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Abstract--This study deals with the analysis of dielectric measurements made on montmorillonites 
saturated by bivalent cations. These measurements are performed between -150~ and +30~ at 
frequencies ranging from 300 to 10,000 Hz. Their interpretation is based on a numerical analysis 
allowing determination of the dielectric losses due to free charge carriers conductivity phenomena 
and losses due to relaxation phenomena. The free charge carriers conductivity is due to the movement 
of protons. It depends very much on the nature of compensating cations and on the water content 
and seems to be closely related to the characteristics of the swelling. 

Two types of relaxation phenomenon are described: a Debye relaxation due to electric dipole 
rotations and a Maxwell-Wagner relaxation due to heterogeneity effects. The analysis of the first 
phenomenon leads to the examination of the values of the relaxation time. It appears that the rotations 
of water molecules are difficult with bivalent cations. This essentially is shown by the high activation 
energy of the phenomenon. The discussion of these parameters shows that the state of adsorbed water 
molecules are certainly different as compared to the state of water molecules in ice or in liquid water. 
The characteristics of the second relaxation phenomenon are closely dependent on the free carriers 
charge conductivity. 

Among the physico-chemical methods used in clay 
mineral studies, dielectric measurements offer many 
possibilities for obtaining information about the sur- 
face properties of layer-silicates. Dielectric measure- 
ments have been especially useful in the analysis of 
some characteristics of adsorbed water on montmoril- 
lonite (Fripiat et al., 1965; Weiler and Chaussidon, 
1968; Mamy, 1968). 

In an alternating electric field, a clay sample is 
characterized by a complex dielectric constant: E* = 
E ' - j e " ,  where e' is the real dielectric constant of 
the material and E" is the loss factor. This last term 
is proportional to the energy dissipated in the dielec- 
tric medium (Bottcher, 1952), and is made up of 
several components due to conductivity and relaxa- 
tion phenomena. As a consequence, the results of the 
measurements cannot be directly interpreted, and  the 
experimental curves log (C)= f (reciprocal tempera- 
ture) have to be numerically decomposed into differ- 
ent parts corresponding to the conductivity and relax- 
ation phenomena. 

E X P E R I M E N T A L  R E S U L T S  

The clay used is the montmorillonite of Camp Ber- 
teau, the formula of which is 

(Si4) [(All.46 , 3  + Feo.15 ) 3  + Mgo.33 ] 2  + O10 (OH) 2 M + 3 9  ' 

The measured exchange capacity is 116 m-equiv,/ 
100 g of clay dried at 1000~ 

Dielectric properties were determined on clay sam- 
ples made of pressed powder (30 kg/cm2). These sam- 

c.c.~l. 23 4 

pies were equilibrated over sulfuric acid solutions in 
order to fix their water content. The measurements 
were made between -150~ and +30~ for the fre- 
quencies: 300, 500, 1000, 2000, 5000 and 10,000 Hz. 
The technological details of the cell used have been 
published by Mamy (1968). The apparatus consists 
of a generator Wayne-Kerr S 121, an electrical bridge 
Wayne-Kerr B 221 and a wave analyser Wayne-Kerr 
A 321. 

The experimental results are represented by two 
sets of curves: log C =f(1/T)  and tO6 = e"/e'= 
f'(T). Such curves are obtained for each cation 
(Mg 2§ Ca 2+, Sr 2§ Ba 2§ at one frequency, for a 
given water content (it will be always expressed in 
g water/100 g of clay dried at 250~ The variation 
of log E" are given in Fig. 1. 

In previous work (Calvet, 1972 a) we have shown 
that it was possible to describe two conductivity 
phenomena for montmorillonites saturated by mono- 
valent cations (Mamy, 1968). One of these conductivi- 
ties is dominant at low temperatures (< -100~ and 
is designated by al,  the other is dominant at high 
temperatures and is designated by a2. The corre- 
sponding dielectric losses are e~ and e~. We have also 
described two absorption phenomena. The first, is 
weak and can be attributed to a Debye relaxation 
(e~ = dielectric loss), the second, much stronger is 
only visible for water contents greater than 9"5~o and 
is due to a Maxwell-Wagner relaxation (dielectric 
loss = E~). Thus, the total dielectric loss e" is: 
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Fig. 1. Variations of the logarithm of the total dielectric 
loss against the reciprocal temperature. For each curve, 
the scale of log d' is shifted in order to avoid overlaps 

of the curves. 
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Using a numerical method, it is possible to obtain 
the values of the parameters which determine e';, e~, 
e~ and e". These values are adjusted in order to obtain 
the best fit between the curves representing log (E" 
experimental) and log (d' calculated). 

Figure 2 shows two examples of decomposition of 
the curves log E" selected so as to represent the main 
types of experimental curves (from Calvet, 1972 a). 

Conductivity phenomena 
We have observed that the values 0f0-2 decrease when 

the frequency of the applied electric field increases. 
Thus, we can say that 0-2 is really due to the displace- 
ment of charge carriers (Freymann and Freymann, 
t954). 

The relation between the conductivity and the tem- 
perature is given by the Arrhenius law: 

o1 = ~01 exp(-  W1/RT) 
G 2 = 0"02 exp(-Wz/RT) 

cr 1 and 0-2 are calculated from the values of the corre- 
sponding dielectric losses: 

~ = COl exp(-W1/RT), Co 1 = aox/2rcw o 
E~ = Co2 exp(-W2/RT), Co2 = ao2/2nWo (2) 

where v is the frequency and Ko the vacuum permit- 
tivity. The constants Co~, Cos and the activation ener- 
gies W~ and W2 are given by the numerical calcula- 
tion. 
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Fig. 2. Results of the numerical analysis of the curve log 
E" = f ( 1 / T ) .  (Calvet, 1972a). 

At temperatures below - 100~ the dominant con- 
ductivity a 1 is essentially characterized by a low acti- 
vation energy (1-3 kcal/mole) probably due to the 
migration of protons by tunnel effect. However, the 
most interesting results are those of the other conduc- 
tivity phenomenon a 2 which we shall examine in 
some detail. Figure 3 represents the variations of log 
a2 as a function of the clay water content at 20~ 
for 1000 Hz. 

It appears that the conductivity of the hydrated 
mineral depends on the nature of the exchangeable 
cation and is much greater for the sodium-day (for 
this clay, the results are taken from Mamy, 1968). 
It also depends on the water content which deter- 
mines both the nature of the influence of the cation 
and the intensity of the phenomenon. With the con- 
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Fig. 3. Variations of the conductivity with the water 
content. 

ductivity values as a basis, three domains of water 
content can roughly be defined: 

(1) < 13-14%: O'Ba > O'Sr > O'Ca > GMg ~ 

(2) (13-14%) to 20% aBa --~ aSr -~ O'Ca ~- (~Mg, and 

(3) <20%: aB, --~ asr > aMg > CrCa. 

It is interesting to compare the conductivity vari- 
ations with those of the 001 spacings of the clays 
which are given in Fig. 4 (from Calvet, 1972 b). First, 
we note that when the water content is less than 14%, 
the values of 001 augment in the order 
Ba 2+ < Sr 2. < Ca 2+ < Mg 2+ which is the inverse 
of the conductivity order. A low 001 value is thus 
associated with a high conductivity for these 
hydration states. We can see also that an important 
increase of the 001 spacing is not always accompanied 
by a great increase of the conductivity which can be 
constant as in the case of the Ba-clay. Another obser- 
vation deals with the clay at water contents greater 
than 20% for which the increase of 001 spacing is 
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Fig. 4. Apparent spacing dooa for different water contents. 

https://doi.org/10.1346/CCMN.1975.0230401 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1975.0230401


260 R. CALVET 

Table 1. Activation energy of the conductivity 
phenomenon 

Cation Mg 2 + Ca 2 + Sr 2 + Ba 2 + 

Water content 
g 100 g 7 7 7 6.2 

W2.k cal mole -~ 5.8 7 9.3 8.2 

Water content 
g/100 g 16.4 18.4 17.6 17.2 

W 2 . cal mole-~ 9.8 9 9.4 6 

Water content 
g/100 g 20-9 22.4 21.6 

W2.k cal mole -~ 10 9'2 8.4 

small even thougla tlae conductivity increases very 
much. 

The act ivat ion energy of the conductivity a 2 is 
higher than  that  of the conductivity aa. Some values 
obtained by the numerical  adjustment  are given in 
Table 1. 

Relaxation phenomena 

Debye relaxation phenomenon. The dielectric loss e~ 
and  the tangent  of the loss angle 6d are given by the 
following expressions (Cole. 19411: 

sin (r/~/2) (~o%)" 
e,~ = r/d. 1 ~ 2 COS (r/n/2)(09%)" ~ ((,O"Cd) 2" (3) 

t96e = e] = (Q - l / s i n  (qn/2). (OOZe)" 
Q + (Q + 1)cos (~7=/2).(o~%)" + (~ozd) 2" 

(4) 

where: 

e5 = real dielectric constant  
r / d -  Eo - - e ~  and  Q = eo/e~; Eo and  E~ being re- 

spectively the static and  high frequency dielectric con- 
stant. 

Table 2. Numerical values of ~/n 

Frequency 300 1000 300 1000 300 1000 300 1000 

% 4 9.5 11.8 
Mg 2 + water 

t/a 51"8 21"5 47"5 39"3 47"8 39 218 20"8 

% 3"8 9"5 13 
Ca 2 + water 

~d 72"2 62 93"4 69"8 151,4 117 87"6 61"8 

1"5 5 9-8 
Sr z+ water 

~/a 13"2 9"3 41"1 40"9 65"1  68"4 38"8 17"5 

% 
Ba 2 + water 

1 "5 5 6"2 8"3 

r/n 32"3 16"3 90"2 79"3 90 94 

Table 3. Values of Tem, T'em and A d for Ca-montmoril- 
lonite at a water content of 7% 

Frequency ~m Tim An x 103 
HZ ~ ~ 

300 248 229 0.337 
500 251 232 0.332 

1000 257 237 0.326 
2000 261 242 0.299 
5000 269 248 0"318 

10.000 276 255 0"298 

% = relaxation time. In terms of the theory of rate 
processes, it is expressed as fGladstone et al.. 1941): 

h 
Zd -- ~ .  exp ( - -  ~ )  exp ( R ~ )  = "toe exp ( ~ )  (5) 

with AS and AH representing the entropy and  
enthalpy of activation. 

n = parameter  which describes the spread of the 
relaxation time 

T = absolute temperature 
h = Planck constant  
k = Bol tzman constant  

R = molecular  gas constant  
o) - 2~zv; v = frequency. 

The parameters  ;'/e, rid, Zoe and  n are obtained by 
the numerical  calculation. 

Numerical  values of e0 and  E~ are calculated 
from r/a and Q. Table 2 gives some values of q,; 
corresponding to the max imum of E~, at  two fre- 
quencies and  for different water contents. Since Tam, 
the temperature  of the max imum of e~, increases as 
the frequency increases, Table 2 shows that  the value 
of t/d is a decreasing function of the temperature.  This 
is i l lustrated by Fig. 5 where t/a is plotted against  
1~Trim. It appears that  we have a relation of the type 

K 
r/a - r/o + ~ = Eo - e~ (6) 

with t/o and  K - constants.  
This  relat ion is at  least valuable for temperatures  

not  too far from the domain where the maxima of 
e~ are observed. 

The ratio Q = e0/e~o is calculated from the relation 

(t0 ~d) ~ 0 O(1/T) 

which occurs for T =  Tim , the temperature of the 
maximum of t9 6e. In doing this calculation we have 
taken 

d 
d(1/T) (E~) - 0 

(Eisenberg and  Kauzmann.  1970: Kelly and  Salomon. 
1969~. 

Furthermore.  it is interesting to note tha t  the ana- 
lytical expression of Tim obtained by using (4) leads 
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Fig. 5. Variations of r/d against 1/T. 

Table 5: Values of the relaxation time z a 

T ~ 263~ T = 293~ 

W a t e r  con ten t  l iquid* 
Ca t ion  g/100 g za Ice* z n water  

M g  z+ 7 7"6 10 - 4  9"5 10 -6  
Ca  2+ 7 5.5 t 0  -5  3"8 10 -6  1"1 10 -7  9"6 10 -12 
Sr 2+ 7 7.4 10 -6  3.2 10 -7 
Ba  2+ 6.2 1.8 10 - 4  1"6 10 - s  

* These values are taken from Eisenberg and Kauzmann 
(1969). 

to the following relation: 

1 1 1 
/_~G + (7) 

T/tm - rlfla Tam 

where G is a function of K, ~/a, Q, n and 3a. This 
formula has two consequences: 

(1) we have always Tam < Tam: 
(2) the difference 

1 1 
A Tam Tdm 

decreases as the frequency v increases since it can 
be shown that G is a decreasing function of v. Table 
3 gives the values of Tam derived from the numerical 
adjustment and of Tam directly obtained from the ex- 
perimental curves of tg 6. It appears that the previ- 
sions deduced from (7) are verified, which confirms 
the validity of the calculation used in this work. 

A small error on Tam leads to a great error on 
the value of Q. Thus, although the temperatures Tam 
are correct, it is not possible to calculate the exact 
values of Eo and e~. We can only give approximations 
which for montmorillonites saturated by bivalent 
cations are: 

E~ ~ 10 and Eo -~ 50"100 (at 250 KI 

In terms of the theory of rate processes the relaxation 
time za is described by the relation (5). The entropy of 
activation AS is always positive and its absolute value 
is about 30 cal/mole'degree. This means that the 
polarization increases very much the ordering of the 
dipoles through an important molecular rearrange- 
ment. Table 4 contains several values of the enthalpy 
of activation M-/. Examples of za values are given in 
Table 5. 

Maxwell-Wagner relaxation phenomenon. This 
relaxation phenomenon is characterized by the fol- 
lowing features; (a) the corresponding absorption is 
intense and is revealed by a high maximum value 
both on the log e" = f ( l /T) and t9 6 = f (T) curves 
(the maximum value of e~ is frequently higher than 
1000), (b) it is only visible in systems with a water 
content higher than 10-13~o, (c) for a given water con- 
tent the maximum of absorption shifts towards the 
high temperatures when the frequency increases. For  
a given frequency it shifts towards the low tempera- 
tures as the water content increases. 

This phenomenon can be due either to an hetero- 
geneity of the aggregates or to the heterogeneity of 
aggregate arrangements. We are concerned with clay 
samples as mixtures of a conducting medium, the 
water in all its different forms, and of an insulating 
material, the silicate layers. In order to describe the 
electric properties of such a system, we have used 
the theory of the Maxwell-Wagner effect in the form 
proposed by Sillars (1937). This theory is based on 
a model in which the conducting medium made of 
ellipsoidal particles, is dispersed in the insulating 
material. Since it IS supposed that the particle dimen- 
sions are small as compared to the distances between 
them. the foreseen electrical effects may be underesti- 
mated [Sillars. 1937). In this theory, the dielectric loss 
of the heterogeneous material is given by: 

UEI  2 
e;  - qe~ [ei(L - 1) + e l i  2 + e~ 2" (8) 

where 
el = dielectric constant of the silicate layers. We 

have supposed during this work that it is 
independent of the temperature 

Table 4, Values of the enthalpy AH of the Debye relaxation phenomenon 

Mg 2+ Water content 4 7 9.5 11.8 
AHk cal mole -1 23.4 + 1.2 22.2 • 1.2 19.2 _ 1.6 17.2 ~_ 1.4 

Ca 2+ Water content 3.8 7 9-5 13 
AH k cal mole-1 20 -c_ 3 19.8 _+ 1.4 23 + 2.6 25 + 2.8 

Sr 2+ Water content 1'5 5 7 9.8 
AHk cal mole -1 18.8 _+ 0.8 14.8 _+ 0-8 16 _ 1.1 21 - 3.6 

Ba 2+ Water content 1"5 5 6.2 8.3 
AHk cal mole -1 17'8 + 1.5 1%2 z 1.4 12.6 _ 1.1 10.8 ~- 2-2 
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E~ = dielectric constant of the conducting medium 
E~ = dielectric loss due to the conductivity pheno- 

menon 
q = volume proportion of the conducting medium 
L = function of the axis dimensions of the ellipsoi- 

dal conducting particle. When L > 1 we have 
an elongated particle. 

The relation (8) can be written as: 

1 + (D2T2 w 

with: 

L2e~ a 
tlw = q e'l(L - 1) + eh 

(9) 

e](L - 1) + ~ 
coz w - (10) E~ 

o)% = COZow exp (flw/T) 

flw = AHw/R,  AH,~ being the activation energy as- 
sociated to the relaxation phenomenon. The formulas 
(9) and (10) are used in the numerical adjustment. 
The values of flw and that of the activation energy 
I412 of the conductivity a2 are related by: 

W2 = R f w  (11) 

(This can be shown from formulas (2) and (9)). 
Values of W2 and Rflw obtained by the adjustment 

are given in Table 6. Since they are with an error 
of about 10~ we see that the equality (11) is rather 
well verified. We can thus conclude that the studied 
relaxation phenomenon is really due to a Maxwell- 
Wagner effect. 

D I S C U S S I O N  

It has been shown that the conductivity of a hy- 
drated clay without free salts is due to the migration 
of the protons (Fripiat et al., 1965; Calvet and Mamy, 
1971). As a consequence, the characteristics of this 
conductivity phenomenon must be closely related to 
the properties of adsorbed water. 

Before discussing the results obtained for the con- 
ductivity a2, it is interesting to make some comments 
on the swelling of montmorillonites saturated by biva- 
lent cations. Th e  first hydration step for these 
minerals is probably the formation of hexahydrates 

Table 6. Comparison between the values of W 2 and R flw 

M f  + C a  2+ S r  2+ B a  2+ 

Water content 
g/100 g 16.4 18-4 17.6 6.2 

Wz k cal mote-~ 9.8 9 9-4 8.2 
Rfl w k cal mole-a 9.9 10.7  10.7 9.3 

Water content 
g/100 g 20.9 22 .4  21.6 

W2 k cal mole-1 10 9.2 8.4 
Rflw k cal mole -~ 12.7 10.6 9.8 

of the compensating cations (Glaeser, 1953). This 
brings about an expansion of the silicate layers which 
leads to an interlamellar spacing of approximately 
two molecular diameters of water. Then, as the 
hydration increases, a fraction of the newly adsorbed 
molecules occupies the space left by the hydrated 
cations on the accessible internal surface and on the 
external surface. Let us call the molecules of this frac- 
tion, the 'filling' molecules. So, two layers can be 
separated without interlayer spaces being completely 
filled. Figure 4 shows that the swelling is greatly in- 
fluenced by the nature of the cations. For  a given 
water content below 20~, the swelling increases in 
the order: Ba 2+ < S& + < Ca 2+ < M f  +. Thus, it is 
probable that the number of "filling" molecules fol- 
lows the inverse order, being greater with Ba z+. 
Moreover, when the water content is raised, one can 
think that a great variation of door must be associated 
to small or no increase of the number of the 'filling' 
molecules, and on the contrary, a small variation of 
dool must be associated to a great increase of the 
amount  of these molecules. 

When we consider the values of the conductivity 
az and the characteristics of the swelling just dis- 
cussed, we are led to conclude that a high value of 
tr2 is probably due to the presence of a large number 
of 'filling' molecules. Under  these conditions we can 
write the following relations shown in Table 7. 

Figure 3 shows that Na-montmorillonite has a 
higher conductivity than the clays saturated by biva- 
lent cations whatever the water content. This can be 
due to a greater ability of molecular arrangement to 
transfer the proton and/or to a larger number of "fill- 
ing' molecules. Thus, it appears that this kind of 
water molecule seems to play an important part 
because these molecules can be an efficient transition 
state for the movements of the protons, or can build 

Table 7. Relations between the conductivity and the variations of the apparent spacing d0o 1 

Number of 
Water content 'filling" 

g/100 g d001 molecules Conductivity 

Low value 
<14 (Ba<Sr  < C a < M g )  ( B a > S r > C a > M g )  ( B a > S r > C a > M g )  

14-20 + + + + or 0 + or 0 
>20 + + + +  + + +  

0: no increase. + :  small increase. + § + :  great increase. 
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up a continuous water film on the surface and ensure 
the interaggregate contacts. Otherwise, it has been 
shown that this last argument holds in the case of 
calcium-phlogopite (Mamy, 1972). 

Although the dielectric measurements have been 
made at different temperatures, the preceding discus- 
sion is always valuable as long as the water content 
is less than 25-30%. For higher hydration states, it 
has been shown that the doo~ value is modified during 
freezing and that ice is formed outside the clay aggre- 
gates (Anderson, 1965, 1971). This is probably the 
case for the clay at 30% water. However, we have not 
observed a transition phase on the log ~" curves 
owing to the Maxwell-Wagner relaxation phenom- 
enon. 

It must be noted that we have no observations con- 
cerning the Debye relaxation phenomenon for water 
contents greater than -~ 12%. This is because the cor- 
responding e~ values become small as compared to 
the other dielectric losses ~ and E~. Under these con- 
ditions, it was not possible to take into account E~ 
in the numerical calculation used to decompose the 
curve log e" = f (1 /T ) .  So, this part of the discussion 
is restricted to water contents of less than -~12%. 

Compared to sodium-montmorillonite, the clays 
saturated by bivalent cations present high values of 
e~ and %. 

Na-montmorillonite: e~ = 3"5; 
c0 = 18'5 (175 K) (Mamy, 1968) 

Bivalent cation: e~ -~ 10; 
Co -~ 50-100 (250 K). 

Except possible variations of the polarizability, the 
observed difference could be due to the rotations and 
translations of water molecules (Haggis et al., 1952), 
suggesting that the number of hydrogen bonds is 
greater in a hydrated Na-clay than in the montmor- 
illonites with bivalent cations. 

The theory of Kirkwood states that (Eisenberg and 
Kauzmann, 1969); 

Co = 2~N* mzg 
k T '  

where 

N* = number of dipoles per unit volume 
rn = average dipole moment 
g = Kirkwood correlation parameter. 

This relation shows that E0 must decrease as the 
temperature increases, in agreement with the results 
previously given (see formula 6). Moreover, taking 
into account the polarizing power of monovalent and 
bivalent cations we can write: 

m(Ca) > m(Na) and g(Ca) > g(Na) 

These inequalities can explain the difference between 
the observed values of %. 

Two other points relative to the Debye relaxation 
phenomenon are interesting to discuss: the values of 
the relaxation time % and the value of the activation 
energy. The first value allows us to get some informa- 
tion relative to the rotational movements of water 
and the displacements of protons. This can be done 
by comparing the mean interval between two success- 
ive associations of a given water molecule with a 
proton: zH2 o to the rotational correlation time Zrd. For 
the systems studied here, z,a is of the same order of 
magnitude as za since: 

3E0 + Zoo 
" ~ r d  - -  T" d 

3Eo 

The value of ZH2o is given by Eisenberg and 
Kauzmann (1969). 

[H20 ] 1 
TH20 = "OH+ [H +] "OH+ 

where zu+ is the mean period of association of a pro- 
ton with a given water molecule. Its value is roughly 
10 - 1 2  - -  10  - 1 3  S. ~ i s  t h e  dissociation coefficient of 
the water molecule which we have taken equal to 
10 -3 - 10-* for the adsorbed state (Fripiat et al., 
1965). Table 8 shows the comparison between clays 
saturated by monovalent and bivalent cations and the 
water or the ice. 

From the values given for z d in Table 5 we have the 
order of magnitude of zra. The figures contained in 
Table 8 sugges t that in ice, water and also for water 
adsorbed on Na-montmorillonite, the water mole- 
cules experience many orientations between two suc- 
cessive associations with a proton, because %a < Zn2o 
for the water adsorbed on clays saturated by bivalent 

Table 8. Comparison between zlL o and Zrd 

T = 263~ T = 293~ 

Clays Clays Clays Clays 
saturated saturated saturated saturated 

by bivalent by monovalent by bivalent by monovalent 
cations cations Ice* cations cations Liquid water 

10 -4. -- 10 -3 10 -4 -- 10 -3 5"4 10 -14 10 4 - -  10-3 10 -4 -- 10 -3 1"8 10 -9 

"oH2 o 10 8 - 1 0 - 1 ~  1 0 - 8 - 1 0  -1~ 1"85-1"8510 1 10-8_10 lo 10 s - 1 0 - 1 ~  

zra 10 -4 - 10 -5 10 -1~ 3"8 10 - 6  10 -5 - -  10 - 6  10 - 1 2  9"6 10 - 1 2  

* The corresponding values are taken from Eisenberg and Kauzmann (1969). 

https://doi.org/10.1346/CCMN.1975.0230401 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1975.0230401


264 R. CALVET 

cations the water molecules do not have enough time 
to experience a rotation between two successive as- 
sociations with a proton, because zre > ZH~O- 

The relaxation phenomenon associated with 
adsorbed water is characterized by a wide spread of 
the relaxation time (computed value of n = 0.34 what- 
ever the cation). This means that there are a large 
number of different environments for the water mole- 
cules adsorbed on the clay surface. A similar conclu- 
sion was deduced from the analysis of the repartition 
of water molecules relative to the exchangeable 
cations (Calvet, 1973). 

The values of the enthalpy of activation are rela- 
tively high except for the montmorillonite saturated 
by Ba 2+ at 6.2 and 8.3% of water. We note also that 
with bivalent cations M-/is  always greater than with 
monovalent cations for which the mean value is about 
10-12 kcal/mole (Mamy, 1968). 

We have to remark that the activation energy AH 
of the relaxation process is greater than the activation 
energy of the conductivity a2. This implies either that 
the rotations of water molecules are not a limiting 
factor for the conductivity or that the relaxation 
phenomenon must be attributed to molecules which 
do not participate to the conductivity phenomenon. 

The second relaxation phenomenon called Max- 
well Wagner relaxation is due to the heterogeneity 
effects and is described by the formula (8). The sam- 
ples used are made of compressed aggregates of clay 
and the meaning of the parameter L is not simple. 
We can only say that, the greater the value of L, 
the greater the length of the conducting pathways (the 
lengths are taken parallel to the electric field direc- 
tion). We can think also that L should be related to 
the structural properties of the samples such as the 
porosity and the tortuosity and to the water content. 
However we can get some information about the 
part played by the parameter L. Let us consider the 
relation which gives the value of the temperature Twm 
corresponding to the maximum of ew. 

1 1 L.( Co22 ) 
Tw m - -  w2 \ e ' l ( L  - l) + e~ (12) 

eo 

o 

-g 

4.0-- 

&.=-- //[:" �9 Mg 

i/~. / 0 Co 
rnSr 

/ / zx 8a 

c~qi I I 
~0 20 30 

% of wofer 

Fig. 6. Effect of the water content on the value of Twin. 

It appears that Twm decreases as the conductivity 
~r 2 increases (increasing Co2, decreasing W2). The 
dehydration of the clay is thus accompanied by an 
increase of Twm since a2 decreases during this process. 
This is shown by the Fig. 6. However, a large increase 
of a2 does not lead always to an important diminu- 
tion of Twm. For example, at a water content of about 
30%, the values of T~,m are not very different from 
those observed at 20% whereas the conductivity has 
increased very much. Under these conditions, the 
relation (12) shows that L must be greater at 30% 
than at 20%. We can thus relate a marked increase 
of L to a greater increase of a2. This result confirms 
the preceding conclusion as to the role of 'filling' 
water molecules. When their number increases the 
conducting pathways length is raised either by the 
filling of the interlamellar spaces or by setting up in- 
teraggregate contacts through accumulation of water 
on external surface. 

Generally, the interpretation of conductivity 
measurements made on clay samples are difficult on 
account of the Maxwell-Wagner relaxation pheno- 
menon. This is due to the fact that it is not easy 
to separate the contribution of free charge carriers 
from that of the heterogeneity effect. Thus, it is inter- 
esting to evaluate the importance of this difficulty. 
Putting 

A = qL 2 el 2 and B = [E'I(L--1) + ~.~]2 
we have from formula (8): 

AE~ 
i t  _ _  

* 1 2  " ew B + E 2 

Since the measurements are made at temperatures 
below 30~ we are essentially concerned by the case 
T <  Twin especially for low water contents. Under 
these conditions e~ 2 ~ B so that e~ -~ (A/B) e~. Then 
the total dielectric loss is: 

e " = e ~ + e 2 =  + 1 E~ 

= C02 ~ +  1 e x p ( - W 2 / R r )  

(in general, in the domain of temperature where we 
have to take into account E" and e~, we can neglect 
e~ and e~ since their values are very small. See, e.g. 
Fig. 2. 

The analysis of the possible values of A and B 
shows that the ratio A/B is always less than unity. 
Thus, the upper limit of E" is 2e~. Moreover, for low 
water contents (generally below 7%), we see that it 
is possible to get directly the correct value of the acti- 
vation energy of the conductivity a 2 from the 
measurements of the total dielectric loss at different 
temperatures. On the contrary, this is not the case 
for the preexponential term which is not equal to Co2. 

C O N C L U S I O N  

Two kinds of conclusions may be drawn. The first 
concerns the method, used in this work to analyse 
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the experimental results of dielectric measurements. 
Because of their complexity, these results cannot be 
interpreted directly and it is necessary to perform a 
numerical analysis in order to describe the conduc- 
tivity and relaxation phenomena. In spite of the 
hypothesis contained in the formalism used to repre- 
sent the dielectric behaviour of the clay samples and 
of the approximations included in the numerical cal- 
culation itself, it is possible to obtain precious infor- 
mations concerning the characteristics of the conduc- 
tivity and relaxation phenomena. 

The second kind of conclusion is related to the 
large amount  of information provided by the dielec- 
tric measurements. Furthermore, this information is 
situated at two different levels. Some concern the 
molecular properties of adsorbed water molecules, 
others are related to macroscopic properties of the 
clay samples, that is to say, the properties directly 
determined by the arrangement of the clay aggregates. 

The study of the dominant  conductivity phenom- 
enon at high temperatures and of the relaxation 
phenomena allows us to emphasize some aspects of 
the clay-water relationships such as the characteristics 
of the swelling, the properties of adsorbed water. 

It appears that the conductivity is largely deter- 
mined by the 'filling' molecules, i.e. molecules which 
are not those of the hydration of the compensating 
cations. Their role probably is to allow the transfer 
of protons both in interlamellar spaces and between 
the clay aggregates. On the other hand, the results 
of the Debye relaxation show that the water mole- 
cules concerned by this phenomenon probably do not 
participate in the conductivity. We can conclude also 
that the dielectric properties of adsorbed water are 
extensively dependent on the nature of the exchange- 
able cations and clearly different from that of ice or 
liquid water, at least when the water content of the 
clay is less than 25-30%. 

Concerning the Maxwell-Wagner relaxation, two 
points have to be noted; Firstly this phenomenon can 
probably be used to study the structure and proper- 
ties of clay aggregates since its variations are closely 
related to the conductivity and secondly it can be 
also troublesome for the measurement of the conduc- 
tivity due to free charge carriers. However we have 
shown that it is possible to neglect it for the deter- 
mination of the activation energy of this process for 
clays with water content less than 7~. 

REFERENCES 

Anderson, D. M. and Hoekstra, P. (1965) Migration oI 
interlameUar water during freezing and thawing of 
Wyoming bentonite: Soil. Sci. Soc. Am. Proc. 29, 498- 
504. 

Anderson~ D. M. and Tice, A. R. (1971) Low temperature 
phases of interfacial water in clay water systems: Soil 
Sci. Soc. Am. Proc. 35, 47-54. 

Bottcher, C. J. F. (1952) Theory of Electric Polarisation. 
Elsevier, Amsterdam. 

Calvet, R. (1972a) Absorption dipolaire et conductivit6 
de l'eau adsorb6e sur la montmorillonite calcique: Proc. 
lnt. Clay. Conf. Vol. II.' Madrid. 

Calvet, R. (1972 b) Adsorption de l'eau sur les argiles: 
6tude de l'hydratation de la montmorillonite: Bull. Soe. 
Chim. France. 8, 3097-3104. 

Calvet, R. (1973) Hydratation de la montmorillonite et dif- 
fusion des cations compensateurs--l: Etude de l'hydra- 
tation de la montmorillonite satur6e par des cations 
monovalents: Ann. Agron. 24 (1), 77-133. 

Calvet, R. and Mamy, J. (1971) Sur la nature des charges 
responsables de la conductivit6 61ectrique des argiles: C. 
R. Acad. Sci. Paris, 273, 1251-1253. 

Cole, K. S. and Cole, R. H. (1941) Dispersion and absorp- 
tion in dielectrics I. Alternating current characteristics: 
J. Chem. Phys. 9, 341-351. 

Eisenberg, D. and Kauzmann, W. (1969) The Structure and 
Properties of Water. Clarendon Press, Oxford. 

Freymann, M. and Freymann, R. (1954) Spectre hertzien 
et structure des solides II: Absorption Debye de l'eau 
libre et de l'eau li6e: J. Physique Radium 15, 165-175. 

Fripiat, J. J., Jelli, A., Poncelet, G. and Andre, J. (1965) 
Thermodynamic properties of adsorbed water molecules 
and electrical conduction in montmorillonites and silicas: 
J. Phys. chem. 69 (7), 2185-2197. 

Glaeser, R. (1953) Complexes organo-argileux et r61e des 
cations 6changeables. Th6se. Fac. Sci. Paris. 

Glasstone, S., Laidler, K. J. and Eyring, H. (1941) The 
Theory of Rate Processes. McGraw-Hill, New York. 

Haggis, G. H,, Hasted, J. B. and Buchanan, J. T. (1952) 
The dielectric properties of water in solutions: J. Chem. 
Phys. 20 (9), 1452-1456. 

Kelly, D. J. and Salomon, R. E. (1969) Dielectric behaviour 
of Na-OH-doped ice: J. Chem. Phys. 50 (1), 75-79. 

Mamy, J. (1968) Recherches sur l'hydration de la mont- 
morillonite: propri6t6s di61ectriques et structure du film 
d'eau. Th6se. Fac. Sci. Paris. 

Mamy, J. (1972) Relations entre les 6tats de l'eau adsorb6e 
par les mica alt6r6s et leurs propri6t6s di61ectriques: 
Proc. Int. Clay. Conf. Vol II, Madrid. 

Sillars, R. W. (1937) The properties of a dielectric contain- 
ing semiconducting particles of various shapes: J. Inst. 
Elect. Engn 9 80, 378-394. 

Weiler, R. A. and Chaussidon, J. (1968) Surface conduc- 
tivity and dielectrical properties of montmorillonite gels: 
Clays and Clay Minerals 16, 147-155. 

Acknowledgements--We thank Professor J. L. White and 
Doctor J. Chaussidon for helpful discussions. We wish also 
to acknowledge the technical assistance of Mrs. E. Huard. 

https://doi.org/10.1346/CCMN.1975.0230401 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1975.0230401

