
GEOCHEMICAL STUDIES OF CLAY MINERALS: II-RELATION
BETWEEN IONIC SUBSTITUTION AND SWELLING

IN IVIONTMORILLONITES*t

Mencenur D. Fostnn, U. S. Geological Suraey, Washington., D. C.

Assrn.{cr

The swelling of Na-saturated montmorillonites from 12 difierent localities was deter-
mined after the clays were separated from associated minerals. The degree of swelling,
which ranged between 2l and 66 ml. per gram of sample, showed no correlation with cation-
exchange capacity or with tetrahedral charge but did show a correlation with octahedral
substitution, in the direction of decrease in swelling with increase in octahedral substitu-
tion. Substituted Fe+2 had a greater depressing efiect on swelling than Fe+3, which in
turn appeared to have about the same depressing efiect as Mg{.

Swelling, considered as an osmotic property of montmorillonites, is affected by degree
of dissociation. The greater the dissociation the greater the swelling, and vice versa. It is
suggested that substitutions in the montmorilionite structure afiect the energy relation-
ships of the structural constituents and hence the degree of dissociation of the mont-
morillonite in water. The decrease in swelling found to accompany increase in octahedral
substitution seems to indicate that the effect of substitution of Mg and Fe for Al is in thc
direction of decrease in the desree of dissociation of the montmorillonite.

ImrnooucrroN

Studies on the sweiling of montmorillonite have given much more at-
tention to the efiect of the exchangeable cation than to the effect of the
composition aithough Grim (1935) pointed out, some years ago, that the
physical properties of clays may be ascribed to the two factors-the
character of the exchangeable cation and the composition of the clay
mineral. By composition Grim referred to the make-up of the clay min-
eral, particularly with regard to substitutions within the structure. "Two
montmorillonites, identical except for differences in Mg+z replacements
of Al+3 in gibbsite positions, may be expected to impart different physical
properties to clays containing them. In other words the properties de-
pend not only on the presence of montmorillonite, but on the compo-
sition of the particular montmorillonite."

Differences in the physical properties of two montmoriilonites identical
in composition except for differences in Mg+z replacements of Al+3 in
gibbsite positions might be attributed to difierences in cation-exchange
capacity. However, Kelley (1943) pointed out that, although swelling of
soil colloids seems to increase as the base-exchange capacity increases,

+ Publication authorized by the Director, U. S. Geological Survey.

t The term "montmorillonite" as used in this paper refers specifically to the mineral
montmorillonite and not to the group unless so designated.
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difierent soil colloids having equal exchange capacity may swell very

difierently and that the swelling of Na-saturated montmorillonite sam-

ples from different sources is not always proportional to the base-ex-

change capacity.
The difierence 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 the one mineral the seat of

the charge is in the Al layer and in the other it is in the Si layers. An

excess negative charge originating in the outer Si layers is presumed to be

strong enough to hold the units closely together and to prevent the en-

trance of water and expansion. An excess negative charge originating in

the Al 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.

fnterpreted osmotically, the cations associated with a charged Al layer

are presumed to be more easily dissociated than the cations associated

with a charge originating in the Si layers, since they are physically sepa-

rated from the seat of the charge by the Si layers and are consequently
Iess strongly held. The degree of dissociation of a montmorillonite and

consequently the swelling would, therefore, be expected to be greater

than that of a beidellite having the same charge.
On the presumption that the difference in swelling between a beidellite

and a montmorillonite is due to the source of the charge, whether on the

Al layer or the Si layers, two montmorillonites of equal exchange ca-
pacity but differing in the proportion of the charge originating in the Al

and Si layers would also be expected to swell differently. And two mont-

morillonites with equal exchange capacity originating to the same degree

in the Al and Si 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 the charge between the outer and inner layers,
would be expected to have a significant influence on the swelling volume.
As Fe+3 substituted for AI+3 does not change the charge on the inner
Iayer, it would not be expected to afiect the swelling volume.

The purpose of the present study was to determine whether and to

what extent the swelling volume of montmorillonite is affected by compo-
sition. The 12 samples of montmorillonite used in the study difiered
considerably in the extent of Fe and Mg substitution in the Al layer, in

total exchange capacity, and in the relative distribution of charge be-
tween the Al and Si layers. In order to hold constant the second factor
mentioned by Grim-character of exchangeable cation-all the specimens
were converted to the Na form at the beginning of the investigation.
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PnBpanetroN AND AN,+r-vsBs ol Spocrlrnws

Many of the specimens of montmorillonite used in this study were used

by Ross and Hendricks (19a5) in their investigation of the minerals of

the montmoril lonite group and by the author (1951)* in her study of

exchangeable magnesium and cation-exchange capacity in montmoril-

Ionites. For these specimens analyses and cation-exchange data were

available. The specimens from Mississippi, South Dakota, and Upton,

Wyoming, were collected ancl analyzed by the author. Analyses of the

bentonites and pegmatite clays used in the study are given in Table 1.

Also included are data on cation-exchange capacity, associated minerals,

and soluble or excess SiOr and AlrOa. Free SiOz and free AlzOa were ob-

tained by digesting the clay in 0.5Ar NaOH. The details of this procedure

will be described in a forthcoming paper.

Trsr.E 2. AN.lrvsrs or Cr-e.v (Moxruonrlr,omrr) FnecrroNs
(Sample numbers same as in Table 1)

M. D. Foster, analyst

1 1 l2l05r

sio,
AbOr
Fe,O!s
TiOr
Meo
NaO
MnO

5 0 .  J O  5 5  J O

1 7 . 1 8  2 2 . 4 8
2 . E O  . 2 0

. 1 6  . 0 0
4 . 8 5  3 . 3 0
3 . 5 8  3 . 6 8

. 0 2  . 0 8

59 09  54 .07
18.86 21,.02
2  0 8  3 . 7 2

. 2 0  . 1 4
4.20  2  09
3 .  1 0  2  . 8 4

.00

57 50  52 .  78
20.59  17 .91
3 . 9 4  . 0 6

. 1 1
2 . 4 5  3  5 6
2 . 8 7  3  1 9

5 7  . 7 8  5 7  4 4  5 8 . 1 9
1 8 . 6 4  1 9 . 4 0  1 9 . 9 1
4 .  1 8  1  .  1 0  2 . 2 2

. 1 6  . 1 4  . 2 2
3 . 3 7  3 . 8 5  3 . 0 4
3 . 0 3  3 . 3 9  3 . 1 3

. 0 1  . 0 0

5 6 . 6 0  5 7 . 7 4  5 5  6 8
2 r . 2 4  t 7 . 3 8  1 9 . 4 2

2 . 0  3 .  1 1  6  5 1
.00  .80

3 . 4 6  4 . 2 5  2 . 3 0
3 . 7 1  3 . 3 5  2 . 4 8

. 0 1  . 0 1

Cation ex-
change per
g r a m  1 . 1 1  1 . 1 4

Excess SiOr
Excess ALOr

. 9 6  . 8 8  . 8 9  . 9 9
3 . 2  2  1 8  1 . 9 1

1 3 0

1  . 0 5  . 9 7  1 .  1 5  1  .  0 4  . 7 7

'jo 1o
. 9 1

r Values adjusted to correct for free SiO",
r Values adjusted to correct for free AlzOr.
a Total Fe as Feror.

In order that the results of the swelling tests should represent the

swelling of the actual montmorillonites in the bentonites and pegmatite

clays used, the clays, after conversion to the Na form, were separated by

suspension from associated minerals-feldspar, qtrartz, etc. The super-

natant Iiquid containing the clay fraction was then siphoned off' evapo-

rated to dryness, and the clay crushed. One gram of material passing 20

mesh but retained on 40 mesh was set aside for the swelling test; the re-

mainder of the material was crushed to pass 80 mesh and used for the

analysis of the clay fraction of the samples and for redetermination of

free SiOz and free AlzOa in the clay fraction of those specimens that had

x This paper was No. I of the series "Geochemical Studies of Clay Minerals."
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Tesr,B 3. Fonuulas lnol. Cr,nv FnecttoNs lon MoNruonrllclNrrEs
(Sample numbers the same as in table 1)

No. Locality Formulas
Srvelling
volume,

ml.

1. Amargosa Valley, Calif.

2. Greenwood, Maine

3. Fort Steel, Wyo.

4. Belle Fourche, S.D.

5. Upton, Wyo.

6. Tatatila, Mexico

7. Nieder-Bayern, Germany

8. Rideout, Utah

9. San Antonio, Tex.

10. Santa Rosa, Mexico

11. Burns, Miss.

12. Aberdeen, Miss.

tAr,+:?FeIMsjSl IsiJ luar Sl]o,,[oH],, 
"

Ar,+.;,Fe 5iMsjll lsiil,ar jilo,, tonl,, "
tAt,%Fe.i8Msi;l [si#,Alfi ]o,o IoH], x,,

tAli+.;,FeI3Msi?t lsi#neri3jo,o lon], x ,,

lAl,TbFe.j3Msj;l isi#,et13lo,,toHlz x,o

tAt#,Fe.#McXii Isi,*j,ar jllo,,[oH], *.*

lAr,lFejiMs !:l [si#er.13]o,o[oH],, *
[AI1 55Fe 66Mg as]ISL ,?Al o:]OroIOH]z x a

IAt#,FeiiMsj:l lsi,*n.ql jilo,toul, * *

tAri3,Fefi Mcj:l Isi#,at13]o, tolrl, *.*

tAl,+.i,FeIMsx3l Isil5nAlji]o,oLoHl, *,,

tAl,+l4Fefi Ms.t;l lsi#Atli]o,o[oH], x a,

21

50

35

/ l  <

35

43

z.t

3 2 5

43

66

26

z.)

been found to contain several per cent of these impurities before the
separation of associated minerals. As shown in Table 2, the clay fraction
of some of the specimens contained several per cent of free or soluble
SiO2. X-ray examination of these clay fractions showed this free SiOz to
be present predominantly as cristobalite, with a trace of quaftz.

Formulas derived from the analyses of the clay fractions are given in
Table 3. These formulas were calculated according to the method of Ross
and Hendricks, after correcting for free SiOz, if present, and exchangeable
Mg, and using the determined cation-exchange value. The determined
cation-exchange capacity ranged between 0.77 and 1.15 mill iequivalents
per gram (the mean value being 0.97), indicating a 50 per cent difference
among the specimens in the extent to which the structure was unbal-
anced. Substitution of Fe+3 for AI+3 ranged from none up to 0.34, substi-
tution of I ' Ig+2 for Al+3 ranged between 0.22 and 0.50, and total substitu-
tion of Al+3 in the octahedral layer by Fe and NIg ranged between 0.35
and 0.65. There were several specimens in which all, or very nearly all, of
the unbalance in the structure was in the octahedral laver. as several
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specimens had Iitt le or no substitution of Al+3 for Si+a in the tetrahedral
Iayer. In others, however, almost half of the unbalance of the structure
was in the tetrahedral layer. In only one sample, however, was the sub-

stitution due entirely to one element, N{g. This was the Tatati la speci-
men, rvith no substitution of Fe+3 for Al+s in the octahedral layer and

only 0.01A1+3 substituted for Si+a in the tetrahedral layer. Thus the speci-
mens used in the study varied widely in type and amount of replacement,
in total cation-exchange capacity, and in the distribution of charge be-
tween the Al and Si iayers.

DBrnnlrrxerroN oF SwnrrrNc

The procedure used for the determination of swell ing was as follows:
One gram of air-dried material, crushed to pass 20 mesh but to be re-

tained on 40 mesh, was added, in divided portions, to 100 mi. of distilled
water contained in a 100-ml. graduate. Montmoril lonite aggregates of

this grain size are just heavy enough to sink of their own weight in water.
Each portion added amounted to 0.10 to 0.15 gram of material, which
was gently tapped from the end of a small spatula blade into the water.
Addition of similar portions was repeated at 5-minute intervals until the
whole sample had been added. Twenty-four hours after the last portion
had been added the volume of the gel was measured on the graduate.

This method for measuring free swelling is capable of giving results
that are comparable if the samples are prepared under uniform conditions
of room temperature and humidity and if they are added to the water at
the same rate.

The results of the swelling tests are given in Table 3.

DrscussroN oF RESULTS

The variation in swell ing volume between 2I and 66, a more than
three-fold difference, strongly supports the assumption that the swelling
of montmorillonites is greatly influenced by factors other than the effect
of the exchangeable cation, which was the same, i.e. Na, in all the speci-
mens. As the amount of Na present varied rvith the total cation-exchange
capacity, it seemed possible that the differences in swelling volume might
be due to differences in the amount of Na present, i.e. to differences in
total exchange capacity. IIowever, comparison of cation-exchange ca-
pacity with swell ing volume (Fig. 1) indicated that, although the Santa
Rosa sample, rvhich had the highest cation-exchange capacity, had also
the highest swelling volume and the Aberdeen sample, which had the
lowest exchange capacity, had the iowest swell ing volume, a more de-
tailed examination showed certain discrepancies. For example,, the Aber-
deen, Nieder-Bayern and Amargosa Valley samples, which had quite dif-
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Cotion-erchqnge copoci ly,-mi l l iequivolents per qrom

Frc. 1. Relation between swelling and cation-exchange capacity.

ferent exchange capacities,0.77,0.94, and 1.11 respectively, had approxi-
mately the same sweli ing volumes, 23, 23, and 2l mls., respectivel5r. On
the other hand, the Amargosa Valley and Greenwood samples had almost
the same exchange capacities, 1.11 and 1.14, but their swell ing volumes
were quite difierent, 2I and 50 mls., respectively.

As an excess negative charge originating in the outer tetrahedral layers
is presumed to be stronger and more adequate to hold the units together
and prevent expansion in water than an excess charge originating in the
octahedral layers, it would be expected that of two samples having the
same total charge, one in which the charge originated almost wholly in
the octahedral laver would swell more than one in which a considerable
part of the charge originated in the tetrahedral layers. The samples from
Fort Steel (No. 3, Table 3) and Belle Fourche (No. 4, Table 3) have al-
most the same total charge, 0.39 and 0.38 respectively. In the Fort Steel
sample this charge originates almost wholly in the octahedral layer; in
the Belle Fourche sample almost half the charge originates in the tetra-
hedral layers. Yet the Belle Fourche sample had a swelling volume of
43.5 ml., while the Fort Steel sample swelled to only 35 ml. Similarly the
Amargosa Valley and Greenwood samples had the same total charge,
0.47, but the Greenwood sample, with 0.17 tetrahedral charge, swelled
more than the Amargosa Valley sample with only 0.04 tetrahedral charge.

8€rc F!&ch, So gi,rmoi
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t 5  5 0

Fro. 2. Relation between swelline and octahedral substitution.

Other samples with the same total charge and the same tetrahedral

charge, as, for example the Nieder-Bayern and San Ontario samples, had

quite different swelling volumes. These examples indicate that neither

total charge nor tetrahedral charge has, apparently, much influence on

the swelling volume.
Inspection of the formulas of the last-mentioned pair of samples-

Nieder-Bayern and San Antonio-shows that although the total charge

and the tetrahedral charge, or substitution of Al+3 for Si+a, is the same in

both samples, the amount of substitution in the octahedral layer is quite

different, being 0.55 and 0.43 respectively, and that the sarnple with the
greater octahedral substitution has the lower swelling volume. Examina-

tion of the other pairs of samples cited above shows the same relation-

ship. In each pair the sample with the higher octahedral substitution has

the lower swelling volume.
When the swell ing volume of each specimen is plotted against'octa-

hedral substitution (Figure 2) there is apparent a much closer relation-

ship than when swelling is plotted against cation-exchange capacity
(Figure 1). The Burns and Aberdeen samples, u'ith quite different cation-

exchange capacities (1.04 and 0.77, respectively) have almost the same

amount of octahedral substitution and almost the same swell ing volumes.

Similarly 'IatatiIa and Belle Fourche have very different cation-exchange

Octohedrol substitution positions
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capacities but the same amount of octahedral substitution and the same
swelling volumes.

The fact that Fe+3 substitution has a significant effect on swell ing is
apparent lvhen the formulas and swelling volumes of the Tatatila, Fort
Steel, and Burns samples are compared.

Swelling volume

ml.

tAl#,Fe:l3Msj;ltsiJinat.llto,tonl, * * 43

tAlfi,FejlMs,*ltsiflnarXllo*tonl, * * 3s

tAlil,Fej:Msj:llsi#,At.filo.[oH], x.* 26

In these samples the amount of Fe+3 substitution increases from 0.00 in
the Tatati la sample to 0.16 in the Burns sample and the swell ing volume
decreases from 43 ml. for the Tatati la sample to 26 ml. for the Burns
sample. As the make-up of the tetrahedral layers is the same and the
amount of Mg+2 substitution in the octahedral layers is essentially the
same in all three samples, it seems reasonable to conclude that the difier-
ences in Fe+3 substitution are responsible for the differences in swelling
volume. For these three samples an increase of 0.16 in Fe+3 substitution
was accompanied by a decrease of 17 ml. in swell ing volume. The Belle
Fourche and Aberdeen samples similarly show a decrease in sweliing
volume with increase in Fe+3 substitution, other substitutions remaininq
essentially constant.

Swelling volume,

ml.

Belle Fourche tAl,l.Fe.l3Msj1ltsi,t3,erjllo,.loHlzx.rs 43.5

Aberdeen terll,pejiir.rgj?llsi**lunlilo,olonl, *,, 2s

In this pair of sampies an increase of 0.15 in Fe+3 substitution is accom-
panied by a decrease of 20.5 ml. in swell ing.

The effect of Fe+3 substitution on swelling volume is similar to that of
Mg+2 substitution. Between the San Antonio and Amargosa samples
there is a difference of 22 ml. in swelling volume corresponding to a differ-
erence of 0.19 in Mg+z substitution, all other substitutions remaining the
same.

Swelling volume,

ml.

tAt#.FeliMsjillsiJn'uAl.filo*[oH],x * 43

Tatatila

Fort Steel

Burns

San Antonio

Amirrgosa 1At,I?Fel3Ms.l3ltsi,1n'uet.tilo,tonl," nz 2r
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Thus Fe+3, although it does not contribute to the charge on the struc-

ture or to cation-exchange capacity, appears to have much the same ef-

fect on the swelling property as l{g+2, which does contribute to the charge

and cation-exchange capacity.
On the other hand, differences in the amount of Al+3 substituted for

Si+a in the tetrahedral iayer apparently have Iittle effect on the swelling

volume. For example, in the Belle Fourche and Tatati la samples, the

tetrahedral substitution of Al+3 for Si+a differs considerably, being 0.16

and 0.01 respectively, but they had the same swell ing volumel they also

have essentially the same amount of octahedral substitution. The Aber-

deen and Burns samples also differ considerably in tetrahedral substitu-

tion, but they, too, have essentiaily the same octahedral substitution and

nearly the same swelling volume. Thus, Al+3 substituted for Si+a appears

to have litt le effect on the swell ing volume although it does contribute to

cation-exchange capacity, and gives rise to an excess negative charge on

the outer layers of the structure, where it would be expected to have more

efiect in preventing expansion than substitution in the middle la)'er.

RBrarrvn Ellecr ol Fe+2 -q.rvo Fe+3 oN SwBr-r-rnc

The examples cited indicate that Fe+3 in octahedral positions afiects

the swelling to about the same extent and in the same way as lVlg+2 even

though it does not affect the charge on the layer. The efiect of Fe+2 rela-

tive to Fe+3 is shown by comparing the swelling volumes of two speci-

mens of bentonite identical in chemical composition except for the pro-

portionate amounts of Fe+2 and Fe+3 present.
In natural exposures and near the surface the bentonite commonly

known as the "Wyoming" bentonite is pale olive green or cream in color.

However, under a ferv feet of cover many of the blocks, into which the

bentonite has cracked due to drying and shrinkage, have a small central

core of blue-gray material. With greater depths under cover the propor-

tion of blue-gray to olive-green material increases and under 40 feet or

more of cover the blocks are, as a rule, wholly made up of blue-gray ma-

terial. Analyses (Table4) of the blue-gray and oiive-green phases of the

same block, and the derived formulas, show that the two-color phases are

essentially identical in chemical composition except for the state of oxida-

tion of the iron. The total iron content of the tn'o phases is the same but

in the blue-gray phase two-thirds of the iron is present as Fe+2, and in the

olive-green phase two-thirds is present as Fe+3. Swelling tests showed that

the blue-gray phase had a swelling volume only two-thirds as great as

that  of  the o l ive-green phase (Table 4) .
Nine months after the first examination, a redetermination of the FeO

content of the blue-erav material from block No' 1 showed a decrease of
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TAsLn 4. Awlrvsns ol Br,ur-cnay aNn Otrvr-cnrEN ,,WyoMlNG', BrNToNrrE,
Bnrrn Founcnr, Sourn Daxora

Bicolored block No. 1 Bicolored block No. 2

Blue-gray
phase

Olive-green
phase

Blue-gray Olive-green
phase phase

SiOz
AhOs
Fe:O:
FeO
TiOs
CaO
Mgo
NaeO
KrO
MnO
SOa
I{rO- (300' C.)
HrO+

54.34
19.92
1 . 1 1
2 . t 7

. 1 1

. J J

2 . 2 1
2 . 6 5

.45

.01

. 1 8
rr .73
4 . 5 0

54.62
20.08
2 .36
1 .03
. 1 1
.40

2 . t 5
2 . 2 6

.35

.01
-  l o

1 1 . 7 8
4.  58

54.34
20.12
1 . 1 3
2 . 0 6

1 A

. J J

2 .02
2 . M

.49

.01

. 1 5
12.r8
4 .62

54.07
20.24
2 .45
.74
. 1 4

t .92
2 . 3 5

.40

.01

. r t
1 1 . 9 0
4 . 8 9

Total 99.7r 99.89 100. 23 99.83

Formulas

tAl,T,Fe hlFel:Mgj3l tsi#,er jltoroloHL x nr

tAtfi,FefiFe.t;MsiSttsiii,nrHloro[oH]2y,u 60

tAt#,FeHFe13Ms5?l ts#,er*tom [oH]: x :s

[nri',,n'"Hr"1?rvrd ?, I s;]i,er-*,l t o. [oH ], x.,z

Swelling volume,

ml.

3 9 .  5Blue-gray (No. 1)

Olive-green (No. 1)

Blue-gray (No. 2)

Olive-green (No. 2)

40

6C

one percent-2.17 to 1,17-and the swell ing volume had increased from
39.5 to 48 ml. Eleven months after the first determination of FeO in this
specimen, the FeO content had decreased to 1.05 per cent-as compared
with 1.03 per cent FeO in the olive-green phase at the start of the tests-
and the swelling volume was 66 ml. as compared with 60 ml. for the olive-
green material at the start. During this 1l-month period the color of the
blue-gray material when wet had changed from blue-gray to olive-green.
The blue-gray material from block No. 2 showed a similar increase in
swelling volume with decrease in FeO content.

These data suggest that there is a close relationship between the state
of oxidation of iron and the swelling volume and that Fe+2 in octahedral
positions has a greater depressing effect than Fe+3 on the swelling volume.



IONIC SUBSTITUTION AND SWELLING IN MONTMORILLONITE IOO'

INrpnpnnrarroN oF Rnsur-rs

, It is apparent from this comparison of the swelling volumes of 12 sam-

ples of Na-saturated montmorillonite that there is a significant relation

between the composition ancl the swelling volume of montmorillonite. A

montmorillonite that has a relatively high degree of octahedral substitu-

tion has, for example, a lower swelling volume than one that has a rela-

tively low degree of octahedral substitution. The efiect on the swelling

volume is not limited to those substitutions that induce a charge on the

structure, such as the substitution of Mg+' or Fe+2 for Al+3' Substitution

of Fe+3 for Al+3 seems to have about the same effect on the swelling

volume as substitution oI NIg+2 for Al+3. Apparently, therefore, the effect

of substitutions of other atoms for AI is not necessarily related to the

charge induced by the substitution, but rather to some other change in

the structural relations brought about by the substituted atoms.

Hartley (1935) clifferentiated charged colloids into two classes: (1)

those of which the bulk of the particle is made up of insoluble material in

regarcl 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 sec-

ond class. From structural considerations Marshall (1936) concludes that

the clays of the montmorillonite group may be placed in the second class

and may be looked upon as colloidal electrolytes. The substitutions

found in the montmorillonite structure result in a net negative charge on

the ultimate clay particle, which is balanced by cations held by electro-

static attraction. When such a particle is dispersed in rvater, these cations

dissociate to a greater or less degree. Thus a suspension of montmorillon-

ite in water may be likened to a dissociated electrolyte, one of whose ions

falls within the colloidal range of dimensions.
Dissociation of the exchangeable cations leaves some of the structural

units of montmorillonite negatively charged. Thus charged, the units

have a tendency to repel one another, 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 fetver are the units carrying a charge and the less

is the swelling. The greater swelling of Na-montmorillonite as compared

with Ca-montmorillonite may be reasonably explained, therefore, by the

greater dissociation of Na-montmorillonite, by which a greater number

of structural units are left with a negative charge.
The greater dissociation of exchange cations associated with a charge

on the AI layer as compared with cations associated with a charge on the
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Si layer as an explanation of the swelling relationships of montmorillonite
and beidellite has already been mentioned.

If swell ing is thus assumed to be related to dissociation, the decrease in
swell ing found to accompany increase in the amount of substitution of
iron and magnesium for aluminum in gibbsite positions suggests that
these substitutions affect in some way the degree of dissociation of the
exchangeable cations, even though, as in the replacement of A1+3 by Fe+3,
the charge on the layer may not be affected. Because of their lesser polar-
izing power as compared rvith AI+3, the substitution of these atoms for
Al+3 may be accompanied by a change jn the polari zation of neighboring
atoms, which is reflected throughout the structure, thus altering the
energy relationships of the whole structure. The more extensive the sub-
stitution, the more the internal energy relationships of the structure
will be affected. Such an alteration in the energy relationships of the
structure may well afiect the bonding energy and hence the degree of
dissociation of the exchangeable cations on dispersion of the montmoril-
lonite in water. The decrease in swell ing found to accompany increase in
octahedral substitution seems to indicate that the effect of the substitu-
tion is in the direction of decrease in the degree of dissociation of the
montmorillonite. Aithough a colioidal electrolyte like montmorillonite
cannot be strictly compared with a soluble electrolyte, the change in the
strength of acetic acid brought about by the substitution of one or more
of the H atoms by positive or negative atoms or groups-such as Cl, OH
or CH3-and the increase in the strength of ammonium hydroxide caused
by the substitution of one or more of the H atoms by CH3 groups are
examples of the way in which the degree of dissociation of a compound
can be changed by substitutions.

This interpretation of the decreased swelling found to accompany in-
crease in substitution in the octahedral group in montmorii lonite is, ad-
mittedly, speculative, and further work is required to clarify the relation
between substitutions in the montmoril lonite structure and swell ine.
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