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Abstract Precipitate-forming 
chemical reactions have been studied 
in chemically cross-linked poly(vinyl 
alcohol) gel medium. One of the 
reactive components was incorpo- 
rated into the gel, the other was 
allowed to diffuse into it. Depending 
on the experimental conditions the 
reaction-diffusion process often 
results in patterns of different type. 
Experiments performed in tubes and 
in thin layers were carried out in order 
to investigate the effects of various 
factors (cross-linking density, swelling 
degree as well as the concentrations of 

the outer and inner electrolytes) on 
the morphologies of the precipitate 
patterns. It was found that 
precipitation occurs not only in the 
Liesegang bands, but also between 
bands. Beside Liesegang-type 
structures, tree-like patterns have 
been observed, showing a 
characteristic periodicity in the 
density profile obtained by digitalized 
image analyses. 

Key words Poly(vinyl-atcohol) gel 
medium - Liesegang bands - cross- 
linking density 

introduction 

Reactive systems in which one (or all) of the reactants are 
transported by diffusion often result in pattern formation. 
This reaction-diffusion process may include material de- 
position which can occur intermittently in terms of time or 
space or both [1-4]. 

In general, two fundamental time scales characterize 
the diffusion-reaction systems: the diffusion time and reac- 
tion time. If the reaction time is much shorter than the 
diffusion time, the process is diffusion limited. In such 
cases the whole process often results in pattern formation 
I-5]. A good example of such a diffusion-limited reaction is 
the so-called Liesegang phenomenon, when an electrolyte 
(outer electrolyte) diffuses into a gel containing another 
electrolyte (inner electrolyte) and the reaction of these two 
diffusing materials forms an insoluble product. In these 
systems under certain conditions formation of rhythmic 
pattern (bands or rings) of precipitate can be observed 
I-6, 7]. The pattern is macroscopic, so it is visible by naked 

eye. The primary function of the gel is to prevent convec- 
tion and sedimentation, thus the diffusion mechanism 
becomes effective. It is to be mentioned that Liesegang 
pattern formation can also occur in the absence of a 
gel [-8]. 

For laboratory research in most of the cases gelatin-, 
agar-, starch- or silica gels were used. The mentioned gels 
have no accurately known composition or structure and 
generally they are contaminated by undesirable impurities. 
This might be the reason why the same chemical reaction 
can result in quite different pattern formation in different 
samples of the same gel, or in different gels. This means 
that either the gel structure or impurities can produce 
influence on the precipitation process. According to our 
knowledge no systematic studies on the role of the gel in 
the Liesegang phenomenon have been reported. 

The main purpose of the present work therefore was to 
investigate the pattern forming precipitation of different 
salts, performing experiments with the aid of chemically 
crosslinked poly(vinyl-alcohol) (PVA) gels. 
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Poly(vinyl-alcohol) hydrogels without permanent 
crosslinks have already been applied for studying the 
Liesegang ring formation [12, 13]. In our paper chemically 
crosslinked PVA was used and the effect of crosslinking 
density as well as the polymer concentration was studied. 
Beside the gel parameters the influence of crystal form as 
well as solubility of the precipitate were also investigated. 
By applying crosslinked PVA as gel medium for the ex- 
periments, one obtains several advantages. PVA is a 
neutral, water-soluble synthetic polymer which can be 
conveniently chemically crosslinked by glutaric aldehyde 
[13, 14]. On the basis of stoichiometry of gel-forming 
reaction it is possible to vary the degree of crosslinking 
density in a wide range. Due to the permanent connection 
between the chains, no gel-sol transition can occur when 
increasing the temperature, therefore the effect of latter can 
be investigated as well. 

derived by Jablczynsky on the basis of thermodynamical 
arguments [9] and was supported by many experimental 
reports [1, 2, 9-11, 15-19]. 

xn+ a = P x n  , (3) 

where P is defined as the spacing coefficient. 
Similar relation can be derived for the thickness of the 

bands A x .  [10]: 

A x , +  1 = C a x ,  , (4) 

where C represents a proportionality factor. 
It is to be mentioned that there are several experi- 

mental results which cannot be interpreted with the aid of 
a simple Fickian diffusion equation. A modern approach is 
provided by Flicker and Ross, based on non-linear reac- 
tion-diffusion equations and on the nucleation kinetics 
leading to chemical instabilities [8]. 

Theoretical backgrounds 

The formation of rhythmic pattern of precipitate has 
induced numerous experimental and theoretical works. 
Many theories are based on the assumption that the 
periodic band or ring formation is due to two main inde- 
pendent processes [1, 2]: 

1) two electrolytes should diffuse into each other at the 
same time; 

2) at a point where the product of their concentrations 
reaches a critical value, precipitation occurs. 

If the experiments are carried out in a one-dimensional 
arrangement (say a tube in x direction) and if the reaction 
time is negligibly small in comparison with the diffusion 
time, then the position of the advancing diffusion front 
obeys Fick's law: 

x = k 2 x ~ ,  (1) 

where t is the time D is the diffusion coefficient of the outer 
reactant, k is a constant, called front factor. One can 
rewrite Eq. (1) by taking into account the position of first, 
xl, second, x2, and n th, Xn, ring measured from the diffu- 
sion boundary developing in time tl, t2, and t, respectively. 
From a practical point of view, x is considered as distance 
measured from the advancing interface layer, that is, the 
position of precipitate/gel surface. 

X I : X 2 : . . . :  X n  = t l / 2  : t12/2 :. . .] t 1 / 2  . (2) 

Equations (1) and (2) are often regarded as the time law for 
the formation of rings or bands. 

Another important information is the spacing of 
bands, that is, how the position of the (n + 1) tu band can be 
related to that of the r/th band. This relation has been 

Experimental part 

Preparation of the gels 

We have realized our experiments in chemically crosslin- 
ked poly(vinyl-alcohol) (PVA) gels. The gels were prepared 
by crosslinking primary PVA chains with glutaric al- 
dehyde (GDA) in aqueous solution [12-14]. Commercial 
PVA (Merck 821038) and solution of 25 wt% GDA 
(Merck) were used. This polymer can be characterized by 
an acetate content of less than 2 mol % and by a number 
average molecular mass of 72 000. 

The initial polymer concentration, Cp as well as the 
crosslinking density were altered. This latter means the 
ratio of monomer unit (VA) to the crosslinking agent 
(GDA). This ratio [VA]/[GDA], called degree of cross- 
linking (DC) was varied between 50 and 400. 

In order to study the precipitation in swollen networks, 
one of the reactants was mixed with the polymer solution 
containing the crosslinking agent. Then, slow gelation 
process was induced by decreasing the pH of the system by 
nitric acid (Carlo Erba). The gelling solution was poured 
into glass tubes or onto glass plates. The size of the tubes 
as well as that of the plates were also varied. At pH = 2 the 
gelling process took place within 5-7 h. After completion 
of the network formation, the gels were brought into 
contact with the reactant allowing it to diffuse into the gel. 

The gels are characterized by the polymer concentra- 
tion/degree of crosslinking. Symbols like "6/100" mean 
that the polymer concentration, Cp equals to 6 wt % and 
the ratio [VA]/[GDA] is 100. 

The experiments reported here were carried out at 
room temperature. 



E. Karpati-Smidrdczki et al. 
Pattern forming precipitation in gels 

859 

Chemical reactions studied 

Since our intention was to investigate the effects of various 
factors (such as crystal growth, solubility of precipitates, 
complex formation) on the pattern formation, we have 
studied several chemical reactions. These are the following: 

(A) 
1. MgC12 + 2NH4OH = Mg(OH)2 + 2NH4CI 
2. MgC12 + 2NaOH = Mg(OH)z + 2NaC1 
3. CdSO4 + 2NaOH = Cd(OH)2 + Na2SO4 
4. COC12 + 2NaOH = Co(OH)z + 2NaC1 
5. CaC12 + K/SO4 = CaSO 4 + 2KC1 
6. P b ( N O 3 ) / +  2NaC1 = PbC12 + 2NaNO3 

(B) 

1. Cr(NO3)3 + 3NaOH = Cr(OH)3 + 3NaNO3 
Cr(OH) a + NaOH = Na[Cr(OH)4]  
2. HgC12 + 2KI = HgI z + 2KC1 
HgI 2 + 2KI = Ks [HgI , ]  

In reactions listed in group A a weakly soluble salt is 
produced, which is not able to redissolve in the excess of 
the diffusing reactant. The concentration of the diffusing 
electrolyte was in every case much greater than that of the 
inner electrolyte incorporated in the gel. 

In reactions mentioned in group B, the weakly water 
soluble reaction product can redissolve in the surplus of 
the outer electrolyte due to complex formation. 

All of the sparingly water soluble precipitates we 
studied were crystalline. Sometimes the crystals are visible 
(e.g., PbC12), but in many cases they are too small to be 
visible to the naked eye, that is, the precipitate is micro 
crystalline (e.g., Mg(OH)2). 

tion of the gel - in some cases - paraffin oil was poured 
upon the water solution. So the upper ~ 90% of the gel 
layer was under paraffin oil, while the bottom 10% was in 
contact with water solution. The thin gel medium enabled 
us to investigate the microscopic structure of precipitate 
bands and that of the aggregates between subsequent 
zones. Silica gel layers, used for chromatographic pur- 
poses, were also applied. 

The experiments were realized in a thermostat which 
controlled the temperature within + 0.2 ~ 

Experimental results 

Precipitation of Mg(OH)2 in PVA gels 

It turned out that the crosslinked PVA-gel is an excellent 
medium for studying the Liesegang phenomenon [14, 15]. 
Depending on the conditions and on the nature of the 
precipitate, one can obtain periodic precipitation where 
the distance between two neighboring precipitate bands 
varies from 0.1 mm to 400-500 mm. It is worth to mention 
that - according to the best of our knowledge - no such 
long distance between two subsequent bands has been 
published as yet. 

Figure 1 shows a typical experimental setup. When 
comparing Figs. la and lb, one may observe significant 
differences. The distance between two adjacent bands is 
strongly influenced by the nature of the outer electrolyte. 
In the case of NH4OH this distance falls in the order of 
centimeters, whereas for NaOH the spacing between 
neighboring bands is within the magnitude of millimeters. 

Experimental setup 

In order to obtain Liesegang patterns, several experiments 
were performed in glass tubes containing the swollen net- 
work, and in gel layers. 

The length and the diameter of the glass tubes were 
varied. The maximal length was 220 cm, the minimal 
20 cm. The diameter was between 1 and 5 cm. The reactant 
solution was used to fill the space above the gel and the 
diffusion was allowed to take place downwards. To pre- 
vent evaporation the tubes were sealed. Position of bands 
x, measured from the surface of gel as well as the forma- 
tion time t, of each band have been determined by pho- 
tographic and video-techniques. Gel films of different 
thicknesses were also used. The bottom of the layers, 
together with a glass plate holding them was immersed in 
a solution allowing the diffusion to proceed upwards. To 
avoid evaporation of gel liquid and to minimize deforma- 

Fig. 1 Liesegang bands formed from Mg(OH)2 precipitates in test- 
tubes a) Gel: 2.84/300, inner electrolyte: 0.20 M MgC12, outer elec- 
trolyte: 14.7 M NH,~OH b)Gel: 4/300, inner electrolyte: 0.01 
M MgClz, outer electrolyte: 0.35 M NaOH 

a) b) 
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This basic difference may be attributed to the different 3.5 
dissociation constant of N H 4 O H  and NaOH.  It must be 

3 

mentioned that by variation of inner and outer concentra- 
tions of electrolytes as well as the polymer concentration 2,~ 
and crosslinking density, we were not able to increase or 

2 
decrease the distance between two adjacent bands signifi- In x 
cantly. We found closely packed bands for reactions A2, 1,s 
A4, and B1, whereas looser bands were obtained for A1, 
A3, and A5. 1 

On the basis of Fig. 1, it is obvious that one can 0.5 
determine the position of bands with a rather high pre- 
cision. Figure 2 shows the dependence of position of the 0 
n-th band on the time as well as the reaction front position 
x I against time. The reaction front was visualized by using 
phenolphtalein indicator in the inner electrolyte to show 
the extension of O H -  ions in time. On the basis of data, 
one may conclude that both x, and x I obeys the relation 
given by Eq. (1). In order to establish whether the periodic 
pattern formation of Mg(OH)2 precipitate is controlled by 3 
the diffusion mechanism, the spacing of bands has been 
investigated, The geometric law expressed by Eq. (3) can 
be written as follows: 

x ,  = x o P "  (5) 

or 

In x, = In Xo + n In P .  (6) 

Here x, is the distance of n th band from the gel surface, Xo 
is a characteristic constant. 

In Figs. 3 and 4 experimental data are plotted accord- 
ing to Eq. (6). One can see that within the experimental 
accuracy the agreement is rather good. Many systems can 
be described by Eqs. (5) or (6). F rom the slope the spacing 
coefficient P from the intercept, the value of Xo can be 
deduced. These data obtained by linear least square fitting 

I i I I I I 

2 4 6 8 10 ';2 

n 

1 4  

Fig. 3 Verifications of the spacing law. Gel: 2.84/300 outer electro- 
lylte: 14.7 M NH4OH Symbols: . inner electrolyte: 0.2 M MgCI2, 
P = 1.84; �9 inner electrolyte: 0.08 M MgC12, P = 1.26 

2 , 5  

2 

In x 1,s 

1 

0 , 5  

o I [ I I I 
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n 

Fig. 4 Verification of the spacing law. Gel: 3.5/300 inner electrolyte; 
0.1 M MgC12 Symbols: �9 outer electrolyte: 14.7M NH~OH 
P = 1.25; �9 outer electrolyte: 13.0 M NH4OH P = 1.25; /x outer 
electrolyte: 11.0 M NH4OH P --- 1.25 

Fig. 2 Verification of time law for Mg(OH)2 precipitate formation. 
Gel: 4/300, inner electrolyte: 0.1 M MgC12 outer electrolyte: 
14.7 M NH4OH Symbols: �9 precipitate, . OH- ions 
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as well as the concentrations of inner and outer electro- 
lytes are summarized in Tables 1-4. 

The influence of polymer concentration and degree 
of crosslinking on the spacing coefficient 

In order to first establish the effect of polymer concentra- 
tion on the periodic precipitation of Mg(OH)2, gel sam- 
ples with identical crosslinking density were prepared. The 
degree of crosslinking [VA] / [GDA]  = 300 was kept con- 
stant, whereas the polymer concentration was varied 
between 2.5 wt % and 5.5 wt %. The results of two experi- 
mental series are shown in Table 1. On the basis of data it 
is obvious that the spacing coefficient seems not to be 



E. K~irp~iti-Smidr6czki et al. 
Pattern forming precipitation in gels 

861 

Table I The influence of the polymer 
concentration on the spacing coefficient (P). 
Parameters: [VA]/[GDA] = 300. Outer 
electrolyte: NH4OH; Inner electrolyte: 
MgC12 

Gel Inner 
electrolyte 
concentration 
(MgClz) 

2.5/300 0.08 M 
3.5/300 0.08 M 
4.5/300 0.08 M 
5.5/300 0.08 M 

3.0/300 0.05 M 
4.0/300 0.05 M 
5.0/300 0.05 M 

Outer 
electrolyte 
concentration 
(NH4OH) 

x o P x 1 

14.7 M 2.52 1.23 3.09 
14.7 M 2.23 1.21 2.69 
14.7 M 2.23 1.21 2.69 
14.7 M 2.40 1.19 2.85 

14.7 M 1.56 1.17 1.82 
14.7 M 1.75 1.18 2.06 
14.7 M 1.79 1.16 2.07 

Table II The effect of crosslinking density on the spacing coefficient. 
Outer electrolyte: NH4OH; Inner electrolyte: MgC12 

Gel Inner Outer x o P 
electrolyte electrolyte 
concentration concentration 
(MgC12) n (NH4OH) 

X 1 

4.0/50 0.08 M 14.7 M no band, ring formed 
4.0/150 0.08 M 14.7 M 1.81 1.18 2.13 
4.0/250 0.08 M 14.7 M 1.71 1.19 2.03 
4.0/400 0.08 M 14.7 M 1.70 1.20 23.04 

Table IlI The effect of concentration of the outer electrolyte 
(NH4OH) on the spacing coefficient and on x0. The composition of 
gel: 3.5/300. The concentration of inner electrolyte (MgC12):0.1 M 

Concentration of Spacing 
NH4OH coefficient 
in the gel [M] (P) 

X0 X1 

2.9 only one band 
3.0 2.01 0.42 0.84 
5.0 1.46 1.17 1.70 
7.0 1.35 1.01 1.36 
9.0 1.27 1.21 1.53 

11.0 1.25 2.29 2.86 
13.0 1.25 3.46 4.32 
14.7 1.23 1.67 2.05 

significantly influenced by polymer content. Within the 
experimental accuracy P remains constant when changing 
the polymer concentration. For  Xo no definite dependence 
can be established. When the inner electrolyte concentra- 
tion equals to 0.08 M, Xo was found to be decreased with 
increasing polymer concentration, whereas at 0.05 M con- 
centration xo increases with increasing polymer content. 
In connection with these results we have to mention that in 
several papers the spacing coefficient was found to be 
inversely proportional to the concentration of the gel me- 
dium [16-18]. It was assumed, that with increasing poly- 
mer content the diffusion coefficient of the species is 
decreased. Another reason may be due to the adsorption 
(or selective solvatation) of some ions on the polymer 
chains. Our experimental results tell us that neither the 
influence of polymer concentration on the diffusion coeffi- 
cients nor adsorption occurring between sol particles and 
PVA play significant roles in structure formation. 

We have prepared several gels by varying the degree of 
crosslinking in the range of 50-400. In these experiments 
the amount of polymer in the swollen gel was kept con- 
stant (4 wt %). We have found that the spacing coefficient 
slightly increases when the ra t io , [VA]/[GDA] increases. 
This finding is demonstrated in Table 2. 

It is worth mentioning that at high degree of crosslink- 
ing (gel: 4/50), no bands, but rather rings developed. This is 
probably due to network elasticity. The larger the amount 
of GDA, the stronger the gels, and as a consequence, the 
highest elasticity resistance takes place against precipitate 

Table IV The influence of inner electrolyte 
on P and Xo. The gel 3/300. The 
concentration of outer electrolyte 
(NH4OH): 14.7. M 

Concentration of Spacing coefficient Xo x 1 

MgC12 in the gel I-M] (P) 

0.005 continuous precipitate continuous precipitate 
0.01 spiral spiral 
0.05 1.21 2.01 2.43 
0.08 1.26 1.70 2.14 
0.2 1.84 0.23 0.42 
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formation. This idea is supported by other experimental 
evidence concerning the band thickness. With increasing 
crosslinking density the width of bands significantly 
decreases and above a certain value, bands no longer 
form. As shown in Fig. 7 instead of bands, rings develop. 
This results are in agreement with those reported by 
Matsuzawa et al. [12] with increasing degree of crosslink- 
ing Xo also increases. 

The effect of inner and outer electrolyte concentration on 
the spacing coefficient of Mg(OH)2 

The concentration of inner and outer electrolyte produces 
strong influence both on P and Xo. The spacing coefficient 
was found to increase by decreasing the concentration of 
the outer electrolyte and by increasing the concentration 
of the inner electrolyte. These dependences are shown in 
Tables 3 and 4. 

According to Wagner [-19] and Matalon and Packter 
[20], the spacing coefficient can be theoretically related to 
both inner and outer concentrations. It was predicted that 
P is inversely proportional to both kinds of electrolyte 
concentrations: 

p a 
- -  + b ,  (7)  
C 

where a and b are characteristic constants and C stands for 
both inner-, and outer electrolyte concentrations, respec- 
tively. In Fig. 5 we have plotted the spacing coefficient 
against the reciprocal concentration of outer electrolytes. 
Our experimental results on Mg(OH)z precipitates do not 
entirely support the validity of Wagner-Matalon-Packter 
relation given by Eq. (7). This latter seems to be valid 
only at large outer electrolyte concentrations. At 

smaller concentrations positive deviation from the 
Wagner-Matalon-Packter relation can be observed. We 
found that Eq. (7) does not hold for the dependence of 
spacing coefficient on the concentration of inner 
electrolyte. 

It is worth to mention that spacing coefficients ob- 
tained for the precipitation of Mg(OH)2 in crosslinked 
PVA gels are much larger than those reported by others 
[1, 2]. As can be seen in Tables 1-4, P was found to be 
between 1.16 and 2.01. In the literature the characteristic 
value of P lays between 1.05 and 1.2. 

Another important information which is characteristic 
for the Liesegang pattern formation is the thickness of 
bands. It has been assumed that the thickness can be 
expressed similarly to the Eq. (6), that is, 

ln(Ax,) = ln(Axo) + nlnP,  (8) 

where Ax, represents the width of n th band and Axo and 
P are constants. Figure 6 shows the dependence of Ax, on 
n for some representative experiments. It seems that Eq. (8) 
does not hold for our experiments. No simple relation has 
been found in order to describe the dependence of band 
thickness on various parameters. As a general rule, one 
may conclude that thickness of bands increases with band 
number. Especially the last band was found to be much 
bulkien (see Fig. 7). 

Much less is understood about Xo. Since it has no 
simple physical meaning, instead of Xo, the position of the 
first band xl = Pxo is discussed. It can be seen in Tables 
1-4 that xl is influenced by all the parameters varied. On 
the basis of experimental data, one can arrive at the follow- 
ing conclusions: 

The effect of Cp on xl cannot be formulated in a simple 
way. Both increasing and decreasing behavior have been 
found. 

Fig. 5 The spacing coefficient against the reciprocal concentration of Fig. 6 Dependence of the width of the Liesegang bands as a function 
outer electrolyte (NH4OH) Gel: 3.5/300, inner electrolyte: 0.1 M of n. (Ax is given in mm.) Gel: 2.84/300 inner electrolyte: 0:05 M 
MgCI2 MgC12, outer electrolyte: 14.7 M NH4OH 
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As the concentration of outer electrolyte is decreased, 
as a consequence, x l decreases. 

With increasing the concentration of inner electrolyte 
xl was found to decrease. 

The position of the first band was found to be not far 
from the gel/liquid interface if the network is loosely cross- 
tinked, the concentration of inner electrolyte is high and 
that of the outer electrolyte is low. 

Unusual morphologies 

Very often miscellaneous forms come into existence. In 
case of highly crosslinked gels instead of compact bands, 
rings develop. It was also found that bands that were 
formed far from the gel surface are deformed. 

The different shapes - observed by us - are shown in 
Fig. 7. Bands, rings, spheres, spirals can be seen. The 

Fig. 7 Different precipitate morphologies observed at Mg(OH)2 pre- 
cipitate 

formation of such morphologies cannot be interpreted on 
the basis of present knowledge on Liesegang phenomena. 

We have found systems for which the Jablczynsky's 
spacing law could not be applied. Figure 8 shows the 
dependence of In x, on nx according to Eq. (6). This figure 
evidences that no simple power law describes the position 
of bands. It seems that the Liesegang pattern can be 
described by two sets of parameters. The position of the 
first six bands can be characterized by P1 = 1.36 and 
Xo = 0.74, whereas P2 = 1.19 and Xo = 1.74 belong to the 
remaining seven bands. The origin of this effect is the 
subject of our further studies. 

Precipitation - in thin layers 

Several Liesegang-type experiments were realized in gel 
films. Thin films of crosslinked PVA containing the inner 
electrolyte were prepared on glass plates. The thickness of 
gels was varied between 0.5-2 mm. A part of the film was 
immersed in the solution of the outer electrolyte and as 
a result of this, the diffusion took place vertically upwards. 
It must be mentioned that no definite effect of layer thick- 
ness on the developing patterns could be observed. De- 
pending on the experimental conditions, a great variety of 
patterns could be observed in this two-dimensional ar- 
rangement. In case of Mg(OH)z precipitate one obtains 
the expected Liesegang stripes. This is not the case for 
PbCI2 where instead of stripes a tree-like structure devel- 
ops. This highly ramified pattern reminds us of that ob- 
tained by simulation of diffusion-limited deposition [-21] 
as shown in Fig. 9. The tree-like morphology of PbClz 
precipitate emphasizes the strong influence of crystal 
structure on the final pattern. 

PbCI~ forms small needle-shaped crystals with a length 
of about 1-2 mm. These crystals are arranged along con- 

Fig. 8 Liesegang-pattern which can be characterized by two spacing 
coeflScients. Gel: 4/250; P1 = 1.36, P2 = 1.19; inner electrolyte: 
0.08 M MgClz; outer electrolyte: 14.7 M NH4OH 
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tinuous line resulting in tree-like patterns, as shown in 
Figs. 9 and 10. In these figures, one observes no "empty 
zones" between adjacent bands, but rather continuous 
lines developing from the bottom of the gel layer upwards. 

Fig. 11 Liesegang patterns developed in this silica layers, inner elec- 
trolyte: 0.2 M KI, outer electrolyte: 0.15 M HgC12 

Fig. 9 Tree-like precipitation pattern of PbCI2 in thin PVA film. Gel: 
3.5/250 inner electrolyte: 0.03 M Pb(NOa)z, outer electrolyte: 1.5 
M NaC1 

Fig. 10 Periodic tree-like morphology of PbC12 in PVA film. Gel: 
3.5/250 inner electrolyte: 0.03 M Pb(NO3)2, outer electrolyte: 
1.0 M NaC1 

Depending on the experimental conditions (on the concen- 
tration of inner and outer electrolytes), several tree-like 
patterns have been observed. Figure 10 shows such a pat- 
tern in which the Liesegang-type periodicity can be seen. 
At this precipitation the growth process abruptly ceases at 
certain distances and only a small part of branches start to 
grow again. These survivors propagate forward and from 
them many new branches grow. As a result, the concentra- 
tion of deposits (PbCl2) as a function of displacement 
has several maxima. This behaviour recalls the Liesegang 
phenomena. 

We have made several experiments in thin silica layers, 
too. These layers are usually used for advantageous pur- 
poses, but we applied them as gels swollen by one of the 
electrolytes and then immersed into to other one. The 
main advantage of these experiments is that we can study 
the internal structure of precipitate zones and the spaces 
between subsequent stripes by light microscope. Figure 11 
shows the Liesegang-pattern of HgI/precipate .  It may be 
seen that precipitation occurs not only in bands but also 
between neighboring stripes. 

Conclusions 

Gels of chemically crosslinked PVA chains are an excellent 
medium for studying the pattern forming precipitation in 
reaction-diffusion systems. 

It was found that PVA concentration has only a negli- 
gible effect on the spacing coefficient, contrast with other 
gelling materials. 
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By variation of the crosslinking density, the restriction 
of precipitation due to network elasticity can also be 
investigated. In the case of high elastic resistance, no 
bands, but rather rings developed. The appearance of 
other miscellaneous forms has been promoted by strong 
gels. 

Two basically different morphologies, Liesegang band 
formation and tree-like precipitation have been observed. 
On the basis of internal structure of Liesegang precipitates, 
obtained on thin silica layers, it may be established that 
precipitate deposition occurs not only in the bands, but 

also between them. In the case of tree-like precipitation, 
the fractal-like structure involves a periodicity of the 
Liesegang type under certain conditions. 

Beside static precipitate patterns reported in this pa- 
per, a dynamic phenomenon has been observed. This will 
be reported in one of our forthcoming papers. Then, the 
experimental results will be interpreted on the basis of 
computer simulation. 
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