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Abstract-The surface conductivity of salt free montmoriUonite clay gels saturated with lithium, 
sodium, potassium and cesium has been studied. The theory of the behavior of heterogeneous dielec- 
trics adapted to systems having a surface charge density has been applied to the clay gels. From 
numerical calculations it became evident that the value of the depolarization factor may be extra- 
polated to 1 in the direction of the small axis of the platelet, meaning that the field action is zero in this 
direction. Along the long axis, however, the action is complete and the motion of the charge carriers is 
essentially tangential to the platelet. The values of the surface conductance are of an order of magnitude 
of l 0 -9 Mho. 

The investigation of the behavior of the water molecules has been carried out over a wide tem- 
perature range (145-320~ At temperatures below 273~ the conduction appears to be predomin- 
antly protonic; the counterions are considered to be disturbing elements in the water layer structures, 
thus creating a number of lattice defects able to transport the current. Above 273~ the conduction is 
essentially due to the adsorbed cations, their contribution starts during the phase change. 

INTRODUCTION 
THE BEHAVIOR of heterogeneous dielectrics has 
kept the attention of many investigators and the 
systems studied vary from clay minerals (Martin, 
1962; Street, 1956; van Olphen, 1957), to glass 
powders (Fripiat, Jelli and Poncelet, 1965), silica 
gels (Young and Crowell, 1962; Freymann and 
Freymann,  1954), biological cells (Fricke and 
Curtis, 1937; Schwan, Schwarz, Maczuk and 
Pauly, 1962) and proteins (Oncley, 1942; Taka- 
shima and Schwan, 1965). 

Maxwell (1891) was the first to give a formulation 
of the electrical conduction in heterogeneous media 
and to propose a theory of the behavior of com- 
posite dielectrics. Later Wagner (1913, 1914) 
extended Maxwell's formulation and stressed the 
importance of the frequency of the a.c. field and of 
the geometry of the system, and is known under the 
name Maxwell-Wagner-effect. 

Sillars (1937) and Fricke (1924, 1953) general- 
ized the theory to systems where the dispersed 
phase consists of ellipsoids. 

However, these theories do not cover the rather 
common case in which at the interface an electric 
double layer exists, which gives rise to such 
phenomena as surface or double layer conductance. 

Recently, O'Konski developed a theory which 

*Based on the dissertation submitted by R. A. Weiler for 
the Ph.D. degree. 

took cognizance of the presence of a diffuse 
electrical double layer. We have applied his ap- 
proach to clay systems. We assumed a model in 
which the conductance is essentially tangential to 
the clay platelet, and limited to a thin zone near the 
surface. We considered the nature of the charge 
carriers, the effect of hydration of the charge 
carriers, and the possible contribution of water 
molecules to the conductivity. 

An investigation over a wide temperature range 
led us to interpret the conduction at temperatures 
below 273~ as essentially protonic, being a result 
of lattice defects in the water structure, (Freymann 
and Soutif, 1960; Gr~nicher et  al., 1957), while 
above 273~ the conductivity is due to the motion 
of the counterions. 

EXPERIMENTAL SECTION 

Mater ia l s  
The experiments are carried out with a mont- 

morillonite clay from Camp Berteau, Morocco. 
The fraction <2/~ is obtained through successive 
sedimentation of the sodium saturated clay. The 
pH is kept in the vicinity of neutrality. Four  
monovalent homoionic systems are studied with 
the following base exchange capacity: lithium clay, 
97.5 mE/100g;  sodium clay, 98mE/100g;  potas- 
sium clay, 98.5 mE/100 g and cesium clay, 95 mE/ 
100 g. 

All the systems investigated are salt free gels. 
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Concentrations are expressed as percentages 
(g/100g) of clay based on weights obtained after 
drying at 105~ These vary from l0 to 60 per cent. 

Apparatus 
The cell consists essentially of a flat capacitor;  

the two electrodes are made of bronze and are 
circular in shape with a diameter of 1 cm. The dis- 
tance between the two electrodes is variable, and is 
generally set from 0.25 to 0-32 cm (Von Hippel, 
1961). The accuracy of this distance is known within 
0-02 mm. The clay gel is located between the two 
electrodes and is thus the dielectric of the capacitor. 
This ensemble is surrounded by a teflon jacket and 
is located in a bronze block which ends in a 20 cm 
long cylinder of a diameter of 2.5 cm. The latter is 
immersed in liquid air for the experiments below 
273~ After 90min  a temperature of 145~ is 
obtained in the upper part. Once this temperature 
is reached, the entire system is then slowly heated 
up to 320~ an operation which takes about 5 hr. 
The temperature in the block is measured with a 
thermocouple and known within a few tenths of a 
degree. 

The components of the impedance, the conduc- 
tance and the capacitance are determined by a 
bridge method. Two sets of apparatus cover the 
entire frequency range, the first from 100 Hz to 
20kHz  and the second from 30kHz to 3 MHz. 
Each set consists of a generator (Wayne Kerr S 12 l 
and 022D at low and high frequencies), an analyzer 
(Wayne Kerr A321 at low frequencies and Airmec 
Type 853 at high frequencies) and a bridge (Wayne 
Kerr B221 and B601 at low and high frequencies). 
This apparatus measures the two components of 
the impedance of the cell as if for an equivalent 
circuit in parallel connection. The complex dielec- 
tric constant is: ~* = ~ ' - - jE"  with e' and ~" as 
dielectric constant and absorption. The admittance, 
the reciprocal of the impedance, for a dielectric is: 

A = C0to~" +jC0wE' 

where to is the angular frequency (to = 27ru), Co the 
capacity of the empty cell, expressed in Farad and 
computed from the dimensions of the cell. The real 
and the imaginary part of the complex dielectric 
constant are related to the conductance and capaci- 
tance as follows: G = C0to~" in Mho; C = C0~' in 
Farad. The loss angle of the dielectric is defined as 
tan~ = G/Cto = ~"/~'. 

INVESTIGATION OF THE EFFECT OF 
FREQUENCY 

Theory 
We recall briefly O'Konski 's  theoretical approach 

of the behavior of heterogeneous dielectrics. 
Model and definitions.The interfacial conduc- 

tivity may be defined as a sum of two conductivities. 
The first as the conductivity due to the charge 
carriers in the immediate vicinity of the surface: 

Xl = ~, s~uiz~ (1) 
i 

where s~ is the number of carriers per unit surface 
of type i, u~ and z~ the mobility and the valence. The 
second conductivity is due to the existence of a 
double layer in the interface and is defined as an 
excess conductivity: 

r162 

ha= f (K ' - -K)  dy (2) 
a 

where K'  is the conductivity at a given distance 
from the surface, and K is the conductivity of the 
equilibrium solution where the electrical potential 
resulting from the surface charge density is equal 
to zero. The lower limit of the integral sign is the 
distance, a, representing the thickness of the zone 
of conductivity hi. The total effect of the surface 
charge density on the conduction is thus repre- 
sented as the sum of h~ and ha. 

Surface conductivity of systems with spherical 
particles.The dispersed phase consists of uniform 

! spheres of radius, a, dielectric constant e2, conduc- 
tivity K2 and a surface conductivity h~; the dis- 
persing phase is characterized by ~i and K1. 

It is supposed that the Laplace equations for the 
internal and external potentials are valid, The 
expressions of these potentials, using B6ttcher's 
(1952) boundary conditions, lead to the equations 
describing the dielectric behavior of the system. In 
the expressions of the potentials, it is seen that the 
term 87rjhs/ato is always subtracted from E2*. Thus 
the effect of the surface conductivity leads to an 
increase of K2, according to the following equation: 

4 7 T  

These equations are similar to those derived by 
Wagner ( 1913, 1914), with the understanding that 
the sum of the conductivities is equivalent to the 
conductivity of the sphere in Wagner's treatment, 
(equivalent sphere). 

Surface conductivity of systems with ellipsoidal 
particles.Fricke and Sillars's expression for ran- 
domly oriented isotropic ellipsoidal particles may 
be adapted to anisotropic particles having a surface 
charge density: 

E i : r  _ _  E 1  * 
E* --El* = l p  ~, 1 +Ai(Ei* -- E,*)/E1* (4) 

where E* is the gross complex dielectric constant 
of the system; el* is the complex dielectric constant 
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of  the liquid phase; E* is the complex dielectric 
constant of the equivalent ellipsoid in the axis i; A; 
is the depolarization factor in the axis i, and p the 
volume fraction, e* has the following explicit 
expression (according to O'Konski):  

, , - ,  
- -  ~i  - - J  

with: e~ is the dielectric constant of the equivalent 
ellipsoid, and K~ the effective conductivity of the 
charged particle equal to the sum of two conductiv- 

o , K o ities: K~ = Ki + K s, where ~ is the conductivity of 
the ellipsoid which depends on the axis under con- 
sideration; K I is the surface conductivity and is re- 
lated to the surface conductance of an oblate 
ellipsoid by the following expressions: 

2X~ 4h~ (6) 
Ka=---ff- and K~=--.~ra 

The depolarization factors for the different axes are 
interrelated through the following expression: 

Aa+Ao+Ac= 1. 

When the imaginary parts are separated from the 
real parts of the initial equation, the two following 
expressions are obtained: 

which is a function of e~. The value of C is experi- 
mentally accessible. By giving different values to 
the depolarization factor, which are on the one 
hand physically plausible in the case of a clay 
mineral and on the other hand are allowed to differ 
as much as is reasonable,  it is observed that the 

(5) value ofE' 2 varies only slightly. 
Thus the value of A~ may be extrapolated to 1 

and Ab tends to zero. This means that the depolar- 
ization effect exists essentially in the direction of 
the axis 2a, perpendicular to the surface of the 
platelet. The electrical field action is effective in the 
direction tangential to the clay platelet. Introducing 
the simplification into the initial equation one 
obtains for the conductivity: 

= K , + 3 ( K - K , )  (12) K~ 

where Ke is the specific conductivity in the direc- 
tion of the axis 2b and equal to 

K2 = K ~  4h~ (13) 
"n'a 

with K ~ the specific conductivity of the particle in 
2b. In highly hydrated systems, such as clay gels, it 

(7) seems to be acceptable to think that this term is 
negligible against K2- Thus K2 corresponds to the 
specific surface conductivity: 

4A~ 
K2 = K~ - (14) 

~ 7 " a  

t ,  t t  t t 
E E1 -}- E E1 - -  

t l 2  r 2  (E,) + (E,) 

t t t  E t t !  
E E l  - -  E l  _ _  

, I  2 I 2 (~,) + (E,) 

1 1 _(e;'--E~')[E;'(1--A~)+A~;']+(E~--E;)[~',(I--A~)+A~E;] 
+3P ~ [E~'(1 --A,) +A,,;']~ + [~(1 --A,) +A,~] ~ (8) 

1 E~E~' - -  E;'~; 

3P  ,~ [E~I(1- -A0+A~; ' ]2+ [ E ~ ( I - - A i ) + A ~ ]  2 (9) 

Three unknowns appear in these two equations: 
E~ the dielectric constant of the equivalent ellip- 
soid; e~' the dielectric absorption of the equivalent 
ellipsoid proportional to Ks, the conductivity in the 
axis i (i = a and b) and A~ the depolarization factor. 
If the left hand side of equation (9) equals zero, the 
case of a clay mineral system, one may solve these 
equations: 

E ' E i ' -  E"E', = 0  

~E~'  - -  E;'E; = 0 
t 

, ,  E 2  , 1  with the result E~ = ~7 E (10) 

when this result is put into equation (8) one obtains: 

31- E"E~+ E~E' ] = •  E~--E; 
C lj 

i (11) 

with h~ as surface conductance. 
In order to solve equation (12), K1 the specific 

conductivity of the dispersing phase has to be 
known. This phase will be defined as the super- 
natant obtained by centrifugation; the resulting 
conductivities are: lithium clay 98 .0Mhocm- ' ;  
sodium clay 143.6 Mhocm- ' ;  potassium clay 188 
Mhocm- ' ;  and cesium clay 127.8 Mhocm -1. 

Results 
The variation of the specific conductivity of the 

clay gel, K, a, as a function of the frequency is 
rather small, Fig. I. On the contrary, the absorption 
e"  varies very largely and is characteristic of a 
conduction of free charge carriers (Freymann and 
Soutif, 1960). 

No dielectric absorption, maximum in the plot 
e"  vs. log u has been detected in the used frequency 
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Fig. 1. Specific conductivity of 4 clay gels as a function 

of frequency at 25~ 

range. According to the theoretical approaches, a 
different maximum per each axis should be present. 
In the case of a clay mineral, one might expect two 
absorptions, or at least one for the longest axis. The 
fact that none is observed renders any interpre- 
tation of the data at least difficult if not impossible 
in the framework of the present theory. The high 
value of the conductivities of the system may 
possibly obscure these maxima. 

The variation of ,Ku, and ,Ks, as functions of the 
clay concentration are represented in Fig. 2 and 
Fig. 3. Ko vs. clay concentration shows a sigmoidal 
curve (Cremers, 1964), while Ks has a maximum. 
The behavior of the lithium clay is rather unex- 
pected, no explanation has been found for it. The 
maximum of Ks corresponds to the region where Kg 
is increasing the most rapidly. It seems that, at a 
certain gel concentration, the current transport is 
more efficient as a result of an optimum contact of 
the conduction zones, Table 1. 

Through the use of equation (14), the surface 
conductance k, may be calculated if the value of the 
semi-axis ,a, is known. The choice of this value is 
rather difficult in the case of the swelling lithium 
and sodium clays. It is impossible to evaluate the 
interlamellar distance by X-ray diffractometry. 
However, when the tangential character of the 
conduction is taken into consideration, the conduc- 
tion will be limited to a rather thin zone. I f4  mono- 
layers of water are assumed, then 2a = 30 ,~, the 
value of hs is of an order of 10 -9 Mho. In the case of 
potassium and cesium clay, the interlamellar dis- 
tances have been measured and are respectively 
17 ,~ and 15 ~. If 2 monolayers are taken, then 
2a = 20 ,~, the value of h, is also of an order of 

Table 1. Specific conductivity of the gel Kg, specific surface 
conductivity Ks, and surface conductivity ks as a function of 

the clay concentration at 1000 Hz 

Concs. KgmMho cm -1 KsmMho cm -t h8 Mho 
(%) 

Li 9.18 0.85 30.30 3.57 10 -a 
11.10 1.20 36.20 4.26 
16.50 2-06 41.70 4.91 
19.08 2.26 39-05 4.60 
23-19 2.44 33.80 3.98 
31-82 2.88 27-50 3.24 
41.79 3.16 21.40 1.52 
52.24 2.98 16.65 1.96 

Na 12.02 1.45 39.40 4.64 10 -9 
20.98 3.22 50.00 5.89 
31.23 9.91 38.20 4-50 
32.54 4-18 38.80 4.57 
37.64 4.35 33.60 3.96 
49.85 4.38 23.20 2.73 

K 23-72 1.82 23.20 1.82 10 -a 
26.30 2.32 27.60 2.17 
29.92 2.82 28.20 2.21 
34.92 3.24 26.85 2. t 1 
36.25 3.25 25.80 2.02 
38.89 3.39 24.50 1.92 
46.08 2.82 18-40 1-43 
59.03 3.60 14.50 1.14 

Cs 22.85 0.50 5.77 0.45 10 -9 
30.46 0.71 6.24 0.49 
32.90 0.72 5.84 0.46 
41.67 0.72 4.27 0.34 
41.73 0.81 4.85 0.38 
47.68 0.67 3.31 0.26 
56.22 0.93 3-78 0-30 

10-9Mho; a value generally accepted for the 
surface conductance. 

Up to now, only salt free systems have been 
studied; however, it may be interesting to have a 
closer look at systems with a definite double layer. 
The presence of electrolyte in the interracial region 
extends considerably the conduction zone, there- 
fore, a true volume conduction is possible. Thus it 
becomes difficult to define a surface conductivity 
and in order to keep the model of the equivalent 
ellipsoid, it is necessary that the extension of the 
double layer be relatively small in comparison with 
the size of the clay particles. Then the volume 
conduction will occur in a thin region and may be 
assimilated to a surface conductivity. 

The application of the theory seems thus to be 
more rigorous in the case of salt free systems. In 
these ones, the initial assumptions of the theory are 
certainly more nearly correct. 
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Fig. 2. Specific conductivity as a function of clay 
concentration for the 4 clay systems, at frequency 

1000 Hz and 25~ 
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Fig. 3. Specific surface conductivity as a function of clay 
concentration for the 4 clay systems, at 1000 Hz and 25~ 

INVESTIGATION OF THE EFFECT 
OF TEMPERATURE 

Experimental results 
Plots of  log e" vs. 1/T. As an example, such plots 

are shown in Fig. 4 for sodium montmorillonite at 
a series of clay concentrations. The variation of the 
log e" vs. the reciprocal of the absolute temperature 
is linear, and enables the calculation of the Arrhen- 
ius activation energy. The results are summarized 
in Table 2. 

Table 2. Activation energies (EA) in 
kcal/mol, of the high temperature region 
(H.T.), intermediate temperature region 
(I.T.) and low temperature region (L.T.) 

at 1000 Hz 

(%) EAH.T. EAI.T. EAL.T. 

Li 9.18 4.56 7.34 6-11 
20.60 4.08 11.95 6.49 
22.04 3.92 12.61 6-29 
31.84 3.43 13.38 6.28 
39.98 3.98 14.30 6.33 
44.32 4.00 14.38 6.90 
53.58 4.16 14.38 6.23 

Na 13.59 4.21 
14.76 4.56 
24-10 3.68 12.90 5.64 
29.30 3.81 13.25 5.84 
40.50 3.74 13.77 5-31 
49.58 4.01 14-70 5.07 
53.92 4.15 14.65 5.05 
60.90 4.38 15.10 4.97 

K 18.30 4.68 
22.46 4.56 7.66 5.43 
23.42 4.47 6.38 4.66 
29.51 4.47 8-56 4.59 
38-90 4.10 11.58 4.94 
43.33 4.20 12.20 5.45 
55.18 4.16 12.56 4.81 
59.16 4.43 13.41 5.30 

Cs 22.74 4-06 5.02 5'02 
28"57 3"74 5"70 5'70 
33.80 3 "88 6.93 5.69 
44"42 4.20 10"40 6"29 
45"36 4.38 10"20 6"34 
49"42 4.47 11 '67 6"38 
61 "39 4.75 12.59 6"28 

Three distinct regions are observed. The first from 
145~ up to 200~ which will be called the region 
of low temperature; the second from 200~ up to 
273~ the intermediate temperature region, and 
the third above 273~ the high temperature 
region. The first two regions concern the tempera- 
ture range in which the gel may be considered as a 
solid in a sense which will become apparent. The 
slopes in these regions have different values and it 
should be stressed that the high value of the slope, 
and thus the high activation energy, appear in the 
intermediate temperature region where the thermal 
energy is higher. The transition temperature 
between the two regions is 2 0 0 • 1 7 6  in the 
explored clay concentration range. A minimum 
clay concentration is reached below which these 
transitions disappear. This minimum varies with 
the nature of the sorbed ion. With changing fie- 
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Fig. 4. Plots of logE" vs. lIT for a sodium montmoril- 
lonite system at 1000Hz. Clay concentrations are: 
a -  13.59, b -  14.76, c -  24.10, d -  29.30, e -  40.50, f -  49-58, 

g-53.92, h-60.09. 

quency (100 Hz-20  kHz), the slope and the general 
appearance of the graphs do not vary. In the 
vicinity of 273~ the conductivity increases very 
sharply over an interval of 6~ The height of this 
jump decreases with increasing clay concentration 
and at constant clay concentration, the value 
increases in the following order: 

Cs > K >  N a >  Li. 

Plots o f  tan 8 vs. T. An example of such plots 
is shown in Fig. 5 for lithium montmorillonite at 
different clay concentrations. Several absorption 
peaks appear in the temperature range below 
273~ Two distinct peaks exist. The first, in the 
low temperature range, is a broad peak, with a 
rather small value for tan8 (between 1 and 2); 
it is impossible to calculate the activation energy 
of these absorptions for they are too flat to locate 
with any accuracy the corresponding temperature. 
The second peak, in the intermediate temperature 
range, close to 273~ may reach values of tan 8 
up to 60 and 70, especially for lithium and sodium 
systems. In the lithium and cesium clays, the main 
peak is a composite peak, a small one appears at a 
lower temperature; for sodium and potassium, the 
latter is absent. With increasing frequency, the 
peaks shift to higher temperatures; so, the one in 
the low temperature region will disappear at a 
frequency of 2000 Hz, for it would be located in 
the intermediate temperature region where, 

tan~~ Li- Montm 

50 

40 

30 

20 

f 

125 150 rPJ 200 225 :)50 275 300 

T ' K  

Fig. 5. Plots of tan 8 vs. T for a lithium montmorillonite 
system at 100 Hz. Clay concentrations are: a -  19-18; 

b - 20.60; c - 22.04; d -  31.84; e -  39.98; f -  44-32. 

obviously, other phenomena occur. The maxima in 
the intermediate temperature region, however, will 
with increasing frequency, never extend beyond 
273~ 

Plots o f  log E' vs. 1/T. Below 273~ no linearity 
has been observed; up to 180~ the value of 
log ~' is almost constant. Above 180~ the curve 
shows apparently sigmoidal parts, as shown in the 
example for potassium montmorillonite, in Fig. 6. 
The temperature of the inflection corresponds to 
the temperature of the maximum of tan 8, and this 
is generally true in the low temperature range. 
However, the large absorption of tan 8 in the inter- 
mediate temperature region does not, necessarily, 
correspond to particular variation in the curve 
log e', and renders any interpretation more difficult. 

Discussion 
In the presentation of the results below 273~ it 

has been stressed that the slopes of small value 
are situated in the low temperature region and the 
slopes of high value in the intermediate temperature 
region. Thus, the activation energy required for 
the process is the lowest in the low temperature 
region. 

When the conductivity or the diffusion coefficient 
over a wide temperature range is measured in 
ionic crystals containing a number of impurities, 
a similar variation of the activation energy is 
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Fig. 6. Comparative plots of log e', log e" and tan ~ vs. 
t IT for a potassium montmorillonite gel, at 1000 Hz. 

observed. In this case, the low temperature region 
is called the extrinsic region and the intermediate 
temperature region, the intrinsic region (Shewmon, 
1963; Girifalco, 1964). The experimental activa- 
tion energy in the intrinsic region is the sum of two 
activation energies (EA). 

E A -- experimental = �89 a -- creation 
+ EA -- displacement 

where the activation energies of creation and 
displacement concern the migrating lattice defect. 

In the study of the surface conductivity, it has 
been shown that the cationic motion occurs in a 
thin water layer. If  one supposes that the presence 
of the sorbed ion has a perturbating effect on the 
water structure, then this leads us to consider the 
cation as an impurity. It is the principal cause of 
the lattice defects in the water structure, which 
imply conduction by protons in this temperature 
range. This hypothesis enables us to interpret 
the succession of the activation energy in a con- 
sistent way, say, the nature of the conduction is 
the same over the considered temperature range. 

It is during the phase change at 273~ where the 
jump of the conduction occurs, that progressively 
the adsorbed cation participates in the conduction. 
Once 273~ is reached, the conduction is pre- 
dominantly cationic. 

The nature of these two types of conduction can 
account for reversing the order of the activation 
energies below and above 273~ as a function 
of the counterion. 

EA -- Li clay > EA -- Na clay > E a - -  K clay 
> E.4 - Cs clay 

The above order is found in the intrinsic region and 
is reversed at temperatures above 273~ 

This interpretation, ultimately hypothetical in its 
present form, accounts for the different experi- 
mental results. It is, however, too early to decide 
which type of lattice defect (rotational or trans- 
lational) is responsible for the conduction, (Frey- 
mann and Soutif, GrS~nicher et al.) or what role is 
being played by the sorbed cation in ordering its 
surrounding water molecules. 

Concerning the plots of tan ~ vs. T and of log e' 
vs. I / T ,  it seems difficult to give a rigorous inter- 
pretation. The absorption of tan8 in the low 
temperature region may be interpreted as a Debye 
dipolar absorption and is then to be attributed to 
the water molecules, (Freymann and Soutif; 
Gr~inicher et al.; Debye,  1929; Fr6hlich, 1958). 
As to the large absorptions in the intermediate 
temperature region, it is, however, impossible to 
decide on their physical origin. It does seem that a 
relation exists between the values of tan 8 and the 
swelling character of the system. 

It will be of great interest to investigate this 
complex problem more deeply. 
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R6sum6- La conductivit6 en surface de colloides d'argile montmorillonite sans sel, satur6s au lithium, 
sodium, potassium et au c6sium a 6t6 6tudi6e. La th6orie du comportement de di61ectriques h&6ro- 
g~nes adapt6s aux syst~mes ayant une densit6 de charge en surface, a ~t6 appliqu6e aux colloides 
d'argile. D'apr~s les calculs num~riques, il 6tait 6vident que la valeur du facteur de d~polarisation pou- 
vait &re extrapol6e h une, darts le sens du petit axe de la plaquette, ce qui signifie que dans cette direc- 
tion le champ d'action devient z6ro. Toutefois, le long de I'axe le plus long, l'action est compl/~te et le 
mouvement des porteurs de charge est surtout tangentiel h la plaquette. Les valeurs de la conductance 
de surface sont de I'ordre de 10 -'~ Mho. 

La recherche du comportement des mol6cules d'eau a 6t6 faite pour une gamme 6tendue de tem- 
p6ratures (145-320~ A des temp6ratures inf6rieures b. 273~ la conduction paraJt ~tre surtout 
protouique; les contre-ions sont considEr6s comme 616ments perturbateurs dans les structures des 
couches d'eau cr~ant ainsi un r6seau de d6fauts capables d'entrainer le courant. Au-dessus de 273~ 
la conduction est essentiellement due aux cations absorb6s, leur contribution commenqant au moment 
du changement de phase. 

Kurzreferat-Die Oberfl~ichenleitfiihigkeit von salzfreien, mit Lithium, Natrium, Kalium und C[isium 
ges~ittigten Montmorillonit-Ton-Gelen wurde untersucht. Die Theorie des Verhaltens heterogener 
Dielektrika, angepasst an Systeme mit OberflS.chenladungsdichte, wurde auf die Ton-Gele ange- 
wendet. Aus zahlenm~issigen Berechnungen ergab sich, dass der Wert des Depolarisierungsfaktors 
in der Richtung der kurzen Achse des PItlttchens bis zum Wert eins extrapoliert werden kann, wodurch 
ausgesagt wird, dass die Feldwirkung in dieser Richtung null ist. Entlang der langen Achse ist die 
Wirkung jedoch vollst~indig und die Bewegung der Ladungstr~iger ist im wesentlichen tangentiell zum 
Pl~ittchen. Die Werte der Oberft~ichenleitf'~ihigkeit sind in der Gr6ssenordnung yon l 0 -~ Mho. 

Die U ntersuchung des Verhaltens yon Wassermolekiilen wurde innerhalb eines weiten Temperatur- 
bereiches yon 145-320~ durchgefiihrt. Bei Temperaturen unterhalb 273~ scheint die Leitung 
vorwiegend protonisch zu sein; die Gegenionen werden als St6relemente in den Wasserschichtgef'dgen 
betrachtet, die eine Anzahl yon Gitterdefekten schaffen, durch welche Leitung des Stromes erm6glicht 
wird. Oberhalb 273~ wird die Leitung im wesentlichen durch die adsorbierten Kationen besorgt, 
deren Beitrag w~ihrend des Phasenwechsels beginnt. 
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Pe31OMe---PIccne]loBanacb nosepxHOCTHag HpOBO]IRMOCTb He co]Icpxau/Hx co Jill MOHTMOpHJUIOHH- 
TOBMX rJu~HCTblX reJIen, HacbmeHHblX JIHTHeM, HaTpHeM, KanHeM H Ue3HeM. T e o p ~  HOBe]IeHHH 
reTeporeHH~X ~e3~errpm~oB, HpHcHOCO~YleHHa~I KTI~I CHCTeM, o 6 n a ~ a ~ n m x  rlOBepXHOCTHO]~ 
H.qOTHOC'rblo 3 a p ~ a  HpHMeH~Jzacb IS cJITvae rmmHCrbLX l'CJIei~.tIHcJIOBOe BblzIHcJIeHHe gCHO HOKa3aJIO~ 
�9 fro 3Haqelme XO~b~bHL~eHTa ~eHo~.~px3aH~x MOXeT (SblTb 3KcTparloY[HpOBaHO ~O e~/HHtlbl riO 
HanpasYleRHIO MaYIoI~ OCH HJIaCTHHO~H, a 3TO o3HatlaeT, qTO ~egCTSHe nOJI.q B :}TOM sanpaBneHHH 
paBI-I~eTCg Hy.rIIO. O~iair  B~O.)lb K/IHHHOg OCH aegcTsee  noaHoe s ~ s ~ e i m e  HOCHTe.rIe]~ 3aps~a  
S cyIIIHOCTH TaHreHI~aJ~HO X 3TOg naaCTHHXe. 3HaSeHHS IIoBepXHOCrHOII HpOBO]IHMOCTH n o p s ~ a  
1 0  - 9  M K ~ .  

~Icc31C~OBaHHe IIOBe/leHHg Mo31eKyH BO~bl HpOBO~H/IOCb B UIHpOKOM TeMnepaTypHOM ~Hafi~OHr 
(145-320~ UlpH xegnepaxypax  HHxe 237~ npoBoaaMocrb Kax BH~HO npeH~ymecTBeHHO 
npoTomm~; npo~aBoaoabi  c,mxa~oT paccrpaHBmOmmm~ 3~eMeHTaMI~ e c r p ~ x y p a x  s o ~ a o r o  
c~oa, o~pa3y~ TeM CaMb~M pa~ ~e0es-ros  pemeTXH, ~OTOpb~e MOryT nepeHoca~,  TOX. Cssn~e  273 ~ 
n p o s o ~ o c ~ ,  a ~ r c ~  no c y ~ e c x e y  c ~ e ~ c ~ a e M  a~cop~po~aHab~x ~aTao~oe, npw~eM co~eg- 
c re~e  ax  aa~m~ae~c~ so  upeMg ~ba~oeoro npespameua~ .  
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