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ABSTRACT 

In 1847 the name "montmorillonite" was given to a rose-red, clay-like mineral 
forming nests in a brown clay at Montmorillon, Franee. The first analysis, reported 
by Salvetat, gave 49.4 percent to SiÜ2, 19.7 percent to AI2Üa, 0.8 percent to Fe2Üa, 
0.27 percent to Mgü, 1.5 percent to Caü, 1.5 percent to alkalies, and 25.67 percent 
to HzO. Much later a substance which was originally called "taylorite" after William 
Taylor, who was the first to draw attention to it, was finally designated as "bentonite" 
because it was first found in the Fort Benton series of rocks in Montana. The most 
characteristic mineral eomponent of bentonite is crystalline and definitely mOllt­
morillonite. 

The chemical analyses of \Vyoming bentonite and heetorite are compared with 
those of three different calcium bentonite deposits. The importance of more up-to-date 
crystal chemical considerations is discussed. The eleetrophoretic properties of ben­
tonites are explained on the basis of the available counter ions. The formation of 
thixotropic bentonite gels is discussed in detail and proof is offered to show why 
calcium bentonites do not give thixotropie systems. 

The base-exchange capacities of sodium-bentonites and of calcium-bentonites and 
their differences are explained on the basis of two different methods of determining 
this phenomenon. 

Ultra- and electron photomicrographic studies reveal the difference between mOllt­
morillonites and the various types of bentonites now known. Most striking is the 
fact that most bentonites, specifically calcium bentonites, contain several different 
types of clayey minerals. 

The most probable cause of the formation of bentonitic clays as weil as of true 
montmorillonite is referred to and discussed. 

The sagacious reader who is capable of 
reading between these lines that whieh 
does not stand written in them but is 
nevertheless implied, will be able to form 
some conception. 

Johann Wolfgang von Goethe 
(1749-1832) 

INTRODUCTION 

In 1847 the French scientist, G. Salvetat, described for the first time 
a rose-red daylike mineral forming nests in a brown day at Montmorillon, 
France. His analysis showed that this daylike mineral was composed of: 
Si02 , 49.4 percent ; A120 3, 19.7 percent ; Fe203, 0.8 percent ; MgO, 0.27 
percent ; CaO, 1.5 percent ; alkalis, 1.5 percent ; and water, 25.67 percent 
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(total, 98.84 percent ), when studied in the condition in which it was 
found. He g-ave this daylike mineral the name montmorillonite. 

It was not until 1916 that H. Leitmeier dassified as montmorillonite a 
yellow dayey mineral found in Bulgaria. The sampIe had lain in the 
laboratory for three years. When analyzed, it was found to contain: Si02, 
50.14 percent; A120 3, 19.74 percent; Fe203, 4.14 percent; CaO, 1.26 
percent ; MgO, 2.28 percent ; and water, 22.61 percent (total: 100.17 
percent). Leitmeier (1916) assumed that part of the Fe203 was actually 
replacing A120 3, leaving the balance as weil as Mg-O and CaO as impuri­
ties. On the basis of this assumption he figured the formula of thc pure 
crystalline material to be A120 3 • 4Si02• 6H20. 

Ross and Shannon (1926) give the formula of montmorillonite as 
(MgCa) 0· AI2 0 3 • 5Si02• nH20 and state that its physical form is 
micaceous and its crystal form orthorhombic. Their analysis, made from 
material which had been washed free of impurities, indicated that its 
composition agreed dosely with material from Montmorillon, France. 
The only real difference was the much higher MgO content than that 
originally reported by Salvetat. 

They also analyzeel the montmorillonite obtained from Montmorillon, 
France. and offereel the following results: Si02, 38.60 percent ; A120 3, 
20.03 percent ; Fe203, 1.25 percent ; MnO, 0.16 percent ; CaO, 1.72 
percent ; MgO, 5.24 percent ; water, 21.52 percent. They also offered the 
following elata for the water loss of the same day: at 1000 C, 11.88 
percent ; at 1400 C, 2.00 percent ; at 4500 C, 2.64 percent ; and at red 
heat, 5.0 percent (total 21.52 percent). 

In 1897 W. C. Knight elescribed a peculiar variety of day under the 
name taylorite. After he found that that name was already preoccupied, 
he proposed the name bentonite, since the day was originally discovered 
near Fort Benton, northeast of Great Falls, Montana (Knight, 1898). 

At that time colloid science had not yet become sufficiently known and 
established; therefore, almost no progress had been made in regard to 
the most important applications of bentonites. Now the situation is 
entirely different anel important contributions have been made, particu­
larly during the seconel quarter of this century. A considerable amount of 
basic research has been published (Bradfield, 1927, 1931; Bradley, 1945; 
Dradley and Grim, 1948; Foshag and Woodford, 1936; di Gieria and 
Zucker, 1931; Grim, 1942, 1953; Hauser, 1945; Hauser and Ie Deau, 
1938, 1939, 1941, 1952; Hauser, le Beau, and Pevear, 1951; Hauser and 
Leggett, 1940; Hendricks, 1945; MarshalI, 1949; Perkins, 1952; Ross 
anel Henelricks, 1945; Williams, Neznayko, and Weintritt, 1953). 

The main purpose of this contribution is to discuss the differences 
between sodium anel calcium bentonites from a strict1y colloid-scientific 
point of view (Hauser, 1948). 
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Before offering a detailed diseussion of the colloid science of mont­
ll1orillonites and bentonites, it seems advisable to point out why this 
braneh of scienee is so important in explaining most of the phenomena 
of which the montmorillonitcs and bentonites offer the most outstanding 
exall1plcs of all colloidal days. 

In the ca se of montmorillonites and bentonites it must be borne in mind 
that we are dealing here with polYll1olecular colloids and not with simple 
partic!cs. 

CHEMICAL ANALYSIS 

As shown in Table 1, the analysis of Wyoming bentonite compares very 
weil with thc analyses previously published by others (A.P.I., 1950; 
Foshag and Woodford, 1936; Grill1, 1953; Hauser, 1945, 1952; Hauser 
and le Beau, 1946; Hillebrand, 1919; Kallmann, 1944; MarshalI, 1949; 
Hies, 1927; Ross and Hendricks, 1945; Smith, 1871; Wiklander, 1946; 
\Villiams, 1953) and shows the purity of the tested mineral. The same 
holds for the analysis of hectorite. 

\Vater Lass 
at 110°C 

Si02 
Ab03 
Fe203 
FeO 
CaO 
MgO 
Na20 
K20 
Li20 
COz 
S03 
Ti02 
Total 

TABU; 1. - CHt:MICAL ANALYSIS 

Wyoming Cherry 
Bentonite Hectorite Lease 
(pereent) (percent) (pereent) 

13.75 14.56 13.36 
58.60 54.28 58.84 
19.59 0.68 18.39 
3.19 0.10 2.82 

0.37 0.50 2.29 
2.51 25.25 2.12 
1.69 3.19 0.91 
0.32 0.16 0.39 

1.02 
0.36 
0.16 
0.16 

100.02 99.74 99.80 

Prj,neeton 
(percent) 

7.86 
67.77 
17.13 
2.12 

2.92 
1.84 
0.42 

100.06 

Kisameet 
Bay 

( pereent) 

4.36 
52.52 
19.40 
3.77 
4.52 
4.35 
4.53 
1.57 
3.83 

0.16 

1.12 
100.13 

The analysis of Cherry Lease day dearly shows that we are dealing 
here with a calcium bentonite which does contain, however, a compara­
tively high percentage of sodium. Princeton day in its pure form must 
also be c!assified as a calcium bentonite, but it shows an excess of silica 
in cOll1parison with other well-known calcium bentonites. Ultramicroscopic 
and electron microseopie investigations have revealed the presence of 
cristobalite as an ill1purity. The analysis of the Kisameet Bay day 
deposit is nearly identical with that previously reported by W. Ure (Ross 
and Hendricks, 1945). 
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CRYSTAL CHEMICAL CONSIDERATIONS OF SILICATES 

A few years ago W. A. Weyl (1951) pointed out that surface ions of 
silicates are exposed to an asymmctrical force field because their electronic 
orbits are deformed and the polarized ions therefore exert optical as weil 
as chemical properties which differ from those of the same type of ions 
which happen to be located in the symmetrical force field of the interior. 
This statement must not be overlooked, because we are dealing he re with 
colloidal particles of siliceous matter where the physics and the chemistry 
of surfaces are dominated by polarization phenomena (Fajans, 1931). 

All surface units have a dipole moment and all dipoles are so oriented 
that their centers of positive charge point toward the interior of the 
crystal and their centers of negative charge point to the exterior. This 
orientation proeluces an e1ectric double layer. 

From a strictly colloidal point of view one must therefore differentiate 
between two possibilities, namely, what Weyl termed the "D-units" and 
the "E-units." 

In the interior of silica the building unit would be Si4 + (0;- )4' At 

the surface, however, we must consider two types of groups, namely, 
. 0 2 - . 0 2 - . . 

SI4 +(-2-h anel SI4+(-2-)3·02-. The first one, called UD-umt," IS 

characterized by an excess positive charge. The second one, termed 
"E-unit," reveals oxygen excess over the stoichiometric ratio and there­
fore exhibits a negative charge. Figure 1 is a schematic picture of a 
crystallized form of Si02 showing the two types of units present in the 
surfaces. 

FIGURE 1. - Formation of E- and of D-units at the fracture surface of crystal­
line Si02. 
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The "E-units" are stabilized by adsorbing positive ions or polar 
molecules which can balance the force field and thereby restore some of its 
original symmetry. The "E-units," however, are also likely to undergo 
an electron transfer, which leads to divalent silicon and atomic oxygen. 

Weyl has offered factllal proof for the release of atomic oxygcn, using 
either 4,4',4" -hexamcthyl-triamino-triphenyl-methane or 4,4'-tcttamethyl­
diamino-triphenyl-methane as an indicator. \Vhen the indicator is mixed 
with a day sampIe in a concentration of about 10 milligrams per gram of 
day and then slightly heated (in the case of the former indicator) or 
exposed to irradiation with ultraviolct light (in thc case of the latter), a 
more or less pronollnced blue color will appear. The intensity of the color 
varies with thc chemical composition of the day; e.g., sodium montmoril­
lonite givcs a very dark blue color, hectorite a medium purpIe color, 
Kisameet Bay day a very light bItte reaction, and Cherry Lease and 
Princeton c1ays a very dark blue color. Hauser, le Beau and Pcvear (1951) 
have reported 011 results obtained with this indicator technique in testing 
colloidal siliceous matter. 

Weyl has offered herewith a new atomistic interpretation of chemical 
reactions wh ich involve solid surfaces and in doing so he has given the 
colloid scientist a very important tool for research, since colloid srience 
deals primarily with surface phenomena. 

MONTMORILLONITES AND BENTONITES AS 
COLLOIDAL ELECTROL YTES 

All montmorillonites and bentonites have the basic structural pattern of 
mica, namely, two silica sheets which endose an alumina sheet. One of 
the most important factors is that the spacing between the lattice units 
varies with the moisture content in the case of sodium bentonites. This 
is the reason why they are frequently referrcd to as the "expanding 
lattice" group; this group comprises four main minerals, bentonite, 
saponite, beidellite, and nontronite. In the day mineral hectorite, aluminum 
has been largely replaced by magnesium. 

In the bentonites the seat of the net charge is separated from the water 
layers and from the exchangeable cations by the silica sheets, which in 
the case of sodium bentonites appear to hinder a dose association between 
the cations and the lattice. Marshall (1949) has al ready pointed out that 
in general, the greater dissociation of Na-bentonites than beidellites can 
be accounted for quantitatively. 

All days of the montmorillonite type fit very weIl into McBain's (1950) 
definition of colloidal e1ectrolytes since, in an aqueous suspension, each 
lattice unit comes to equilibrium with the outer solution. On this basis 
it has been assumed that the base-exchange capacity should be almost 
independent of particle size, and Marshall confirmed this. Hauser and 
Reed (1936, 1937) have shown that relatively monodisperse fractions of 
electrodialyzed sodium bentonite all givc the same pH-versus-concentration 
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curve, irrespective of partieIe size. This strongly reinforces the suggestion 
that bentonites must be c1assified as colloidal clectrolytes. 

Thc work of most investigators so far has referred only to Na benton­
ites. It has been observed that all sodium bentonites and hectorite exhibit 
pronounced thixotropic properties. In the ca se of calcium bentonites a 
drastic difference in their behavior is immediatcly observed when they are 
placed in water; they do not have the tenclency to swell to any appreciable 
extent but will instead settle out fairly fast. It can be proved that the 
calcium ions cannot be considered as part of the actual lattice because 
they can be exchanged. This can be accol11plished by treating the calcium 
bentonites with a high conccntration of sodium salts and thm washing 
them carefully. Thc net resttlt is then a sodittm day which, however, will 
not exhibit thixotropy comparable with that of the original sodium ben­
tonites and hectorites. 

ELECTROPHORETIC PROPERTIES OF BENTONITES 

All colloidal e1ays must be elassified as e1ectrocratic sols. Their stability 
or instability dcpends on electrokinetic phenomena resulting from the 
presence or absence of charges on thc sttrface of the e1ay partieIe, ami the 
type and concentration of ions present in the dispersion medium. Differ­
ences in the lattice structure of the various e1ay minerals result in diffuse 
double layers being formed by different mechanisms. For example, thc 
electric double laycr of a sodium bentonite which exhibits high base­
exchange capacity is due to the negatively charged surface of the 
crystallite of the inner rigid layer, the adsorbed hydrated sodium ions 
representing the counter ions in the diffuse outer layer. In the ca se of 
calcium bentonite the calcium ions are mttch more strongly adsorbed and 
held e10ser to the surfacc of the negatively charged e1ay partiell', and 
therefore the chances of dissociation are reduced. This is shown in a much 
lower base-exchange capacity. Since the adsorbed counter ions are electro­
statically bonded to the day partieles, complete dissociation from them is 
prevented. They surround the day partide at a certain distance and 
thereby form an imaginary membrane. lf pure water is used as a dis­
persion medium, osmotic imbibition of water through this hypothetical 
membrane occurs and the day swells to its maximum. We know that all 
montmorillonites and bentonites carry a net negative charge and it is also 
known that the elcctrical forces associated with a colloiclal partide arise 
from two sources : One set of forces arises from the ions predominantly 
of one sign, which are rigiclly adsorbcd on the sttrface of the partiele, or 
belong to the partiell'; and thc other set arises from thc ions of opposite 
sign, which gather about the particlcs in an effort to neutralize this 
charge. Since the partiele possesses a net charge one may assttme that the 
total number of ions that gather about the partiell' in accordance with the 
Gouy concept are 110t sufficient to neutralize the charge on the partiele. 
Some of these ions of opposite sign may be floating about in ranclom 
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motion in the dispersion medium so that the dispersion medium has a 
charge opposite to that of the partiell'. 

The cataphoretic velocity of purified, colloidal, monoclisperse fractions 
of Na-bentonite incre<lses with decreasing partiell' size. With constant 
partiell' size it decreases with increasing concentration, the' drop being 
most pronounced with the smallest partieles. ] n extreme dilutions (up to 
0.5 percent ) the cataphoretic velocity remains constant for a gjven 
partiell' size. The results obtained in studying the cataphoretie velocity of 
Wyoming bentonite sols are shown in Table 2. 

T ABLE 2. - CATAPHORETlC VELOCITY OF BENTONln: SOLS 

Apparent Partic1e Concentration Cataphoretic 
Diameter percent Velocity r-potential 

mJL dry weight JL/volt/cm/sec mv 

96 0.210 6.1 84.2 
96 0.372 6.1 84.2 
96 0.516 5.5 75.6 
96 0.742 4.3 59.6 

60 0.211 6.3 89.0 
60 0.340 6.3 89.0 

60 0.525 5.7 78.5 

60 0.713 4.8 66.0 
20 0.240 7.0 96.6 
20 0.424 7.0 96.6 

20 0.612 5.0 68.3 

20 0.800 4.0 54.9 

GELATION 

It is known from experiment that to obtain the maximum gelation 
effects in electrocratic colloidal systems, monovalent ions possessing a 
sign opposite in charge to that of the sol are most suitable. A negatively 
charged bentonite will set to a gel by the use of lithium, sodium, potassium, 
hydrogen, de., and it is important to note that the effectiveness of 
adsorption of the ion in the diffuse layer increases from lithium to 
hydrogen in the Hofmeister series. This indicates that the less strongly 
the ion carrying the charge opposite to that of the sol partiell' is adsorbed 
in the diffuse layer, the more powerful it is in forming gels. It must also 
be expeeted, however, that polyvalent ions will behave differently frorn 
rnonovalent ions. They are mO:-e strongly absorbed in the diffuse layer 
because of the greater attraction; there would also be greater forces of 
repulsion between the ions of likc sign in the dispersion medium, thus 
reducing any tendcncy of interaction of the ions to form ionic groups, 
making thc system morc diffuse. The electrocratic behavior of a sol 
depends in gcneral upon the individual adsorption characteristics of the 
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ions in thc surface of the systems and the adsorption behavior of the 
colloidal day particles (Hauser and Reed, 1936, 1937). 

This phenomenon has been dearly demonstrated in the production of 
the coherent bentonite film known as "Alsifilm" (Hauser, 1941, 1941a, 
1941 b, 1943, 1945, 1945a; Hauser and Dannenberg, 1946; Hauser and 
le lleau, 1938, 1939, 1941, 1946, 1952; Hauser, le Beau, and Pevear, 
1951). For example, if a sodium bentonite sol is first converted into a gcl 
by evaporation and the gel is spread on an appropriate support or de­
posited thereon directly from the sol state and then allowed to dry out 
completcly, it is observed that the partic1cs when forced doser together 
actually snap into their new loeation, thereby forming long interlacing 
tilaml'nts or fiber bundles. This is shown in Plate 1. The presenee of 
separate rt:flection disks as ultramicroscopically observed in the sol and 
gcl stages gives way to continuous threadlike aggregations whieh, upon 
continued evaporation, seemingly grow into larger erystals of highly 
aniso\l1etric shape. These filaments intcrweave and tie together by tri­
dimensional cross-linkages, resulting in an absolute1y coherent structure. 
After compl(~te c1esiccation a sdf-supporting film is obtained wh ich can bc 
casily removcd from its support as a coherent sheet. 

\Ve owe this phenomenon mainly to the structure of the sodium 
bentonite partides. lt has not been possible to obtain such films from 
calcium bentonite. In all probability the reason for this is the divalency 
of the calcium ions, which are much more tightly bonded to the day 
partit-It' than are the sodium ions. They will also hydrate considerably 
lcss than the sodium ions, and this hydration is essential for film formation. 

BASE-EXCHANGE CAPACITY 

The determination of the base-exchange capacity of day minerals has 
been carried out by many workers using various methods (Coffman, 
1946; Ganguly, 1951; Graham and Sulliyan, 1938; McConnell, 1950; 
Perkins, 1952). One is first to leach the day with a neutral solution 
( N 1-/ 4 COOCH 3) ami then to determine the amount of cations present in 
the solution, or the amount of cations ad50rbed by the day. Thi5 method 
has tWl'n widely used du ring the last thirty years. 

I f olle is more interested in the total base-exchange capacity than in the 
amount of each t'xchangeable cation, however, titration of the e1ectro­
dialyzed or acid-Ieacht'd day is used until adefinite pH value is 
obtained. By the use of NaOH some have titrated the H-c1ay to a pH of 7. 
Thc majority of workers, however, continued the titration until a pH of 
8.3 to 8.5 was attained. In most cases this corresponds to the real end 
point of the titration. As pointed out by Kelley (1948) and Kelley, Dore, 
aJ1(1 Brown (1931), the results of the determination of the base-exchange 
capacity using the H-c1ay titration method are always much lower with 
sampIes from ct'rtain bentonite deposits than those commonly obtained by 
the use of the NH 4 -acetate method. 
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One of the 1110St recent methods for dctermining the total base-exchange 
caparity of different types of clays is based on the use of versenate 
(l)erkins, 1952). This mcthod is extremely simple, requires only very 

PLAn: 1. - Ultraphotomicrographs of (A) "Alsifilm" obtained from \Vyoming ben­
tonite (Orig. magn. 5S0x ; prescnt magn. 3,300x) ; and (B) film formed from hectorite 
ge1 (orig. magn. 550x; prcscnt magn. 3,300x). 

https://doi.org/10.1346/CCMN.1953.0020136 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1953.0020136


448 SECOl'>D NATIONAL COKFERENCE ON CLAYS AKD CLAY MIKERALS 

simple equipment, and in thc majority of ca ses offers results which are in 
excellent agreement with those obtainecl by the NH.j,-aeetate method. 

\Ve have carried out the base-exchange capacity detcrminations by both 
the H-clay titration method amI the versenate method. With the calcium 
c1ays we found that the n~sults obtained with the potentiometrie titration 
method were lower than those obtaincd with the versenate method. 

In earrying out base-exchange capacity c1eterminations with the H-c1ay 
titration methocl we preferrecl to transform the c1ay into H-c1ay by 
Icaching it with diluted Hel instead of by applying eleetrodialysis. 
Several authors ha ve po in ted out that electroclialysis may effect a deco\l1-
position of the c1ay unless extremc1y low potentials are appliecl. 

Table 3 offers the results obtainecl by both methods. 

T AHLE 3. - BASE-EXCHANGI'; CA PACITY DETERM I NA T10NS 

Clay 

Wyoming bentonite 
Hectorite 
Cherry Lease 
Princeton 
Kisameet Bay 

H-c1ay Titration 

86.1 
67.5 
59.5 
42.0 
20.1 

Versenate 

88 
68 
72 
54 
24 

When base-exchange reactions are determined, care must be taken that 
only partic1es of a given size are subjected to investigation and that 11') 

agglomerates are present. This is most casily assun'd by subjecting a 
dispersion of the c1ay to supercentrifuging amI then selecting only the 
fine portion of the deposit. This is of primary importance in studying 
calcium bentonites because they have the tendency to agglomerate quite 
strongly. Such agglomerates do not allow exchange reactions to be carried 
out to the limit. 

The Cherry Lease composite amI the Princeton day werc converted into 
sodium c1ays by first exhaustively leaching thern with a 3N NaCl 50lution, 
ami then by treating them with a concentrated solution of NaCI at a 
tcmperature of SODC for 30 hours. Thereafter the base-exchange 
capacities of these sodiurn c1ays were determined. Owing to the substitu­
tion of sodium for calcium and eyen for some of the magnesium, a 
marked increase over the original base-exchange capacities could be 
recorded. The results are c1early seen in Table 4. 

TABLE 4. - BASE-EXCHANGE CAPAClTY DETERMINATIONS 

Clay 

Cherry Lease Composite 
Princeton 

Titration 

66.5 
46.5 

Versenate 

80 
60 

Figure 2 offns a visual demonstration of the change 111 base-exchange 
capacity with varying pH. 
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FIGURE 2. - Change in base-exchange capacities of Princeton elay and eherry Lease 
clay with varying pH. 

Ultramicroscopy and electron microscopy havc revealcd that thc 
partidc sizes of Na-bentonites are extremdy smal\. What has not yet 
been accurately reported, howcver, is the actual surfacc area of bentonite 
partic1es involved. J. Hall of Godfrey L. Cabot, Inc., carried out for us 
some tests on hectorite after it had been oven dried at 105°C and then 
evacuated at 80°C for 45 minutes. A measurement of the surface adsorp­
tion of N 2 revealed a surface arca of 70.8 square meters per gram of 
sampIe. This information may prove to be of value for further research 
pertaining to other bentonites, or even to other types of c1ays. 

DIFFERENTIAL THERMAL ANALYSIS 

Figure 3 represents the differential thermal analyses of Wyoming 
bentonite, Cherry Lease day, Princeton day, and Kisameet Bay day. 

Of these four sampIes, Wyoming bentonite and Kisameet Bay day 
show a pronounced minimum at a temperature of about 175°C. AIthough 
this minimum is also present with Princeton day, but at a somewhat 
higher tempcrature, it is much weaker than that of the other two days. 
Cherry Lease day not only shows a much stronger minimum, but at a 
temperature of about 155°C a slight intermediate dccrease in that mini­
mum is founel. Kisamcet Bay day shows thc strongest minimum in that 
region. Between 300°C anel 600°C Wyoming bentonite anel Princeton 
day are practically constant. At about 725°C Wyoming bentonite shows 
an endothermic peak, which is even more pronounced with Princeton 
day anel the Kisamcet Bay day. Cherry Lease day shows a slightly 
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FIGURE 3. - Differential thermal analysis curves. (A) Kisameet Bay, B.e., c1ay 
deposit; (B) Princeton, B.C.. calcium bentonite; (C) Cherry Lease Composite cal­
cium bentonite; (D) Wyoming bentonite. 
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endothermic reaction in that region. Princeton day and Kisameet Bay 
day show a slight endothermic peak at about 875°C. All four days tested 
show more or less pronounced exothermic peaks at temperatures between 
900°C and 950°C. This reaction is in all probability associated with the 
formation of spinel (Grim and Rowland, 1942; Hauser, le Beau, and 
Pevear, 1951). These results indicate dearly that the initial endothermic 
peak must be attributed to adsorbed water located on the surface of the 
material. The most pronounced second endothennic peaks refer to the 
loss of lattice water, and the last endothermic peaks, where present, seem 
to correspond to a breakdown of the lattice itself. 

Infrared absorption spectra of sodium bentonite films have revealed 
distinct absorption bands at a reciprocal wave length of 3,700 cm- 1 due 
to free hydroxyl groups, and between 3,600 and 3,200 Cln- 1 due to 
associated hydroxyl groups or adsorbed water. \Vhereas increasing the 
temperature of drying the films reduces the second absorption band, the 
first remains practically unchanged (Hauser, le Beau, and Pevear, 1951). 

ULTRA- AND ELECTRON MICROSCOPIC RESULTS 

Unsubstituted montmorillonite will adsorb counter ions only where 
broken edges are present, and will not, as is the case with the substituted 
bentonite, adsorb counter ions as a result of its unbalanced crystal lattice. 
Plate 2A shows a montmorillonite from Combe Hay, Somersetshire, 
Engand; it is unquestionably one of the most typical montmorillonites. 
In contrast thereto, the Wyoming bentonites and hectorite have a pro­
nounced base-exchange capacity and are therefore quite different from 
ideal montmorillonite in most of their properties. The film-forming 
property of Wyoming bentonite has been discussed above ("Gelation" 
section). Such films are also obtainable with hectorite. The electron photo­
micrograph of hectorite is shown in Plate 2B; here the available magni­
fication dearly shows the alignment of the individual partides which 
then form a coherent structure. 

The ultra- and electron photomicrographs of Cherry Lease day are 
shown in Plates 3 and 4. They dearly indicate that this day is very 
difficult to disperse completely unless it first undergoes certain chemical 
treatments, e.g., the use of trisodium phosphate. This can easily be 
demonstrated by comparing A and B, Plate 3. 

As has already been shown in the chemical analysis, Princeton day 
differs pronouncedly from Cherry Lease day. The difference in Si02 
content is particularly striking. Careful comparison of electron photo­
micrographs of Princeton day with those of Cherry Lease day shows 
that Princeton day contains mica and in aIl probability also quartz 
partides (PI. 5). Therefore not all of the deposit can be dassified as 
calcium bentonite. 

In its natural condition Princeton day displays a high degree of 
aggregation, as is shown in Plate 6. After trisodium phosphate is mixed 
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A 
,-

PLATE 2. - Electron photomicrographs of (A) montmorillonite (Combe Hay, 
England) (orig. magn. 1O,IOOx); and (B) hectorite (orig. magn. lO,lOOx). 
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with the I'rinccton day in sufficieutly high concentration, approximatdy 
80 pnc{'flt of the availablc calcium ions are replaced by sodiu1l1 ions; 
furthermore the phosphate ions are adsorbed on the broken edges of the 
crystal lattices, thet-eby aiding in causing maximum dispcrsion_ 

PLATE 3.- Ultraphotomicrographs of (A) Cherry Lease day (orig. magn. 550x; 
prescnt magn. 3,300x); amI (B) Cheny Lease day plus N ;4P2Ü7 • lOH2ü (orig. 
magn. 550x; present magn. 3,300x). 
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A 

B 

PLATE 4. - Electron photomicrographs of Cherry Lease day; mounted dry; sha­
dowed, 45 0 angle (orig. magn. 10, l00x). 
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PLATE S. - Electron photomicrographs of (A) Princeton, B.C, c1ay; mounted dry; 
shadowed, 45° angle (orig. magn. lO,lOOx); and (B) Princeton, B.C, special c1ay; 
mounted dry; shadowed, 45° angle (orig. magn. lO,lOOx). 
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PLAl'E 6. - UItraphotomicrograph of Princeton, B.C., c1ay (orig. magn. 550x; 
present magn. 3,300x). 

Kisameet Bay clay reveals electron-microscopically the presence of some 
foreign matter (mica and quartz) (PI. 7). If the clay is subjected to 
fractionation by supercentrifuging, definite proof can be offered for the 
presence of such foreign matter. This is clearly evidenced by comparing 
Plate 7 with Plate 8, A and B. 

PLAl'E 7. - Electron photomicrograph of coarse fraction of Kisameet Bay c1ay de­
posit (orig. magn. 1O,IOOx). 
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PLAn; 8. - Electron photomicrographs of (A) Kisameet Bay, B.C., clay deposit 
(orig. magn. lO,l00x); and (B) fine fraction of Kisameet Bay, B.C., clay deposit 
(orig. magn. lO,100x). 

It has not been possible to produee truly thixotropie systems with these 
c1ays, however , particularly in the low coneentrations for whieh Wyoming 
bentonites and hectorite are famous. The reason for this, in all probability, 
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is that if the calcium ions are exchanged by the use of trisodium phos­
phate, the phosphate ions are also adsorbed on the broken edges of the 
crystals and thereby prevent the sodium ions from reacting as they do 
with the Wyoming bentonites or with hectorite. Even if one attempts to 
exchange the calcium ions for sodium ions by the use of sodium hydroxide 
a truly thixotropic system is not obtainable, because not all the calcium 
ions can be replaced with sodium ions. This applies specifically to Cherry 
Lease day and to Princeton day. The Kisameet Bay day will not even 
form a pasty material, either with trisodium phosphate or with sodium 
hydroxide. 

Regarding the formation of these minerals we believe that silica and 
alumina gels must first react, and then condense to form the specific 
minerals. Clays owe their genesis to the presence of silica and alumina 
or magnesia gels and to the changes they undergo with time or tempera­
ture. Recent studies on the formation of day minerals have offered proof 
of the validity of this theory (Hauser, 1952). 

SUMMARY 

On the basis of the most recent contributions of colloid science in 
evaluating the structure, chemical composition, and properties of day 
minerals, a comparison between sodium bentonites, which carry an un­
balanced crystal lattice, and calcium bentonites is offered. The importance 
of the release of atomic oxygen at the surface of the colloidal particles 
during their formation is pointed out and on this basis the structure of 
the various day minerals is discussed. Colloidal phenomena, e.g., electro­
kinetic properties, electrophoresis, -thixotropy, and film formation, are 
referred to and the differences between sodium bentonites and calcium 
bentonites are discussed. 

Special attention is paid to Cherry Lease day from Texas, Princeton 
day from Princeton, British Columbia, and Kisameet Bay day from the 
Kisameet Bay, north of Vancouver, British Columbia. The differences 
in their properties are referred to and attempts are made to explain why 
they so pronouncedly differ from sodium bentonites such as days found 
in Wyoming and in Hector, California. 

ACKNOWLEDGMENTS 

The authors wish to express their most sincerc thanks: 
To Dr. F. J. Williams of thc Baroid Salcs Division of the National 

Lead Company for information on the Princcton, B. c., day and for 
supplying us with a sampie of Cherry Leasc day. 

To The American Petroleum Institute for pcrmitting us to use and to 
rcproduce the elcctron photomicrographs of montmorillonite and hectorite 
originally contained in their Preliminary Report No. 6 of April, 1950. 

To Dr. Theodore T. Rochow and Mr. Frederick G. Rowe of the 
American Cyanamid Company for their grcat help in supplying most of 

https://doi.org/10.1346/CCMN.1953.0020136 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1953.0020136


COLLOID SCIENCE OF MONTMORILLONITES AND BENTONITES 459 

the electron photomicrographs used. Mr. Rowe deserves our special 
thanks for those of Cherry Lease da)' and Princeton day. 

To Dr. Robert T. Martin and his collaborators in the Civil Engineering 
Department, Massachusetts Institute of Technology, for the differential 
thermal analysis curves. 

To Dr. Cecil E. Hall of the Biology Department, Massachusetts Insti­
tute of Technology, for the electron photomicrographs of the Kisameet 
Bay clay. 

REFERENCES 

American Petroleum Institute (1950) Anal},tical data on reference clay materials: 
Columbia University, New York. 

-- (1950) Llcctron lIIicrographs vf refcrencc cla)' minerals: Columbia University, 
New York. 

Bradfield, R. (1927) The saturation capacity of colloidal clay soils: Proc. First 
Intl. Congr. Soil Sei., v. 4, p. 858-868. 

-- (1931) S'ome chentical reactions of colloidal clay: J. Phys. Chern., v. 35, 
p. 360-373. 

Bradley, W. F. (1945) M olecular assvciations betwem 1II0ntmorillonite and SOlllC 

pol3'functional organic liquids: J. Am. Chem. Soc., v. 67, p. 975-981. 
Bradley, W. F., and Grirn, R. E. (1948) Colloid properties of fayer silicates: J. 

Phys. Chem., v. 52, p. 1404-1413. 
Coffman, P. M. (1946) Base exchange properties of montmorillonite clay: M.A. 

Thesis, Stanford University, California, p. 1-37. 
Fajans, K. (1931) Chemical forces and optical propertics of substances: McGraw­

Hili Book Cornpany, New York, 125 p. 
-- (1947) Review of Frit::: Ephrai1ll's Inorganic chemistry, 4th Eng. ed. by P. C. L. 

Thorne and E. R. Roberts: Am. Mineralogist, v. 32, p. 97-99. 
-- (1947) Review of Grundlagen der Stereochemie by Paul Niggli: Am. Min­

eralogist, v. 32, p. 100-lO2. 
-- (1947) Review of Roentgenographisch-Anal)'tische Chemie by E. Branden­

berger: Am. Mineralogist, v. 32, p. 103-104. 
-- (1949) Electric forces and electronic configurations in carbon compounds: 

Chem. Eng. News, v. 27, p. 900-904. 
Foshag, W. F., and Woodford, A. O. (1936) Bentonitic magnesian clay-mineral fro/n 

California: Am. Mineralogist, v. 21, p. 238-244. 
Ganguly, A. K. (1951) Base-exchange capacity of silica and silicate minerals: J. 

Phys. Coll. Chem., v. 55, p. 1417-1428. 
di Gleria, J., and Zucker, F. (1931) Soil colloids; .r. Alexander's "C olloid chemistr)''': 

Chemical Catalog Co., N ew Y ork, v. 3, p. 559-568. 
Graham, R. P., and Sullivan, J. D. (1938) Critical study of methods of detertnining 

exchangeable basl's in clays: J. Am. Ceram. Soc., v. 21, p. 176-183. 
Grim, R. E. (1942) Modern concepts of elay materials: J. Geology, v. 50, p. 225-275. 
-- (1953) Clay mineralogy: McGraw-HilI Book Company, New York, 384 p. 
Grim, R. E., and Rowland, A. R. (1942) Differential thermal analysis 0/ c1ay minerals 

and other hydrous materials: Am. Mineralogist, v. 27, p. 746-761. 
Hauser, E. A. (1941) Inorganic film products and method of making same: U. S. 

Patent 2,266,636, Dec. 16; Waterproofing and /Iexibilising day films: U. S. Patent 
2,266,637, Dec. 16; Flexible body: U. S. Patent 2,266,638, Dec. 16. 

(1943) M ethod of waterprovfing inorganic hydruus oxide bodies and product: 
U. S. Patent 2,317,685, Apr. 27. 

(1945) Method of waterproofing invrganic h)'drous oxide bodies, and product: 
U. S. Patent 2,383,647, Aug. 28. 

https://doi.org/10.1346/CCMN.1953.0020136 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1953.0020136


460 SECOND NATIONAL CONFERENCE ON CLAYS AND CLAY MINERALS 

-- (1945) Colloid ehemistry 0/ clays: Chern. Rev., v. 37, p. 287-321. 
-- (1948) Si/icic ehemistry: J. Phys. Coll. Chern., v. 52, p. 1165-1174. 
-- (1950) C anamin day and its properties: Canadian Chemistry and Process In-

dust ries, v. 34, p. 979. 
-- (1951) Canamin du}' and its properties: Canadian Chemistry and Process ln­

dust ries, v. 35, p. 123. 
-- (1952) Genesis 0/ day minerals: In "Problems 0/ day and laterite genesis SYIII­

posium": Amer. Tnst. Min. Met. Engrs., p. 101-106. 
-- (1952) Kisameet Bay clay deposit: Arner. Inst. Min. Met. Engrs., New York, 

"Problems of day and laterite genesis symposium," v. I, p. 178-190. 
Hauser, E. A., and Dannenberg, E. M. (1946) Molding eompositiQ.H, molded product, 

and method 0/ making: U. S. Patent 2,401,348, June 4. 
Hauser, E. A., and le Beau, D. S. (1938) Studics on gelation und film formation 01 

col/oidal clays. I.: J. Phys. Col!. Chem., v. 42, p. 961-969. 
-- (1938) Studies in col/oida! cla:ys. I.: J. Phys. Col!. Chern., v. 42, p. 1031-1049. 
-- (1939) Studirs in gelation and film 10Y/nation 01 colloidal clays. /I.: J. Phys. 

Colt. Chern., v. 43, p. 103i-l048. 
-- (1941) Studies in col/oidal clays. /I.: J. Phys. Coll. Chem., v. 45, p. 54-65. 
-- (1952) The sur/ace structun: und properties 0/ col/oidal si/ica and alumina: 

}. Phys. Col!. Chem., v. 56, p. 136-139. 
-- (1946) Colloid ehemistry 01 cla). minerals and clay films: J. Alexander's "Col­

loid ehemistry," Reinhold Publishing Corp., New York, v. 4, p. 191-213. 
Hauser, E. A., le Beau, D. S., and Pevear, P. P. (1951) The sur/ace structure and 

composition o[ colloidal siliceous matter: J. Phys. Coll. Chem., v. 55, p. 68-79. 
Hauser, E. A., and Leggett, M. B. (1940) Color reactions between elays and amines: 

J. Am. Chern. Soc., v. 62, p. 1811-1814. 
Hauser, E. A., and Reed, C. E. (1936) Studies in thix()tropy. I. Develop»tent o[ a 

new method lor measuring partiell' si:;e distribution in colloidal systems: }. Phys. 
Chern., v. 40, p. 1169-1182. 

-- (1937) Studies in thixotropy. Il. The thixotropie behavior and study 01 ben­
tonite: J. Phys. Chem., v. 41, p. 911-934. 

Hauser, E. A., and Reynolds, H. H. (1939) Alteration 0/ glasses to montmorillonite: 
Am. Mineralogist, v. 24, p. 590-597. 

Hendricks, S. B. (1945) Base exchange 0/ cyystalline silicates: Ind. Eng. Chern., 
v. 37, p. 625-630. 

Hillebrand, F. W. (1919) The analysis 01 silicate and carbonate rocks: U. S. Geol. 
Survey, Bull. 700, 285 p. 

KalImann, S. (1944) Determination o[ lithium in its minerals: Ind. Eng. Chern. 
Anal. Ed., v. 16, p. 712-717. 

Kelley, W. P. (1948) Cation exchange in soi!s: Reinhold Publishing Corp., New 
York, 126 p. 

Kelley, \\'. P., Dore, W. H., and Brown, S, M. (1931) Nature 0/ base-exchange 
lIlaterial of bentonite, soils and zeolites as revea!ed by chemical investigation and 
x-ray analysis: Soil Sei., v. 31, p. 25-45. 

Knight, W. C. (1897) Mineral soap: Eng. & Min. J., v. 63, p. 600-601. 
-- (1898) Bentonite: Eng. & Min. J., v. 66, p. 491. 
Leitmeier, H. (1916) Ober das Tonmineral Montmorillonit und das Tonderdephosphat 

Planerit: Zeit. f. Kryst., v. 55, p. 353-371. 
MarshalI, C. E. (1937) The co/loidal properties 0/ the clays as related to their 

crystal structure: ]. Phys. Chern., v. 41, p. 935-942. 
-- (1949) The colloid chemistry 0/ the silicate minerals: Acadernic Press, IIlC., 

New York, 180 p. 
Marshall, C. E., and Gupta, R. S. (1933) Base-exchange equilibria in clays: J. Soc. 

Chern. Ind., v. 52, p. 433T-443T. 
McBain, J. W. (1950) Co/loid seicnce: D. C. Heath and Co., Boston, 450 p. 

https://doi.org/10.1346/CCMN.1953.0020136 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1953.0020136


COLLOID SCIENCE OF MONTMORILLONITES AND BENTONITES 461 

McConnell, D. (1950) The crystal chemisfry a/ lIIontmori/lonite: Am. Mineralogist, 
v. 35, p. 166-172. 

Perkins, A. T. (1952) Determination 0/ cation-exchange capacity 0/ soils by use 0/ 
"versenate" : Soil Sei., v. 74, p. 443-446. 

Ries, H. (1927) Clays, Iheir occurrence, properties and uses: John \Viley and Sons, 
Inc., New York, 613 p. 

Ross, C. S., and Hendricks, S. B. (1945) Minerals 01 the montmorillonite group: 
U. S. Geol. Surv~y Prof. Paper 205-B, p. 23-79. 

Ross, C. S., and Shannon, E. V. (1926) Minerals 0/ bentonite and reltlted clays and 
their physical properties: J. Am. Ceram. Soc., v. 9, p. 77-96. 

Salvetat, and Damour, A. (1847) Notia cf llnalyses sur un hl,dro-silicate d'alumne 
trouve a Montmorillon (Vil'nne): Ann. chim. phys., v. 21, p. 376-383. 

Smith, J. L. (1871) On the determination 0/ the alkalies in silicates by ignition 'Witl! 
carbonate 0/ lime and sal-ammoniac: Am. J. Sei., v. 101, p. 269-275. 

Ure, W. (1946) Curative properties 0/ rare carths /ound in B.C. peloid deposits: 
Vancollver Medical Soc. Bulletin, v. 22, p. 230-231. 

\Veyl, W. A. (1951) A ne'W approach to sur/ace chemistry and to heterogencous 
catalysis: Penna. State College, Mineral Tndustries Expt. Sta., Bull. 57, 118 p. 

\\"iklander, L. (1946) Stltdies on ionic exchange with special re/eren ce to Ihe con­
ditions in soils: Annals Royal Agri. College <Sweden), v. 14, p. 1-171. 

Williams, F. J., Neznayko, M., and Weint ritt, B. (1953) The effect 0/ exchllngeablc 
bases on the colloidal propertics 0/ bentonite: J. Phys. Chern., v. 57, p. 6-10. 

https://doi.org/10.1346/CCMN.1953.0020136 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1953.0020136



