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Abstract- Prompted by Foster's observation that free swelling is related to octahedral substitution , 
the authors determined the free swelling of six Na-montmorillonites with different amounts of octa­
hedral and tetrahedral substitution. They found that the montmorillonites exhibited marked differences 
in free swelling. These differences were not related to differences in cation exchange capacity. Nor 
were they related to differences in ~ potential, which is a criterion of cation dissociation. Further, 
calculations indicated that they could not be accounted for by differences in double-layer repulsion or 
van der Waals attraction. Therefore , to see if dimensional changes produced by isomorphous sub­
stitution were responsible, free swelling was plotted against the b-dimension of the clay structure, 
which was calculated from its mineralogical composition. The result was a straight line with a negative 
slope. A similar result was obtained with Foster's data. In addition, free swelling was plotted against 
the degree of tetrahedral rotation in the clay structure , which was also calculated from its mineralogical 
composition. The result was a family of nearly parallel straight lines that were distinguished from each 
other by the amount of tetrahedral AJ3+ in the clays identified with them. These results led to the pro­
posal that the clay surface acts as a template for the structure of the adjacent water and that , as the 
configuration of the surface changes, the water structure changes accordingly. This causes a change in 
the free energy of the water and, hence, in the swelling of the clay. 

INTRODUCTION 

SEVERAL years ago, Foster (1953, 1955) studied the 
relation between ionic substitution and swelling in 
Na-montmorillonites. She found that: (I) swelling 
was unrelated to the cation exchange capacity but 
decreased curvilinearly with increasing octahedral 
substitution:j:; (2) the substitution of Fe3+ for AP+ in 
octahedral positions had the same effect on swelling 
as the substitution ofMg2+ for AP+; (3) the substitu­
tion of AP+ for Si4+ in tetrahedral positions had little 
effect on swelling, and (4) the oxidation of Fe2+ to 
Fe3+ in octahedral positions increased the swelling 
markedly. Foster's interpretation, in keeping with 
the current concept that osmotically active cations 
are responsible for swelling, was that octahedral 
substitution decreases the degree of cation dissocia­
tion from montmorillonite. However, she admitted 
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tThe decrease becomes more nearly linear with the 
omission of one relatively discrepant data point (for 
Santa Rosa clay). 
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that her interpretation was speculative. Later, 
Leonard and Low (1964) questioned this interpreta­
tion and proposed that the decrease in swelling with 
increasing octahedral substitution could have been 
due partly to a reduction in clay-water interaction. 
Their proposal was based on the concept of Low and 
Deming (1953) and Hemwall and Low (1956) that 
clay-water interaction lowers the partial molar 
free energy of the water and, thereby, increases 
the swelling. To test their proposal, they intended 
to relate the properties of water in suspensions of 
different N a-montmorillonites to the degree of 
octahedral substitution. Although they did show 
that clay-water interaction occurred in all suspen­
sions, their work was inconclusive. The reason was 
that , in their experiments, octahedral substitution 
was not the only independent variable. Their clays 
also differed in particle size and, because of in­
adequate treatment, in degree of N a + saturation. 

F oster's observations are fundamental and must 
be explained in any theory of swelling. Yet, her 
interpretation is unsatisfactory. For example, if 
swelling depends on the number of dissociated 
(osmotically active) cations, it is difficult to under­
stand why it is not related to the number of cations 
capable of dissociation, i.e., to the cation exchange 
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capacity. Therefore, the authors decided to renew 
the study of swelling as it relates to octahedral 
substitution. A report of this study follows. 

MATERIALS AND METHODS 
Six montmorillonites were selected for this 

investigation. Their sources and mineralogical 
compositions are listed in Table I. 

fractionated by the procedure described by Tanner 
and Jackson (1947). The 0·04-0·1 J.t fraction was 
freeze-dried and retained for investigation. 

Cation exchange capacities of the fractionated, 
freeze-dried clays were determined by exchanging 
the adsorbed Na+ with NH4 + and determining the 
exchanged Na+ by means of a Jarrell Ash atomic 
absorption unit. 

Table 1. Mineralogical compositions of the Na-montmorillonites used in this study 

Clay mineral Mineralogical composition 

Belle Fourche, S. D. [Alno Fe3,ii Mg22~] 
Upton, Wyo. [AI~~3 Fe3,~ Fe20"'! Mg23~] 

(25 b) 
Polkville, Miss. [AI~~, Fe3,~ Fe~oi Mg2:5] 

(21) 
Otay, Calif. [AI~t5 Fe~o~ Mg~6ii] 

(24) 
Cheto, Ariz. [Alrt8 Fe~~ Mg25:'] 
Bayard, N. M. [AI~~ Fe3.;!; Fe20"'! Mg2,:'] 

(30 a) 

The Belle Fourche and Cheto clays were those 
used by Leonard and Low (\964). The other clays, 
i.e., those followed by A.P.1. numbers in paren­
theses, were obtained recently from Wards National 
Science Establishment. Various mineralogical 
compositions have been reported for the different 
clays (e.g., Kerr et aI., 1951; Foster, 1951; Foster, 
1953; Osthaus, 1956; Grim and Kulbicki, 1961; 
Schultz, \969). However, we used the mineral­
ogical composition reported by Foster (1953) for 
the Belle Fourche clay, that reported by Grim and 
Kulbicki (196\) for the Cheto clay and that re­
ported by Schultz (1969) for each of the remaining 
clays. These mineralogical compositions were 
selected because, in view of the times and locations 
at which our samples were obtained, they seemed 
most representative. 

A 0·1 per cent solution of "Calgon" was added 
to each clay (including Belle Fourche and Cheto, 
which were largely Na-saturated already by 
Leonard and Low) to make a suspension containing 
1 per cent clay by weight. The resulting suspension 
was stirred for 24 hr. Next, sufficient NaCI was 
added to make its concentration 2 N. After stirring 
again for 24 hr, the clay was allowed to settle out, 
the supernatant liquid was decanted and the 
sediment was redispersed in 2 N NaCl solution. 
This procedure was repeated three times. Then 
deionized water was added and, by repeated 
stirring, centrifugation and decantation, most of the 
N aCI was washed out. The balance of it was re­
moved by dialysis. 

Subsequent to sodium saturation, the clays were 

[Sin,AI",~] 0'0 [OHh X'35 
[Si1ii, Al"oii] 0'0 [0H]2 X'37 

[Si1ii3 AJ3o~] 0'0 [0H]2 X'53 

[Si1ii8 Al"o~] 010 [OH]2 X'62 

[Si1ii, Al"oii] 0'0 [OH]2 X·60 
[Si:~] 010 [OH]2 X"8 

For the determination of free swelling (maximal 
swelling under no external constraint), Gooch 
crucibles with sintered-glass filters were employed. 
About 1 g of clay was accurately weighed onto the 
the water-saturated filter of each crucible. Then 
the crucibles were covered with a flexible plastic 
sheet perforated by a single pinhole (for the main­
tenance of atmospheric pressure) and placed to­
gether in the same tray of water at room tempera­
ture. Any air trapped between the filters and the 
water was withdrawn by means of a V-shaped 
tube. Thus, the clays were allowed to swell freely at 
atmospheric pressure without evaporative drying. 
To determine when equilibrium was attained, the 
crucibles were weighed periodically for several 
weeks. Finally, free swelling was expressed in 
terms of the grams of water absorbed per gram of 
clay. 

Zeta potentials of the different Na-saturated 
clays were determined in 2 per cent suspensions 
by the method of Long and Ross (1965). 

RESULTS AND DISCUSSION 

When isomorphous substitution occurs there are 
two effects: (1) the clay structure becomes elec­
trically charged if the replacing cation has a differ­
ent charge than the one being replaced, and (2) 
the b-dimension of the lattice changes and, as a 
consequence, the silicon tetrahedra rotate alter­
nately clockwise and counterclockwise (Rados­
lovich and Norrish, 1962; Radoslovich, 1962). Let 
us examine these two effects of isomorphous 
substitution on free swelling. 
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In Table 2 are presented experimental data for 
the different clays. Note that there is no relation 
between free swelling and the cation exchange 
capacity. Recall that Foster (1953, 1955) made the 

Table 2. Free swelling, cation exchange capacity (C.E.C.) 
and zeta potential m of the montmorillonites used in this 

study 

Montmorillonite Free swelling C.E.C. , 
type (g H.O/g clay) (me/IOOg) (mY) 

Cheto, Ariz. 6·83 96 25 ·7 
Polkville, Miss. 11·46 63 24·3 
Bayard, N. M. 13·02 127 34'2 
Otay, Calif. 13·51 52 27-8 
Upton, Wyoming 15·39 100 23-9 
Belle Fourche, S. D. 18·38 85 21'7 

same observation. But, contrary to Foster's belief, 
there does not appear to be any relation between 
free swelling and cation dissociation. This can be 
shown in the following way. If it is assumed that 
the dissociated cations and anions are those out­
side the plane of shear, the effective surface charge 
density inside the plane of shear, (J", is given by 

(1) 

where jJ is the common valence of the ions (Na+ 
and CI- in this case), e is the electronic charge and 
N + and N _ are the number of dissociated cations 
and anions, respectively, per cm2 of surface. When 
the content of free electrolyte is low 

(2) 

Now, we can write (MacInnes , 1939) 

~ = 41TlT' /IEK (3) 

where 

(4) 

~ is the zeta potential, IE is the dielectric constant, 
K is the Debye-HuckeJ constant, n is the number of 
ions per cm3 beyond the electric 6eld of the par­
ticle, k is the Boltzmann constant and T is the 
absolute temperature . Combination of equations 
(2) and (3) yields 

(5) 

The value of K should have been nearly the same in 
the different suspensions in which ~ was measured 
because they were all prepared by mixing salt-free, 
freeze-dried clay with deionized water. Since there 

was no relation between free swelling and ~ (Table 
2), we conclude that free swelling was not related 
to cation dissociation. 

A more quantitative approach to the effect of 
surface charge (and its associated cation atmo­
sphere) on free swelling is provided by double­
layer theory (Verwey and Overbeek, 1948; van 
Olphen, 1963). We utilized this theory to calculate 
the repulsive pressure , p, when the half-distance 
between particles. d, had different values in excess 
of 100 A. Preliminary calculations indicated that, 
when the half-distance exceeded this value, the 
electrical double layers of the particles were 
essentially unperturbed by each other and that, 
therefore, the midplane potential could be cal­
culated by summing their individual contributions. 
In this calculation, the surface charge densities 
were determined from the cation exchange capa­
cities and surface area (assumed to be 8 x 106 cm2 

per g). The ionic concentration in the external 
solution was the same for all clays since they were 
equilibrated together in the same tray of deionized 
water. It was arbitrarily assigned a value of 6·02 x 
1016 ions per cm3 , corresponding to a 10-4 N solu­
tion. It was found that the midplane potentials 
varie~ with d but, at any specific value of d > 
100 A, were essentially the same for the different 
clays. Hence, the values of p were also essentially 
the same. This conclusion is supported by the work 
of Low (1968) who calculated p as a function of d 
by using the complete double-layer theory, i.e., 
without approximating the midplane potential as 
indicated above. At maximal swelling, the values of 
d for our ~lays were, with one exception, greater 
than 100 A (Table 3). These values of d were 
calculated by assuming a density of unity for the 
water in the system and dividing its weight by the 
surface area of the clay. They are believed to be 
good approximations because unpublished evi­
dence of I. Ravina in this laboratory as well as 
other evidence (Norrish, 1954; Foster, Savins and 
Waite, 1955) indicates that, in pure water, the 
interlayer spacing of N a-montmorillonite is directly 
proportional to water content and that the inter­
layer water accounts for nearly all the water in the 
system. Therefore, according to double-layer 
theory , differences in surface charge density can­
not account for our results. 

Both theory and experiment indicate that iso­
morphous substitution does not affect free swelling 
by changing the surface charge density of the clay. 
The surface charge density is usually related to the 
repulsive force between particles. Let us now see 
if isomorphous substitution affects the attractive 
force. The only attractive force that is known to be 
significant at interparticle distances comparable to 
those reached in our experiments is the van der 
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Table 3. Calculated values of the surface charge density (17), the surface potential ('l'o) the 
half-distance between particles (d), the mid-plane potential ('I'd) the repulsive pressure (p) 
and the van der Waals attractive force (f) for the different montmorillonites at maximal 

swelling 

17 'l'o 
Montmorillonite (esu/cm 2 (esu/cm 

type x 10-4) x 104) 

Cheto, Ariz. 3-46 9·00 
Polkville, Miss. 2·28 8·30 
Bayard, N. M. 4·59 9·50 
Otay, Calif. 1-84 7·80 
Upton. Wyoming 3-62 9·10 
Belle Fourche. S. D. 3·16 8·50 

Waals ' force. Both theory and experiment (Prosser 
and Kitchener. 1956; DeIjaguin and Abrikossova. 
1958; Black et at.. 1960; Tabor and Winterton, 
1968) show that the magnitude. f, of this force 
between two parallel flat plates is related to the 
distance. h, which separates them (h = 2d) by 

f= A/6rrh3 (6) 

jfthe force is normal and by 

f= BJh4 (7) 

if the force is retarded. Equation (6) with A 2" 10- 12 

erg is supposed to apply when h is less than about 
100 A and equation (7) with B 2" 10- 19 erg cm is 
supposed to apply at larger distances . Hence, 
equation (7) should be applicable to the freely 
swollen systems of this experiment. Now, theor­
etically. B in this equation is supposed to depend 
somewhat on the atomic composition of the plates. 
It is conceivable, therefore. that isomorphous 
substitution could affect B and , thereby, interplate 
attraction. That this is unlikely. however. is in­
dicated by the constancy of B for silicates of 
different composition. For example, it equals 
1-2 X 10- 19 erg cm for quartz (Derjaguin and 
Abrikossova. 1958; Black et aI. , 1960), '·IX 
10- 19 erg cm for glass (Kitchener and Prosser, 
1957) and 0·87 x 10- 19 erg cm for muscovite mica 
(Tabor and Winterton, 1968). Therefore. it ap­
pears that isomorphous substitution would have 
too small an effect on the van der Waals' force to 
account for the observed differences in free swel­
ling. 

Values of f at maximal swelling, determined by 
using equation (7) and the force constant for mus­
covite mica (which should be representative of 
layer silicates like montmorillonite) are recorded 
in Table 3. Observe that p is much greater than f 
The same observation has been made by others 

'l'd P f 
d (esu/cm (dynes/em2 (dynes/cm2 

(A) X 104) x 10- 3) x 10- 3) 

87 6·48 287 9·49 
143 4·80 139 1-30 
162 5·50 118 0·79 
169 4·22 108 0 '67 
192 3·94 88 0·40 
230 3·34 62 0·19 

(Norrish, 1954; van Olphen, 1962; Norrish and 
Rausell-Colom, 1963; Andrews, Schmidt and van 
Olphen, 1967) who have explained the discrep­
ancy by assuming that an additional attractive 
force exists because of positive-edge to negative­
surface association. However, it has been shown 
that the edges of the 1: 1 minerals, kaolinite and 
dickite, are positively charged only under acidic 
conditions (Schofield and Samson, 1953 ; Sumner, 
1963 ; Okuda and Williamson, 1964; Follett, 1965) 
and that the edges of the 2: 1 minerals , pyrophyl­
lite and talc, are negatively charged even under 
these conditions (Okuda, Inoue and Williamson, 
1969). Further, as indicated in a recent review 
(Low, 1968), almost all the evidence derived from 
electron microscopy, X-ray analysis and analysis 
of birefringence favors edge-to-edge or face-to-face 
association. Therefore, we doubt the existence of 
an attractive force depending on positive-edge to 
negative-surface association in Na-montmorillonite 
systems, especially since these systems have an 
alkaline reaction. It is more likely that the calcul­
ated magnitUde of either p or f is in error. In this 
regard Overbeek (1966) has noted that, for colloids 
in general, there is a lack of agreement between 
experiments and theory based exclusively on van 
der Waals ' forces and double-layer interaction. 
His conclusion was that the theories were either 
inaccurate or needed refinement. Of particular 
relevance to this work was his statement that 
"Undoubtedly, the structure of a liquid near an 
interface deviates from its structure in bulk. There 
is no doubt either that the special structure of 
water near the interface with particles dispersed in 
it will affect their stability by influencing the struc­
ture of the electrical double layer and possibly 
even by modifying the van der Waals forces ." 

Neither the repulsive force arising from the sur­
face charge (and its associated ionic atmosphere) 
nor the van der Waals' attractive force appears to 
be primaIily responsible for the differences in 
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swelling of the various montmorillonites. Let us 
tum our attention, therefore, to the effect on 
free swelling of changes in lattice dimensions 
produced by isomorphous substitution. The rela­
tion between b-dimension and isomorphous sub­
stitution in montmorillonites has been determined 
by Radoslovich (1962). It is 

bObS ==' (8·944+0·096Mg2++0·096Fe3+ 

+ 0·037 Altetra ) ±0'0I2 A. (8) 

This relation was used to obtain the b-dimensions 
of the montmorillonites employed in Foster's 
(1953, 1955) and the present study. Then curves 
were drawn of free swelling versus b-dimension. 
In plotting the curve for Foster's data, the rela­
tively discrepant data point representing Santa 
Rosa clay was omitted. Further, no distinction was 
made between the units of free swelling that she 
used (ml H 20/g clay) and the units that we used 
(g H zO/g clay) because the values in both units 
are essentially the same. The two curves and their 
appropriate regression equations are shown in 
Fig. I. All data points are within experimental 
error (i.e., within the possible error in b-dimension) 
of their respective curves. Evidently, free swelling 
decreases linearly with increasing b-dimension. 

Note from Fig. I that the line for Foster's data 
was higher and had a different slope than that for 
our data. Presumably, this is because her method 
of determining free swelling was different from 
ours . She dropped I-g samples of clay into dis­
tilled water in IOO-ml graduated cylinders and 
observed the resulting gel volumes. It is also pos­
sible that her method of clay preparation, which she 
did not describe, was different. 

In view of equation (8) and Fig. I, one would 
expect that: (1) free swelling would decrease 
linearly with octahedral substitution; (2) substitu­
tion of Fe3+ and Mg2+ for AJ3+ in octahedral posi­
tions would have the same effect on free swelling; 
(3) substitution of AJ3+ for SiH in tetrahedral 
positions would have little effect on free swelling, 
and (4) free swelling would increase when octa­
hedral Fe2+ is oxidized to Fe3+ because this con­
tracts the structure by decreasing ionic size and 
increasing ionic charge. These expectations are 
consistent with Foster's (1953, 1955) observations. 

Conceivably, free swelling is linearly related to 
the b-dimension because the b-dimension is pro­
portional to the attraction between negative sur­
faces and intermediate cations which prevents layer 
expansion (Norrish, 1954) or, alternatively, to the 
attraction between negative surfaces and positive 
edges which causes cross-linking (N orrish and 
Rausell-Colom, 1963; Andrews , Schmidt and van 
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work. 

Olphen, 1967). However, both kinds of attraction, 
being electrostatic, depend primarily on lattice 
substitutions that alter electrical charge (Low, 
1968), whereas, the b-dimension depends on all 
lattice substitutions (equation 8). In particular, 
substitution of Mg2+ for AP+ would affect the 
surface and edge charges differently than substitu­
tion of Fe3+ for AP+. But these substitutions have 
the same effect on the b-dimension. Further, free 
swelling is not related to cation exchange capacity, 
i.e., to electrical charge. We do not subscribe, 
therefore, to either alternative. Instead, we pro­
pose that, by virtue of the attraction between sur­
face oxygens and adjacent water molecules , the clay 
surface acts as a template on which a relatively 
stable water structure is built. Hence, as the b-di­
mension adjusts to lattice substitutions, there is a 
corresponding adjustment in the water structure. 
This adjustment takes place by changes in inter­
molecular bond angles and distances and, in extreme 
cases, by changes in coordination number. Accord­
ingly, the relative partial molar free energy of the 
water F - F 0 , changes. Now, F - F 0 is related to the 
swelling pressure, 7T, of the clay and the relative 
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vapor pressure, plpo, of the water in it by the 
thermodynamic relationships (Low and Anderson, 
1958) 

F - FO = -V1T = RTin plpo (9) 

where v is the partial molar volume of water in the 
clay, R is the molar gas constant and T is the tem­
perature. Thus, changes in b-dimension lead 
ultimately to changes in swelling. 

Our proposal is supported by the work of 
Nagasawa (1969) which came to our attention 
when the present article was being edited for 
publication. He found that halloysite samples 
could be divided into two groups based on the 
stability of interlayer water. The halloysite 
samples with the more stable interlayer water had 
the smaller b-dimensions. Consequently, he con­
cluded that the b-dimension determines the 
stability of interlayer water. 

Recall that the silicon tetrahedra in the clay 
structure rotate as the b-dimension changes. By 
this mechanism, the tetrahedral layers adjust to 
the dimensions of the octahedral layer. Ifthe water 
is bonded to the basal oxygens of the silicon 
tetrahedra, as supposed, there should be some 
relation between free swelling and a, the angle 
through which these tetrahedra rotate. Now a can 
be calculated (Brindley and MacEwan, 1953; 
Radoslovich and N orrish, 1962; Bailey, 1966) 
from the equation 

Cos a = bobsl btetra (10) 

where btetra, the b-dimension of the unconstrained 
tetrahedral layer, is given by 

btetra = 9.051 + 0.254 Altetra. (II) 

Equation (11) was developed from mineralogical 
data and geometrical considerations by Radoslo­
vich and Norrish (1962). It gives results that are 
similar to those obtained by a method described by 
Bailey (1966). We knew the Altetra in each clay 
from the mineralogical composition. Therefore, 
we were able to calculate btetra and, consequently, 
a for Foster's and our clays. 

As has been noted already, the difference be­
tween the two curves in Fig. 1 is believed to be 
due to differences in experimental procedure. 
Therefore, to correct for these differences, so that 
the two sets of data could be combined, we added 
to each of our observed values of free swelling an 
amount equal to the difference in the lines at the 
corresponding b-dimension. Then we plotted the 
corrected values, along with those observed by 

Foster, against the calculated values of a. The 
results are shown in Fig. 2. 

It can be seen from Fig. 2 that the data points for 
clays with similar amounts of tetrahedral substitu­
tion tend to fall on the same straight line and that, 
as the amount of tetrahedral substitution increases, 
the location of the line shifts to the right. Also, it 
appears that the different lines are nearly parallel 
to each other. Thus, a definite pattern exists. Al­
though more work must be done before explicit 
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Fig. 2. Relation between free swelling and the angle of 
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Foster's data; 0, this work (corrected). 

conclusions can be drawn, it appears that free 
swelling is influenced by a. 

In summary, we have shown that clay swelling is 
not related to the surface charge or number of as­
sociated cations in any obvious way. Instead, it is 
related to the configuration of the crystal lattice of 
the clay. Presumably, the reason for this relation­
ship is that the clay lattice serves as a template 
for the water lattice. As it changes in configuration, 
so does the water lattice. The result is a change in 
the free energy of the water and, therefore, in the 
swelling of the clay. 
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REFERENCES 
Andrews, D. E., Schmidt, P. W. and van Olphen, H. 

(1967) X-ray study of interactions between montmoril­
lonite platelets: Clays and Clay Minerals 15, 321-330. 

Bailey, S. W. (1966) The status of clay mineral structures: 
Clays and Clay Minerals 14, 1-23. 

Black, W., De Jongh, J. G. V., Overbeek, 1. Th. G. and 
Sparnaay, M. J. (1960) Measurements of retarded 
van der Waals forces: Trans. Faraday Soc. 56, 1597-
1608. 

Brindley, G. W. and MacEwan, D. M. C. (1953) Struc­
tural aspects of the mineralogy of clays and related 
silicates: In Ceramics. A Symposium, British Ceramic 
Society, pp. 15-59. 

Derjaguin, B. V. and Abrikossova, I. I. (1958) Direct 
measurements of molecular attraction of solids: J. 
Phys. Chern. Solids 5,1-10. 

Follett, E. A. C. (1965) The retention of amorphous col­
loidal Terrie hydroxide' by kaolinites: J. Soil Sci. 16, 
334-341. 

Foster, M. D. (1951) The importance of exchangeable 
magnesium and cation-exchange capacity in the study 
of montmorillonitic clays: Am. Mineralogist 36,717-
730. 

Foster, M. D. (1953) Geochemical studies of clay min­
erals: II-Relation between ionic substitution and 
swelling in montmorillonites: Am. Mineralogist 38, 
994-1006. 

Foster, M. D. (1955) The relation between composition 
and swelling in clays: Clays and Clay Minerals 3,205-
220. 

Foster, W. R., Savins, J. G. and Waite, J. M. (1955) 
Lattice expansion and rehological behavior relation­
ships in water-montmorillonite systems: Clays and 
Clay Minerals 3,296-316. 

Grim, R. E. and Kulbicki, G. (1961) Montmorillonite: 
High temperature reactions and classification: Am. 
Mineralogist 46, 1329-1369. 

Hemwall, J. B. and Low, P. F. (1956) The hydrostatic 
repulsive force in clay swelling: Soil Sci. 82, 135-145. 

Kerr, P. F. et al. (1951) Analytical data on reference clay 
minerals: In Reference Clay Minerals, A.P.I. Research 
Project 49. 

Kitchener, J. A. and Prosser, A. P. (1957) Direct meas­
urement of the long-range van der Waals forces: Proc. 
Roy. Soc. (London) A 242, 403-409. 

Leonard, R. A. and Low, P. F. (1964) Effect of gelation 
on the properties of water in clay systems: Clays and 
Clay Minerals 12, 311-325. 

Long, R. P. and Ross, S. (1965) An improved mass-trans­
port cell for measuring electrophoretic mobilities: J. 
Colloid Sci. 20,438-447. 

Low, P. F. (1968) Mineralogical data requirements in 
soil physical investigations: In Mineralogy in Soil 
Science and Engineering. Soil Sci. Soc. Am. Spec. 
Pub. 3, pp. 1-34. 

Low, P. F., and Anderson, D. M. (1958) Osmotic press­
ure equations for determining thermodynamic proper­
ties of soil water: Soil Sci. 86, 251-253. 

Low, P. F. and Deming, 1. M. (1953) Movement and equi-

librium of water in heterogeneous systems with special 
reference to soils: Soil Sci. 75,187-202. 

Macinnes, D. A. (1939) The Principles of Electrochem­
istry: Reinhold, New York. 

Nagasawa, K. (1969) Kaolin minerals in Cenozoic sedi­
ments of central Japan: Proc. Intern. Clay Conf 
(Tokyo) 1, 15-30. 

Norrish, K. (1954) The swelling of montmorillonite: 
Discussions Faraday Soc 18, 120-134. 

Norrish, K. and Rausell-Colom, J. A. (1963) Low-angle 
X-ray diffraction studies of the swelling of montmorill­
onite and vermiculite: Clays and Clay Minerals 10, 
123-149. 

Okuda, S. and Williamson, W. O. (1964) Spatial rela­
tions between air bubbles and flocculated kaolinite 
and dickite: Clays and Clay Minerals 12, 223-230. 

Okuda, S., Inoue, K. and Williamson, W. O. (1969) 
Negative surface charges of pyrophyllite and Talc: 
Proc.lllIern. Clay Conf (Tokyo) 1,31-41. 

Osthaus, B. (1956) Kinetic studies on montmorillonites 
and nontronite by the acid-dissolution technique: 
Clays and Clay Minerals 4,301-321. 

Overbeek, J. Th. G. (1966) Colloid stability in aqueous 
and nonaqueous media: Discussions Faraday Soc. 42, 
7-13. 

Prosser, A. P. and Kitchener, J. A. (1956) Direct meas­
urement of long-range van der Waals forces: Nature 
178, 1339-1340. 

Radoslovich, E. W. (1962) The cell dimensions and sym­
metry of layer-lattice silicates. II Regression relations: 
Am. Mineralogist 47, 617-636. 

Radoslovich, E. W. and Norrish, K. (1962) The cell 
dimensions and symmetry of layer-lattice silicates 
I. Some structural considerations: Am. Mineralogist 
47,599-616. 

Schofield, R. K. and Samson, H. R. (1953) The defloc­
culation of kaolinite suspensions and the accompanying 
change-over from positive to negative chloride adsorp­
tion: Clay Minerals Bull. 2, 45-51. 

Schultz, L. G. (1969) Lithium and potassium absorption, 
dehydroxylation temperature, and structural water 
content of aluminous smectites: Clays and Clay Min­
erals 17,115-149. 

Sumner, M. E. (1963) Effect of iron oxides on positive and 
and negative charges in clays and soils: Clay Minerals 
Bull. 5, 218-226. 

Tabor, D. and Winterton, R. H. S. (1968) Surface forces: 
Direct measurement of normal and retarded van der 
Waals forces: Nature 219, 1120-1121. 

Tanner, C. B. and Jackson, M. L. (1947) Nomographs 
of sedimentation times for soil particles under gravity 
or centrifugal acceleration: Soil Sci. Soc. Am. Proc. 12, 
60-65. 

Van Olphen, H. (1962) Unit layer interaction in hydrous 
montmorillonite systems: J. Colloid Sci. 17, 660-667. 

Van Olphen, H. (l963) An Introduction to Clay Colloid 
Chemistry: Interscience, New York. 

Verwey, E. J. W. and Overbeek, J. Th. G. (1948) Theory 
of the Stability of Lyophobic Colloids: Elsevier, New 
York. 

Resume- Incites par I'observation de Foster d'apres laquelle Ie libre gonflement est lie a la substitution 
octahedrale, les auteurs ont determine Ie libre gonflement de six Na-montmorillonites avec differents 
volumes de substitution octahedrale et tetrahedrale. lis ont trouve que les montmorillonites present-
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aient des differences marquees dans Ie gonflement libre. Ces differences n'avaient aucune relation 
avec celles de la capacite d'echange de cations, ni avec les differences de potentiel " qui est un critere 
de la dissociation des cations. De plus, les calculs ont indique qu'elles ne pouvaient etre justifiees 
par les differences de repulsion des couches doubles ou d'attraction de Van der Waals. Ainsi, pour 
determiner si les changements dimensionnels produits par la substitution isomorphes etaient respon­
sables, on a releve Ie libre gonflement selon la dimension b de la structure argileuse calculee a partir 
de sa composition mineralogique. Le resultat etait une ligne droite avec une pente negative. Un resultat 
similaire a ete obtenu a partir des donnees de Foster. De plus, on a effectue un releve du gonflement 
libre d'apres Ie degre de rotation tetrahedrale dans la structure argileuse, egalement calcule a partir 
de sa composition mineralogique. Le resultat a donne une famille de lignes droites presque paraIIeles 
qui se distinguaient les unes des autres par la quantite de AJ3+ tetrahedrale dans les argiles identifiees 
avec elles. Ces resultats ont conduit a la proposition d'apres laquelJe la surface argileuse agit en 
tant que gabarit pour la structure de l'eau adjacente et que la structure de I'eau change avec les modifi­
cations de la configuration de surface. Ceci entraine une modification de I'energie libre de I'eau et, 
ainsi, du gonflement de l'argile. 

Kurzreferat-Angeregt durch die Beobachtung von Foster, dass eine Beziehung besteht zwischen 
Freier QueIIung und oktaedrischer Substitution, bestimmten die Autoren die freie QueIIung von 
sechs Na-Montmorilloniten mit verschiedenen Ausmassen von oktaedrischer und tetraedrischer 
Substitution. Sie fanden, dass die Montmorillonite deutIiche Unterschiede in der freien Quellung 
zeigten. Diese Unterschiede standen in keinem Verhaltnis zu Unterschieden in der Kationenaus­
tauschkapazitat. Auch konnte kein Zusammenhang mit Unterschieden im ( Potential, das ein Kriter­
ium fur Kationendissoziation darstellt, festgesteIIt werden. Rechnungsmassig zeigte sich ferner, 
dass sie nicht auf Grund von Unterschieden in Doppelschichtabstossung oder van der Waalsscher 
Anziehung zu erklaren waren. Urn daher herauszufinden ob dimensionelle, durch isomorphe Sub­
stitution hervorgerufene, Veranderungen verantwortlich waren, wurde die freie QueIIung gegen die 
b-Dimension der Tonstruktur, die aus dessen mineralogischer Zusammensetzung errechnet wurde, 
aufgetragen. Das Ergebnis war eine Gerade mit negativer Neigung. Ein ahnliches Resultat wurde 
mit den Messwerten von Foster erhalten. Dariiber hinaus wurde die freie Quellung gegen das Ausmass 
tetraedrischer Drehung in der Tonstruktur, das ebenfalls aus der mineralogischen Zusammensetzung 
des Tons berechnet wurde, aufgetragen. Das Ergebnis war eine Schar beinahe paraIIeler Gerader, 
die sich durch die Menge von tetraedrischem A13+ in den mit ihnen identifizierten Tonen von einander 
unterschieden. Diese Ergebnisse fuhrten zu der Anregung, dass die Tonoberfiache als Schablone 
fur die Struktur des benachbarten Wassers wirk!, und dass bei Veranderung in der Konfiguration 
der Oberfiache, eine entsprechende Veranderung in der Wasserstruktur eintritt. Dadurch erfolgt 
aber eine Anderung in der freien Energie des Wassers und folglich in der Quellung des Tons. 

PeJIOMe - ABTOPbI, rro6YlKtlaeMble Ha6motleHIUIMH ct>ocTep 0 CYlI.\eCTBOBaHHH 3aBHCHMOCTH cBo6otl­
HOro Ha6yxaHHH OT OKTa3t1pH'leCKHX 3aMelI.\eHHil:, npetlrrpHHHJIH orrpetleJIeHlle cBo6otlHorO Ha6yxaHIDI 
llieCTH 06pa3l(OB Na-MoHTMOPIlJIJIOHIlTa c pa3JIII'lHoii: CTerreHbJO OKTa3t1plI'leCKHX H TeTpa3t1pH'leCKHX 
3aMelI.\eHHil:. ITPH 3TOM 6blJIO YCTaHOBJIeHO, 'ITO MOHTMOPHJIJIOHHTbl 06HapYlKHBaJOT 3aMeTHbie 
pa3JIH'lHH cBo6otlHOrO Ha6yxaHHll. 3TH pa3JIII'lHH He cBH3aHbI c pa3JIH'lHHMH B KaTHoHHo-o6MeHHoH 
eMKOCTH. He CBH3aHbI OHH TaKlKe H c pa3JIHqllHMH tl3eTa-rrOTeHUHaJIa, KOToPblil: HBJIJleTCH KpHTepHeM 
tlHCCOUHaUHH KaTHOHOB. ITOtlC'leT nOKa3aJI, 'ITO OHH He MorYT 6bITb 06YCJIOBJIeHbI pa3JIII'lHJlMH B 
cllJIax OTTaJIKIlBaHIIH HJIII BaH-tlep-BaaJIbCOBCKoro npHTHlKeHHH tlBOil:HbIX CJIOeB. IT03TOMY, tlJIH 
BblHCHeHHH Toro, BJIHHIOT JIH Ha np01\eCCbl Ha6yxaHHJI H3MeHeHHH B pa3Mepax CJIOeB, 06YCJIOBJIeHHble 
H30MOP<PHb!MH 3aMelI.\eHHllMH, 3Ha'leHHH cTeneHH cB060~Horo Ha6yxaHHH 6blJIH HaHeceHbl Ha 
rpa<pRK ee 3aBRcRMOCTR OT pa3MepoB b, KOTopble 6blJlR BblqRCJIeHbl C Y'leTOM MRHepaJIbHOrO 
cocTaBa. Pe3YJIbTaT BblpalKaJICll npllMoll: JIHHHeH C OTpH1\aTeJIbHbIM HaKJIOHoM. AHaJIOrH'lHbIH 
pe3YJIbTaT 6blJI rrOJIyqeH c HCrrOJIb30BaHHeM tlaHllbIX ct>OCTep. KpoMe Toro, 3I1a'leHHJI CTeneHH 
CB06otlHOrO lIa6yxaHHSI 6blJlH HaHecellbl Ha rpa<pHK ee 3aBHCHMoCTH OT CTeneHH pa3BopOTa TeTpa-
3t1POB, KOTopall TaKlKe 6blJIa rrOACqHTaHa C Y'leTOM MHllepaJIbHOrO COCTaBa. Pe3YJIbTHPYJOII.\HH 
rpa<pHK rrpetlCTaBJIllJI C060H ceMeil:cTBo rrpHMepHo rrapaJIJIeJIbHblX rrpJlMblX JIHHHil:, OTJIHqaJOII.\HXcJI 
tlPyr OT Apyra KOJIH'leCTBOM TeTpa3APH'leCKOrO AP + B cooTBeTcTBYJOlI.\eH rJIHHe. ITOJIY'leHHble 
pe3YJIbTaThi npHBoAllT K npeArrOJIOlKellHIO, 'ITO rrOBepXHOCTh rJIHllhI tleHcTByeT KaK IIIa6JIOH, orrpe­
IJ,eJIHJOII.\HH CTPYKTYPY CMelKHoro CJIOll BOAh! H 'ITO BCJIeACTBHH H3MeHeHHH rrOBepXHOCTH rrpOHCXOIJ,HT 
H3MelleHHe CTPYKTYPbl BOAb!. 3TO Bbl3hlBaeT H3MelleHile CBo60,[lllOH 3HeprllH BOtlhI, H CJIeIJ,OBaTeJIbHO, 
crroco6HOCTil K Ha6yxaHillO r JIHlI. 
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