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THE ADSORPTION OF WATER AND NMHANOL VAPORS 
BY ORGANIC CONFLEXES OF NONTNORILLONITES 

INTRODUCTION 

Purpose of the Study 

This investigation was carried out to determine 

to what extent the polar molecules of water and methanol 

would interact with three different amine type organic 

clay complexes. When a hydrophilic, inorganic, mont- 

morillonite clay is converted to an amine complex, the 

resultant substance is found to be hydrophobic. It would 

seem that gas adsorption studies of this hydrophobic pro- 

duct miht give some information regarding the nature and 

extent of this unusual conversion. Therefore, adsorption 

isotherins, effective surface areas, isosteric heats of 

adsorption, and heats of immersion have been determined 

for the two adsorbates, water and methanol, on three 

montmorillonite complexes. 

Origin of Clays 

Clay is a popular term for a variety of earthy 

substances of widely varied origins, of great dissimi- 

larity in their composition and in many of their chemical 

and physical properties, and differing greatly in almost 

every conceivable respect. Attempts have been made to 
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include in the term clay all minerals capable of becoming 

plastic when moistened or mixed with a suitable quantity 

of water, but this definition is so wide as to be im- 

practicable, and leads to the inclusion of many sub- 

stances which have no real connection with clays. A 

modern definition of clay is more specific. I1ineralogi- 

cally, clay can be defined as that fraction of soil or 

earth containing the smallest particles; for the geol- 

ogist this would mean material finer than about k microns, 

for the soil scientist the upper limit of particle size 

would be 2 microns (k, p. 1). 

Clays are always of secondary origin and result 

primarily from the decomposition of granite and other 

rocks through weathering or hydrothermal action. Many 

clays have also been formed by volcanic action. Benton- 

ites were formed in this manner from deposits of volcanic 

ash. Naturally occurring clays, therefore, usually con- 

tain two or more clay types and almost always contain 

varying percentages of nonclay material. 

The Clay Mineral Concept 

For centuries, man has recornized the importance 

of clay in such things as ceramics and agriculture, but 

little progress was nade in the study and clarification 

of clay materials until 20 or 30 years ago. The early 



attempts at the clarification of clay structures were 

confused by apparent anomalies in the observed physical 

and chemical properties of the clays under study. Clays 

thit exhibited very similar physical properties were 

found to have very different chemical compositions, and 

clays of the saune ultimate chemical composition Ire- 

quently had very different physical attributes. A wide 

variety of speculative theories was proposed in the older 

literature to explain these perplexing observations and 

to describe the structure of clay materials. Only until 

recently, however, have there been adequate analytical 

tools to determine with some certainty the fundamental 

structure of most clay substances. 

Primarily through the applications of x-ray dif- 

fraction, the fundamental crystalline nature of clays 

was eventually established (16, p. 2). The first x-ray 

diffraction analysis of clays was done in 1923. Since 

then, the x-ray method has been the most widely used 

means of identification of clays and is of the greatest 

importance for studying their crystalline character- 

istics. From this early x-ray work, and the application 

of the electrostatic valency principal of Pauling, the 

modern clay mineral concept evolved. The basic tenets 

of this concept are that clays are essentially composed 

of extremely small crystalline particles of one or more 
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members of a small group of minerals which have corne to 
be known as the clay minerals, and that these clay min- 

erals are essentially hydrous aluminum silicates with 

magnesium or iron proxying for a part of the aluminum in 
some, and alkali or alkaline earth metals present as es- 

sential constituents. Some clays are composed of a 

single clay mineral but most are mixtures of two or niore. 

The Laminar Structure of Nontmorillonite 

Before examining the crystal structure of the 

inontmnorillonite group of clay minerals in more detail, 
it would be helpful to first look at a brief summary of 

the basic structural units encountered in these sub- 

stances. The primary arrangement of the silicon ion, as 

predicted by the electrostatic valence rules, is the 

tetrahedral structure shown in Figure 1 as the ortho- 
silicate unit. The number and type of atom or group in 
every lattice plane and the amount of available or needed 

electrons in every sheet is shown. The four covalent 

bonds of silicon are distributed tetrahedrally. These 

four bonds are of equal strength and the arrangement of 

the four oxygen atoms is symmetrical. 

These silica tetrahedra can now hook to{ether in 
many ways, extending themselves continuously in one, two, 

or three dimensions or forming a variety of ring 
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structures. Each possible structure, no matter how com- 

plex, will contain the primary silica tetrahedra. The 

grouping important to building a clay structure is the 

sheet or layer unit, (Si2O5), which is capable of' ex- 

tending itself continuously in two dimensions as is 

shown in Figure 1. 

The other major structural unit of' the montmor- 

illonite clays is the alumina octahedra. The arrange- 

ment of sìx groups around as aluminum atom follows the 

octahedral pattern, also shown in Figure 1. The aluminum 

unit important to clay structure is that of aluminum 

hydroxide, Al(OH)3, in the form of gibbsite. Gibbsite is 

also a sheet or laminar type of crystal, capable of ex- 

tending itself' continuously in two dimensions. 

In the (3i2o5) layer silicate unit, it can be 

seen that the unattached bonds extend in the direction 

normal to the plane of the layer. If' we now think of 

condensing the gibbsite layer through its hydroxyl 

groups, bonds can be established from the gibbsite layer 

to the unattached oxygen atoms of the silicate layer. 

Upon farther condensation of the gibbsite layer, another 

set of bonds can be established on the other side of the 

gibbsîte layer to the unattached oxygen atoms of a second 

silicate layer. The final result will be the formation 

of a three-layer crystal through the establishment of a 
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si - o - Al - O - Si type bond system. This leads to the 

structure of pyrophyllite (Figure 2) as proposed by 

Paulin (62, p. 123-129). This structure exists in 

layers, each layer extending continuously in two dimen- 

sions and presenting planar surfaces that are populated 

with oxygen atoms, each attached to two silicon atoms. 

The oxygen atoms on the exposed surface of the clay are 

situated in joined hexagonal rings in an arrangement much 

like the carbon atoms in the graphite crystal. This 

oxygen-populated face presents an active adsorption sur- 

face, and it is this surface which is primarily respon- 

sible for the adsorption type complexes to be mentioned 

later. 

Pyrophyllite can be thought of a the pa'ent corn- 

pound of the montmorillonite group. Variations within 

the group arise from isomorphic substitutions within the 

crystal lattice. These slight modifications lead to 

considerable differences in the characteristics of these 

clays. In pyrophyllite itself, no isomorphic substi- 

tution is believed to occur. Consequently, it contains 

no calcium or magnesium, and little or no sodium or other 

replaceable bases. 4ater and other polar liquids do not 

easily wet surfaces of the silicate lamina, with the re- 

suit that this clay does not swell or expand in these 

media. 
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The various isomorphic substitutions within the 

montinorillonite group consist mainly of Ng2 replacing 
+4. 

Al in the octahedral positions, and Al replacing Si 

in tetrahedral positions to the extent of one in four. 

Among varying extents of these replacements are the clay 

minerals hectorite and bentonite with which this study is 

+2 +3 concerned. In bentonite, hg replaces so:ìe of the Al 

in the octahedral positions, and in hectorite, Li and 

Ng2 replace all of the Al3 in the octahedral positions. 

The formulas of these clay minerals suggested by Ross and 

Hendricks (65, p. 23-29) are for bentonite, 

(A1167Ng33) S±4.010 (OH)2, and for hectorite, 

Na33 

(Ng2 67Li 33) Si4010 (011)2. 

Na33 

There is a point of contention regarding the 

structure of bentonite. The structure originally pro- 

posed by Hoffman, Endell and 'Iilm (45, p. 34.0-348) has 

been widely accepted and is the structure that is in 

accord with Pauling's picture of pyrophyllite. however 

a contrasting arrangement of the oxygen and hydroxyl 

groups in the three-layer structure, no longer generally 

accepted, was submitted by Idelrnann and Favejee (23, 

p. 417-431). The major difference is that the Edelmann 

and Favejee structure has every other silica tetrahedron 



in both silica sheets inverted, so that half of them 

point in the opposite direction. Those that point away 

from the silica sheet have the tip replaced by OH. 

Cation-thcchan::e Capacity 

As can be seen from Fi:ure 2, the net electro- 

static charge of the unit cell of pyrophyllite is zero. 

When there is an isomorphic substitution of one lori for 

another in the clay laminar lattice, the resultant charge 

must be equivalent to the original charge. Thus, when 

Al3 is replaced with a net negative charge will 

exist on the clay lattico. 1'his counter- 

balanced by cations in addition to those within the 

structural framework of the crystal lattice. These 

cations are located on the exterior of lattice layers 

and are held by electrostatic attraction. The external 

ion becomes easily hydrated in aqueous media, and because 

i-t; occupies no assied position witn respect to the 

lattice, it may be replaced by other cations. This 

property of exchangeability is known as cation-exchange, 

and varies reatly amone; the clays (50, p. 18). The 

cation-exchange capacity for clay minerals in the mont- 

morillonite group ranges from about 80 to 150 muli- 

equivalents per 100 grams clay. 

These external exchangeable ions, as well as 
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giving to the clay an ion-exchane capacity, also pro- 

duce marked difforences in characteristics of the various 

clays. The strong hydrophilic nature of most of these 

types of clays is due primarily to the ease with which 

the cations pick up water of hydration. Iuch work has 

been done on these hydration reactions. Hendricks, 

Helson and Alexander (42, p. l'-57_l464) studied the water 

sorption of a ontmoriilonite clay as a function of the 

cation present in the exchange position. Hendricks and 

Jefferson (41, p. 863-875) found that the interlarnellar 

water of hydrated montmorïllonites existed in layers of 

joined hexagonal nets. They explain this phenomena by 

considering the expected arrangement of six water mole- 

cules around a hydrated cation. The swelling properties 

of clays arise when successive layers of this interlam- 

ollar water build up, pushing apart the individual 

platelets. 

To a limited extent, clays exhibit exchange of' 

anions. These exchanges are usually associated with the 

edges of the laminar crystal where fluoride, chloride, 

phosphate, etc. ions may exchange with hydroxyl groups 

in the lattice. This type of ion-exchange in clays has 

not received nearly as much study as cation-exchange, and 

the present state of understanding is not weel advanced. 
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HISTORY OF ORGANIC CONPLS 
OF NONTNOR ILLON ITiS 

Types of OrRanic Complexes 

Organic clay complexes can be generally classified 

in two categories, adsorption complexes and cation- 

exchange complexes. The first group, as mentioned 

earlier, arises from the physical adsorption of various 

organic groups upon the active oxygen populated faces of 

the clay mineral crystallites. The second group of com- 

plexes is a direct result of the cation-exchange capacity 

of the clay and is formed through actual replacement of 

the inorganic cation by an organic cation such as an 

amine. 

A few complexes do not seem to fall into either 

of these categories. fmerson (21, p. 461) reported 

organo-clay complexes between bentonite and. high polymers 

where only the edge faces of the clay crystals were in- 

volved. It was suggested that the polymer links the edge 

faces of the clay crystals together in a series of hydro- 

gen bonds. Deuel, Huber and Gunthard (19, p. 1799-1802) 

reported the preparation of phenyl derivatives of mont- 

morillonite where the mode of attachment was neither 

ion-exchane nor physical adsorption but a direct chem- 

ical reaction with the clay lattice. It was sug-ested 
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that the phenyl radicals form a silicone type bond of 

some sort with the rnontrnorillonite lattice. Esterifi- 

cation reactions of the type RK + clay-N = MX + clay-R 

have also received some attention. However, attempts 

to repeat the syntheses of these alkyl or ester deriva- 

tives have not been successful. 

Adsorption Complexes 

Ilany nonionic and organic molecules are dipoles. 

The surfaces of the clay mineral structure are also 

polar. Hence, associations between clay surfaces and 

polar molecules in contact with them would be expected. 

The water molecule is very polar and is by far the most 

important polar compound sorbed by clay minerals, but it 

is certainly not the only one. Bradley (15, p. 975-981) 

studied the interaction of glycols, polyglycols, and 

polyglycol ethers with the basal plane surfaces of mont- 

morillonite. He found that the organic molecules would 

displace interlaminar water and that the c-axis spacing 

of the clay crystal would vary with the organic group. 

The external inorganic ions were not displaced, however. 

Based on x-ray diffraction data, it was postulu.ted that 

the polar organic molecules were held to the clay sur- 

face through C-H---0 type hydrogen bonds between methyl- 

ene groups and the oxygen surfaces of the clay. These 
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observations were independently supported by Nacwan 

(56, p. 577-578 and 55, p. 49-367). Both investigators 

pointed out that organic-inontinorillonite complexes of 

this type tend to have a high reu1arity in c-spacing, 

giving an integral series of very sharp x-ray reflec- 

tions. This phenomena was further investigated by 

1iackenzie (58, p. 368-75) and a method was worked out 

whereby the x-ray identification of these clay minerals 

was simplifïed by the addition of organic substances, 

usually glycerol or ethylene glycol. 

Many other types of adsorption complexes have been 

studied. Glaeser (26, 88-90 and 27, 81-108) showed 

that complexes form with acetone and with a variety of 

alcohols; Hoffman and Brindley (k4, p. 15-29) studied the 

sorption of a series of nonionic aliphatic compounds from 

aqueous solutions; and Barrer, Nackenzie and NacLeod (4, 

p. 1736-1744) showed selective adsorption of a number of 

n-paraffins by montmorillonite and attapulgite. An in- 

teresting series of papers by Greene-Kelly reported coin- 

plexes formed with pyridine (5l, p. 425-430) and with 

saturated organic chains and rings (2, p. 1281-1286). 

11e observed the interesting phenomena that the sorption 

complexes of montrnorillonite and aromatic molecules have 

two possible orientations, one with the plane of the ring 

parallel to the silicate sheet, and the other with the 
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plane of the ring perpendicular to the silicate sheet 

(30, p. i-l2-424). The second orientation is only pre- 

dominant at high surface concentrations of adsorbate. 

Cation-Exchange Complexes 

Due to the relatively large cation-exchange 

capacity of montmorillonite, much interest and work has 

been generated toward cation-exchange complexes. Many 

conmion organic cations contain basic amino groups. The 

reaction between these compounds and clay minerals has 

been studied in the greatest detail. Some work has been 

done with other organic compounds, however. Berger (14, 

p. 42-43), in attempting to elucidate the correct 

structure of montmorillonite, reported methylated corn- 

plexes where the methoxyl content was the same as the 

cation-exchange capacity of the clay. Slabaugh (70, 

p. 748-751) supposedly synthesized organo-bentonite an- 

hydrides by treatment of the inorganic clay with benzoyl 

chloride and acetyl chloride in anhydrous media. The 

clay reaction with amines is, however, the most common 

and most important. 

The first real systematic approach to studying the 

reactions of clays and organic compounds was by Smith 

(72, p. 1561-1563). Using amine-like compounds such as 

nicotine, strychnine, amylamine and hydrazine, he found 
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that these compounds reacted with the clay in definite 

stoichiometric ratios. In the process the clay became 

hydrophobic. He postulated a reaction type; 

(ONa (OB 
J + - I + - BentoniteOCa + B + Cl -. BentoniteOB + N + Cl 
LONg (.QB 

Giesekjng (25, p. 1-13) observed that large, substituted 

ammonium ions were adsorbed by montniorillonite, giving 

rise to c-axis spacings greater than those of the in- 

organic mineral. The adsorbed cations could be replaced 

by other cations of' approximately the same size but they 

were not replaced readily by the original inorganic ions. 

The formation of colored compounds of clay was shown to 

be the result of a reaction between clay and aromatic 

amines by Hauser and Leggett (39, p. 1811-181k). 

In 1941, Hendricks (40, p. 65-81) showed that the 

cation-exchange capacity exhibited by organic groups was 

the same as the original inorganic group. Extremely 

large ions of an effective area greater than 80 square 

angstrorns do not neutralize a hydrogen clay completely 

however, apparently due to an overlapping of exchange 

sites. These large ions may be physically adsorbed in 

excess of the exchange capacity, a phenomenon not ob- 

served with smaller ions (35, p. 137-142). This is due 

to the fact that the organic cations are held to the 
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surface not only by the coulombic forces due to the ionic 

nature of the compound but also by van der Waals forces 

between the molecule and the neighboring surfaces. 

The exchange of organic ions on basal plane sur- 

faces has been shown by a shift in the c-axis spacing. 

An overlapping effect causes this c-axis expansion and 

was shown most markedly by Jordan ('i-7, p. 294-305). From 

x-ray data he plotted the c-axis spacing in angstroms 

versus the chain length of the adsorbed organic molecule. 

A stepwise separation of the platelets in increments of 

four angstroms, which is about the van der Waals thick- 

ness of a methyl group, indicates that the chains lie 

flat along the clay laminar surfaces with the planes of 

the zigzag carbon chains parallel to the plane of the 

mineral. 

Slabaugh (68, p. 162-165) in 1954 and Cowan and 

White (18, p. 691-697) in 1958 studied in more detail 

the energies involved in this type of cation-exchange 

reaction. Slabaugh calculated the equilibrium constants 

for the reaction; 

Na-Bentonite + RNH3 - Na + RITE-Bentonite. 

He found that the equilibrium constant K Increases as 

the number of carbon atoms in the R group increases. 

Cowan and White offered a detailed explanation of 



adsorption beyond the cation-exchange capacity. The re- 

action mechanism postulated has two distinct steps. 

First, there is an equilibrium between inorganic and 

organic ions and. the clay; 

Na-clay + RNH3C1 RNH3-clay + NaC1. 

This goes on until all of the sodium ions are replaced. 

Then the reaction proceeds in the following manner: 

Rt'Th13-clay + RNH3C1 m-' (RNH3-clay)(RNH3C1) 

(R-clay)(R3Cl) 
2O 

(RI-clay)(Ri2) + 1101. 

when an amine ion exchanges with an inorganic ion on the 

clay, several factors are concerned; (i) the inorganic 

ion dissociates from the clay and goes into true solution, 

( 2) the amine ion leaves the solution phase and becomes 

associated with the colloidal clay particle, (3) the amine 

ion becomes oriented about the exchange sìte, its ionic 

charge balanced by the charge on the clay lamina, and (4) 

the hydrocarbon chain of the amníne adsorbs onto the clay 

laminar surface, accompanied by the removal of the water 

which was previously adsorbed on this surface. That is, 

the hydrophilic laminar surfaces are transformed into 

hydrophobic surfaces (68, p. 162-165). 

This new surface, as well as being hydrophobic, 
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is also very often organophilic. Greene-Kelly (3, p. 

77-79), Stratton (74, p. 76-79) and Jordan (46, p. 598- 

605) have studied this phenomena with regard to the 

swelling and gelation properties of the complex in 

various organic liquids. It was observed that the 

organophilic properties of the clay complex are negli- 

gible until an amine chain length of ten or twelve carbon 

atoms is reached (47, p. 294-305). The swelling of the 

clays seemed to be a function of the polarity and di- 

electric constant of the liquid organic phase. 

Barrer et al., in a series of papers from 1955 to 

the present, have made some very interesting studies of 

the interlamellar sorption by montmorillonite. In effect, 

they have held apart the platelets with small alkyl- 

animonium groups much like pillars hold up a building. 

This exposes the interlamellar surfaces to a large 

variety of organic liquids and sorption selectivity is 

observed (10, p. 79-89). This immediately sug';ests the 

use of this type of substance in chromatographic separ- 

ations. 

Some work has been done on the adsorption of pro- 

teins and amino acids on montmorillonite clays. Imong 

those that have carried on investigations of this sort 

are iínsminger and Gieseking (24, p. 467-473), Talibudeen 

(75, p. 582-590) and Sieskind and Nay (66, p. 1652-1655). 
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Applications 

Numerous applications for these organic clay re- 

actions and the resulting complexes are found in the 

literature. The aromatic amine color reactions can be 

used for identification and estimation of surface areas, 

and some study can be made of the structure of the ad- 

sorbed cation. Differential thermal analysis of clays 

treated with organic cations has proved very useful in 

the study of soil colloids (1, p. 183-188) and methods 

based on the retention of ethylene glycol have been de- 

veloped for measuring total surface area, external sur- 

face area, and by difference, internal surface area of' 

clays in water and other polar systems (20, p. 42l-L2). 

The amine complexes have been Incorporated into paints, 

paint solvents, inks, resins, adhesives, waxes, greases, 

and general purpose gelling agents (76, p. 1595), and 

used as reinforcement additives in rubber (4-9, p. 40-4-8). 

One of the fundamental problems concerning the 

nitrogen cycle in soil is that of accounting for the 

great resistance of soil protein to microbial attack. 

One hypothesis that has been advanced is that protein is 

protected by adsorption into and on clay mineral parti- 

cles (60, p. 239-244), borne work has been done using 

bentonites as testing and adsorption agents (53, p. 207- 
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211 and 63, p. 2314.-237) in biochemical research where 

the activity of the clay depends upon its ability to form 

organic-type complexes. 

In the words of Flauser (38, p. 14-31-1441), "the 

development of organophilic clays by base-exchange re- 

actions, ... , can very well be considered as a new 

bridge between inorganic and organic matter. It also 

offers further proof that colloid chemistry is primarily 

the chemistry of matter characterized by a high surface- 

over-volume ratio and that the reactivity of substances 

present in this state is controlled by the composition of 

its surface." 
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THEORETICAL BACKGROUND 

Types of Adsorption 

Adsorption can be defined generally as that 

phenomenon which results in a concentration or accuinu- 

lation of substances at surfaces or interfaces. This may 

involve two rather distinct types of interactions. The 

first, called chemisorption, is due to the primary 

valence forces of the interacting substances and is 

largely independent of the physical character of the 

adsorbent. It is a chemical reaction and generally in- 

volves a large evolution of heat. 

The second more general type is called physical 

adsorption and arises from physical forces between ad- 

sorbent and adsorbate. These forces are of the van der 

aals type. Physical adsorption can be considered as an 

act of condensation of a gas upon the surface of a solid 

and involves a rather low evolution of heat, in the range 

of the heat al' liquefaction. The most general method of' 

distinguishing between physical adsorption and chemi- 

sorption is through the measurement of this heat evo- 

lution, although in some cases a clear cut division is 

not possible. This investigation is involved with 

physical or van der Jaals adsorption of gases on solids. 
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Theories of Adsorption 

Ever since the observation of Scheele in 1773 on 

the adsorption of gases by charcoal, there have been 

attempts to derive a theoretical basis for the phenomena. 

One of the oldest attempted explanations is the empir- 

ical expression of Freundlich. In 1915, Langinuir (52, 

p. 1139-1167) proposed a theory which was based on the 

belief that adsorption was a type of chemical combination 

or process and that the adsorbed layer was unimolecular. 

He obtained experimental verification of his theory from 

a series of determinations on the adsorption of gases at 

low pressures on plane surfaces such as mica and glass. 

When experimental evidence for adsorption in layers more 

than one molecule thick began to mount, attempts were 

made to modify Lanniuir's equation to fit multi-layer 

adsorption. 

Brunauer, Emmett and Teller (17, p. 309-319) in 

1938 derived an isotherm equation for multimolecular 

layers from data obtained from low temperature gas ad- 

sorption on an iron synthetic ammonia catalyst. It is 

very similar to Langmuir's equation for unimolecular 

layers, and they soon adopted its use for a very wide 

range of adsorbents and adsorbates. mmett, Brunauer 

and Love (22, p. 57-65) reported its use for measuring 
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the surface area of soils and soil colloids the same year 

the theory was first proposed. The major assumption in 

the Brunauer, Emmett and Teller (B.E.T.) theory is that 

the same forces that produce condensation are also 

responsible for multimolecular adsorption. The deriva- 

tion of the B.E.T. equation results in the followinR ex- 

pression for the formation of a monolayer: 

P/V(P0-P) (l/VmC) - {(C_l)/VmC] (PIP0) 

where P is the measured pressure, P0 the saturation 

pressure, Y the volume adsorbed at pressure F, V the 

volume adsorbed on a monolayer, and C a constant related 

to the heat of adsorption. 

If a plot of P/V(P0-F) vs P/P0 is made from ex- 

perimentally obtained values, a straight line is obtained 

for values of P/P0 from 0.05 to 0.35 for a system that 

conforms to the B.E.T. theory. It can now be seen from 

the above equation that the slope of this line is 

(0-1)/VC and the intercept on the ordinate is l/VmCS 

Two equations can be set up with two unknowns and solved 

for V, which gives: 

Vm = 1/intercept x slope 

With a value for V, the surface area covered by a mono- 

layer can be readily calculated provided the 
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cross-sectional area of the adsorbed molecule is known. 

This area is usually found from the known density of the 

liauified or solidified adsorbate. Thus, the BJ.T. 

theory provides an absolute method for determining the 

surface area of a solid, and is still the most widely 

accepted method for measuring surface areas from gas ad- 

sorption data. 

An alternate method for determining the area of a 

solid from adsorption isotherms has been offered by 

Harkins and Jura (37, p. 1366-1373). In their develop- 

ment, there is no need to assume a molecular area of the 

adsorbate, which in some cases may be uncertain. The two 

methods show remarkable agreement, however. This speaks 

well for both theories, since they are based on two en- 

tirely different principals, the B.E.T. method being 

based on a kinetic theory and the Harkins-Jura method on 

a thermodynamic theory. 

Hysteresis 

Theoretically, adsorption-desorption curves 

should coincide; in practice, they do not, and the re- 

sulting phenomenon is termed hysteresis. ITo explanation 

has yet been proposed that fits all experimental data, 

and it is probably correct to say that hysteresis can be 

caused by several different factors, one or all of which 
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may be applicable to a specific system. The explanation 

generally attributed for it is capillary condensation, 

The capillaries fill by inultilayer adsorption, but once 

filled they desorb by evaporation from a meniscus. The 

lowering of the vapor pressure associated with a rneniscus 

of a very small radius is the cause for the hysteresis 

loop. Fierce and Smith (6k, p. 78L-79L.), however, have 

pointed out that hysteresis can be caused by condensation 

and evaporation effects without the presence of capii- 

lanes. They claim that hysteresis is found when ad- 

sorption occurs by merging of clumps of molecules on 

separate sites of a plane surface. After the clumps 

merge, ali molecules are held by forces from ail active 

sites touched by the merged group. Forces are therefore 

stronger than when the groups were separate, the vapor 

pressures of all molecules are lo'iered and there is de- 

sorption hysteresis. 

The second widely accepted theory to explain 

hysteresis postulates structural changes within the 

framework of the adsorbent. This could involve some sort 

of rearrangement of a crystal lattice due to interaction 

with the adsorbate, change in particle size or aggre- 

gation, and swelling effects. ilirst (43, p. 22-28) 

attempted to construct models to explain the various 

forms of hysteresis. He states that if there are regions 
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within a swelling solid where the surfaces are suffic- 

iently close together for surface forces to contribute 

appreciably to the cohesion of the solid it can be pre- 

dicted from a mechanical picture of the model that the 

isotherm will show hysteresis. This could be the cause 

of hysteresis in a swelling laminar structure such as an 

inorganic montmorillonite-water system. 

Isosteric Heats of Adsorption and Heats of Immersion 

The adsorption of gases by a solid is always 

accompanied by an evolution of heat. As has been pointed 

out, the extent of this evolution for physical adsorption 

is relatively small, being in the range of the heat of 

liquifaction of the gases taken up. This evolution can. 

be determined in two separate ways. It can be measured 

calorimetrically as the adsorption takes place or it may 

be calculated from the resulting isotherms. The calcu- 

lated or isosteric heats of adsorption depend upon the 

pressures at different temperatures corresponding to 

constant amounts adsorbed. With this isotherm data, II 

can be calculated from the integrated form of the 

Clausius-Clapeyron equation: 

dP/dT = P H/RT2 or d lnP/dT = LH/RT2 

upon integration, 



log P2/P1 = H (T2-T1)/2.303 R(T2T1) 

or 

LH = 2.303 R(T2T1)/(T2-T1) log ?21P1 

The theoretical basis for such a calculation has under- 

gone much discussion. Hansen (36, p. 4ll-L4l5) has claimed 

that the derivative, dP/dT, should be evaluated at con- 

stant Â, which he defines as the total surface area of 

the solid divided by the number of' moles of surface ex- 

cess, instead of at constant amount adsorbed. rJhe former 

method, however, seems to be the standard accepted pro- 

cedure. 

The energies involved in wetting surfaces can be 

correlated to isosteric heats. Three wetting processes 

are possible, adhesional wetting, spreading wetting, and 

immersional wetting (77, p. 76-81). Immersional wetting 

results when a solid is immersed in a liquid, forming a 

liquid-solid interface from the original solid surface. 

The energy change associated with this wetting process 

is termed the heat of' immersion. For finely divided 

powders it may be measured. calorimetrically by breaking 

an evacuated glass bulb, containing the powder, while it 

is immersed in the liquid contained in a calorimeter. 

This heat of immersion is related to the area under the 
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plot of isosteric heats versus amount adsorbed, as it 

involves the energy for total wetting of the surface, a 

phenomenon described in increments by an adsorption 

isotherm. 
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EXPERINENTAL IIETHODS AND APPARATUS 

Description ol' Apparatus 

The adsorption isotherins were determined gravi- 

metrically on an adsorption balance of the type first 

described by NcBain and Bakr (59, p. 690-695). It is 

shown diagramatically in Figure 3. Two reservoirs, one 

for liquid storage and one for gas storage, are located 

on the main manifold for easy adsorbate addition. The 

manifold is fitted with the standard pressure measuring 

devices: a mercury manometer, an oil manometer filled 

with Dow Corning '703 fluid, and a NeLeod gauge. A second 

manifold was connected to this main manifold, and the 

eight adsorption columns were tapped from it, each fitted 

with an individual stopcock so they could be isolated 

from the system. 

The springs used were small, quartz helixes, each 

with a sensitivity of about one millimeter extension per 

milligram. The samples were contained in small buckets 

made from 0.0005 inch tin foil and fitted with handles 

made from 0.0056 inch diameter beryllium-copper wire. 

These buckets were suspended from the quartz helixes by 

fine glass extension rods which contained coded colored 

markings for measurement purposes. The bulk of the ad- 

sorption columns, containing the springs, was enclosed 



FIGURE 3 GRAVIMETRIC ADSORPTION BALANCE 
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in a constant temperature air bath maintained at 28.0 

± 0.5°C. The lower portion of the adsorption colunns 

enclosing the sample buckets was kept in a constant 

temperature water bath for runs near room temperature, 

and was maintained within 0.1°. For low temperature 

nitrogen runs, this water bath was replaced by Dewar 

flasks containing liquid nitrogen, the temperature being 

determined from a vapor pressure thermometer charged with 

argon. 

The spring extensions were magnified by optically 

projecting the coded markings of the extension rods upon 

a wall chart about seven feet in front of the sample 

tubes. The extensions were read out in scale divisions. 

Each spring was calibrated by adding known weights, and 

a spring constant was calculated in milligrams per scale 

division. The sensitivity of the extension readings was 

about 0.8 milligram per scale division and the scale 

could be read to 0.05 divisions for an overall sensi- 

tivity of ± 0.04 milligram for a 400 milligram sample. 

The calorimeter used to determine the heats of 

immersion has previously been reported by 3labaugh (69, 

p. 1022-1024). The essential component is the calor- 

iineter head, which contains five sample bulb holders, a 

breaking device, a stirrer, a detecting thermistor, and 

a calibration heating coil. The entire head fits into 
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a widemouth pint Dewar flask which contains the immersing 

liquid, and. this in turn is suspended in an air bath. 

The air bath was thermostated at 29.0 ± 0.1°C., which 

holds the internal part of the calorimeter to a constant 

drift of no more than 0.00010 per minute. A galvanometer 

serves as the read out device by detecting the off- 

balance of a Nueller resistance bridge caused by the 

temperature change in the thermistor. The overall sen- 

sitivity of this system permitted the observation of 

temperature changes in the order of 0.0O0O°C. 

reparation of Samples 

The adsorbents used in this investigation were 

three commercially prepared organic-clay complexes of 

montmorillonite type clays. They were supplied by the 

Baroid Division of the National Lead Company. The coin- 

positions of the complexes were as follows: 

Sample 1 - cocoanut fatty amine bentonite 

Sample 2 - dimethyl dioctadecyl ammonium bentonite 

Sample 3 - dimethyl dioctadecyl ammonium hectorite 

These are all quaternary amine compounds. The cocoanut 

fatty amine in sample i is a mixture that has approxi- 

mately 18 carbons per amine group. The amine groups of 

samples 2 and 3 each contain 38 carbons. In the synthe- 

sis of these complexes, stoichiometric quantities were 



used. One hundred milliequivalents of the quaternary 

amine salt was added to loo grains of clay. This is 

approximately the cation-exchange capacity of the ong- 

mal clay mineral. 

Six separate samples were used. They consisted 

of the original three clay complexes as they were re- 

ceived. from Baroid Division, and designated l-A, 2-A and 

3-A, and three other samples identical to these except 

that they were pretreated in the laboratory. These lat- 

ter three are designated l-B, 2-B and 3-B. This treat- 

ment involved extensive extraction with reagent grade 

isopropyl alcohol in a Soxhiet extractor, subsequent 

drying in a vacuum oven at 50-60°C. at less than 4 centi- 

meters Hg, and. grinding to 200 mesh after which they were 

again vacuum dried for 16 hours. The extraction appar- 

ently removed most of the untreated physically adsorbed 

amine and other soluble material. Vacuum drying was re- 

sorted to after ordinary oven drying was found to leave 

the clay in very hard lumps, making the grinding process 

very difficult. All samples were stored at 51% humidity 

over a saturated solution of calcium nitrate. 

The weight of sample used in the calculations of' 

the isotherins was the vacuum dry weight. This was ob- 

tamed by the application of a correction factor to the 

wet 51% humidity weights. This correction factor was 
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calculated independently of the isotherms by outassing 

samples at less than one micron pressure for 48 hoars, 

then rapidly weighing them before they had an opportunity 

to adsorb moisture from the atmosphere. 

Procedure 

Adsorption isotherins were determined for water and 

methanol vapor and for comparison, nitrogen at low tern- 

perature. The samples were weighed into the tin foil 

buckets. Sample weight used was about 300 milligrams; 

the buckets weighed approximately 100 milligrams each for 

an overall weight of 400 milligrams. The samples were 

then suspended from the extension rods and sealed into 

the system. They were outgassed for 48 hours at room 

temperature. Care had to be taken when pulling the 

initial vacuum as the powdered samples tended to bump, 

due to trapped gases in the bucket. 

\/hen the samples were completely outgassed, a zero 

reading was taken on the wall chart. The adsorption iso- 

therm was then determined. Small increments of gas were 

admitted to the system and allowed to equilibrate. A 

check on the equilibrium time showed that water and 

methanol needed about six to eight hours and nitrogen 

needed only about fifteen minutes to reach equilibrium. 

Consequently, twelve hour intervals between points were 
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allowed for both water and methanol and one hour inter- 

vals for nitrogen. ihen the system had equilibrated, 

the pressure was noted and the sprin extension marked 

on the wall chart. This procedure was repeated through- 

out the entire isotherm, about ten or twelve points being 

determined during a ran. 

Isotherms were determined at 200 and 37°C. for 

water and methanol so that isosteric heats of adsorption 

could be calculated, and one desorption run was made for 

the two adsorbates at 20°. iach adsorption run was re- 

peated to test the reproducibility of the measurements. 

The major difficulty encountered was in maintaining 

tightly sealed vacuum system. It was checked before and 

after each run, and if there were indications that a leak 

had developed during the course of a run the data were 

discarded. 

Accurate pressure readings presented some prob- 

lenis, especially with water whose saturation pressure 

near room temperature is quite small. The oil manometer 

was used in part of the study, giving a pressure magni- 

fication of 12.4 with respect to a mercury manometer. 

Another method used later wich seemed to give more 

satisfactory results, was an optical system whereby the 

mercury manometer was projected on a screen about 17 feet 

away. This gave an overall magnification factor of 25, 
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and the pressure could easily be read to + 0.05 mliii- 

meter Hg. 

The samples for the heats of immersion runs were 

weighed out in four inch glass tubes that had a con- 

striction in the middle. These were made from eight 

millimeter pyrex tubing. Each tube contained 200 mliii- 

grams of clay. After the clay was placed in the lower 

portion of the tubes, they were sealed in racks onto the 

vacuum system and outgassed at room temperature for '-l-8 

hours. They were then sealed off at the constriction, 

producing evacuated sample tubes about two inches long. 

Several tubes for each type clay-complex were outgassed 

an additional 2 hours at 100°C. to test the efficiency 

of outgassing at room temperature. The tubes were then 

scratched to facilitate breaking and mounted in the tube 

holders of the calorimeter head and immersed in the 

liquid. When the calorimeter had reached equilibrium, 

the constant drift of the galvanometer was noted and a 

tube was broken. Galvanometer deflections were recorded 

at thirty second intervals until the constant drift was 

re-established. The total deflection due to breakin the 

tube and immersing the sample was then determined by ex- 

trapolating both drift curves through the point where the 

breaking occurred and reading the difference between them 

at this point. This procedure was repeated until all 



sample tubes in the calorimeter were broken. A calibra- 

tion curve was then made by a1lowin1 a known current to 

pass through a fine heater wire of known resistance. 

The exact tine of current flow was determined by an 

accurate stopwatch so the amount of heat passing into 

the calorimeter was readily calculated. This calibration 

curve was determined for each set of samples run. 
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EPIERI?IENTAL RESULTS AND CALCULATIONS 

Adsorption Isotherms and Surface Areas 

Water and methanol adsorption on the clay coin- 

plexes showed the typical type II inverted S-shaped iso- 

therms demonstrated by Figures k and 5 for adsorption at 

20°C. The data from two separate adsorption runs in each 

case demonstrates good reproducibility, well within ex- 

perimental error. The adsorption-d.esorption curves 

showed hysteresis throughout the entire pressure range 

in all cases. The most severe hysteresis was with water 

vapor on samples l-A and l-B, the 18 carbon amine coIn- 

plex, while samples 2-A, 2-B, 3-A and 3-B showed about 

the same hysteresis loop. The hysteresis effect with 

methanol was approximately the saine for all samples. 

B.1.T. plots for water and methanol adsorption at 

200 are shown in Figures 6 and. 7. The plots for water 

adsorption show very good linearity between the limits 

of 0.10 to 0.35 relative pressure. For methanol, the 

straight line portion of the plot is somewhat longer, 

extending from 0.10 to about O.k5 relative pressure. 

These B.E.T. plots were used to calculate 
, 

the weight 

adsorbed on a B.E.T. monolayer in milligrams adsorbed per 

gram of sample. From these values, effective surface 

areas were readily calculated using 10.6 and. 1LI..1 square 
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angstroms for the cross-sectional areas occupied by a 

water molecule and a methanol molecule, respectively. 

The results of these calculations are summarized in 

Table 1. Average values for all runs at 200 are given. 

Table i 

Effective Surface Areas 
of Organic Clay Complexes 

W for Effective for Effective 

Sample Water Surface Area Nethanol Surface Area 

ing/g 
2 

in /g mg/g 2 
in /g 

l-A 10.9 8.6 22.3 59.1 

2-A 8.9 (37°) 31.ö (37e) 23.6 62.6 

3-A 8.8 31.2 27.0 71.5 

1-B 12.6 4-4.6 26.1 69.1 

2-B 8.6 30.6 24.6 65.2 

3-B 8.5 3O. 29.1 77.1 

Data for water adsorption on sample 2-A, the un- 

extracted 38 carbon amine bentonite, are given at 37° 

because no run was made at 20°. The values should be 

very nearly identical to those for 20° as comparison of 

values at the two temperatures for the other samples 

showed complete agreement within the error between indi- 

vidual runs at the same temperature. The variation in 



between runs ranged from 0.2 milligram per gram or 

2.3% of the average value for sample 2-B to 0.7 milli- 

gram per gram or 5.5% for sample l-B with water vapor, 

and 0.L1 milligram per grani or 1.7% for sample 2-A to 

1.9 milligram per gram or 7.3% for sample 1-B with 

methanol vapor. The areas calculated froni the .B.E.T. 

plots are referred to as effective surface areas as they 

do not necessarily correspond to an actual area, but are 

the areas occupied by a certain amount of adsorbent, all 

of which is adsorbed in very nearly the same manner. 

Nitrogen adsorption ïsotherms were determined at 

-194.7°C and the B.E.T. surface areas calculated for corn- 

parison, using 16.2 square anstroms as the cross-sectional 

area o± a nitrogen molecule. Um values for the extracted 

samples were 2.07, 3.50 and 3.18 milligrams per grain for 

samples 1-B, 2-B and 3-B, respectively, indicating much 

less uptake of nitrogen than of water or methanol. The 

corresponding surface areas were 7.2, 12.2 and 11.1 

square meters per gram. Values for the unextracted 

samples were still smaller, approaching the limit of 

sensitivity of the adsorption balance. 

Isosteric Heats of Adsorption and Heats of Immersion 

A complete set of adsorption isotherms were also 

obtained at 37°C and the sanie degree of reproducibility 



was observed. Data from these isotherms in conjunction 

with data from the 200 isotherms were used to calculate 

isosteric heats of adsorption from the integrated form 

of the Clausius-Clapeyron equation. The results of these 

calculations are presented diagrammatically in Figures 8 

and 9. Only the isosteric heats of adsorption for the 

extracted samples were calculated and the data were 

plotted as ¿H, in kilocalories per mole of adsorbed 

vapor, versus the fraction of a monolayer formed, J/WmS 

Particular attention should be paid to the relation of 

the H values to those corresponding to the heat of 

liquifaction of the adsorbate, shown by the dotted line. 

The apparent anomoly between the curve for water vapor 

on sample l-B and the rest of the water vapor curves can 

be somewhat discredited if the first three points are 

not considered. These points were calculated from the 

portion of the isotherrns that lie very close together, 

greatly increasing the chances for error. Such curves 

demonstrating an initial rise instead of an initial fall 

in the heat of adsorption have been observed before, but 

a satisfactory explanation is rather difficult. 

The heat of immersion, for each sample, was deter- 

mined for both water and methanol calorimetrically and 

the data calculated as calories of heat evolved per gram 

of clay. The average value for these heats of immersion 
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is summarized in Table 2. Samples outgassed at 100°C 

show slightly higher values. 

Table 2 

Heats ol' Immersion of Organic Clay Complexes 

Heat of Immersion Heat of Heat of Immersion 

Sample in Water, Immersion in Methanol, 
Samples Outgassed Water Samples Ourgassed 

at Room Temp. 1000 at Room Temp. 

cal/g cal/g cal/g 

1-A 1.8 2.2 1.1 

2-A -0.05 0.08 -3.3 

3-A 0.0 0.53 -3.3 

1-B 2.8 3.6 3.3 

2-B 0.53 0.86 

3-B 0.57 1.1 -1.1 

A correction factor for the heat involved in 

breaking and wetting the evacuated sample tubes was not 

applied since the heat of immersion data showed wide 

scatter and large errors due to the relatively small 

heats involved. The data should be considered only in 

a qualitative way. The relation between values for dif- 

ferent samples should be valid. 
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Effective Surface i.reas 
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The values for the surface areas obtained from 

nitrogen isotherins are in the range usually attributed 

to the external area of the montinorillonite clays (61, 

p. 285-296). If these values are assumed to be the 

external areas of the organic clay complexes, some 

mechanism must be proposed to ecplain the higher values 

obtained with water and methanol isotherms. Indeed, 

some penetration between the lamina seems to be taking 

place, but not to a very great extent as the overall 

surface area of montmorillonite clays is generally at-- 

tributed to be in the range of 800 square anstroms per 

gram of clay. 

In the case of water adsorption, for sample l-B, 

the 18 carbon amine complex, the adsorption takes place 

over approximately six times the external nitrogen area, 

while for samples 2-B and 3-B, the longer 38 carbon amine 

complexes, the excess is only three times the external 

area. If, for sample 1-B, the chain is thought to extend 

out from the exchange site, it will have to lap over 

other chains on neighboring sites due to its lenth. 

X-ray work by Jordan, Hook and Finlayson (k8, p. 1196- 

1208) has shown this complex to have two layers of amine 



between platelets. But since the chains extend linearly, 

in a zig-zag fashion, packing efficiency would be very 

poor and open spaces would exist on the platelet surface. 

These open spaces would still be active adsorption sites 

and could explain the water adsorption in excess of the 

external area for the hydrophobic clay coniplex. The 

overlap of amine chains causes a separation of the lamina 

in the order of four angstroins. The resulting channels 

would thus be sufficiently large to allow entry of a 

water molecule. 

The 8 carbon amine consists of two 18 carbon 

chains and two methyl groups attached to a nitrogen atome 

Since here two chains radiate out froni each exchange 

site, packing efficiency would be somewhat greater but 

there would still be some free spaces. Overlapping 

would occur to an even greater extent. The decrease in 

water adsorption for samples 2-B and 3-B could then very 

well be caused by the extra space occupied by the extra 

amine chain. The relative areas seem to fit this picture 

very nicely in a qualitative way. 

The increase in area from the unextracted to the 

extracted samples can be explained by considering the 

efuiect of the physically adsorbed excess amine that ex- 

traction removes. Every site covered by a physically 

adsorbed amine molecule will obviously not be available 
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to a water molecule. This is substantiated by the fact 

that the difference is most noticeable in sample 1, from 

which the greatest amount of material was extracted. 

From an examination of the areas calculated from 

the methanol isotherins, such a clear cut explanation does 

not seem possible. The apparent odd relative values are 

perhaps due to the fact that not only physical adsorption 

of the van der aals type is operative, but that also 

there is sorne direct association between the methanol 

molecule and the amine chains, such as a slight solvation 

effect. This would also explain the much j'reater uptake 

of' methanol over water. 

Isosteric Heats of Adsorption and Heats of' Immersion 

From Figures 8 and 9, it is seen that the heat 

effects associated with the adsorption of water and 

methanol on the three extracted samples are quite low, 

being in the range of the heat of liquif'action of' the 

adsorbate. This is strong evidence of the physical 

van der ,Jaals type of adsorption. The curves also tend 

to approach this heat of liquifaction as the amount ad- 

sorbed increases. All of the curves but one are of' the 

expected type, with an initially high heat sharply 

falling off' and leveling out. This initially high heat 

is due to the first adsorbate molecules attaching 
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themselves to the most active adsorption sites. 

Some dissention is seen in the literature re- 

gardin the validity of using the Clausius-Clapeyron 

equation for calculating heats of adsorption for systems 

that do not exhibit thermodynamic reversibility, demon- 

strated by the presence of a hysteresis loop in the ad- 

sorption-desorption isotherms. The error involved would 

probably be small, and the method is generally considered 

to yield a good approximation to the correct values and 

is quite adequate for qualitative comparison. 

From Table 2, it can be seen that the values for 

the heat of immersion follow very well the relative 

positions of the isosteric heats of adsorption plots. 

The values are auite small and the error involved in the 

measurements is probably large. The negative values ob- 

tamed with samples 2-B and 3-B in methanol correspond 

nicely to the pronounced dip of the isosteric heat plots 

below the heat of' liquifaction of methanol. The curve 

dipping lowest, sample 2-B, shows the greatest negative 

value. This correlation demonstrates that if the over- 

all area under the isosteric heat plot is negative when 

compared to the heat of liquií'action of the adsorbent, 

the overall heat effect due just to the adsorption pro- 

cess is negative, and a negative heat of immersion would 

be expected. 
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Suggestions for Further Studies 

There is yet a large amount of work that could be 

done to further the understanding of organic clay coin- 

plexes. Several projects, suggested by this investi- 

gation, are listed below. 

1. The inclusion of x-ray diffraction measure- 

ments corresponding to each step in an adsorption iso- 

therm. This would perhaps show if inter-penetration of 

the lamina is taking place to a large enough extent to 

swell the complex. 

2. Heats of immersion determinations on samples 

corresponding to each step in an adsorption isotherm. 

This would enable a better correlation between these 

heats of immersion and the calculated isosteric heats of 

adsorption. 

3. A comprehensive study of a series of corn- 

plexes, starting with an inorganic clay, followed by 

complexes formed with successively longer organic amine 

groups. This would show how the properties and char- 

acteristics of these complexes vary with the chain 

length. 

Li-. Extending the number and types of adsorbates 

to include a wide variety of polar and non-polar, and 

organic and inorganic substances. This would supply 
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more information regarding the basic properties of these 

unusual substances. 
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SUMI"IARY 

The clay mineral concept has aided greatly the 

recent investigations of the properties and structures 
of clays. The laminar structure of the montmorillonite 

type clay mineral consists of three basic layers, two 

silicon tetrahedral layers separated by an aluminum 

octahedral layer. Isomorphic substitution is responsible 

f or the high cation-exchange capacity exhibited by these 

materials. 
Organic complexes of these inontmorillonite clays 

are basically of two types, adsorption complexes and 

cation-exchange complexes. The cation-exchange type has 

received the most attention and investigation Appli- 

cations for these complexes are many and varied. 
Three organic amine type exchange complexes were 

studied in this investigation. They were a cocoanut 

fatty amine bentonite, a dimethyl dioctadecyl a;:inoniuin 

bentonite, and a dimethyl dioctadecyl ammonium hector- 
ite. Adsorption isotherms of water vapor and methanol 

vapor at 20°C and 37°C, and of nitrocen at -l9l-.7°C were 

determined on a gravimetric type adsorption balance. 
B.E.T. plots were determined and effective surface areas 
calculated. These areas ranged from 30.3 to Li4.6 square 

meters per gram for water adsorption and from 59.1 to 
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77.1 square meters per grain for methanol adsorption. 

Areas calculated from the nitrogen isotherms were much 

smaller, and it was assumed that these corresponded to 

the external area of the clay crystallites. 

Isosteric heats of adsorption were calculated froni 

the Clausius-Olapeyron equation with data from the iso- 

therins at the two different temperatures. These values 

were plotted versus amount of material adsorbed. Heats 

of immersion of evacuated clay complex samples were 

determined calorimetrically in both methanol and water. 

These were correlated roughly with the isosteric heats 

of adsorption plots. 

Suggestions for further work in the study of these 

compounds were made, including the extension of number 

and type of adsorbents and adsorbates. 
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