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Cu(II)/Cu(0) in the presence of bromazepam follows a similar pattern as discussed, 

most probably due to the presence of the bipyridyl moiety. Since complex reduction 

occurs at potentials more positive than the reduction of the 4-5 azometine group of 

bromazepam, it is not surprising that this redox reaction should not be affected by 

complex formation. 
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Abstract 

A technique has been developed to measure the overall diffusion coefficients of KC1 and L iC l in 

acrylamide hydrogels immersed in electrolyte solutions. Once a majority of these kind of polymers 

are used in connection with electrolyte aqueous solutions, this technique allows the determination of 

diffusion coefficients representative of systems of aqueous electrolyte solutions normally 

surrounding polymeric materials. The capillary cell is based on the open-ended capillary 

conductimetric cell earlier designed to measure diffusion coefficients of electrolytes in aqueous 

solutions. Polymeric matrices of different hydrophilic character have been studied showing the 

complex interactions between the different species (water with different structures, polymer and 

electrolyte). The different thermodynamic effects of cations on the water structure enhance this 

behaviour. The water structure breaking effect due to potassium ions, when compared with lithium 

ions, results in the diffusion flux decrease, mainly due to the decrease of water content available as 

diffusional media inside the matrix. 
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Introduction 

The hydrogels are materials with applications in many fields, such as bio-separation [1] and 

wastewater treatment [2] among others. In a great number of those applications the hydrogels are in 

contact with electrolyte solutions. This is the main reason initiating our study of electrolyte 

behaviour in a hydrogel matrix immersed in aqueous electrolyte solutions. 

In a polymer network, water normally exists in a continuum of states between two extremes 

[3]. They are: water molecules strongly associated with the polymer network through hydrogen 

bonding (so-called non-freezing water) and much more mobile water molecules unaffected by the 

polymeric environment (freezing water). However, there is no much information about the 

electrolyte effect on that water and polymer structure. This results from the assumption that, in the 
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highly hydrophilic neutral gel networks, the system electrolyte-water-gel can be considered as an 

aqueous system. In our recent paper [4] we concluded that the electrolyte diffusion mechanism in 

different hydrogels is clearly non-Fickian. This behaviour can be justified by the interactions of the 

components of the system as for example water-water interactions of different types. The effect of 

other properties, as for example, the possible occurrence of hydrolysis as well as the swelling 

processes, can not also be neglected. For this reason we are interested in describing the electrolyte 

diffusion process using a more accurate physical parameter. In this paper we present L iC l and KC1 

diffusion coefficients in different hydrogels derived from acrylamide with different hydrophilicity 

degrees. The water sorbed by the gel network is quantitatively represented by the water gain (Hp), 

the ratio of the weight of water in the hydrogel to the weight of dry gel, expressed as a percentage: 

Hp = (weight of gel in water - weight of dry gel) * 100 / weight of dry gel (1) 

This knowledge will help us to know how to change the macromolecular structure as well as how 

the electrolyte influences the hydrogel features and its functionality. 

Experimental 

Reagents and Solutions 

0.1 M to 1.0 M solutions of KC1 (Riedel-de Hãen, pro analysis) and L i C l (Riedel-de Hãen, 

pro analysis) were prepared directly from the salts previously dried [5] at 110 °C and 180 °C until 

constant weight, respectively. Degassed distilled water was used. 

Acrylamide (2.5 M in tri-distilled water), methyl methacrylate (2.5 M in 2-propanol) and 2-

propanol were from Riedel-de Hãen. N,N'-methylene-bis-acrylamide (MBAAm) was from Merck, 

sodium persulphate from Fluka A G , and poly(vynil alcohol) (PVA) of molecular weight of 13000 -

23000 from Aldrich Co. A l l reagents were of pro-analysis quality and were used as received. Tri-

distilled water was used. A l l experiments were carried out at 25 °C. 

Synthesis 

Acrylamide-based hydrogels were prepared by free-radical co-polymerisation of acrylamide 

(AAm) and methylmethacrylate (MMA), using M B A A m as cross-linking agent. The Na 2 S 2 0 8 was 

used to initiate the polymerisation; the initiator concentration was held at a constant value of 1 % 

(weight/volume) for all synthesis. 

The membranes were prepared polymerising the pre-gel solution inside two glass sheets 

separated by plastic rubber gasket. Spring clips were used to hold the glass sheets together. After 

* To whom correspondence should be addressed. 
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this procedure, the mould was placed in the oven at 50 °C for approximately 2 hours. The hydrogel 

membranes were then removed from the mould, and they are stored in an exsiccator at about 100 % 

humidity. The composition of the pre-gel solutions is shown in table 1. 

Table 1 - Composition of pre-gel solutions. 

Hydrogel Monomers V(AAm) / VfMMA) [MBAAm] / % (w/v) 

I AAm 1 1 

II AAm 1 5 

III A A m + M M A 4 /1 5 

IV A A m + M M A 3 / 2 5 

The poly(vinyl alcohol), in the concentration of 0.05 - 0.1 % (w/v), was used in the gel IV to 

increase the mechanical strength and so to be handled without breaking. 

The Modified Open-Ended Conductimetric Capillary Cell 

The conductimetric cell technique is based in the open-ended capillary cell [6, 7]. However, 

the need for measuring diffusion in polymeric matrices required some design alterations [8]. 

Basically, the technique consists of two capillaries positioned in the same axis and at the same 

distance of a central electrode. Platinum electrodes close one end of each tube. These electrodes as 

well as the central electrode enable us to measure the electrical resistance variation with time. The 

upper and lower tubes are filled with electrolyte solutions 0.5 Cb (top solution) and 1.5 Cb (bottom 

solution), where Cb is the bulk solution concentration. The membranes previously immersed in the 

top and bottom solutions are positioned in the open-end of the capillary cell, as schematic 

represented in figure 1, with the help of a screw. This procedure is done with all precautions in 

order to be sure that there is no damage on the membranes as well as to guarantee a hermetically 

interface between the membrane and the capillaries. 

Finally the cell is immersed in the bulk solution and the time is recorded. 

The electrolyte flux is measured through the electrical resistance ratio (W) of top electrode 

(R1) and bottom electrode (R") as function of time (t). 

W = R 7 R ' (2) 
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Figure 1 - Schematic representation of the modified open-ended conductimetric cell. TS, BS = 
support capillaries; TC, BC = top and bottom diffusion capillaries; S = screw and membrane 
support; SS = screw support; M = membrane; CE = central electrode; PT = platinum electrodes. 

The electrical resistances R' and R " are dependent of three different electrical resistance 

components (eq. 3): the electrical resistance of electrolyte inside capillary (Rj), the electrical 

resistance of the polymeric matrix (R2), and the electrical resistance of bulk solution between 

central electrode and the matrix surface (r). For simplicity we will use the top capillary as example 

(figure 2). 

R' = r + Ri + R 2 (3) 

Figure 2 - Electrical resistance components in the top part of the conductimetric cell (the same is 
valid to the bottom part of the cell). PT = platinum electrode; M = polymeric membrane; CE = 
central electrode; Ri = electrical resistance of electrolyte solution inside capillary; R 2 = electrical 
resistance of the polymeric membrane; r = electrical resistance of bulk electrolyte solution; R' = 
Ri+R2+r. 
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However the technical design does not permit an independent measure of the electrical resistances 

(Ri and R 2). Therefore an alteration in the electrical resistance, for example, AR', is a measure of 

the electrical resistance changing in capillary and in membrane all together: 

AR' = r + A (R, + R 2) (4) 

For such task we can describe the diffusion process in the capillary and in the polymer using 

Fick's 2 n d law: 

dC/dt = d/8x(D dC/dx) (5) 

where C is an average concentration of the electrolyte inside capillary and membrane, D is the 

diffusion coefficient of the electrolyte considering the diffusion path of the polymer and capillary, t 

is the time and x is the spatial co-ordinate of an axis where the diffusion proceeds. 

Establishing the following boundary and initial conditions 

dC/dx = 0 at x = 0 (at the top of the top capillary or at the bottom of bottom capillary) (6) 

C = Kcb; at x = d (the polymer/bulk interface) 

C = Cn at t = 0 

we can solve equation (5) using [9] 

(7) 

C = X [4(C0-Coo)/7t(2n+l)] exp[-7r2(2n+l) 2D XlA d2] cos(7t(2n+l) x/2d)+ c m 

where d is the sum of the capillary length (a) plus the membrane thickness (1), Co is the electrolyte 

initial average concentration inside the capillary and the membrane, K is the distribution coefficient 

between aqueous solution and polymer, and cM is the electrolyte average concentration inside the 

capillary and the membrane at equilibrium: cM = Cb(a+Kl)/d. 

Taking the specific resistance in the capillary and in the membrane as equal [8], and using 

equations (2), (3) and (7) we find [7] 

l n ( Y , - Y i n f ) = k - X t (8) 

where k is a constant. Y t is described as 
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Y , = 1 0 4 / ( l + W ) (9) 

and Y i n f is the value of Y t when the concentration gradient tends to zero, and X is defined as 

X = n2D/4d2 (10) 

Results and Discussion 

Table 2 shows some physical features of the hydrogels when in equilibrium with water. The 

different gels show different hydrophilicity degrees, which decrease with an increase of M B A A m 

and/or methyl methacrylate content. The addition of the co-monomer M M A to acrylamide results in 

an increase of the mechanical strength as well as in the rigidity of the membranes (the polymer 

density increases). In fact whilst gels I and II show a swelling process when immersed in water, in 

gels III and IV this behaviour does not occur. This explains the different variation of the water 

concentration in the membranes (C wo)-

Table 3 shows the diffusion coefficients (D) of KC1 and L i C l in hydrogel/capillary systems 

(gels I to IV). These results show a very good precision, although lower than that obtained for the 

diffusion coefficients of the electrolyte in free solution [11]. This decreasing in precision can be 

explained as follows: the diffusion coefficients measured with the conductimetric cell correspond to 

a weighted average from the electrolyte sorption and desorption kinetics which undergoes at the top 

and bottom matrices, respectively. However these kinetics are not necessarily the same [12] and can 

be dependent on the matrix and electrolyte concentration C, which is not accurately controlled. 

Table 2 - Some physical features of the hydrogels in equilibrium with water, at 25 °C. 
Hydrogel 

III 
IV 

Hn / % 
1060 
476 
412 
204 

dp / (g c n Q 
0.36 
0.24 
0.65 
0.64 

Cwoo / (W/W) 
0.921 
0.826 
0.809 
0.679 

H p = water gain; d p = polymer density; = water concentration in gel at equilibrium. 

Table 3 - Diffusion coefficients (D) of KC1 and L i C l in different hydrogel/electrolyte systems. 

hydrogel [salt] / M £>(KC1) ± j / i l O ^ m V ) D(LiCl) ±5/(10- '°m 2 s" 1 ) 
0.1 6.1 ±0.5 8.3 ±0.1 
0.3 7.5 ±2.0 9.4 ±0.8 

I 0.5 7.2 ± 0.9 10.1 ±0.1 
0.7 6.5 ±0.7 10.1 ±0.1 
1.0 7.6 ± 0.3 10.1 ±0.1 
0.1 4.4 ± 1.0 6.8 ±0.6 
0.3 6.4 ± 1.0 8.3 ±0.6 

11 0.5 8.2 ±0.9 8.6 ±0.3 
0.7 8.1 ±0.2 8.5 ± 0.2 
1.0 8.3 ±0.1 9.5 ±0.2 
0.1 7.1 ±0.7 8.3 ± 0.2 
0.3 8.7 ±0.4 8.3 ± 0.6 

III 0.5 9.3 ± 1.2 7.5 ±0.1 
0.7 9.2 ± 0.2 5.8 ±0.0 
1.0 9.8 ± 0.4 6.8 ±0.1 
0.1 6.1 ±0.3 6.1 ±0.1 
0.3 4.6 ± 0.4 5.0 ±0.6 

IV 0.5 4.6 ±0.5 6.0 ±0.8 
0.7 4.4 ± 0.2 6.3 ±0.1 
1.0 4.4 ± 0.0 6.4 ±0.1 

-gel I —•— gel II —A—gel III —•— gel IV —•— free 

_ ~ 25 ! 

£ 20 

C 15 

10 -

• •-

0,4 0,8 1,2 

[KCl]/moldm 3 

Figure 4 - Diffusion coefficients, D, of KC1 in hydrogel/KCl systems and in free solution. 
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Figure 5 - Diffusion coefficients, D of L i C l in hydrogel/LiCl systems and in free solution. 

From table 3 and figures 4 and 5 we conclude that for each hydrogel the diffusivity of 

electrolytes almost does not change with concentration (within the experimental error) indicating 

the thermodynamic character of the measurable parameter. However, the exceptions do not have 

any meaning when compared with those obtained through the Fickian diffusion coefficients of 

similar systems [4]. 

Except for gel III, the diffusion coefficients of L iCl are higher than those of KC1. This 

behaviour shows an anomalous diffusion process of KC1 especially inside the more hydrophilic 

hydrogels with a great content of water. A possible explanation can be found in the effect of the 

cations on the water structure. The water molecules inside hydrogels I and II are very stable due to 

interaction water-polymer as well as water-water. When the KC1 flows through gel, and due to the 

water structure-breaking of potassium ions, the water molecules of the K + hydration shells tend to 

interact with the gel water molecules in order to find a less energetic state. This increase in water-

water interactions will tend to decrease the diffusing process which is not accompanied by the 

lithium ions once these show opposite features on the water molecule structure due to its high 

charge density. 

Gel III shows a matrix which is the closest to the aqueous system. Methylmethacrylate is 

responsible for such behaviour. In fact, the amount of such monomer is not large enough to 

predominate the hydrophobic part in the macromolecular structure as in gel IV, but it is enough to 

decrease the acrylamide effect on the water structure. The methylmethacrylate increases the 

hydrophobicity of the hydrogel and renders more difficult the acrylamide-water interactions by 

steric hindrance [13]. 
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On the other hand, it seems that the electrolyte diffusion process inside gel IV is controlled 

by the crystallographic radius instead of the hydration radius. This explanation is valid using the 

arguments cited before. 

A l l these explanations based on the different cation effect on water structure agree with the 

comparison between diffusion coefficients in hydrogel/capillary system and in aqueous solution 

(figures 4 and 5). When the different interactions water-water are stronger, the difference between 

such parameters is also higher. Therefore the high stability of water molecules in the lithium 

hydration shells may be the cause of a diffusion process similar to that which occurs in aqueous 

solution. 

The influence of water-water interaction on the diffusion process is also supported by water 

diffusion coefficients of water inside hydrogels, one order of magnitude lower than the water self-

diffusion coefficient [10, 14]. In any case we cannot also neglect the possible stronger ion-polymer 

interaction which arises from the possible hydrolysis of amide groups of acrylamide [15]. 
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