the amount of substance of water inside hydrogel and V is the volume of the

membrane in dm”.
The concentration of the electrolyte sorbed by the membrane (Cs as in eq. 3) was obtained

by measuring the concentration of salt in aqueous solution of a volume V” prior (co) and after
(cw) the swelling experiments, using a conductivity instrument (YSI 3200).

Cs=(co—co) V' /V 3)

Measuring the amount of electrolyte np that leaches the membranes, and comparing it with
the amount of salt entering the matrix (ns), we may compute the concentration of the desorbed
salt

Css = (Ils— I'ID) /V (4)
The average values of Cgs and Cs were obtained by three independent measurements.

2.3. Diffusion in aqueous solutions

The mutual diffusion coefficients of the non-associated electrolytes in aqueous solutions
were obtained using an open-ended conductimetric capillary cell. Because this technique is
described well enough in the literature [20] only a synopsis is given here. The equipment
basically consists of two capillaries, each closed at one end by a platinum electrode and
positioned one above the other with the open ends separated by a distance of about 10 mm,
and a third platinum electrode positioned in the middle. The upper and lower capillaries,
originally filled with electrolyte solution of concentration 0.75 ¢}, and 1.25 ¢y, respectively, are

surrounded by electrolyte solution of concentration cp. The mutual differential diffusion
coefficient, Dy, is obtained by measuring the electrical resistance of the solution inside the top
and bottom capillaries as a function of time [20]. The open-ended capillary cell can be used
coupled with two different apparatus: manual and automatic [21]. We present here results of
differential diffusion coefficients of LiCl and KCI from 0.1 to 1 M, obtained using the manual
system of the technique. The measurement of diffusion coefficients of the electrolytes in free
diffusion was performed using a cell designed differently from the original [22], eventually to
allow measurements of thermodynamic diffusion coefficients of electrolytes in polymeric
membranes. The modifications carried out on the manual system of the cell [21] allow
studying the diffusion of electrolyte aqueous solutions in a large concentration range (0.1 —2.0
M). Although the improvements seems to produce a slight decrease in the precision of the Dy
[23-26] (see Table 2 in the Results and Discussion section), probably caused by the increase in
electrical noise which causes a loss of sensitivity in the oscilloscope image, the Dy values
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show a good agreement with those obtained using other reliable techniques [27, 28], and the
imprecision on the average mutual diffusion coefficients is still generally lower than 1 %.

2.4. Permeability studies

Permeability of electrolytes in polyacrylamide gels was measured using earlier reported cell
[8] (Figure 1) consisting of two compartments filled with electrolyte solution (CA) and water
(CB), respectively. The hydrogel membrane (M), previously swollen in water up to
equilibrium, was placed between the two cells. Silicone was used for sealing the membrane to
ensure hermetic interfaces. Both compartments were stirred with helicoidal stirrer (A) at 220

rpm.

ES ER

% ca >

Fig. 1. Schematic representation of permeability cell. M=hydrogel membrane. of thickness 1 is
held between two compartments CA and CB; CA=compartment filled with the electrolyte
solution; CB=compartment filled with water; A=stirrer; ES=chloride ion selective electrode;
ER=reference electrode.

The electrolyte permeation through membrane was monitorised using a selective chloride
electrode (ES) coupled to a pH Meter Methrom 645, with a 0.1 mV resolution. The electrode
was calibrated with standard sodium chloride solutions before each experiment. The data were
recorded after reaching the steady state. The concentration in the compartment CB (ccp) did
not exceed 107 M, approximately 2-3 orders of magnitude lower than the initial electrolyte

concentration in the compartment CA (cca). At that range (cCB<10'3 M), the selective
electrode shows a very high sensitivity, producing an error smaller than 0.4 % on the electrode
potential measurement (taking into account the resolution of the apparatus). At the same time
the selective electrode gives us a direct measurement of the permeation of chloride ions and,
due to the electroneutrality principle, of the electrolyte as well. The cell was thermostated at
25 °C and experiments were performed using electrolyte concentrations in the range of 0.1 - 1
M.
Assuming a Fickian diffusion and the initial and boundary conditions

C (0,) = Cca= Keca; C(LY = 0, C(x,0)=0 )
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where Ccy is the initial concentration of the electrolyte in the membrane and K is partition
coefficient. The effective permeability coefficient, P, was calculated from the following
equation

P=Jl/CCA (6)

where [ is the thickness of the hydrogel membrane, measured after each experiment, J is the
steady-state flux and cca is the initial concentration of the electrolyte solution (assumed
constant during an experiment). The J can be calculated from the trend line slope k

J=kVes/A @)

where Vg (= 180 mL) is the volume of solution inside cell CB and A = 1.5394 cmz.

The mean values of P were calculated from a set of experiments (at least 3). The standard
deviation of the average values is in all the cases < 10 %. This error is acceptable once
different error sources may arise during an experiment as, for example, the heterogeneity of
the hydrogels [19]. The sealing of the membrane to the cell as well as the permeation area is
another important factor: a decrease of 5 % in the permeation area can result in an increase of
permeability coefficient of 10 %.

To prevent contribution of a convection flux to the mass transfer, the stirring rate of the
solutions was tested. In a control experiment, designed to estimate the possible contribution,
there was no stirring in cell CA (electrolyte cell) and very slow stirring in CB (water cell).
Comparing the results with those obtained in “normal” conditions, the average velocity of the
particle [29] was estimated to be approximately 8 x 10® m s, Once it is not possible to
increase the stirring velocity we shall have to take into account the possible formation of the
Nernst layer, and its consequences on the permeability coefficients. The Nernst layer
thickness, /v, was estimated, considering a set of experiments of the system KCI (0.3 M)/gel
II, according to

cca/IJ=(1/P)+ (In/ Do) ®)

where Dy is the diffusion coefficient of the electrolyte in aqueous solution. The permeability
coefficient, calculated using eq. (8), is similar (within the experimental error) to that obtained
equation (6). Therefore, in our case the Nernst layer can be neglected as providing no effect on
the calculation of the permeability coefficient in the membrane.

3. RESULTS AND DISCUSSION

3.1. Equilibrium studies

Table 1 presents the experimental values of different parameters, which may characterise
the effect of cross-linking on the properties of gel when it is in equilibrium with water. The
swelling degree, Q, decreases with an increase in cross-linking, as a consequence of a more
rigid structure (gel II) followed by a difficult access of the water to the polar groups of the
polymeric chain. This does not agree with the variation of the polymer density, p. If we
compare water concentration in initial materials (after synthesis: Cw’) and in swollen
hydrogels (Cw), and volume ratio (B) of hydrogels at these reference stages, we may conclude
that only the PAAm-gel, cross-linked at 1 % (gel I), actually swells when exposed to water,
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whereas that cross-linked at 5 % does not.

Table 1
Parameters characterising equilibrium water content in polyacrylamide with different
percentage of cross-linker: 1 % (gel I) and 5 % (gel II) at 25 °C

Gel Qz=s/(ww) pxs/(gem™) Cw+s/M Cw=s/M B+s
I 11.6£021  0.36+0.03 48+ 1 44+1 1.9+0.1
I 576 £0.01  0.24£0.01 471 301 1.00 £ 0.02

Q=degree of swelling of the gels, p=polymer density (calculated assuming that the density of
water in the hydrogel is equal to 1 g cm™); Cy’=water concentration in gel after synthesis;
Cw=water concentration in gel at equilibrium; B=volume ratio between swollen and initial
hydrogels; s=standard deviation of three independent measurements.

The measurement of swelling degree of both gels at equilibrium with concentrated aqueous
solutions of KCI and LiCl (Figures 2 and 3) shows an osmotic effect produced by these
electrolytes. Swelling degree (Q) increases with the electrolyte concentration, more significant
in gel I. These Q variations are in good agreement with experimental results obtained in
similar experiments on study of polyacrylamide gels in NaCl solutions [30]. Saito showed that
it happens at electrolyte concentrations where ion-solvent and ion-polymer interactions cannot
be neglected [31]. Such behaviour is also observed in ampholytic gels where the salt presence
tends to screen the attractions between the gel ionic groups and consequently a chain
expansion occurs [32, 33].
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Fig. 2. Degree of swelling (Q) of polyacrylamides with 1 % of MBAAm (e) and with 5 % of
MBAAmMm (m) with in aqueous KCl solutions at 25 °C.
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Fig 3. Degree of swelling (Q) of polyacrylamides with 1 % of MBAAm (e) and with 5 % of
MBAAm (m) with in aqueous LiCl solutions at 25 °C.

Figures 4 and 5 show the isotherms of the KCl and LiCl, respectively, in both hydrogels.
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Fig. 4. KCl sorption (black points) and desorption (white points) isotherms in polyacrylamides
with 1 % of MBAAm (e, o) and with 5 % of MBAAm (m, ), at 25 °C.

The sorption of LiCl is similar in both gels. This can be justified by the highly stabilised ion-
water and ion-ion (ion-pair formation) interactions that characterise the Li" aqueous solutions.
This is a consequence of the high charge density of the lithium ion as well as of the positive
hydration [13]. The opposite effect produced by potassium ions on the water structure is
characterised by a water-breaker structure. It may justify the dependence of electrolyte
partition coefficient (K) on the electrolyte concentration. In more hydrophilic gel KCI sorption
isotherms show an essential K dependence on the electrolyte concentration ¢, probably due to
the balance between the ion-pair formation at higher KCI concentrations [34], and the water-
breaker structure features of the potassium ions lower concentrations. The latter feature results
in water-water interaction predominance in comparison ion-water interactions. That balance is
enhanced (higher K dependence on the KCl concentration) by the decrease of water
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concentration in the gel II. These sorption processes may be accompanied by the occurrence of
ion-polymer interactions, which can justify the high K values as well as the irreversible
sorption of all systems.

Z 12 K=2.10exp(-0.67 c)

14 K=1.96exp(-0.67 c)

0 T T 1
0 0.5 I oM 15

Fig. 5. LiCl sorption (black points) and desorption (white points) isotherms in
polyacrylamides with 1 % of MBAAm (e, 0) and with 5 % of MBAAm (m, 0), at 25 °C.

Figure 6 shows that the excess of the initiator, used in the pre-gel solution, produce an acidic
media inside the gel matrix. When a membrane sample is immersed in a volume of water, fast
leaching of hydrogen ions occurs due to a decrease of initiator concentration as well as to the
washing of the membrane. This suggests that the hydrolysis of the amide groups of
polyacrylamide [35] may occur. Both the processes can justify the decreasing of the
distribution coefficients with the increase of electrolyte concentration, as well as the linear
variation of the desorption isotherms. As outside electrolyte concentration increases the
probability of ion-polymer interactions decreases due to a limited number of sites where these
interactions can occur.
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Fig. 6. Effect of leachates of the PAAm in the pH of water as a function of time, at 25 °C. (I)
PAAm, 1% MBAAm, 1% Na,S,0s, m(sample)=2.5847 g; (II) PAAm, 1% MBAAm, 0.01%
Na,S,03, m(sample)=3.0338 g; (III) PAAm, 1% MBAAm, 0.1% Na,S,0s, m(sample)=2.9526
g; The sharp increase on pH means a change of the leachate solution to fresh water.
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3.2. Transport properties

Fickian diffusion coefficients, Dg, of KCI and LiCl in polyacrylamides are shown in the
Table 2 and Table 3, respectively. The Df, were computed directly from the flux on the
steady-state conditions,

Dr=P/K ©)

where K is calculated on the basis of sorption isotherms and P is the permeability coefficient.
The permeability of hydrogel membranes to electrolyte was calculated in assumption of
steady-state flux established after some period of non-stationary diffusion. This flux is
unaffected by other physical or chemical processes (e.g. ion-ion, ion-water and ion-polymer
interactions) completed at an earlier stages. However, another formula normally used in the
permeability experiments for calculation of the diffusion coefficients is not applicable in our
case. This formula links diffusion coefficient to time-lag of establishment of the steady-state
flux. As the time-lag depends on all the above interactions, the apparent diffusion coefficient
is too far from its physical meaning. When the experimental data of K were not available, an
adjustment equation of the experimental data shown in Figures 4-5 was used. To analyse the
effect of the polymeric matrix on the electrolyte mobility as well as to evaluate how the
polymer may influence (affect) the electrolyte-water and electrolyte-electrolyte interactions,
the Dy were compared with the mutual diffusion coefficients, Dy, of KCl and LiCl in aqueous
solutions (Table 2 and Table 3, respectively). These experimental data were calculated using
an open-ended conductimetric capillary cell. The Dy values are a mean of, at least, three
different measurements of mutual diffusion coefficients. The experimental mutual diffusion
coefficients of LiCl aqueous solutions are lower than those for KCl, as a function of
concentration, as we expected. A possible explanation is: due to high charge density of
lithium ion, its hydration number is high and consequently the ion Li" diffuses slowly with its
hydration shells [34]. This is a clear consequence of the weaker interactions K '-H,0 relatively
to Li+-H20. On the other hand, at concentrations higher than 0.3 M, diffusion coefficients
increase, especially because of ion-pair formation. We may also observe that there is a higher
dependence of diffusion coefficients of KCI on the concentration. This phenomenon can be
explained by the viscosity properties of the different solutions. The concentrated LiCl aqueous
solutions show a larger increase in viscosity with concentration than KCl [36]. As a
consequence, the variation of the diffusion coefficient is a balance of the viscosity effect and
ion-pair formation. In the LiCl case the viscosity effect has more influence than in the KCI1.
The Fickian diffusion coefficients of the electrolytes are only one order of magnitude lower
than in aqueous solutions, and the Dr dependence on electrolyte concentration is similar to
that occuring in aqueous solution. In a first approach, the Dy as a function of the electrolyte
concentration, Cs, inside gel I, is similar to that in free solution: the Dg(KCl) is higher than
Dg(LiCl). The increasing hydration radius of the lithium ions and the decreasing K" hydration
radius due to the hydrophilic character of the matrix, as pointed out before [6 (pp.96)] can
justify this fact. Another evidence is that Dy increases with the electrolyte concentration. This
phenomenon may be interpreted as a consequence of electrolyte ion-pair formation [6]. This
also suggests that the water inside gel have an important role in the diffusion mechanism in
this gel once enhance the ion-ion and ion-water interactions. However, inside gel II Dg(LiCl)
> D (KCI). The high charge density of lithium may promote the ion-pair formation [37],
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predominant when the water concentration decreases and, consequently, the diffusion
coefficients increase once, as a rule, the hydrodynamic resistance of the medium to one
particle is smaller than the total resistance to solvated ions.

Table 2
Transport coefficients of KCl in polyacrylamides (P and Df) and in aqueous solutions (Do), at
25°C

Gel cs/M Pts/ Dpxs/ Do+xs/
/(10° m?s™) /(10" m? s /10° m* ™)
I 0.1 14+04 51+1.5 1.853 £0.010
0.2 1.839 £0.013
0.3 1.25+0.06 55403 1.832+0.012
0.5 12+0.1 5.8+0.5 1.816+0.011
0.7 13402 6.7+1.0 1.886 + 0.026
1.0 1.6+0.2 84+1.1 1.936 + 0.003
2.0 2.049 + 0.024
I 0.1 0.8+0.1 2.6+03
0.3 0.7+ 0.1 32+05
0.5 0.78 + 0.06 4.46 +0.08
0.7 0.60 + 0.04 50+04
1.0 0.7+0.1 57+0.5
Table 3

Transport coefficients of LiCl in polyacrylamides (P and Df) and in aqueous solutions (Dy), at
25°C

Gel cs/M P+ts/ Drxs/ Doxs/
/(10° m?s™) /0" m* sy 410° m?s™)
I 0.1 9.5+0.2 3.65 +0.08 1.294 + 0.003
0.2 1.288 + 0.007
0.3 8.0+0.6 51404 1.285 + 0.009
0.5 8.0+0.6 5.6+ 0.4 1310+ 0.002
0.7 8.55+0.01 6.5+0.1 1.312+0.016
1.0 9.0+0.6 72413 1.322 +0.007
it 0.1 6.9+0.2 3.6+0.1
0.3 10+1 63+0.6
0.5 92+0.6 6.6+0.4
0.7 8.9+0.1 72+0.1
1.0 10.0 £0.3 77403

Once the diffusion of these electrolytes in the polyacrylamides seems to be controlled by
the properties of the aqueous solutions, an attempt to justify such variation (D versus Cs) on
the basis of the free volume model [38-39] was made. This model has been largely used to
explain the experimental diffusion coefficients of solutes in the homogeneous hydrogels. In
the free volume model the diffusion coefficients of the solute, in aqueous solution, inside
polymer can be expressed as
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Dr/Do=kj exp (ko 15> ¢ / (1 - 9)] (10)

respectively, where ¢ is the polymer volume fraction and r; is the solute radius. ke, k; and k;
are some undefined structural constants. The polymer volume fraction was calculated from eq.
(11) [19], assuming in the swelling process that polymer density, p, does not suffer alterations
and all sorbed electrolyte has a density, d, similar to that in aqueous solution.
o={1+[Q-1)p/d}” an

Figures 7 and 8 show reasonable fitting of the experimental data with eq. (10). Parameters
involved in this equation were deduced using linear regression In (Dr / Do) vs [¢ / (1 - )], and
the results of this treatment are reported in Table 4.
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Fig. 7. Application of the free volume model, eq. (12), to the Fickian diffusion coefficients of
KCl (®) and LiCl (M), in function of polymer volume fraction of PAAm with 1 % of cross-

linker.
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Fig. 8. Application of the free volume model, eq. (12), to the Fickian diffusion coefficients of
KCI (®) and LiCl (W), in function of polymer volume fraction of PAAm with 5 % of cross-

linker.




190

The dependence of electrolyte diffusion coefficient on water concentration in polymer
matrix can be expected, whereas explanation of values shown in Table 4 requires further
discussion.

The eq. (10) introduces a parameter — the solute radius (rs)- that deserves a detailed
analysis, especially because we are talking about concentrated electrolyte aqueous solutions.
The diffusing media is clearly aqueous. For this reason ion-ion, ion-water and water-water
interactions, as pointed out before, may have significant contributions to the diffusion
mechanism. As a consequence, although the electrolyte may be assumed as an independent
kinetic body (hydrated), an experimental difficulty arises with respect to determination of the
rs. This comes from the fact that the mean distance of approach of the ions, a, depends on the
concentration [34, 40]. The value of a can change from the sum of the hydrated ion radii to a
limit value equal to the sum of crystallographic radii, when the ions collapse forming an ion-
pair. If this dependence is of complicated nature, and its computation a difficult task, in
aqueous electrolyte solutions [e.g. 15, 37], all these difficulties are enhanced when we have
more complicated systems, as those described in this paper. An a dependence on the
electrolyte concentration, in a system containing an ion (K+) which produces a break-effect on
the water structure, inside a very hydrophilic media (gel I), may justify the poor correlation
between the experimental data and the eq. (9).

Table 4
Regression results of application of Free Volume Model, eq. (12), to electrolyte diffusion in
hydrogels with different percentage of cross-linking

Gel electrolyte rs*/ A In (k) ky R’
I KCl 3.8 5.8 2.1 0.77
I KCl 3.8 11 1.0 0.99
I LiCl 4.25 32 1.0 0.95
11 LiCl 4.25 9.3 0.7 0.79

* The values of rs are the values of the minimum mean distance of approach of the ions [25].

This dependence decreases with more charge density ions, Li", and more cross-linked
polymers [6 (pp. 96)]. Once the size of the hydrated LiCl species is larger than the KCI
species, it seems reliable that an increase in the cross-linker concentration makes difficult the
diffusivity of such species. As a consequence the diffusing entities will tend to diffuse
decreasing the mean distance of approach of the ions and therefore the dependence of a on
concentration becomes more relevant.

The k, values show also that the diffusion of KCl is more dependent on the water
concentration than the LiCl. This should be expected, if we take into account the structure-
break effect of the K™ ions (and also CI) on the water structure. Therefore, the polymer-
solvent interactions, or even the possible ion-polymer interactions, are more important in the
KCl systems, and decrease with the increase of cross-linker. As a consequence we may point
out that the electrolyte diffusion is not dependent on the macromolecular structure itself but
on the hydrated macromolecular structure.

The k; values show that the screening sieving effect of the matrix on the electrolyte
diffusion can not be neglected. However, the k; values seem to be anomalous once they are
higher than the unity. However, if we compare the diffusion coefficients of the electrolytes,
inside hydrogels and in free solution (Dr and D,, respectively), as a function of the
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concentration (Cs and c, respectively), Figure 9, we find a similar behaviour of the electrolytes
in the different systems: the diffusion coefficients are virtually linear with the concentration
and their slope are of the same order of magnitude; the Fickian diffusion coefficients of LiCl
are similar in both gels and although the Df of KCI are higher in the gel I, the Dg(Cs)
dependence is stronger in the gel II.

1.E-08
£
o) AA—k —A

A—t—h——A
1.E-09 -
°
d n
1.E-10
0.1 0.6 1.1 1.6 2.1

c/M

Fig. 9. Comparison between the diffusion coefficients, D, of the KCI (bold points) and LiCl
(white points) in aqueous solutions (A, A) and inside polyacrylamides (gel 1 - @, 0; gel II - m,
o) as function of the concentration, c.

4. CONCLUSIONS

Strong electrolytes (KCl and LiCl) show an interesting behaviour inside polyacrylamides
with different degrees of cross-linking. The water content controls the diffusion process. The
difference observed in the diffusion of LiCl and KCI may be explained taking into account the
ion-ion, ion-water, and water-polymer interactions accompanying the diffusion. The role of
these is determined by the thermodynamic features of the cations as well as by the degree of
cross-linking (water concentration).

An attempt to explain such experimental data quantitatively was made on the basis of the
free volume theory. However some limitations related to the specific character of the
electrolyte solutions, show that some work must be done in order to find a more feasible
explanation of the experimental data reported in this work.
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