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Abstract- Previous investigations have demonstrated the influences of interlayer cation composition, 
relative humidity, temperature, and magnitude of interlayer surface charge on the interlayer hydration 
of montmorillonites and vermiculites. It has been suggested that the sites of layer charge deficiencies 
may also have an influence upon the amount of hydration that can take place in the interlayers of 
expandable clay minerals. If the interlayer cation-to-layer bonds are considered as ideally electrostatic, 
the magnitude of the forces resisting expansion may be expressed as a form of Coulomb's law. If this 
effect is significant, expandable structures in which the charge-deficiency sites are predominantly in the 
tetrahedral sheet should have less pronounced swelling properties than should structures possessing 
charge deficiencies located primarily in the octahedral sheet. 

Three samples that differed in location of layer charge sites were selected for study. An important 
selection criterion was a non-correlation between tetrahedral charge sites and high surface-charge 
density, and between octahedral charge sites and low surface-charge density. 

The effects of differences in interlayer cation composition were eliminated by saturating portions 
of each sample with the same cations. Equilibrium (001) d values at controlled constant humidities 
were used as a measure of the relative degree of interlayer hydration. 

Although no correlation could be made between the degree of interlayer hydration and total 
surface-charge density, the investigation does not eliminate total surface-charge density as being 
significant to the swelling properties of three-sheet clay-mineral structures. The results do indicate a 
correlation between more intense expandability and predominance of charge deficiencies in the octa- 
hedral sheet. Conversely, less intense swelling behavior is associated with predominantly tetrahedral 
charge deficiencies. 

INTRODUCTION 

ONE OF the most significant properties of mont- 
morillonites and vermiculites is their ability to 
absorb and retain water between individual three- 
sheet layers at low temperatures over a wide range 
of relative humidity. This phenomenon is directly 
responsible for the somewhat variable c-axis 
dimensions of these minerals (particularly mont- 
morillonite) and may be observed through X-ray- 
diffraction measurements of the interlayer spacings 
of the (001) planes. 

Many previous investigations have considered 
the properties of expansion and the mechanism of 
interlayer water absorption in expandable clay 
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minerals (Nagelschmidt, 1936; Hofmann and Bilke, 
1936; Bradley, Grim, and Clark, 1937; Hendricks 
and Jefferson, 1938; Mering, 1946; Barshad, 1948; 
Mooney, Keenan, and Wood, 1952; Rowland, 
Weiss, and Bradley, 1956; Hofmann et al., 1956; 
Walker, 1956). Hydration and dehydration studies 
have yielded strong evidence of cation-water 
molecule interactions in the interlayer region. The 
general consensus is that, at least for low to inter- 
mediate states of hydration, the interlayer region of 
expandable clays is occupied by water-cation 
complexes rather than simple monomolecular 
water layers. The initial state of hydration involves 
the separation of the three-sheet layers and develop- 
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ment of a hydrated complex with the interlayer 
cations. The initial hydration energy, which is a 
function of the ionic potential of the cation and the 
partial pressure of water vapor in the system, must 
be strong enough to overcome the bond between 
the crystal structure and the interlayer cation. A 
factor contributing to the expandabili ty of three- 
sheet clay minerals is the small magnitude of the 
forces with which adjacent layers are held together. 

A property that contributes to the resistance to 
expansion is the surface-charge density, which is an 
expression of the number of equivalent layer-to- 
interlayer cation bonds per unit area, commonly 
given as equivalents of negative charge per unit 
cell. The implication is that there should be an 
inverse relationship between the magnitude of the 
surface-charge density and the tendency for ex- 
pansion by absorption of interlayer water. Hofmann 
et al. (1956) indicated that a surface-charge density 
of less than 0.55 equivalents of charge per unit 
formula results in a crystal structure that is readily 
susceptible to interlayer water absorption. Clay 
minerals with layer charge deficiencies in excess of 
0.65 equivalents per unit cell, when saturated with 
potassium, have a 10.3 .~ basal spacing under both 
wet and dry conditions. 

Another  factor that has been considered, but not 
demonstrated, is the possible influence that the 
sites of the lattice charge deficiencies may have on 
bond strength (McAtee,  1958, p. 283) and, hence, 
on swelling properties. Marshall (1964) suggested 
that the strength of the bond between the cation and 
the layer may be a considerable factor in deter- 
mining the extent and ease with which water 
absorption takes place. If the bonding energies are 
considered ideally electrostatic, the force resisting 
separation of adjacent three-sheet units may be 
expressed as a Coulomb's  law relationship: 

C + C-  
F cc r_,Z (1) 

where C + and C-  represent the charges (or 
valences) entering into the bond formation and r is 
their distance of separation. This would indicate 
that the distance of separation of a given interlayer 
cation from an equivalent charge deficiency is a 
critical factor in determining the magnitude of the 
bond strength involved, and would necessarily 
imply that a charge deficiency in the tetrahedral 
sheet would form a stronger layer-cation bond than 
would one in the octahedral sheet. The result of 
such differences, if significant, should be observable 
as differences in swelling behavior between 
mica-type materials having predominantly tetra- 
hedral-sheet charge deficiencies and those having 
octahedral-sheet deficiencies. 

NATURE OF THE INVESTIGATION 
The purpose of this study was to investigate the 

contribution of layer charge sites to the swelling 
properties of expandable three-sheet clay minerals 
and required the selection of samples that were 
significantly different in the tetrahedral and octa- 
hedral contributions to the total surface-charge 
density. The selection was made by detailed chem- 
ical and structural analyses to ensure that an 
absolute correlation between high surface-charge 
density and predominance of tetrahedral charge 
deficiencies was not possible. Any differences in 
the swelling behavior of the various materials could 
then be correlated to total surface-charge density 
or structural charge site. The effects due to differ- 
ences in the interlayer cation composition were 
eliminated by base exchanging portions of each 
sample to produce mono-ionic interlayers. These 
samples were then subjected to various repro- 
ducible conditions of relative humidity, and the 
interlayer water absorption of samples containing 
identical interlayer cations were compared by 
X-ray-diffractometry measurement of the (001) 
interlayer spacings. Under these conditions 
differences in the swelling behavior of identically 
cation-saturated minerals could be attributed to 
properties of the mineral structure itself. 

Selection and Characterization of Samples 
Three samples were selected for study in which 

the magnitudes and sites of layer charge deficien- 
cies were significantly different. Data  concerning 
the characterization of these samples are listed in 
Table 1. A vermiculite sample designated as C1 
has a layer charge deficiency, on the half-unit 
formula basis, of minus 0.66. Sample C2 is an iron- 
rich montmorillonite. The charge deficiency is 
--0.42/half-unit formula, with a charge distribution 
of 1:1 between the tetrahedral and octahedral 
sheets. The sample designated as C~ is a mont- 
morillonite with a layer charge deficiency of 
--0.53, of which -0 .48  is in the octahedral sheet. 

If the samples are arranged in order of the de- 
decreasing contribution of the tetrahedral-sheet 
charge deficiency to the total surface-charge 
density in each sample, the order is: C1 > Cz > C3. 
Arranging the same samples on the basis of equiva- 
lents of interlayer cation charge, or total surface 
charge from highest to lowest values: C1 > 
C3 > C2. 

Preparation of cation-exchanged samples 
Three grams of C.~-montmorillonite was con- 

verted to the hydrogen-ion form with hydrogen 
resin. This material was then split into seven equal 
portions and each was washed with a 0.1 N chloride 
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Sample 

Table 1. Structural chemical data for selected samples 

Charge deficiency 
CEC per half-unit cell 

Measured Calc. Tetra. Octa. Total 

Number of 
octahedral 

cations 

CI 150-+- 10 151 --0-65 --0.01 -0'66 2.70 
C~ 9 0 -  + 10 90* -0.21 -0.21 -0'42 2.12 
C3 121 -+ 5 134 -0.05 -0-48 -0-53 2.00 

*Not calculated; allocated on basis of measured CEC. 

Mg 0.28 
C1 (Si3..~.~Ala.ns)(Mg~.liFe0.4rA10.12)O~0(OH)~ Ca 0.04 

K 0.02 

Mg0.13 
C2 (Si3.79Alo.20(Feo.~Mgo.~rAlo.56)O~o(OH)2 Ca 0-05 

K 0.05 
Ca 0-21 

C3 (Si3.95Alo.os)(Alv49Mgo.48Feo.o:0Olo(OH)2 Na 0-06 
K 0.04 

salt solution of either lithium, sodium, potassium, 
magnesium, calcium, strontium, or barium. Sam- 
ples of the Cl-vermiculite and the C2-montmoril- 
lonite were similarly treated. After  conversion to 
the hydrogen form, these samples were split into 
four equal portions and washed with 0.1 N chloride 
salt solutions of sodium, potassium, magnesium, 
and calcium. 

The chlor ide  salt washing process was repeated 
with 500 ml of solution. After  adding the solution, 
the samples were ultrasonically dispersed and the 
suspension allowed to stand undisturbed for 12 
hrs, in which time all samples settled out com- 
pletely by flocculation. The clear liquid was de- 
canted and the process repeated for a total of ten 
washings. 

Excess salt solution was removed by repeatedly 
flushing the samples with distilled water until the 
samples showed no flocculation during a 12-hr 
period. The exchanged samples were then centri- 
fuged, dried at 60~ ground to less than 80-mesh 
powders and stored in glass vials. 

Differential thermal analysis 
Dried powders of the cation-exchanged mont- 

morillonite and vermiculite samples were humidi- 
fied for 8 hrs at about 50 per cent relative humidity 
and subjected to differential thermal analysis. All 
thermograms were run with the same Robert  L. 
Stone D T A  unit (model 13-M) with an inconel 
sample holder. The dynamic gas was nitrogen and 
the unit was calibrated at 1.0 with a microvolt 
setting of 80. The heating rate was 10~ 

Figure 1 shows the D T A  curves for the untreated 
and cat ion-exchanged C3-montmorillonite. It is 

evident that the interlayer cation composition has a 
direct influence on the shapes and positions of the 
low-temperature dewatering endotherms. Signi- 
ficant differences are also in the high-temperature 
exotherms of samples saturated with different 
cations. The midrange endothermic reactions at 
600-700~ are only slightly modified. 

The high-temperature phases formed on firing 
of each of these samples were not considered 
essential to this study. However ,  the shapes and 
positions of the low-temperature dewatering 
endotherms are considered of primary importance. 
The temperature at which the sample is totally 
dehydrated, as indicated by the return of the endo- 
thermic curve to the baseline, is a direct function of 
the retention of interlayer water by the clay mineral. 
The shape of the endothermic loop is an expression 
of the dehydration mechanism in each case. Sam- 
ples saturated with divalent cations are charac- 
terized by having more than one node on the 
low-temperature endotherm. The magnesium- 
saturated sample has two nodes of about equal 
intensity at slightly less and slightly more than 
100~ A smaller third node occurs at about 210~ 
The endotherms for the strontium- and calcium- 
saturated samples are nearly identical. These 
show two partially resolved peaks at 100-200~ 
the lower temperature node is more intense than 
the higher one. Both endotherms of the calcium- 
saturated sample occur at a slightly higher tempera- 
ture range than those observed for the Sr-mont- 
morillonite sample. The barium-saturated sample 
exhibits four poorly resolved nodes on a broad 
endotherm that is displaced toward a lower 
temperature than observed for any of the other 
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Fig. 1. Differential thermal analysis patterns of cation-exchanged C3-montmorillonite. 

divalent cation-saturated samples. The lithium- 
saturated sample displays an endothermic doublet 
similar to those of the divalent cation-exchanged 
samples. In the thermogram of this sample a broad 
hump reaches maximum intensity at less than 
100~ whereas a sharper well-resolved node 
occurs at about 170~ The sodium- and potassium- 
saturated samples have single dewatering endo- 
tberms, but with sodium this occurs at a slightly 
higher temperature (100~ than that of the 
potassium-saturated sample (about 90~ The 
thermograms for the untreated and calcium- 
exchanged samples are similar, as should be 
expected on the basis of the chemical analysis 
obtained for this material. 

Thermograms of the C1 and C~ samples are 
shown in Fig. 2. The untreated and magnesium- 
saturated samples have low-temperature dewater- 
ing endotherms similar to those observed for the 
magnesium-exchanged montmorillonite sample. 
The calcium-saturated samples again display an 
endothermic doublet similar to the magnesium 
samples, but displaced toward a lower temperature.  
The endotherm for the potassium-exchanged 
Cl-vermiculite is small and indicates little water 
loss during the dehydration process. The endo- 
therms for the sodium- and potassium-exchanged 
C~-montmorillonite samples are similar to, although 
somewhat broader than, the C3-montmorillonite 
counterparts in Fig. I. 

Controlled-humidity diffractometry 
A small plastic chamber with thin polyethylene 

plastic windows was designed and fitted over the 
sample holder of the Siemens X-ray diffractometer. 
Drying conditions were produced by pumping air 
through magnesium perchlorate desiccant. Relative 
humidities of 15, 31, and 88 per cent at 24.5~ were 
also generated and the air flow was directed into the 
chamber so that it struck the center of the sample 
mount. 

The powdered samples of cation-exchanged 
montmorillonites and vermiculite were prepared 
as (001) orientations by sedimenting the dispersed 
materials on glass slides and drying at 60~ Each 
slide was placed in the diffractometer chamber and 
successively subjected to dry-air treatment and to 
15, 31, and 88 per cent relative-humidity environ- 
ments. A minimum of 8hr  was allowed for the 
attainment of equilibrium conditions in each case. 
A diffractometer scan at 1 degree two-theta per 
minute was made from 2 to 48 degrees two-theta, 
after which the scan was repeated over the first 
principal peak to ensure that no change had 
occurred during the time of measurement. 

Zero relative humidity was not attained with the 
dry-air environment. The relative humidity in this 
case was reproducible, however,  and was certainly 
much less than 15 per cent. The other reported 
values of relative humidity are thought to be fairly 
accurate and the deviations, due mainly to tempera- 
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Fig. 2. Differential thermal analysis patterns of cation-exchanged samples of C1- 
vermiculite and C2-montmorillonite. 

ture changes, were less than +2 per cent. The main 
objective of this phase of the investigation was to 
submit the cation-exchanged montmorillonites and 
vermiculite to the same wide range of reproducible 
relative-humidity conditions and to observe the 
differences in relative amounts and rates of inter- 
layer water absorption as a function of the increase 
in the (001) d values. 

Tables 2, 3, and 4 list the equilibrium d values for 
the (001)-oriented samples subjected to different 
conditions of relative humidity. The first principal 
peaks of the Cl-vermiculite sample are reported as 
(001) although technically they are the (002) 
diffraction peaks. This was done in order to main- 
tain a notation consistent with the montmorillonite 
samples. 

In order to compare the expandable properties 
of the montmorillonite and vermiculite samples, 
data from Tables 2, 3, and 4 are plotted in Fig. 3. 
This illustration depicts the equilibrium (001) d 
values for the magnesium- and potassium- ex- 
changed samples. These data were chosen because 
they represent the extremes of swelling behavior 
for each of the three substances studied. 

The K-vermiculite sample (C1) retained a 10.4 ,~ 
collapsed d value over the entire range of relative 
humidities up to 88 per cent. The potassium- 
saturated C2- and C3-montmorillonite samples 
responded similarly and expanded from dry 
10.65 ,~ and 10.5 A states to 12.4 A and 12.32 
states, respectively, at 88 per cent relative humid- 

ity. The magnesium-interlayered Cl-vermiculite 
and C2-montmorillonite expanded identically from 
partially collapsed 11.5 A states to about 14.5 ,~ at 
88 per cent relative humidity. Under  dry-air condi- 
tions the magnesium-exchanged C3-montmoril- 
lonite collapsed to only 13 A, revealing its higher 
retentive capacity for interlayer water. At  88 per 
cent relative humidity the (001) d values of the 
montmorillonite increased to 16.39 A. 

INTERPRETATIONS 
The influence of the interlayer cation composi- 

tion on the hydration and dehydration properties 
of montmorillonite and vermiculite is evident from 
the D T A  and constant-humidity X-ray-diffraction 
data. The endothermic doublets associated with the 
samples containing the divalent cations of mag- 
nesium, barium, and strontium are directly corre- 
lated to the occurrence of 14-15 A equilibrium 
(001) d values at moderate relative humidities. 
The first node on the endotherm reflects the shift 
from an octahedrally coordinated, or two mono- 
molecular waterqayer  configurations, to a single 
monomolecular water-layer state. The second node 
is due to the removal of the single water layer and a 
total collapse of the (001) interlayer spacing to 
about 10 A. The single dewatering endotherm of 
the sodium- and potassium-saturated samples 
reflects the collapse of the (001)inter layer  spacing 
to 10 ~ from a single water-layer 12.4 A state. The 
double endotherm of lithium montmorillonite is 
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Table  2. Cons tan t -humid i ty  X-ray data for cation- 
exchanged  C3-montmorillonite 

Inter layer  Relat ive humidity (per cent  at 24.5~ 
cation Dry  15 1 88 

d(h) d(h) d(h) d(A) 
(001) 10.78 12.28 16.4 16.83 
(002) 5.13 - -  - -  - -  

Ba (003) 3.31 - -  5.34 5.37 
(004) - -  3-18 - -  - -  
(005) - -  - -  3.20 3-23 

(001) 11.95 12.63 15.78 16.22 
(002) 5.91 6-19 - -  - -  

Sr (003) 3.08 - -  5-28 5.34 
(004) - -  3.13 - -  - -  
(005) - -  - -  3.14 3.16 

(001) 12.2 13.28 15.64 16.1 
(002) 5.87 6.56 - -  - -  

Ca  (003) - -  - -  5.22 5.31 
(004) - -  3.29 - -  - -  
(005) - -  - -  3.12 3.15 

(001) 13.0 14.14 16-08 16.39 
(002) 6.15 - -  - -  - -  

Mg (003) - -  4.87 5.31 5.40 
(004) - -  3.51 - -  - -  
(005) - -  - -  3.18 3.21 

(001) 10.5 12-11 12.28 12.32 
(002) 5.05 - -  - -  - -  

K (003) 3.35 - -  - -  - -  
(004) - -  3.24 3.24 3.23 

(001) 10.04 12.63 15.64 16.4 
(002) 4-90 - -  - -  - -  

N a  (003) 3.23 - -  5-22 5.28 
(004) - -  3.16 - -  - -  
(005) - -  - -  3.12 3.13 

(001) 12.11 12.54 15.73 16.1 
(002) 5.99 6" 15 - -  - -  

Li (003) - -  - -  5-31 5.34 
(004) 3-03 3.12 - -  - -  
(005) - -  - -  3.12 3.19 

p r o b a b l y  d u e  to  a sh i f t  f r o m  a 12.4 A s ing le  w a t e r -  
l a y e r  s t a t e  to  t h e  1 1 . 5 , ~  i m p e r f e c t  o c t a h e d r a l l y  
c o o r d i n a t e d  c o n f i g u r a t i o n  ( a c t u a l l y  a s p e c i a l  c a s e  o f  
t h e  s ing le  w a t e r - l a y e r  s t a t e )  to  a f inal  t o t a l l y  col -  
l a p s e d  s t a t e .  T h e  t e m p e r a t u r e s  a t  w h i c h  d e h y d r a -  
t i on  is  c o m p l e t e d  a n d  t h e  r e l a t i v e  e a s e  o f  h y d r a t i o n  
o f  t h e  v a r i o u s  c a t i o n - e x c h a n g e d  s a m p l e s  o f  m o n t -  
m o r i l l o n i t e  a r e  in c l o s e  a g r e e m e n t .  F r o m  i n t e r -  
p r e t a t i o n s  o f  t h e  D T A  d a t a  a n d  t h e  (001)  d v a l u e s  
g i v e n  in T a b l e s  2, 3, a n d  4,  a n  a r r a n g e m e n t  o f  t h e  
s a m p l e s  f r o m  h i g h e s t  to  l o w e s t  w a t e r - a b s o r p t i o n  

Table 3. Cons tan t -humid i ty  X-ray data for cation- 
exchanged  C2-montmorillonite 

Inter layer  Relat ive humidi ty  (per cent  at 24.5~ 
cation Dry  15 31 88 

d(A) d(A) d (h )  d(A) 

(001) 10-65 12.11 12.3 12-4 
(002) . . . .  

K (003) 3-43 - -  - -  - -  
(004) - -  3-43 3.10 3. I 1 

(001) 10.4 13.02 14.62 14-62 
(002) - -  - -  7.38 7-38 

Na  (003) 3-38 - -  4-80 4.90 
(004) - -  - -  3.58 3.60 

(001) 11-86 13.39 15.01 15.01 
(002) - -  - -  7-44 7.44 

Ca  (003) - -  - -  4-98 4.98 
(004) 2.93 - -  - -  - -  
(005) - -  - -  3.00 3.00 

(001) 11-50 14.20 14.21 14.53 
(002) - -  7-31 7.25 7.25 

Mg (003) - -  4.80 4.82 4.81 
(004) 2.88 3.59 3-60 3.60 
(005) - -  2.87 2.89 2-89 

c a p a c i t y ,  b a s e d  o n  i n t e r l a y e r  c a t i o n  c o m p o s i t i o n ,  is:  

M g ,  C a ,  Sr ,  Li ,  Ba ,  N a ,  K .  

A d i r ec t  c o r r e l a t i o n  c a n  b e  m a d e  b e t w e e n  t h i s  
p r o p e r t y  a n d  t h e  r a d i u s  (r) a n d  t h e  c h a r g e  (c) o f  t h e  
i n t e r l a y e r  c a t i on .  T h e  t w o  v a l u e s  m a y  b e  c o m b i n e d  
a s  t h e  i on i c  p o t e n t i a l  (c/r) a n d  t h e s e  d a t a  a r e  
p r o v i d e d  in  T a b l e  5. L i s t i n g  o f  t h e  i n t e r l a y e r  
c a t i o n s  in t h e  o r d e r  o f  h i g h e s t  to  l o w e s t  v a l u e  o f  
i on i c  p o t e n t i a l  r e s u l t s  in: 

M g ,  C a ,  Sr,  Li ,  Ba ,  N a ,  K .  

I f  t h e  i n t e r l a y e r  c a t i o n  c o m p o s i t i o n  w e r e  t h e  o n l y  
f a c t o r  d e t e r m i n i n g  t h e  s w e l l i n g  b e h a v i o r  o f  m o n t -  
m o r i l l o n i t e s  a n d  v e r m i c u l i t e s ,  t h e n  all s u c h  m i n e r a l s  
p o s s e s s i n g  t h e  s a m e  i n t e r l a y e r  c a t i o n  c o m p o s i t i o n  
s h o u l d  h a v e  t h e  s a m e  e q u i l i b r i u m  (001)  d v a l u e s  
u n d e r  t h e  s a m e  c o n d i t i o n s  o f  r e l a t i v e  h u m i d i t y .  
T h a t  t h i s  w a s  n o t  t h e  c a s e  in t h i s  s t u d y  is e v i d e n c e d  
b y  t h e  d a t a  p l o t t e d  in  F ig .  3. T h e  w a t e r - a b s o r p t i o n  
c a p a c i t i e s  o f  t h e  m o n t m o r i l l o n i t e  a n d  v e r m i c u l i t e  
s a m p l e s  a r e  d i s t i n c t l y  d i f f e ren t .  I f  t h e s e  a r e  
a r r a n g e d  o n  t h e  b a s i s  o f  r e l a t i v e  d e g r e e  o f  e x p a n d -  
ab i l i ty  o v e r  t h e  r a n g e  o f  r e l a t i v e  h u m i d i t i e s  c o n s i -  
d e r e d  in t h i s  i n v e s t i g a t i o n ,  it is o b s e r v e d  t ha t :  
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Table 4. Constant-humidity X-ray dam for cation- 
exchanged C,-vermiculite 

Interlayer Relative humidity (per cent at 24.5~ 
cation Dry 15 31 88 

d(A) d(A) d(A) d(A)  

(001) 10.33 10.40 10.46 10.46 
(002) 4.93 4.93 4-93 4.93 

K (003) 3.39 3.39 3-39 3.39 
(004) 2.53 2.53 2.53 2-53 
(005) 2-02 2-02 2-02 2-02 

(001) 10-04 12.20 14-77 14.80 
(002) 4"87 - -  7.38 7.44 

Na (003) 3-39 - -  4.96 4.96 
(004) - -  2.98 3.72 3.72 
(005) 1.96 - -  2.99 2.99 
(006) - -  2.00 - -  - -  

(001) 11.79 12-37 15.11 15.21 
(002) 5.91 - -  7.50 7.56 

Ca (003) - -  -- 5.04 5.04 
(004) 2.94 3.00 3.77 3-77 
(005) - -  - -  3.01 3.02 

Mg 

(001) 11-55 14.53 14.53 14-54 
(002) 5-79 7.31 7-31 7.25 
(003) 3.83 4.80 4.81 4.82 
(004) 2.88 3-60 3.60 3.63 
(005) - -  2.88 2.87 2.90 

C3-montmor i l lon i te  > C2-montmor i l lon i te  > C,-  
vermicul i te .  Because  the  con t r ibu t ions  f rom the  
in te r l ayer  ca t ions  were  held c o n s t a n t  wi th in  the  
expe r imen ta l  sys tem,  some o the r  fac to r  or  fac tors  
mus t  par t ia l ly  a c c o u n t  for  the  d i f ferences  in the  
expand ing  p roper t i e s  of  mon tmor i l l on i t e  and  
vermicul i te .  T h e  two  poss ib le  a l t e rna t ives  are  the  
effect of  to ta l  su r face -charge  dens i ty  and  the  si tes 
of  the  charge  def ic iencies  wi th in  the  layer.  A 
cor re la t ion  wi th  r e spec t  to  total  su r face -charge  
dens i ty  is not  poss ib le  wi th  the  s u b s t a n c e s  inc luded  
in this  inves t iga t ion .  I f  the  t h r e e  samples  are  
a r r anged  on  the  bas i s  of  inc reas ing  su r face -cha rge  
dens i ty  the  resu l t s  are:  C2-montmor i l lon i te  < 
C3-montmor i l lon i te  < C r v e r m i c u l i t e .  On this  

Table 5. Ionic radii and potentials for 
selected cations (from Pauling, 1948) 

Ionic 
Cation Radius (r) potential (c/r) 

Monovalent 

Li 0"60 1.67 
Na 0.95 1.05 
K 1-33 0.75 

Divalent 
Mg 0-65 3.08 
Ca 0.99 2.02 
Sr 1.13 1-77 
Ba 1.35 1.48 
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Fig. 3. Equilibrium (001) d values for Mg- and K-exchanged montmoriUonites and 
vermiculite. 
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bas is  the  C2-montmor i l lon i te  shou ld  e x p a n d  more  
readi ly  t han  the  C3-montmor i l lon i te  sample  u n d e r  
the  same  in te r l aye r -ca t ion  and  re la t ive -humid i ty  
condi t ions .  Th i s  was  not  obse rved .  H o w e v e r ,  a 
cor re la t ion  may  be  made  wi th  respec t  to the  site of  
layer  charge  def ic iencies  and  di f ferences  in the  
expandab i l i t y  of  the  th ree  s am p l e s . . I f  the  samples  
are  a r r anged  on  the  bas is  of  d i s tance  of  sepa ra t ion  
of  the  s t ruc tura l  cha rge  si tes f rom the  in te r l ayer  
ca t ions ,  tha t  is, dec reas ing  oc tahedra l  vs. inc reas ing  
t e t r ahedra l  charge  def iciencies ,  the  resul t  is: 
C3-montmor i l lon i te  > C2-montmor i l lon i te  > C,-  
vermicul i te ,  wh ich  is the  o rde r  of  dec reas ing  
expandab i l i ty ,  as s h o w n  in the  fo l lowing s u m m a r y :  

Inc reas ing  D e c r e a s i n g  D e c r e a s i n g  
sur face -charge  oc ta . / t e t r a  expand-  

dens i ty  abil i ty 

C2 (--0.42) C3 (--0.48/--0.05) C:~ 
C3 (--0"53) C2 (--0.21/--0.21) C2 
Ca (--0"66) C,  (--0'01/--0"65) C, 
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R6sum6-Des  recherches ant6rieures ont d6montr6 I'influence de la composition des cations inter- 
stratifies, de l'humidit6 relative, de la temp6rature et de la grandeur de la charge de surface des 
feuillet sur l 'hydratation de la couche interm6diaire de montmorillonites et de vermiculites. On a 
propos6 que les zones de d6ficience de charge sur le feuillet pouvaient aussi influencer la quantit6 
d'hydratation qui peut avoir lieu dans les couches interm6diaires des min6raux argileux dilatables. Si 
on consid~re, pour une situation id6ale, que les liens retenant les cations au feuillet interm6diaire sont 
61ectrostatiques, on peut exprimer la grandure de l 'expansion des forces de r6sistance comme une 
forme de la loi de Coulomb. Si cet effet est significatif, les structures dilatables pour lesquelles les 
zones de d~ficience en charge pr6dominent dans le feuillet t&ra6drique devraient avoir des propri~t~s 
de dilatation moins prononc6es que les structures poss6dant des d6ficiences en charge situ6es pre- 
mi~rement dans le feuillet octa6drique. 

On a choisi pour l'6tude trois 6chanitllons pour lesquels les zones de charge des feuillet sont 
localis6es diff6remment. Un critere important de cette s61ection, a 6t6 la non-corr61ation entre les 
zones de charge t&ra6driques et la haute densit6 de la charge en surface et entre les zones de charge 
octa6driques et une faible densit6 de la charge en surface. 

Les effets des diff6rences dans la composition en cations interstratifies ont 6t6 61imin6es par des 
portions saturantes de chaque 6chanitllon avec les m~mes cations. Des valeurs d'6quilibre (001) d 
des humidit6s contr616es constantes ont 6t6 utilis6es en tant que mesure du degr6 relatif de hydratation 
entre les feuillets. 
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Bien qu'il n 'ait  pas  6t6 possible d 'obtenir  un accord entre le degr6 d 'hydra ta t ion  entre  les feuillets 
et la densit6 totale de la charge en surface,  la recherche n'61imine pas la densit6 totale de la charge 
en surface c o m m e  &ant  significative des propri6t6s de dilatation des s t ructures  min6rales argileuses 
~. trois feuillets. Les  r6sultats  indiquent  une  corr61ation entre  une dilatation plus  intense et la pr6domin- 
ance  des d6ficiences en charge dans  le feuillet octa6drique. R6ciproquement ,  un  compor t emen t  avec  
dilatation moindre  est  associ6 aux d6ficiences en charge d 'ordre sur tout  t6tra6drique. 

K u r z r e f e r a t - F r i i h e r e  Un t e r suchungen  haben  die Wirkungen  der Z u s a m m e n s e t z u n g  der Kat ionen-  
zwischenschicht ,  der  relativen Feuchtigkei t ,  der  Tempera tu r  und  der Gr6sse  der Oberfl t ichenladung 
der Zwischensch ich t  auf  die Zwischensch ich t -Hydra t i s i e rung  von Montmori l loni ten und Vermicul i ten 
dargelegt. Es  ist die V e r m u t u n g  ausgesprochen  worden,  dass  die Schicht ladungsmangels te l len  
ebenfalls einen Effekt auf  die in den Zwischensch ich ten  von aufgeblahten Tonges te inen  mSgliche 
Hydra t i s ierung haben  kSnnten.  W e n n  man  die Bindung des Zwischensch ich tka t ions  zur  Schicht  als 
ideal elektrostat isch betrachtet ,  so kann die Grt isse  der der Aufblt ihung entgegenwirkenden Kr~ifte 
in der F o r m  des C ou l ombschen  Gese t zes  ausgedriickt werden.  Wenn  diese Wirkun~ bedeutungsvol l  
ist, so sollten aufgebl5hte Gebilde,  in welchen die Ladungsmangels te l len  hauptsachl ich  in der tetra- 
hedralen Schicht  auftreten,  weniger  ausgesprochene  Quel le igenschaf ten  bes i tzen als diejenigen- 
Gebilde in welchen  die Ladungsl i icken vorzugsweise  in der oktahedra len  Schicht  liegen. 

Es wurden  drei Proben mit unterschiedl icher  Lage der Schichtenladungs-s te l len  zur U n t e r s u c h u n g  
herangezogen.  Ein wichtiges Kri ter ium fiir die Auswahl  war die Abwesenhe i t  einer Korrelat ion 
zwischen  te t rahedralen Ladungss te l len  und hoher  Oberfl t ichenladungsdichte,  bez iehungsweise  
zwischen  oktahedralen Ladungs-s te l len  und niedriger Oberfl t ichenladungsdichte.  

Die durch den Unte rsch ied  in der Z u s a m m e n s e t z u n g  der Zwischensch ich t  Kat ionen  hervorgeru-  
fene Wirkung wurde durch S~ittigung aller Proben mit den gleichen Kat ionen ausgeschal tet .  Gleichge- 
wichtswer te  (001) d unter  kons tan tgeha l tenen  Feuchtigkeitsverh~il tnissen wurden  als Masse  fiir den 
relativen U m f a n g  der Zwischensch ich tenhydra t i s ie rung  herangezogen.  

Obwohl  sich keine Korrelat ion zwischen  dem U m f a n g  der Zwischensch ich ten-hydra t i s ie rung  und 
der gesamten  Oberfl t ichenladungsdichte ergab, besagt  die Un te r suchung  keineswegs,  dass  die 
gesamte  Oberfl~ichenladungsdichte unwesent l ich  hinsichtl ich der Quel leneigenschaf ten  von drei- 
schicht igen Tonse t inb i ldungen  ist. Die Ergebnisse  deuten aber  auf  eine Korrelat ion zwischen intens- 
iverer Aufbltihbarkeit  und  Vorher r schen  von Ladungsl t icken in der oktahedra len  Schicht  hin. 
Andererse i t s  konnte  das weniger  intensive Quel lverhal ten mit  vornehmlich  te t rahedralen Ladungs-  
liicken in Z u s a m m e n h a n g  gebracht  werden.  

Pe31oMe--rlpej/bl/iytttne ttccne~lOBaHHa Hoga3a~rl B:H~aHHe opoc~OeHHOrO KaTHOHHOFO COCTaBa, 
OTHOClITeYlbHO~ BYla)KHOCTH, TeMnepaTypbI H BeJIHtlHHbI 3 a p ~ a  npocaOeHHOfi rIoBepxHOCTH Ha 
npocJIOeHHy}o rn~paT aumo  MOHTMOpHYl/IOHHTOB H BepMHKynrlTOa. I'OBOpIIT, qTO MecTa OTCyTCTBHJl 
3apa/lOB MOryT TaK~ce oKa3aTb BnHnHI4e Ha pa3Mep rn21paTattHH, npoHcxo~aute~ B npocyIofiKax 
pacmHp~eMblX rJIHHHCTblX MHHepa.rlOB. ECJIH CB,q3H Ilpoc.rloetlHblX KaTHOHOB CO C.rIO,qMH CHHTalOT 
~21eanbHo 3neKTpOCTaTH~eCKHMH, TO aenHqHHa conpoTHBJI~rOtt~HXC~ p a c m u p e u m o  ycnnu~  Mo>KeT 
6bITb Bblpaxr KaK BH/I 3aKoHa KynoHa. ECnH 3~d/)eKT 3TOT nBnneTcn 3HatlHTe~bHbIM, TO 
pactuHpaeMb[e cTpyKTypb L B KOTOpbIX MecTa OTCyTCTBH~I 3apa~a ~IB.r/~IIOTCJI Hpeo6JIa/larott~HMH, B 
tleTbIpexrpaHHOM JIHCTe ~OJDKHbl o6naJlaTb MeHee OTqeTJIIIBO BbIpa~eHHbIMH CBO~CTBaMII Ha6yXaHHn 
qeM B cTpyI(Typax, o6na~arotttHx OTCyTCTBHeM 3apa~la, KOTOpble rlpeHMyIIIeCTBeHHO Haxo)I~ITCs B 
BOCbMHFpaHHOM /IHCTe. 

~.rl~l H3yqeHHfl BbI6paYlH TpH 06pa3tta, KOTOpble 6blnl.l pa3HblMH KaCaTe.rlhHO paclIOYlO~eHH$1 
MeeT 3apa,~a CYlOeB. BaXHblM KpaTepneM Bbl6opa $1B.FlflJ'lOCb OTCyTCTBHe KoppenattHH Me>Ic,~y 
qeTblpexrpaHHblMH MeCTaMH 3ap~aoB H 60.rlbttlOl~ rlOBepXHOCTHO~ IIYIOTHOCTIff 3ap~OB,  a TaK~e 
Mex~y BOCbMHFpaHrlblMH MeCTaMH 3aprulOB H HH3KO~ noBepXHOCTHO~I rlYlOTHOCTblO 3apza~OB. 

BMnaHHa pa3Hrm B NpocnoeqHOM KaTHOHHOM COCTaBe ycTpaaaaaCt, HacbII~eHHeM rIopt~Hfi 
Kam~oro 06pa3ua  TeMH me KaTHOHaMH. 3Ha'~eHaa paBHonecHa (001)p npH perynHpyeMr~ix 
rlOCTOI~IHHblX BJ~a)KHOCTflX rlpHMeH~HOTCll ~l.r[~[ H3MepeHHa OTHOCHTeJ'IbHO~I CTelIeHH npoc~IoeqHofi 
r a~ IpaTau~ .  

XOT~I HeJ~b3~l 6hi.riO yCTaHOBHTb Koppenaumo Mexfly CTeHeHbtO npocnoeqHOl~ rHapaTaIXaH H 
06tue~ rlOBepXHOCTHO~[ rlJ~OTHOCTbIO, Hcc.rle,ROBaHHe He HcKnroqaeT, ~ITO HoBepXHOCTHa~I rlYIOTHOCTb 
3apa~oB HMeex 3Ha~leHrle ~yl~l na6yxarotunx CBO~CTB TpexnHCTOnblX rnHHHCT~,IX MaHepa.rtbHblX 
cTpyKTyp. Pe3yn~,TaT~,[ rloga3bmaioT roppena~H~o Me~ay  60nee HHTeHCHBHOfl pacmHpaeMOCTb~O 
n npeo6na~/aHneM He~tocTaT~a 3apa~aoa B BOCbMHFpaHHOM JIHCTe. n a o 6 o p o T ,  MeHee HHTeHCHBHOe 
Ha6yxaHHe CB~3aHO C HpeHMylIIeCTBeHHO ~leTbIpexrpaHHbIMH OTCyTCTBH~IMH 3ap~l~OB. 
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