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ABSTRACT

The' phenomenon of swelling is associated with the hydration of clay; however, all
clays do not swell when hydrated. Steps in the mechanism of hydration and swelling
of different types of clays as observed and interpreted by several investigators and some
theories proposed as to the cause of hydration and swelling are reviewed.

The concept of clays as colloidal electrolytes that dissociate to a greater or less ex-
tent when dispersed in water seems to explain most satisfactorily the significant rela-
tion between the degree of swelling on hydration and the composition of the ‘clay
minerals. In the kaolinite group, in which there ‘are generally no replacements, the
small number of exchangeable cations associated with the clay structure are presumed
to be held by broken bonds on the edges of the sheets. Even though kaolinite, as shown
by Marshall, is more highly ionized than montmorillonite, this greater ionization, be-
cause of the small number of cations present and their location on the edges of the
sheets, cannot pry the units apart or leave the sheets sufficiently charged to cause the
mineral to exhibit the phenomenon of swelling,

In the montmorillonite structure, on the other hand, isomorphous replacements, most
commonly of magnesium and ferrous iron for aluminum in the octahedral layer, and,
to a slight degree, replacement of aluminum for silicon in the tetrahedral layer, give
the structure a net residual charge of 0.7 to 1.10 milliequivalents, which is neutralized
by cations held electrostatically and located, for the most part, between the sheets. On
hydration such a structure tends to ionize, the degree of ionization depending on (a)
the nature of the exchangeable cation and (b) the kind and extent of isomorphous
replacements. The characteristically great swelling of sodium montmorillohite as com-
pared with calcium montmorillonite can be correlated with its much greater ionization.
The differences in swelling of different montmorillonites have been correlated with the
nature and extent of octahedral substitution and are attributed to the effect of these
replacements on the anionic strength of the structural unit and its consequent degree
of ionization as influenced by the changes in polarization throughout the structure
caused by these replacements.

Hydrous mica, with the same structure as montmorillonite, is characterized by even
a greater degree of isomorphous replacements and, consequently, a greater charge.
However, a large part of this charge is neutralized by fixed, nonexchangeable and
nonionizable potassium, and ionization of the exchangeable cations is unable to over-
come the effect of this fixed potassium. It is probable that the greater replacements in
the hydrous mica structure, as in the montmorillonite structure, have a depressing effect
on ijonization. The result is that hydrous micas are characterized by a very low
degree of swelling.

INTRODUCTION

The phenomenon of swelling is associated with the hydration of clays;
however, all clays do not swell when hydrated. Those of the kaolinite group,
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for example, exhibit little or no swelling on hydration. Sodium montmoril-
lonite, on the other hand, characteristically swells in water to many times its
dry volume. Calcium and magnesium montmorillonite and the hydrous
micas, or so-called illites, fall between these two extremes in swelling prop-
erties, but are, in general, much closer to kaolinite than to sodium mont-
morillonite in their increase in volume on hydration. These differences in
the swelling characteristics of different clays may be related to their chemi-
cal composition, to the kind and degree of isomorphous replacements in
their structure, and to the amount and nature of their associated exchange-
able cations.

THEORIES AS TO THE CAUSE OF HYDRATION AND
SWELLING

Wiegner (1931) and others considered that the adsorbed cations are hy-
drated and that a union of the solvation hulls forms the water envelope
around the clay-mineral particles; also the thickness and other characteris-
tics of the water film are a direct consequence of the hydration of the
adsorbed cations present. According to this concept the greater swelling of
sodium montmorillonite as compared with calcium montmorillonite is due
to the greater hydration of the sodium ion. However, there was consider-
able divergence in the values given by different investigators for the size
of the hydrated cations and for the hydration in molecules of water per
ion — the measurements did not even provide strong evidence that the
cations are actually hydrated. Indeed, Bernal and Fowler (1933) presented
data in 1933 that threw doubt on the hydration of some cations. Hendricks,
Nelson, and Alexander (1940) later showed strong evidence that (a) the
sodium ion, assumed to be most highly hydrated, is not hydrated at all and
(b) magnesium and the alkaline earth cations have 6 molecules of water of
hydration. Houwink (1937) considered that the thickness of the water
film (10% to 10* A) was too great to be accounted for by hydration of ad-
sorbed cations. Spiel (1940) concluded that solvation of the adsorbed
cations could not fully explain the presence of water films. Grim (1942)
also concluded that the concept of cation hydration being responsible for
the thickness and other characteristics of the water film was not justified
and that some other cause for the development of the water film must be
sought.

As data from investigations of the relation of exchangeable bases to
plastic properties indicate that the character of the adsorbed cation does in
some way affect the thickness of the water Grim (1942) concluded that
it seems

“likely that the effect is produced by a binding action of the cations. That is
to say, the cations act as bridges to bind the clay-mineral sheets together. The

action is analogous to the effect of potassium in holding together the unit cells
of muscovite in the direction of the c-axis. This idea does not preclude a
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slight hydration of certain ions, but it postulates the adsorbed cations as con-
trolling the thickness of the film water primarily by means of the force with
which they hold the sheets together.”

Grim continues,

“In applying this idea to montmorillonite it follows that the thickness of the
water film is the result of two opposing forces; (a) the tendency of layers
of water to develop on the basal planes, . . . ; and (b) the tendency of the
adsorbed cation to hold the sheets together. The resulting thickness of the
film is chiefly dependent on the cation.”

“It is a well-known fact that Na-montmorillonite expands greatly in the
presence of abundant water, whereas under similar conditions Ca-montmo-
rillonite expands very little. According to this concept, the great swelling
of Na-montmorillonite is due not to the hydration of the Na* serving as a
wedge to force the layers apart but to the absence of a strong bridge because
of the univalent character of Na* and perhaps also because of its small size
enabling it to fit well in the hole of the silica sheet. The Ca-montmorillonite
does not expand greatly because of the slight hydration of Ca** but because
the divalent ion holds the layers together so that a thick series of water
sheets cannot form between them.”

According to Baver and Winterkorn (1935) there are apparently two
ways in which water can be associated with colloidal particles, not taking
into consideration mechanically occluded water. Water molecules may be
oriented at the surface as a result of the electrical properties of both the
liquid and the surface. Water may also be adsorbed because of osmotic
effects. The first process is associated with the release of an appreciable
amount of heat and is termed by them simply “hydration.” The osmotic
type of hydration does not take place with the liberation of measurable
quantities of heat. Mattson (1932) has shown that the osmotic type of
hydration is found in highly hydrated aluminosilicates such as bentonites.
In the osmotic type of hydration the hydrated ions surround the hydrated
surface in a diffuse layer. These ions remain within a distance from the
surface in which the mean osmotic force is in equilibrium with the mean
electrical attraction due to the different charges of the colloidal surface and
the exchangeable ions. The apparent volume of the colloidal particle is
then defined by the extent of the ionic atmosphere. The free water in which
the cations are dispersed is naturally an integral part of the-apparent volume
of the swollen particle, and as the diffuseness of the double Jayer is a func-
tion of the osmotic pressure of the cations this type of swelling has been
termed osmotic. The diffuseness of the ionic atmosphere is also a function
of the electrical structure of the colloid surface.

The high swelling of bentonites in comparison with other clays strongly
suggested to Baver and Winterkorn that the former attract large amounts
of water as a result of forces associated with the inner layer of the colloidal
surface. In colloid chemical terms the nature of the inner layer and its
effect on adsorption of ions and water molecules determine to a great extent
the character and amount of hydration in aqueous clay systems. The kind
of ion adsorbed on the surface plays an important role in simple hydration
as well as in the osmotic type of hydration.
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A number of other theories have been proposed to explain the develop-
ment of water films and the great swelling of sodium montmorillonite, but
none seems so satisfactory as the concept of cation dissociation,

CLAYS AS COLLOIDAL ELECTROLYTES

Hartley (1935) differentiated charged colloids into two classes: (1)
those of which the bulk of the particle is made up of insoluble material in
"regard to which there is no equilibrium and whose charge is due chiefly to
preferential adsorption of foreign ions and (2) those of which the particle
is made up of a definite ionizing compound with regard to which there is
true equilibrium and whose charge is due to ionization of this compound.
The term. “colloidal electrolytes” may be applied to this second class. From
structural considerations Marshall and Krinbill (1942) concluded that the
clays of the montmorillonite group may be placed in the second class and
may be looked upon as colloidal electrolytes.

The montmorillonite group of clay minerals has the fundamental struc-
tural pattern of the micas — two silica sheets bound together by an alumina
sheet. Isomorphous replacements of trivalent alumina for quadrivalent
silicon in the silica sheet, or of magnesium or some other bivalent or univa-
lent ion for trivalent aluminum in the alumina sheet give rise to net residual
charges on the structure, which are neutralized by cations held electro-
statically. Thus the clays of the montmorillonite group fit Hartley’s defini-
tion of colloidal electrotypes. When such a clay is dispersed in water each
unit can come to equilibrium with the outer solution — the adsorbed cations
tend to dissociate and the clay unit can be pictured as a complex anion. The
suspended clay particle may be likened to a dissociated electrolyte, the size
of one of its ions falling within the colloidal range of dimensions.

Dissociation of the associated cations leaves some of the structural units
negatively charged. Thus charged, the units tend to repel each other, and
the montmorillonite appears to swell. The more complete the dissociation
and the greater the number of units carrying a charge, the greater is the
swelling ; the less complete the dissociation, the fewer are the units carrying
a charge and the less is the swelling. The dissociated cations may be re-
garded as constituting the Gouy diffuse double layer.

The hydrous mica group (by some called illites) — like the montmoril-
lonites — has the fundamental structural pattern of micas. They differ
from montmorillonites in having a higher degree of isomorphous replace-
ment in the structural sheets — although usually less than the micas — and
consequently greater charges on the structural units. However, these
charges are to a large extent neutralized by potassium, which is fixed and
is not exchangeable — nor does it dissociate when the particle is dispersed
in water. On the outside of the particles cations, such as sodium, calcium,
or magnesium, balancing the remainder of the charge, are presumably ex-
changeable. But as the units making up the particle are so firmly held
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together by the fixed potassium, exchangeable cations in the interior of a
particle are inaccessible. Thus although the clays of this group possess
theoretically considerable exchangeable cation capacity — some have almost
as high a number of exchangeable actions as some montmorillonites — they
cannot be classed as colloidal electrolytes, as the number of ionizable or
exchangeable cations available is a function of particle size. Qualitatively,
however, they should resemble the calcium salts of the montmorillonite
group in their electrochemical behavior.

In the kaolinite group the unit structure consists of a silica sheet and an
alumina sheet bound together. Dickite, nacrite, and kaolinite are believed
to represent merely different geometrical modifications in the relative posi-
tions of the sheets. Replacements do not generally take place in the kaolinite
structure, and other variations, such as Al”® vacancies in the alumina layer,
appear to be balanced by O-OH changes, so that no excess or deficiency of
charge develops on the structure. The outer surfaces of colloidal crystals
of these minerals will consist of silica or alumina sheets with broken edges,
and it is to the broken bonds on these edges that the small cation exchange
capacity of the kaolin group minerals is attributed. The electrochemical
behavior of these minerals will, therefore, depend on the surface properties
of silica and alumina sheets and on unsatisfied bonds at the broken edges.
Such material would not fall within the scope of Hartley’s definition of a
colloidal electrolyte; there is no stoichiometric relationship between the
chemical composition of the mineral and the number of ionizable groups,
as the number of cations available for ionization varies with particle size.
The cation-exchange capacity — due only to broken bonds on the edges of
the particles — is usually less than 15 milliequivalents per 100 grams. Be-
cause of the small number of ionizable cations, and their situation, at the
flake edges and not between the sheets, the dissociation of the cations does
not pry the clay particles apart into their constituent units and there is no
expansion on dispersion in water.

The electrochemical study of clays really began with Bradfield’s (1923)
potentiometric and conductometric titrations of clay acids prepared by elec-

_ trodialysis. Broadly, the titration curves of electrodialyzed beidellite and
montmorillonite were found to be similar to those of ordinary soluble weak
acids like acetic. Marshall (1948) points out that titration curves of clay
acids are, however, in some respects quite different from those of soluble
weak acids at the extreme acid and the alkaline end of the range. At the
acid end it is also evident that ionized aluminum is present; and in extremely
alkaline solutions soluble silicates are formed. Yet even though the soil
constituents might show complex properties as acids, there seemed, by
analogy with the behavior of soluble acids and salts, no reason to expect
wide differences in bonding energy for single metallic ions. Exchange reac-
tions between soil constituents and salt solutions were therefore formulated
as though all reactants were completely ionized.
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EXTENT OF IONIZATION

Some investigators, Mattson (1929), Baver (1929), and others, however,
obtained good evidence that the “clay salts” were not completely ionized.
Direct measurements of the degree of ionization of the cations most com-
monly present in clays — calcium, magnesium, sodium, and potassium —
were lacking until Marshall and associates began their work on the ioniza-
tion of soil colloids. The great difficulty in making such measurements was
that these cations are all so electropositive that metallic electrodes were not
adapted to the measurement of the small ionic activities to be expected in
soil colloids.

Marshall and Gupta (1933) first investigated cations for which electrodes
were available — such as silver and thallium. Serious limitations in their
use were encountered, although in the case of silver it was evident that only
a small fraction of the exchange ions were ionized. Marshall then under-
took the development of membrane electrodes. He and his associates have
succeeded in developing such membranes of preheated clay films with which
they have determined the ionization of the single cations — potassium,
ammonium, sodium, calcium, and magnesium — in the concentration range
where they naturally fall in soil systems or in colloidal suspensions of soil
constituents. Also fairly complete studies of four important clay types —
montmorillonite, beidellite, hydrous mica, and kaolinite — have been made
with potassium, ammonium, sodium, and calcium. In the case of sodium,
the conclusions have been checked by conductivity measurements.

The numerical differences in the active fraction which arise over the
course of titration of Putnam clay (mineralogically a beidellite), Wyoming
bentonite (mineralogically a montmorillonite), and kaolinite with NaOH
and Ca(OH); is shown in Figure 1. These data are taken from Marshall
(1948) and represent tabulation of the values calculated from different
parts of the titration curves. For sodium on Putnam clay the values for the
active fraction range from 0.08 to 0.50, for calcium from 0.003 to 0.03.
On bentonite the range is even wider, for sodium from 0.007 to 1.20, and
for calcium from less than 0.001 to 0.066. On kaolinite the range is from
0.10 to 0.67 for sodium and from 0.043 to 0.195 for calcium. These figures
show that there are great qualitative differences between fractions active
for sodium and calcium in the Putnam clay and in the bentonite, but that
there are no such wide qualitative differences between sodium and calcium
in the kaolinite.

In the montmorillonite and beidellite clays the fraction that is active varies
abruptly for sodium and for calcium at different stages of neutralization.
Sodium shows a narrow zone and calcium a broad zone of very low activity.
Kaolinite shows a fairly steady rise in fraction active for both cations as
the amount of base is increased.

These differences in active fraction reflect large differences in differential
heat of adsorption of the cation in different regions of the titration curves.
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Fraction aclive for sodium and calcium over successive ranges of neutralization
of the acid clay with base*

NEUTRALIZA- SODIUM CALCIUM
i CONCENTRATION o CT?AC[“ Neutrali- Fraction Neutrali- Fraction
INFLEXION zation Active zation Active
m.e./100 gm. per cent per cent
Putnam < 200 mp 7% (Na) 70 0-14 | 0.121
(beidellite) 9% (Ca) 14- 29 | 0.076 0- 29 .006
29- 43 | 0.125 20- 43 .003
43- 57 | 0.139 43- 57 .003
57-71 ) 0.124 57- 71 .006
71- 79 | 0.240 71- 86 .022
79- 86 | 0.084 86-100 .029
86— 93 | 0.189
93-100 | 0.514
Bentonite < 200 mu 2.8%(Na) 100 0- 15 | 0.412 0~ 20 .031
(montmorillonite) 3.0%(Ca) 15- 35 | 0.142 20— 70 <.001
35- 55 | 0.284 70— 80 .006
55— 70 | 0.298 80— 90 .019
70- 80 | 0.007 90-160 .066
80- 85 | 0.114
85-100 | 1.20
Kaolinite < 2 u 10% 3.0 0-33| 0.5 0- 39 .043
33- 50 | 0.10 39~ 59 .049
50- 67 | 0.32 59- 79 .156'
67- 8, 0.18 79- 99 .195
83-100 | 0.67

* Calculated from data by C. A. Krinbill, A. D. Ayers, and C. E. Marshall.

Ficure 1. — Fraction active for sodium and calcium over successive ranges
of neutralization of the acid clay with base.

Exchange ions of a given kind are thus held with a wide range of bonding

energies. Marshall points out that
“kaolinite can be compared qualitatively with a weak acid having a series of
dissociation constants of diminishing magnitude (Pauli’s concept of colloidal
acids in general). Its behavior approaches that of a soluble weak acid in
several respects. The salts, both of Na and Ca, are much more highly ionized
than for montmorillonite, beidellite and illite, and they differ less from each
other. When pH curves are drawn for the titration of different concentrations
of kaolinite with sodium hydroxide they lie close together, being nearer in
character to those of soluble acids, whereas the montmorillonite clays give
widely spaced curves reminiscent of strong acids.”

The results of these studies show that the exchange cations of kaolinite
are more extensively ionized than those of the montmorillonite clays —
except in bentonite near the point of neutralization. But because of the
very low exchangeable cation capacity of kaolinite and because the cations
are not located between the sheets, but at the broken edges where they are
not effective in prying the units apart, this greater ionization does not lead
to any great amount of swelling.

Between the sodium and calcium bentonite near the point of neutrality
(90 to 100 percent) there is almost a 20-fold difference in degree of ioniza-
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tion — 1.20 fraction active for sodium as against 0.066 fraction active for
calcium. As most of these ions are between the unit sheets, this great differ-
ence in jonization is fully capable of accounting for the great difference in
the swelling of sodium and calcium montmorillonite.

EFFECT OF IONIC SUBSTITUTION ON THE SWELLING OF
MONTMORILLONITES

Most studies on the swelling of montmorillonite have been on the effect
of the exchangeable cation, although Kelley (1943) observed that the swell-
ing of sodium-saturated montmorillonites from different sources is not al-
ways proportional to cation exchange capacity and that, on the other hand,
those having approximately equal cation-exchange capacity may swell very
differently. Grim (1935) pointed out, some years ago, that the physical
properties of clays may be ascribed to two factors — the character of the
exchangeable cation and the composition of the clay mineral. By composi-
tion Grim referred to the makeup of the clay mineral, particularly with
regard to substitution within the structure. Specifically, Grim stated,

“Two montmorillonites, identical except for differences in Mg replacements
for Al in gibbsite positions, may be expected to impart different physical prop-
erties to clays containing them. In other words the physical properties depend

not only on the presence of montmorillonite, but on the composition of the
particular montmorillonite.”

Differences in the physical properties of two montmorillonites identical
in composition except for differences in Mg replacements for Al in gibbsite
positions might be attributed to differences in cation exchange capacity
except for Kelley’s observation that sodium-saturated montmorillonites
having approximately equal cation exchange capacity may swell quite
differently.

The difference in swelling between a montmorillonite and a beidellite
"(an aluminian montmorillonite) of equal exchange capacity has been at-
tributed by Marshall (1936) to the fact that in one the seat of the charge is
in the middle or alumina layer and in the other it is in the outer silica layers.
An excess negative charge originating in the outer silica layers is presumed
to be strong enough to hold the units closely together and to prevent the
entrance of water and expansion. An excess negative charge originating
in the middle alumina layer is, on the other hand, generally thought to have
the strength to hold exchangeable cations but not the strength necessary to
hold the units closely together and prevent expansion and the entrance of
water. Interpreted by the concept of ionization, the cations associated with
a charged alumina layer are presumed to be more easily dissociated than the
cations associated with a charge originating in the silica layers, as they are
physically separated from the seat of the charge by the silica layers and
are consequently less strongly held. The degree of dissociation of a mont-
morillonite and consequently the swelling would, therefore, be expected to
be greater than that of a beidellite having the same charge.
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On the presumption that the difference in swelling between a montmoril-
lonite and a beidellite is due to the source of the charge, whether in the
alumina or the silica layers, two montmorillonites of equal charge but differ-
ing in the proportion of the charge originating in the alumina and the silica
layers would be expected to swell differently. And two montmorillonites
with approximately equal exchange capacity originating in the same degree
in the alumina and the silica layers would be expected to swell to the same
degree. Thus the composition of a montmorillonite, especially with respect
to substitutions in the structure that contribute to total charge and to the
relative distribution of charge between the outer and inner layers, would
be expected to have a significant influence on the swelling volume. As
trivalent iron substituted for aluminum does not change the charge on the
inner layer, it would not be expected to affect the swelling volume.

In order to test these assumptions, I (1953) made a comparison of the
free swelling volumes in water of 12 sodium-saturated montmorillonites
that differed considerably in extent of iron and magnesium substitution in
the alumina layer, in total exchange capacity, and in the relative distribution
of charge between the alumina and the silica layers. The results revealed
unexpected relationships.

The range in swelling volume — from 21 to 66 milliliters per gram —

* strongly supported the assumption that the swelling of montmorillonites is
greatly influenced by factors other than the exchangeable cation, which was
the same, that is, sodium, in all the specimens. As the amount of sodium
present varied with the total cation exchange capacity, it seemed possible
that the differences in swelling volume might be due to differences in the
amount of sodium present as a result of difference in exchange capacity.
However, comparison of cation-exchange capacity with swelling volume
(Fig. 2) indicated that although the Santa Rosa sample, which had the
highest cation-exchange capacity, had also the highest swelling volume and
the Aberdeen sample, which had the lowest exchange capacity, had the
lowest swelling volume, a more detailed examination of the data showed
certain discrepancies. For example, the Aberdeen, Nieder-Bayern, and
Amargosa Valley samples had approximately the same swelling volumes,
23, 23 and 21 ml. per gram, respectively, although they had quite different
exchange capacities, 0.77, 0.94 and 1.11 milliequivalents per gram, respec-
tively. On the other hand, the Amargosa Valley and Greenwood samples
had almost the same exchange capacities, 1.11 and 1.14 milliequivalents per
gram, respectively, but their swelling volumes were quite different, 21 and
50 milliliters, respectively. Consequently there seems to be no direct rela-
tionship between total exchange capacity and swelling volume.

A comparison of the swelling volumes of other pairs of samples gives
some information as to the supposedly greater ability of a charge originating
in the tetrahedral layer to prevent expansion and swelling. The Fort Steel
and Belle Fourche samples have almost the same total charge, 0.39 and
0.38 respectively (see Fig. 3). In the Fort Steel sample this charge origi-
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- Relation between swelling and cation—exchange capacity
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Ficure 2. — Relation between swelling and cation-exchange capacity.

nates almost wholly in the octahedral layer, but in the Belle Fourche sample
almost half the charge originates in the tetrahedral layer. Yet the Belle
Fourche sample had a swelling volume of 43.5 milliliters, whereas the Fort
Steel sample had a swelling volume of only 35 milliliters. Similarly the
Greenwood sample, with 0.17 tetrahedral charge, swelled more than the
Amargosa Valley sample with only 0.04 tetrahedral charge. Other samples
with the same total charge and the same tetrahedral charge, as for example,
the Nieder-Bayern and San Antonio samples, had quite different swelling
volumes. Thus either the amounts of tetrahedral charge found in the mont-
morillonites has little effect in preventing swelling, or some other factor
overcomes its effect.

Inspection of the formulas of the last-mentioned pair of samples—
Nieder-Bayern and San Antonio — showed that although the charge-
inducing substitutions in the tetrahedral layer and in the octahedral were
about the same in both samples, the amount of total substitution, that is,
trivalent iron plus bivalent magnesium, in the octahedral layer, was quite
different, being 0.55 and 0.43, respectively, and that the sample with the
greater total octahedral substitution had the lower swelling volume. Ex-
amination of other pairs of samples that have been mentioned showed the
same relationship — the sample with the higher octahedral substitution had
the lower swelling volume.
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Effect of Fdbubstitution in octahedral geoup on swelling volums,
other substitutions being constent.
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Ficure 3. — Effect of Fe*® substitution in octahedral group on swelling volume, other
substitutions being constant.

When the swelling volumes of the samples were plotted against octahedral
substitution (Fig. 4), there was apparent a much closer relationship than
when swelling volumes were plotted against cation-exchange capacity. The
Burns and Aberdeen samples, with quite different cation-exchange capacities
—1.04 and 0.77, respectively —had nearly the same amount of octa-
hedral substitution — 0.59 and 0.58 — and nearly the same swelling vol-
umes — 26 and 23 milliéquivalents per gram. The Amargosa Valley sam-
ple, which had the highest octahedral substitution — 0.65 — had the lowest
swelling volume, and the Greendwood sample, which had the lowest octa-
hedral substitution — 0.35 — had the highest swelling volume.

The significant effect of trivalent iron substitution on swelling is apparent
when the formulas and swelling volumes of the Tatatila, Fort Steel and
Burns samples are compared (Fig. 3). In these samples the amount of
trivalent iron substitution increases from 0.00 in the Tatatila sample, to
0.10 in the Fort Steel sample, and to 0.16 in the Burns sample and the
swelling volumes decrease from 43 milliliters for the Tatatila sample, to
35 milliliters for the Fort Steel sample, and to 26 milliliters for the Burns
sample. As the makeup of the tetrahedral layers is the same in all three
samples, and as the amount of magnesium substitution in the octahedral
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Freure 4. — Relation between swelling and octahedral substitution.

layers is essentially the same, it seems reasonable to conclude that the differ-
ences in trivalent iron substitution are responsible for the differences in
swelling. For these three samples, an increase of 0.16 in trivalent iron
substitution was accompanied by a decrease of 17 milliliters in swelling
volume,

The Belle Fourche and Aberdeen samples similarly show a decrease in
swelling volume with increase in trivalent iron substitution, other substitu-
tions being essentially the same. In this pair of samples an increase of 0.15
in trivalent iron substitution is accompanied by a decrease of 20.5 milliliters
in swelling volume.

The effect of trivalent iron substitution on swelling volume is similar to
that of magnesium substitution. Thus between the San Antonio and Amar-
gosa Valley samples there is a difference of 22 milliliters in swelling volume
for a difference of 0.19 in magnesium substitution, all the other substitutions
being essentially identical.

Thus, although trivalent iron does not contribute to the charge on the
structure or to the cation-exchange capacity, it does seem to have an effect
on the swelling volume similar to that of magnesium, which does contribute
to the charge and cation-exchange capacity. On the other hand, aluminum
substituted for silicon in the tetrahedral layers appears to have little effect
on the swelling volume, although it does contribute to the cation-exchange
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capacity and gives rise to a charge on the tetrahedral or outer layers, where
a charge had been supposed to be more effective than a charge originating
in the middle layer in preventing expansion.

The relative effect of trivalent and bivalent iron on swelling volume is
indicated by a comparison of the swelling volumes of two specimens of
bentonite that were identical in chemical composition but that differed in
the proportionate amounts of bivalent and trivalent iron present.

In natural exposures and near the surface the bentonite that is commonly
known as the “Wyoming” swelling bentonite is pale olive-green or cream
in color, However, under a few feet of cover many of the blocks, which
have formed by drying and shrinking of bentonite, have a central core of
blue-gray material. Analyses of the blue-gray and olive-green phases of
the same block showed that the two color phases were essentially identical
in chemical composition, except for the state of oxidation of the iron. The
total iron content of the two phases was the same, but in the blue-gray
material two-thirds of the iron was present as ferrous iron, one-third as
ferric; in the olive-green material the reverse relationship was found; only
one-third of the iron was present as ferrous iron, whereas two-thirds was
present as ferric iron. Tests showed that the blue-gray phase swelled to
only two-thirds the volume of the olive-green phase — 40 milliliters as
against 60 milliliters. Reexamination of the blue-gray material 11 months
later showed that it had oxidized to such an extent that the ferrous-ferric
iron relationship was the same as that of the olive-green material originally
and that it swelled to a volume of 66 milliliters, compared to 60 milliliters
for the original olive-green material. These data indicate that ferrous iron
in octahedral positions has a greater depressing effect than ferric iron on
the swelling volume.

The significant effect of ferric iron substitution on the swelling volume
suggests that the apparent relation between octahedral substitution and
swelling is not due to the charge induced on the unit by the substitution but
rather to some other change in electrochemical properties brought about by
the substitution.

If swelling is assumed to be refated to ionic dissociation, the decrease in
swelling volumes found to accompany increase in octahedral substitution
suggests that these substitutions in some way affect the degree of dissocia-
tion of the exchangeable cations, even though the substitution does not
affect the charge. In other words, the substitution in some way affects the
strength of the clay unit as an anion.

Because of differences in polarizing power the substitution of any ion
for another must cause a change in the polarization, particularly of neigh-
boring ions. However, it is reasonable to suppose that the effect of any
substitution should be felt not only by the nearest neighbors but would be
reflected throughout the structure, thus altering the energy relationships
of the whole. Because of their different polarlzmg power as compared with
aluminum, the substitution of iron or magnesium would cause a redistribu-
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tion of the electron atmospheres of neighboring ions, and this redistribution
would be reflected throughout the whole structure. And such an alteration
in the electron distribution in the structure would be expected to affect the
ionization constant of the clay unit as an anion. Although a colloidal elec-
trolyte like montmorillonite cannot be strictly compared with a soluble
electrolyte, the change in the ionization constant of acetic acid (cf. Getman,
F. H., and Daniels, F., Outlines of Theoretical Chemistry, John Wiley &
Sons, 1931, p. 403) brought about by the substitution of one or more of
the H ions by positive or negative ions or groups — such as Cl-, Br-, CN-,
OH- or CH;* — and the increase in strength of ammonium hydroxide as
a base caused by the substitution of one or more of the H atoms by CH,
groups are examples of the way in which the degree of dissociation of a
weak acid or base can be affected by substitutions.

The decrease in swelling volumes found to accompany increase in octa-
hedral substitution seems to indicate that the effect of these substitutions
is in the direction of decrease in the degree of dissociation of the mont-
morillonite.

CONCLUSION

The significant relation between clay composition and swelling is most
satisfactorily explained by the concept of cation dissociation. According to
this concept, when a clay of the montmorillonite group is dispersed in water,
the associated cations that are located, for the most part, between the struc-
tural sheets, tend to dissociate, prying the particles apart and leaving some
of the structural units negatively charged. Thus charged, the units tend
to repel each other, and, if enough units are so charged, the repulsive effect
is great enough to give the clay particles the appearance of swelling. When
calcium is the associated cation, the degree of dissociation is not great
enough to cause a significant degree of swelling; whereas when sodium is
the dominant associated cation, the degree of dissociation is much greater
and sodium montmorillonites are characterized by their swelling properties.

On the assumption that swelling is related to dissociation, the decrease
in the swelling volumes of sodium montmorillonites found to accompany
increase in octahedral substitution of iron or magnesium or both for
aluminum suggests that these substitutions affect the degree of dissociation
of the clay unit. It has been postulated that the substituted ions, because
of their different polarization properties as compared with aluminum, have
caused a redistribution of electrons throughout the structure, thus affect-
ing the binding energy and ionization constant of the clay unit. The de-
crease in swelling volumes found to accompany increase in octahedral sub-
stitution suggests that the effect of the substitutions is in the direction of
decrease in dissociation of the clay unit. This interpretation of the effect
of substitutions in the structure on the swelling of sodium montmorillonite
is, admittedly, speculative, and further work is required to clarify the rela-
tion between substitutions in the montmorillonite structure and swelling.
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Hydrous mica, with the same structure as montmorillonite, is character-
ized by an even greater degree of isomorphous substitutions, and, conse-
quently, a greater charge. However, a large part of this charge is neutral-
ized by fixed potassium, nonexchangeable and nonionizable, which holds
the units so tightly together that any exchangeable and ionizable cations
present are largely inaccessible. Hence the hydrous micas are characterized
by a low degree of swelling. It is probable also that, as the substitutions
in the hydrous mica structure are considerably greater than in the mont-
morillonite structure, they have an even greater depressing effect on dis-
sociation, and consequent swelling.

In the kaolinite group, in which there are generally no replacements, the
small number of exchangeable cations associated with the clay structure
are presumed to be held by broken bonds on the edges of the sheets. And
even though Marshall has shown kaolinite to be more highly ionized than
montmorillonite, this greater ionization, because of the small number of
cations present and their location at the edges of the sheets, cannet pry the
units apart or leave sufficient units with a charge to enable the clay particles
to exhibit the phenomenon of swelling.

Thus the concept of cation dissociation satisfactorily interprets the differ-
ences in swelling exhibited by different kinds of clays and correlates these
differences with their composition.
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