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SELECTIVITY MECHANISMS OF DIMETHYLDIOCTADECYL-
AMMONIUM MONTMORILLONITE AND HECTORITE

FOR XYLENE ISOMERS IN THE VAPOR PHASE

INTRODUCTION

Purposes of this Study

This particular investigation deals with physical adsorption

from the vapor phase. It is limited in scope to the study of three

similar aromatic molecules--ortho, meta, and para-xylene, and

two similar organoclays--dimethyldioctadecylammoniurn montmoril-

lonite and dimethyldioctadecylammonium hectorite. The objective was

two-fold: (1) to determine those fundamental characteristics which

quantitatively describe physical adsorption by organoclays, and

(2) to specifically determine the mechanism by which these particular

organoclays successfully separate the xylene isomers under gas

chromatographic conditions. Three separate investigations were

undertaken which involved studies in the expansion, thermodynamics

and kinetics of these two similar adsorbents.

Structure of Clay Minerals

The following is a brief discussion concerning the structure of

clay minerals. More detailed discussions may be found in textbooks

by Grim (24, 25), van Olphen (57), Mc Bain (38) and Brown (11).
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In 1930, the basic structure of clay minerals was described

correctly by Pau ling (45). Clay minerals are composed essentially

of two fundamental structures, the octahedral sheet and the tetra-

hedral sheet. As shown in Figure la the Octahedral unit consists of

a metal center, aluminum, magnesium, or iron, etc. octahedrally

coordinated to six oxygen or hydroxyl groups. These individual units,

by sharing a face of the octahedron, are bonded together so as to

form sheets consisting of two oxygen or hydroxyl layers parallel to

one another in which the cation is embedded (Figure 1b) If trivalent

aluminum is the cation present in this layer of the lattice, only two-

thirds of the total sites need be filled in order to maintain electro-

neutrality. Thus, a clay containing a trivalent metal center in the

octahedral layer is referred to as a dioctahedral mineral. In a tri-

octahedral mineral, where a divalent metal center such as magnesium

is present, all lattice sites must be occupied

The other basic unit of the clay mineral lattice consists of

silicon tetrahedrally coordinated to four oxygen atoms (Figure lc).

By sharing the oxygen's comprising the base of the tetrahedron with

one another, a hexagonal network is formed, which is repeated

indefinitely, forming a silica sheet (Figure 1d)

These two sheets are added together to form two and three

layer clay minerals. In a two layer mineral, such as kaolinite, an

alumina or magnesia layer is combined with a silica layer. By



(a) Aluminum or magnesium
octahedron

(c) Tetrahedral orthosilicate
unit

(b) Alumina or magnesia
sheet

Figure 1. Structural units of clay minerals.

(d) Silica sheet

G.)



sharing the active oxygens of the silica sheet with the octahedral

sheet, a common layer is formed. In this common layer those

ligands shared with aluminum and silicon atoms are oxygen while

the remaining ligands of the octahedral sheet are hydroxyl groups.

This structure is represented in Figure 2a

Three layer minerals, such as montmorillonite and hectorite,

are composed of two silica tetrahedral sheets with an octahedral

sheet inserted between. This structure is represented in Figure 2b.

The tips of the silica tetrahedra all point in the same direction- -

toward the center of the lattice. As in the two layer minerals the

active oxygens of the silica layers are shared with the octahedral

sheet. In the horizontal plane (the a and b axes) these platelets are

continuous for both two and three layer minerals and are stacked one

above the other in the vertical direction. The distance between plate-

lets stacked one above the other (the 001, basal, or c-spacing) is about

9. 2 A for three layer clays and about 7.1 A to 7. 2 A for two layer

minerals.

A three layer dioctahedral mineral, whose platelets are com-

posed of an alumina sheet and two silica sheets in which no lattice

substitutions occur, is pyrophyllite. The three layer trioctahedral

counterpart of pyrophyllite, which is composed of a magnesia sheet

and two silica sheets, is talc. Lattice vacancies and lattice substitu-

tions, which may take place in either the tetrahedral or octahedral
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(a) Kaolinite

0 Oxygen

D Hydroxyl

Aluminum

0 Silicon

(b) Montmorillonite

Figure 2. Structure of kaolinite and montmorillonite.
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layers, cause montmorillonite and hectorite to differ from the ideal-

ized pyrophyllite and talc structures, respectively. It has been

reported that montmorillonite has almost 50 percent of its cation

substitution originating in the octahedral layer and 50 percent in the

tetrahedral layer while hectorite has all of its cation substitution

originating in the octahedral layer (37) In the case of montmorillonite

magnesium replaces aluminum in the octahedral sheet while aluminum

is substituted for silicon in the tetrahedral layer, whereas in the hec-

torite mineral substitution of lithium for magnesium in the octahedral

layer predominates.

Because of these cation substitutions within the lattice, a net

negative charge is associated with the crystallites. Consequently,

cations populate the surfaces between platelets as well as their edges.

These cations may be either organic or inorganic in nature and their

presence has a profound effect on the adsorption characteristics of

the mineral. Due to the fact that these cations reside in the space

between platelets they are readily replaced, and are, therefore,

referred to as the exchangeable cations. The ease with which ex-

change takes place varies with respect to the particular clay mineral

involved. It has been observed that the exchangeable cations on hec-

torite are somewhat easier to replace than those of montmorillonite

(36), and this difference is related to the location of lattice substitu-

tions present in the mineral. The cation exchange capacity of
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montmorillonite and hectorite is between 80 and 150 milliequivalents/

100 grams.

Clay Complexes

The outstanding characteristic of montmorillonite and hectorite

is that the interlamellar space between platelets is variable. Expan-

sion along the c-axis of the crystallites occurs when water and other

polar molecules enter between the unit layers. The degree of expan-

sion depends upon the size, orientation, electronic nature, and number

of molecules intercalated. Studies in the vapor phase adsorption of

water by Bradly, Grim, and Clark (10) among others (30, 41, 42),

suggested that hydration takes place in a step-wise fashion. As the

amount of adsorption increased, basal spacings of 10 A, 12.5 A, and

15.5 A were observed, corresponding to an increase in the number of

water layers present. It has been hypothesized that the mechanism

involves two steps. Initially, the exchangeable cation is hydrated,

then adsorption occurs on the remaining oxygen surface. Whether

or not the forces involved in this adsorption process are conducive

to hydrogen bonding of water to the oxygen surface of the clays, is

a point of contention. Anderson (1) and others (21) have determined

that water closest to the mineral surface is highly disordered and

mobile, presumably, due to the competing electrical forces at the

interface. More recently, Farmer and Russell (20) in an infrared
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study, concluded that water is only very weakly hydrogen bonded to

the silicate surface Also, findings of Leonard (35) indicate that at

low water contents, the exchangeable cation exerts the dominant force

in determining the structure of the adsorbed water, not the mineral

surface.

Cornet (13) assumed that expansion on hydration is a uni-

dimensional swelling phenomenon. He proposed a thermodynamic

model which furnishes quantitative evaluation of interplanar forces.

In the model propounded, the change in free energy, AG, of the water

must equal the work done in separating the crystalline sheets an

infinitesimal distance dx, the work of separation acting against an

interplanar force f. The equivalent mathematical statement is:

-AG = -RT1n (P/Po) = f dx, where P is the pressure of water

vapor and Po is the saturation vapor pressure of water at temperature

T. He observed that for lattice expansions of montmorillonite of 3

or 4 A from the dehydrated contracted state the force between lattice

layers was essentially constant; being 3. 5 x 1010 and 2.7 x 1010 ergs/

(mole-A) for the Na and Ca forms, respectively. For greater expan-

sion the forces diminished in a complex manner.

An alternative thermodynamic analysis which attempts to

describe the forces between unit layers of montmorillonite utilizes

adsorption isotherm data (56). Van Olphen suggested that the
Po

repulsion potential of the platelets is VR = nRT1n. (.P /Po) + RT (n/P)
*P
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di'', where n is the number of moles of water adsorbed between the

layers at P, the vapor pressure of water which has a saturation vapor

pressure Po at temperature T. He calculated the potential energy

of bentonite as a function of the amount of interlayer water and deter-

mined that the energy difference between one and two-layer separation

amounted to about 25 and 60 ergs /cm2 for the Ca and Na forms,

respectively. In addition, as the number of water layers increased,

the energy difference between successive layers decreased

Water is not the only species that is readily intercalated by

clay minerals. A study (6) of adsorption of nonpolar and polar gases

and vapors on a sodium-rich montmorillonite has shown that only

the polar species are intercalated. It was postulated that the polar

organic molecules solvate the exchangeable cation in a fashion analog-

ous to that of water and induced dipole-induced dipole interactions

between the methylene groups and the silicate surface occur. More

recently, Farmer and Mort land (19) in 1965 discovered that gaseous

ethylamine adsorbing onto Cu-montmorillonite completely displaced

the coordinated water and the formation of a square-planar copper -

ethylamine complex was indicated by infrared and X-ray spacing

evidence.

Moreover, Greene-Kelley (22, 23) investigated the intercala-

tion of various aromatic molecules from the liquid state by Na-

montmorillonite and found by X-ray spacing measurements that two
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orientations are common. The first, stable at low surface concen-

tration has the plane of the aromatic ring parallel to the silicate

sheet, but at higher concentrations reorientation occurs so that the

aromatic rings are perpendicular to the silicate sheets. Bradley (9)

has suggested that intercalation by these particular nonpolar mole-

cules is related to polarization of the aromatic rings. In addition,

Mac Ewan (40) reported that the space between platelets occupied by

a series of short chain primary alcohols was constant and amounted

to about 4.6 A. From this data he concluded that the hydrocarbon

chains lie parallel to the crystalline planes.

In 1959 (2) researchers determined the basal spacings of various

Na-montmorillonite-n-primary amine complexes. The study revealed

that as the number of carbon atoms of the primary amine chains in-

creased from 4 to 16 the basal spacing of the clays increased pro-

portionately. Furthermore, the rate of increase was found to be

about 2.6 A per carbon atom, which corresponds to the projected

length of two C-C single bonds, and indicated that there are two

layers of adsorbed molecules oriented normally to the silicate layers.

More recently (46), the c-spacings of Mg-nontronite-n-alkanol

complexes were determined at different temperatures. Pfirrmann,

Lagaly, and Weiss found that the basal spacing of the hexanol complex

was independent of temperature but that all longer chain complexes

exhibited a marked dependence on temperature. They observed that
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in a particular temperature range an abrupt change in basal spacing

occurred; the low temperature form having the larger c-spacing.

With increasing chain length the range at which the transition occurred

narrowed and shifted to higher temperatures and the difference in

basal spacing below and above the transition temperature increased.

This phenomenon was attributed to a rearrangement of the alkyl chains

located between the clay platelets.

Organoclay Complexes

The exchangeable cation has a profound influence upon the

adsorption characteristics of montmorillonite and hectorite. When

a clay is exposed to organic cations such as amine ions, cation ex-

change takes place. The exchange reaction for primary amine ions

can be written

Na-clay + RNH3
+

RNH
3

clay + Na+

In a study involving a series of aliphatic straight chain amines

Slabaugh (48) found that the equilibrium constant for this reaction

increased with the number of carbon atoms from 0. 77 for methylamine

ions to 102 for octadecylamine ions The mechanism proposed to

explain the selective retention of aliphatic amines consists of two

parts. First, the amine ion attaches itself to the exchange site

through the nitrogen end--the interaction being electrostatic in
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nature, and secondly, it is further secured by van der Waals forces

between the carbon chains and the oxygens of the silicate surface.

The organoclay thus formed in the exchange reaction no longer is

hydrophilic, but exhibits increased selectivity towards nonpolar

adsorbates. If only partial exchange occurs, the adsorptive capacity

of nonpolar molecules such as benzene and n-heptane rises in propor-

tion to the fraction of inorganic cations replaced (3). Moreover,

partially exchanged clay consists of aggregates in which the cation

layers between platelets are either inorganic or organic in nature,

randomly interstratified

The first systematic study of primary n-alkylammonium clays

was conducted by Jordan (32), who determined the basal spacing as

a function of chain length. Two plateaus were observed separated by

about 4 A which is approximately the van der Waals thickness of a

methyl group. He concluded that the first plateau corresponds to

a single layer of amine chains oriented parallel to the clay surface

Beginning with the dodecylammonium derivative there is no longer

sufficient surface area available to accommodate the amine chains

in a single layer. Consequently, the second plateau corresponds to

the formation of a second layer of hydrocarbon chains. Similar

results have been obtained by Hiltner (28).

Barrer and Millington (7) in 1967 determined the intracrystal-

line porosity of a series of n-alkylammonium. montmorillonites. They
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found that the amount of nitrogen adsorbed decreased as the chain

length increased from one to six carbon atoms, confirming the hypoth-

esis that as the carbon chain length increases less intrinsic inter-

lamellar free area exists.

Weiss (62) conducted a study into the basal spacing of various

n-alkylammonium clays as a function of the charge density of the

mineral. He discovered that with low charge density minerals such

as montmorillonite the hydrocarbon chains lie flat and parallel to

the silicate surface, while with higher charge density minerals such

as nontronite the alkyl chains tend to be erect. Hence, basal spacing

as a function of hydrocarbon chain length tends to be more variable

with high charge density minerals.

It has also been reported that the basal spacing of long chain

alkylammonium derivatives varies with sample preparation. For
0 o

example, values ranging from 13.3 A to 22.1 A have been reported

for the c-spacing of dodecylammonium montmorillonite (7, 15, 49,

62). Barrer and Millington (7) speculated that these differences arise

in part from the presence of variable amounts of intercalated free

amine or amine salt in the sample reported in the literature and from

differences in the exchange capacities of the clay mineral used.

Researchers (62, 5), who have investigated the adsorption of

various organic vapors by alkylammonium derivatives, have observed

that alkanes do not cause swelling. However, alkenes and aromatic
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hydrocarbons, even symmetrical ones such as benzene, are easily

intercalated. This would indicate that the van der Waals forces in-

volved in the adsorption of saturated hydrocarbons on amine carbon

chains are not sufficient to expand the clay platelets without an addi-

tional interaction between the adsorbate and the surface of the clay

Slabaugh and Hiltner (49) determined the c-spacing and amount

adsorbed, as a function of relative vapor pressure of n-heptane, by

octadecylammonium bentonite for samples which had been preadsorbed

with various amounts of ethanol. They concluded that swelling in-

volves two distinct steps. First, the polar groups adsorb onto the

silicate surface, and secondly, the alkylammonium chains are dis-

placed from the surface and solvated by the nonpolar elements. In

addition, they observed an increase in basal spacing of fully expanded

n- alkylammonium bentonite-methanol complexes as the carbon chain

length increased from 12 to 18 carbon atoms. However, Barrer and

Millington (7) found that the c-spacing of a series of alkylammonium

and dialkylammonium montmorillonite-acetonitrile complexes was

relatively invariant. The discrepancies in the two sets of observa-

tions may be related to the differences in the specifics of the experi-

ments. It has been reported (34) that swelling of montmorillonite is

history dependent and that different experimental approaches yield

different degrees of swelling.
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Hysteresis

Hysteresis concerns a class of processes for which the path

taken by the dependent variables in proceeding from state A to B is

different from the path taken in proceeding from state B to A, even

if these changes are carried out exceedingly slowly. Only if the two

paths are stable and reproducible is the term hysteresis applicable.

If the dependent variables exhibit nonstationary values, the process

is considered one involving supersaturation or metastability. Everett

and Whitton (18) suggested that if hysteresis as defined above is exhib-

ited by a system, then the states of that system are equilibrium

states and that this phenomenon is associated with a system for which

the number of independent variables is at least one greater than those

external variables over which one has control. Three conditions are

propounded to describe the mechanism of hysteresis: (1) the system

must consist of a large number of domains which separately and

independently undergo some change, (2) the process must be irre-

versible because of some term over which there is no experimental

control, and (3) the term must vary between one domain and another.

In 1966, Laffer, Posner, and Quirk (34) observed variations in

swelling behavior of sodium and potassium montmorillonite with

electrolyte concentration for methods of preparation. They stated

that the observed phenomena was consistent with the mechanism
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proposed by Everett and Whitton. They further contended that this

model for hysteresis involves a rigidity that is purely structural

and does not require that individual lamellae should undergo elastic

deformation as van Olphen (58) has suggested.

In order to explain hysteresis concerning the adsorption and

desorption of water on sodium vermiculite, van Olphen proposed that

intercalation occurs when the attractive forces between platelets are

overcome locally by hydration forces. Consequently, the unit layers

will be bent and elastic stresses will be created. Electron diffrac-

tion studies (16) reveal that, indeed, natural montmorillonite in the

dry state is bent, suggesting that van Olphen's hypothesis has merit.

A model relating to hysteresis and associated with the adsorp-

tion-desorption process, was described by Hirst (29) in 1948. He

conjectured that a system capable of swelling should possess signifi-

cant hysteresis. His contention was that because the surface forces

decrease as an inverse power of the distance of separation, the

spreading force which just suffices to cause the surfaces to move

apart will be more than sufficient to keep them apart.

In 1967, Barrer and Millington (7) in their study with organo-

montmorillonite and organo-hectorite observed three different types

of hysteresis. The first type of hysteresis occurred with the adsorp-

tion of permanent gases such as nitrogen, argon, and oxygen. They

observed that hysteresis was confined to relative vapor pressures
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of around 0.30 and greater. This behavior is related to adsorption

on the external surfaces of the clay (6), and is associated with capil-

lary condensation between flaky crystallites. In this process the

capillaries fill by multilayer adsorption. Once filled they desorb

by evaporation from a meniscus. The Kelvin equation reveals that,

as the diameter of the meniscus decreases, the vapor pressure

associated with the meniscus decreases, and hence this phenomenon

manifests itself in an adsorption-desorption hysteresis. An alterna-

tive explanation has been proposed by Pierce and Smith (47). Their

model is based upon adsorption onto a plane surface of nonuniform

activity. Initially, adsorption occurs at active sites where multilayer

"clumps" of adsorbate molecules form. As the adsorption process

proceeds these clumps merge. Before merging, the adsorbate

molecules in each clump were held by forces from a particular active

site, whereas after merging occurs long-range forces become signifi-

cant and the adsorbate molecules are held by a summation of forces

attributable to all active sites. Hence, the vapor pressure decreases

upon merging.

The second type of hysteresis observed, occurred when benzene

and n-heptane were adsorbed by n-alkylammonium and n-dialkyl-

ammonium montmorillonite and involved a perturbation of the adsorb-

ent. This perturbation is associated with intercalation of the adsorb-

ate molecules which involves expansion of the platelets as well as
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cation rearrangement. In 1955, Greene-Kelley (23) observed

hysteresis relating to the orientation of pyridine intercalated by

natural montmorillonite

The third kind of hysteresis observed, involved the adsorption-
+

desorption of acetonitrile by NH3 (CH2)3 N H3 montmorillonite and

was associated with chemisorption.

Organoclays as a Gas Chromatographic Media

In 1957, Barrer and Hampton (4) examined methylammonium

bentonite and tetramethylammonium bentonite as a potential gas

chromatographic separation media. These two organoclay derivatives

were used in a chromatographic column in a study designed to deter-

mine the selectivities of adsorption exhibited by a number of binary

organic mixtures. It was observed that tetramethylammonium

bentonite showed a notable affinity for aromatic species and a marked

preference for n-paraffins as compared with cyclo-paraffins and

branched chain paraffins. Methylammonium bentonite was effective

in separating. aromatics from iso- and cyclo-paraffins, and n-paraffins

from iso-paraffins. The differences in the order of selectivities be-

tween these two organoclay derivatives was ascribed to the difference

in their basal spacing when free of adsorbate (8)

At about the same time, White (63) reported the use of an alkyl

quaternary ammonium clay derivative as a stationary phase in a
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chromatographic column. This compound exhibited a selective

retention relative to paraffins and napthenes He postulated that

separation of the paraffins was due to partition chromatography while

retention of the aromatics was partially caused by adsorption. In

19 58, White and Cowan (65) published their results concerning the

vapor phase adsorption of aliphatic and aromatic compounds by

dimethyldioctadecylammonium bentonite using gas chromatography

as the experimental method. They suggested that this material has

ideal characteristics for use in chromatography; being capable of

symmetric elution curves and constant retention volumes.

More recently, van Olphen (59) reported that Guerrant employed

freeze dried pyridinium bentonite in a chromatographic column to

separate the three xylene isomers. The retention times of ortho,

meta, and para-xylene were 11, 15, and 34 minutes, respectively.

Since 1959, 7, 8-benzoquinoline has been widely used as a

stationary phase for the separation of the xylenes (1 7). Unfortunately,

its high vapor pressure at normal chromatographic operating temper-

atures causes it to bleed continuously from the column. Hence, a

suitable alternative was sought.

At about the same time, Hughs, White, and Roberts (31)

employed Bentone 34 (dimethyldioctadecylammonium montmorillonite)

in their gas chromatographic column and described the successful

separation of individual xylenes, cresols and toluidines. They,
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however, drew attention to the asymmetric character of the elution

curves obtained. Cowan and Hartwell (14) and also Van Der Stricht

(60), when separating dichorobenzenes and xylenes, respectively,

greatly improved peak shapes by using small sample sizes. More

satisfactory separations were achieved by using Bentone 34 modified

with a liquid solvent of the type typically utilized in gas chromatog-

raphy (43, 44, 51). However, the elution order for the xylenes on

modified B-34 was para, meta, ortho whereas unmodified Bentone 34

exhibited the elution order para, ortho, meta. This difference in

elution order of the xylenes suggests that the mechanism of separa-

tion has been altered by the addition of a modifying agent.

Because Bentone 34 is a very effective media for the separation

of aromatics from aliphatics, and for the separation of the disubsti-

tuted isomers of benzene, various investigations have been made in

order to determine the mechanism by which this phenomenon occurs.

Barrer and Kelsey (5) in 1961 determined the c-spacings of extracted

Bentone 34 as well as the isosteric heats and entropies of adsorption

for various organic vapors. They found that appreciable lattice

expansion takes place when aromatic vapors, wridine, and dioxan

are adsorbed. Adsorbates such as n-heptane, cyclohexane, and

iso-octane, on the other hand, are unable to penetrate in quantity

between the lamellae. In all cases the heats of adsorption are small

and the corresponding entropies of adsorption, especially for freely
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intercalated species such as benzene, toluene, and dioxan, are

strongly positive. From this evidence Barrer and Kelsey concluded

that adsorption by Bentone 34 is often closely analogous to solution.

Hence, they contended that the mechanism of separation is governed

by the cohesive energy densities of Bentone 34 and the adsorbates.

In a more recent investigation White (64) determined the heats

and entropies of adsorption for unextracted Bentone 34 and octadecyl-

ammonium bentonite from gas chromatographic data. He found that

the heats of adsorption are independent of the adsorbate over the

range of concentration investigated and are similar to the latent

heats of vaporization. Moreover, entropy changes are smaller than

the corresponding values for solution, suggesting that the adsorbed

molecules have a large degree of freedom. His overall interpreta-

tion of the data was that the aromatic and aliphatic compounds are

being adsorbed on a similar type surface, the h.ydrocarbon chains

and not the surfaces of the clay platelets, but that interlamellar

space is not available to the aliphatic compounds. More recently,

researchers (54) have evidence to refute a portion of White's hypoth-

esis. A South African vermiculite which does not possess an inter-

layer phase exhibits better separation of the xylene isomers than its

bentonite counterpart (53). Consequently, it was concluded that only

external surfaces of the clay derivative are involved in the chromato-

graphic separation process.
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To investigate Barrer and Kelsey's contention that the cohesive

energy density governs selectivity, White studied (64) the chromato-

graphic characteristics of dimethyldioctadecylammonium chloride

He discovered that the retention volumes were small and no selectiv-

ity between aromatic and aliphatic compounds was found. In 1970

Taramasso and Timidei (54) reported that the retention indexes for

xylene isomers increased in passing from the chloride salt to the

clay mineral. Furthermore, the order of retention for the salt is

para, meta, ortho, whereas for all clay mineral derivatives studied

the order of retention is para, ortho, meta. From this evidence it

becomes apparent that the mechanism of separation for Bentone 34

is a function of the derivative and is not a summation of the charac-

teristics of two components as was suggested by Barrer and Kelsey

(5).

Recently, an investigation concerned with the chromatographic

characteristics of dimethyldioctadecylammonium clay mineral deriva-

tives (55), revealed that dimethyldioctadecylammonium nontronite in

a chromatographic column markedly improved the separation of

aromatic hydrocarbons relative to its montmorillonite counterpart.

Better resolution was achieved at higher operating temperatures and

addition of a liquid phase was not necessary. The authors suggested

that the enhanced selectivity of this particular derivative is related

to the higher surface charge density associated with nontronite
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Because the negative charge deficit is closer to the surface of the

unit layers, the alkylammoniurn ions are more strongly held than

in the case of montmorillonite. Consequently, a more uniform

distribution of organic chains and holes is present. This would tend

to increase the number of adsorption sites available to the adsorbate,

thereby enhancing the selectivity of the clay mineral.
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EXPANSION

Materials

In this study of expansion or swelling as in the subsequent

studies of thermodynamics and kinetics the following materials were

employed. The two adsorbents, dimethyldioctadecylammon.ium mont-

morillonite and dime thyldioctadecylammonium hectorite, were supplied

as Bentone 34 and Bentone 38, respectively, by the Baroid Division

of the National Lead Company. They are prepared by the addition of

the quaternary amine salt equivalent in amount to the cation exchange
.

capacity of the clay. The organoclay formed is washed and spray

dried. No additional purification was undertaken. The three adsorb-

ates utilized, ortho, meta, and para-xylene, were supplied by

Mathison, Coleman, and Bell. They were of reagent grade and were

used without further purification.

Experimental

X-ray diffraction analysis of the basal spacings of Bentone 34

and Bentone 38 was determined with a General Electric XRD-5F

diffractometer, whose source of radiation was the Cu Ka wavelength.

The standard holder was replaced by a specially designed vacuum

chamber similar to that described by Slabaugh and Hiltner (49) and

is shown in Figure 3. Sealed Mylar windows allowed X-radiation to
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propagate through the vacuum chamber and interact with the sample.

A glass slide containing the oriented sample was attached by rubber

bands to an inner chamber, through which water circulated in order

to maintain a constant temperature of 25. 0±0. 1° C The cover was

sealed to the chamber with stopcock grease and the entire assembly

was connected to the vacuum manifold by means of pressure tubing:

flexibility of this connection allowed the sample chamber to rotate

with the goniometer during a scan. Attached to the vacuum manifold

was a mercury manometer for pressure determinations and a reser-

voir where adsorbate was stored. A cathetometer was employed in

determining the vapor pressure of adsorbate in the manifold and

vacuum chamber to the nearest 0.1 torr

In order to obtain reflections associated only with the c-spacing

of the organoclay, it was desired that oriented samples be prepared.

After trying several approaches it was found that best results were

obtained utilizing a modification of the paste method described by

Theisen and Harward (52). Drops of toluene were added to the organo-

clay until a gel was formed. The gel was "troweled" onto a glass

slide with a spatula Best results were achieved when the amount

of sample was sufficient to cover the slide. The freshly prepared

slide was placed in a vacuum oven at 40° C and allowed to dry over-

night.

The procedure was to outgas the vacuum manifold and sample
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overnight at 10-5 torr prior to initiation of an experimental run. In

the course of the X-ray study, it was observed that whether the

sample itself was outgassed for one hour or 24 hours had no observ-

able effect on the data procured. Consequently, after a fresh slide

had dried overnight in the vacuum oven, it was inserted immediately

into the vacuum chamber. After allowing an additional hour of out-

gassing and after checking for potential vacuum leaks, an adsorption

run was initiated. The cathetometer was set at a particular height

which corresponded to the addition of an incremental amount of

adsorbate vapor. Vapor was added until the desired pressure was

achieved. Because these three adsorbates are appreciably absorbed

by stopcock grease as well as the manifold itself, a substantial de-

crease in pressure was observed during the course of attaining

equilibrium. Consequently, while waiting for equilibrium to be

achieved, which varied from 30 minutes to one hour in most cases,

additional increments of vapor were added from time to time in order

to maintain the pressure of the manifold and sample chamber at the

preset level. Once equilibrium was obtained, a diffraction pattern

of the basal spacing of the sample was acquired On most occasions

only the first order peak was sought. The goniometer scanned at a

rate of 0.40 degrees/minute and values of 2e-were determined to

the nearest 0.05°. The error associated with the corresponding

c-spacings was *0. 5 A A the dry contracted clay and about *1.0 A
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for the fully expanded complex. Then another increment of adsorbate

was added and the procedure was repeated. Data from betwen three

and five adsorption runs were required to insure reproducibility.

Results

Values for the basal spacing of dry freshly prepared Bentone 38

and Bentone 34 are 26. 0±0.5 A and 27. 3±0. 5 A, respectively More-

over, preparation of the samples employing ortho, meta and para-

xylene as gelating agents yielded similar results. Our values differ

from those reported elsewhere. Slabaugh and St. Clair (50) found

values of 24.5 A and 25.2 A for Bentone 38 and Bentone 34, respec-

tively, while Barrer and Kelsey (5) reported a c-spacing of 23.2 A

for dry Bentone 34. This suggests that the basal spacing of these

two organoclays may be sensitive to method of preparation, but that

it is relatively insensitive to the specific gelating agent utilized with

respect to a particular method of preparation.

Aware of the fact that this material might be preparation sensi-

tive and thereby might also be history dependent, our initial determi-

nation of c-spacing as a function of vapor pressure of adsorbate dealt

with freshly prepared samples which had never been exposed to

xylene. Substantial variation in c-spacing at any given vapor pres-

sure was observed in this set of experiments. The curves generated

from this portion of the investigation will be referred to as type A
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plots.

In the case of Bentone 34, type A plots as shown in Figure 4

reveal that appreciable expansion of the platelets is initiated at a

relative vapor pressure of 0.15 when meta-xylene is the adsorbate.

Corresponding values for ortho and para-xylene are 0. 18 and 0. 28,

respectively. At relative vapor pressures of 0.35 and greater the

curves describing ortho and meta-xylene intercalation are identical,

whereas the degree of expansion is significantly less when para-

xylene functions as adsorbate. This suggests that para-xylene does

not interact as effectively with the hydrocarbon chains between the

lamellae as the other two adsorbates.

Type A plots, concerning Bentone 38, are shown in Figure 5.

The degree of expansion is about the same for ortho and meta-xylene

intercalation up to a relative vapor pressure of about 0.30. With

increasing pressure, however, intercalation of ortho-xylene by

Bentone 38 results in a greater degree of expansion. As in the

case of intercalation by Bentone 34, intercalation of para-xylene by

Bentone 38 results in less expansion relative to intercalation of the

other two isomeric adsorbates.

Comparison of the two adsorbents reveals that expansion of

Bentone 34 crystallites appears to be a gradual process with initiation

of appreciable expansion occurring at a lower relative vapor pres-

sure. This suggests that intercalation proceeds more readily with
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this adsorbent relative to Bentone 38. In turn, this implies that the

restraining forces which hold the platelets together are smaller for

the montmorillonite derivatives. Moreover, X-ray diffraction pat-

terns differ between these two adsorbents and appear to be character-

istic of the clay mineral derivative. In the transition region, between

the dry compacted clay and the fully expanded complex, diffraction

peaks for Bentone 34 are broad yet remain symmetric, and are accom-

panied by a shift in maximum to a lower scattering angle. This sug-

gests that c-spacing increases gradually with increasing vapor pres-

sure of adsorbate. On the other hand, diffraction patterns of Bentone

38 crystallites are much less intense, broader, and quite asymmetric.

On occasion, the data for Bentone 38 can be interpreted as consisting

of two peaks, involving disappearance of one peak (the dry compacted

clay) and the emergence of another (the completely intercalated

organoclay at a lower scattering ang10. This suggests that expansion

of Bentone 38 is associated with the "popping open" of platelets. In

addition, at a relative vapor pressure of about 0.80 the c-spacing

e stimated from first and second order peaks is identical for Bentone 38,

whereas for Bentone 34 the c-spacing estimated from second order

peaks is somewhat less than that determined from first order ones,

suggesting that in the expanded state there exists a range of inter-

lamellar spacings (26).

The X-ray diffraction study dealing with the phenomenon of



33

desorption and associated with a decrease in the basal spacing of

Bentone 34 and Bentone 38 was subsequently investigated. A freshly

prepared organoclay sample was introduced into the vacuum chamber

and after sufficient outgassing had taken place, xylene vapor at a

relative vapor pressure of between 0.80 and 0.90 was admitted to

the sample chamber. Once the intercalation of xylene by the organo-

clay was complete, a desorption run was initiated which was similar

in procedure to that described previously

Figures 6 and 7 display the c-spacing data of Bentone 34 and

Bentone 38 during desorption of ortho-xylene, respectively. In the

low pressure region especially, it is important to note that there

exists substantial hysteresis in the type A-expansion contraction

process. From these two figures it can be seen that the contraction

behavior during desorption is similar for Bentone 34 and Bentone 38.

In addition, desorption of the other two isomeric adsorbates yields

only slightly different results. Once desorption is complete, the basal

spacings of dry compacted Bentone 34 and Bentone 38 are 28.3+0. 7 A

for both adsorbents. Initially, the discrepancy between the basal

spacings of the dry organoclays obtained from this investigation and

that exhibited by the freshly prepared samples was thought to be

attributed to additional adsorbate which had not yet been removed from

the interlamellar spaces. However, adsorption isotherm experiments

revealed that all xylene was removed from the adsorbent after
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outgassing for approximately three hours. In addition, samples

which had been exposed to xylene vapor and which exhibited the in-

creased basal spacing were placed in a vacuum oven at 100° C for a

minimum of 24 hours. No change in basal spacing was observed.

Hence, it was concluded that the increase in basal spacing is attribut-

able to a rearrangement of the hydrocarbon chains between the lamel-

lae and that this change in basal spacing from the freshly prepared

material to the vapor-conditioned organoclay is irreversible.

Due to this variability in c-spacing exhibited by the dry organo-

clay, further study of the expansion process appeared warranted.

Consequently, a fresh amount of Bentone 34 and Bentone 38 slides

was prepared and was exposed under vacuum conditions to xylene

vapor having a relative vapor pressure of about 0.80. After inter-

calation of xylene by the organoclays was complete, which was sub-

stantiated by diffraction patterns, the samples were outgassed over-

night. Once this conditioning process was complete, the samples

were removed from the sample chamber and stored until further use

in the laboratory under ambient conditions. c-Spacing data concern-

ing the adsorption process were generated in the manner previously

described

These preconditioned organoclays yielded two distinct expansion

curves. On the initial adsorption run, describing intercalation of

meta-xylene by Bentone 34, the expansion path followed is shown in
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Figure 8 and is the curve designated type B. As can be seen it differs

considerably from its type A counterpart. After the first adsorption

run, however, all subsequent adsorption runs thereafter, followed

the expansion path referred to as type C as long as the sample re-

mained under vacuum conditions. A similar phenomenon was dis-

played by Bentone 38 during adsorption of meta-xylene and is shown

in Figure 9. However, there are significant differences between the

two adsorbents. Type B expansion behavior exhibited by Bentone 38

was much more difficult to reproduce. Moreover, type C expansion

did not occur on the next successive adsorption run. Instead, the

transition between the two expansion curves required approximately

three to four successive runs. Once type C behavior was displayed,

expansion data were reproducible for all subsequent runs. This mi-

gration from one state to another is probably associated with an

i ncrease in the number of lamellae which are accessible to intercala-

tion at low relative vapor pressures of adsorbate. Moreover, type C

X-ray diffraction patterns of Bentone 38 were not the same as their

type A counterpart, but tended to be similar to those of Bentone 34 in

that they were symmetric. However, even with type C expansion

behavior, Bentone 38 diffraction patterns were significantly less

intense. In addition, it is also important to note that the stable and

reproducible expansion curves, referred to as type C are within

experimental error identical for Bentone 34 and Bentone 38, while
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their history dependent counterparts, type A and B, are not. Subse-

quent studies employing the other two isomeric adsorbates reveal that

type C expansion is indeed identical for Bentone 34 and Bentone 38,

but that this expansion path differs with respect to the particular

adsorbate employed. The specifics of these differences will be dealt

with in the section entitled Thermodynamic Analysis.

In order to determine what factors cause this variability in

expansion behavior, additional experiments were conducted. If a

sample, exhibiting type C behavior, is removed from the sample

chamber, and allowed to remain in the laboratory under ambient

conditions until the next day, the adsorption experiment to follow

will reveal that the organoclay exhibits type B expansion behavior.

If, on the other hand, a sample displaying type C behavior is removed

from the vacuum chamber, placed in an oven at 100°C under atmos-

pheric pressure overnight, and immediately inserted into the vacuum

chamber the next day, type C expansion behavior will result. Conse-

quently, it was concluded that these two organoclays are sensitive to

both pressure and temperature. It is our contention that this sensi-

tivity is related to a variability in arrangement and packing of the

hydrocarbon chains between the lamellae. During venting of the X-ray

sample chamber to atmospheric pressure a pressure difference arises

between the external aggregate structures and the interlamellar spaces

of the organoclay. This pressure difference generates a compressive

force on the platelets which tends to restrict the mobility and

creates a slightly denser packing of hydrocarbon
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chains between the unit layers. This force is not large enough, how-

ever, to manifest itself as an observable decrease in basal spacing.

Hence, in the following adsorption run more work will be expended

during intercalation due to the fact that fewer adsorption sites are

available at any given vapor pressure. Consequently, expansion is

diminished. Temperature counteracts this weak compressive force

generated during venting by putting the hydrocarbon chains between the

lamellae into a relatively agitated state.

Thermodynamic Analysis

Graphical analysis of the expansion process was undertaken

utilizing Cornet's thermodynamic model of swelling (13). He proposed

that AG = -RT ln(P/Po) = f dx, where AG in our investigation is

the change in free energy of xylene during separation of the platelets,

P is the vapor pressure of xylene, and Po is the saturation vapor

pressure of xylene at temperature T (298 K in this study). The inter-

planar force constant, f, acts against this work of separation, and

dx is the infinitesimal change in basal spacing exhibited by the organo-

clay. Therefore, a plot of free energy, AG, versus c-spacing repre-

sents the rates of change of energy with change in displacement, and

the force existing during an infinitesimal lattice displacement at that

001 spacing.

Free energy as a function of 001 spacing is shown for Bentone 34



42

in Figures 10, 11, and 12. From these plots it is apparent that the

integrated form of Cornet's equation is also valid in describing type

C expansion as well as contraction during the desorption process.

Type A expansion, on the other hand, varies in a complex manner and

this behavior is probably related to the addition of various compres-

s ional forces which are a function of sample preparation. At high

relative vapor pressures, however, the slope of type A and type C

plots appear similar. This suggests that the compressional forces

have been overcome. In addition, this graphical analysis suggests

that both expansion and contraction involve a two step mechanism

with the basal spacing of each step varying linearly with free energy.

The interplanar force f
1

is associated with initial expansion

of the platelets. It appears constant between the relative vapor

pressure region of 0.07 to the point of transition (i e where f
1

f
2).

Due to insufficient data in the 0.00 to 0.07 relative vapor pressure

range, the interplanar force associated with expansion in this region

is indeterminate, and therefore no quantitative statement can be made

concerning it. The interplanar force f
2

is associated with the rela-

tive vapor pressure region where between 80 and 90 percent of the

expansion occurs. It appears constant from the transition point to

a relative vapor pressure of at least 0.80. Tables 1 and 2 list values

for f
1

and f
2

which quantitatively describe expansion by Bentone 34

and Bentone 38, respectively. Within the experimental error of this
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Table 1. Expansion by Bentone 34.

Adsorbate

Data pertaining to transition

1
f

2

fl f
2

c-spacing amount adsorbed

cal mole A mg /g

P/Po

ortho-xylene -245 -73 30.0 34 0.12

meta-xylene -258 -79 31.3 44 0.15

para-xylene -335 -62 30.8 45 0.20

MEAN -279 -71 30.7 41

Table 2. Expansion by Bentone 38.

Adsorbate fl f2

cal mole-1 A -1

Data pertaining to transition
f

1
f
2

c-spacing amount adsorbed P Po
0
A rn_a/ g

or tho-xylene -250 -77 31.1 36 0.12

meta-xylene -246 -75 31.5 44 0,15

para-xylene -290 -68 31.3 46 0.19

MEAN -262 -73 31.3 42
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graphical analysis the two force constants, f1 and f2, are the same

for Bentone 34 and Bentone 38 and are independent of the three adsorb-
-1 -ates. Average values for f

1
and f

2
are -272 cal mole A

1 and

0 -1-72 cal mole -1
A, respectively. The point of transition, where

f
1

f2, occurs at a particular basal spacing of about 31.0 A, and is

associated with a specific amount of xylene adsorbed, 42 mg/g. How-

ever, the relative vapor pressure at which this transition occurs

appears to be a function of the adsorbate.

Expansion is related to the ease with which intercalation pro-

ceeds, and therefore, is concerned with the degree of interaction

between adsorbate and adsorbent. The intensity of this interaction

varies with the electronic properties of adsorbate and adsorbent.

Values for the dipole moment and polarizability are given in Table 3

for the three xylene isomers. It is probably a combination of these

two effects that determine the degree of intercalation. However,

polarizability, which is a measure of the degree to which a dipole

moment can be induced in a molecule by an electric field, varies

only slightly between these three adsorbates. There is a much larger

relative difference in the permanent dipole moments of these three

isomers. Hence, the relative differences in the relative vapor pres

sure at the point of transition is probably strongly dependent on the

dipole moment of xylene
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Table 3. Dipole moments and polarizabilities for the xylene isomers.

Adsorbate Dipole moment Polarizability
3

Debeyes

para-xylene 0.00 14.175

meta-xylene 0.37 14. 159

ortho-xylene 0. 52 14.049

Desorption data, concerning contraction of the platelets, were

also graphically analyzed in the 0.07 to 0.80 relative vapor pressure

range. (It is important to note that the desorption data may be of

limited utility. This is due to the fact that the experimental desorp-

tion runs were initiated at a relative vapor pressure of about 0.80

and not at 1.00. However, it is our belief that although the absolute

value of the c-spacing might be influenced by the particular starting

point of a desorption run, the variation in c-spacing as a function of

vapor pressure should not be affected). Like its expansion counter-

part, two distinct interplanar forces appear to be present. The inter-

planar force, f3, exists in the high relative vapor pressure region

where most of the change in basal spacing occurs, while f4
quanti-

tatively describes the force of the low vapor pressure region. Tables

4 and 5 give the magnitudes of these two force constants which relate

to contraction by Bentone 34 and Bentone 38, respectively. Within

experimental error, it appears that the force constants for these two

organoclays are quantitatively the same, and are independent of the



Table 4. Contraction by Bentone 34.

Data pertaining to transition
f
3

--> f
4

Adsorb ate f3 f4 c-spacing amount adsorbed PiPo

cal mcl..,
1 x -1

AA mgig

ortho-xylene +86 +165 33.0 47 0.13

meta-xylene +90 +160 33.9 53 0.18

para-xylene +76 +180 33.0 63 0.16

MEAN +84 +168 33.3 54

Table 5. Contraction by Bentone 38.

Data ertainiia20 transition

3
7->

4

Adsorbate f3 f4 c-spacing amount adsorbed P/Po

-10 -1 qq

cal mole A A mg/g

ortho-xylene*

meta-xylene +90 +160 33.6 53 0.18

para-xylene +82 +159 34.4 65 0.15

MEAN +86 +160 34. 0 59

49

* Significant deviation from linearity
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adsorbate. Contraction, during desorption in the high relative vapor

pressure region, is governed by an interplanar force constant, f

-1 q -1 0

of +85 cal mole A Once a c-spacing of approximately 33.6 A

is obtained, which corresponds to about 56 mg/g of adsorbed xylene,

the magnitude of the interplanar force constant, f4,

A- -1+165 cal mole -1
A

increases to

Comparison of the expansion contraction process reveals that

substantial hysteresis exists. In the low relative vapor pressure

region the interplanar force associated with expansion is approxi-

mately 107 cal mole -1
A

-1 greater than its contraction counterpart

Transition to the high vapor pressure force constant occurs at 31.0 A

during adsorption, while during contraction it takes place at about

33.6 A. In addition, once this transition to the high relative vapor

pressure force constant occurs (the region where most expansion

and contraction takes place), the force of expansion is approximately

13 cal mole-1 A-1 less than the equivalent force involved in contrac-

tion. Hence, for the most part, it appears that more work is re-

quired in removing adsorbate as opposed to intercalating it.

In 1968, Slabaugh and Hiltner (49) hypothesized that a two-step

mechanism is involved in expansion of the organoclay platelets. Our

thermodynamic analysis tends to support their contention.. However,

in our mechanical model describing swelling behavior of these adsorb-

ents, let us suppose that there are basically two forces which generate
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resistance to intercalation. The first is associated with the crystal-

lites themselves and is related to the surface density of the electric

charge (13). The other manifests itself in the work required to re-

arrange the hydrocarbon chains in order to make more adsorption

sites available. Initially, the dry clay is in a compressed state with

the hydrocarbon chains between lamellae in a compact arrangement.

Therefore, this particular state possesses a minimum in the total

number of possible adsorption sites available During initial inter-

calation of xylene vapor, interaction with the silicate surface as well

as the hydrocarbon chains is occurring. More important, however,

is the process of mixing, involving the hydrocarbon chains and ad-

sorbate. As this mixing process proceeds the chains are being

rearranged and the number of solvation sites are being increased.

At a particular amount of xylene adsorbed, mixing has resulted in

a state where the chains are no longer as entangled as they once

were. Consequently, resistance to further chain rearrangement has

been substantially reduced so that intercalation continues at a much

more rapid rate.

Contraction, concerned with desorption of xylene, is a similar

process. At high relative vapor pressures, weakly held xylene mole-

cules are being removed from between the platelets. In addition, the

force of compression is acting only against the adsorbate which has

been intercalated. As the pressure decreases a larger per tentage
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of adsorbate is more strongly held by solvation sites. Moreover, at

a particular c-spacing the volume of the interlamellar region has

been reduced to a point where the hydrocarbon chains begin interact-

ing with themselves. Consequently, further basal spacing reduction

must simultaneously be accompanied by substantial rearrangement

of hydrocarbon chains and removal of more intensely bound adsorbate

molecules, which results in an increase in the interplanar force

constant.

Discussion

In this study of expansion it has been observed that the stable

and reproducible expansion curve, type C, is the same for both organ-

oclay derivatives, yet their type A counterparts differ substantially.

In addition, the basal spacing of dry freshly prepared Bentone 34 is

about 1.3 A greater than Bentone 38, while the c-spacing of condi-

tioned samples is the same for these two adsorbents. Let us assume

that the explanation of these phenomena is related to an inherent dif-

ference between these two mineral derivatives and that this difference

is concerned with the average number of platelets associated with a

clay particle. Bentone 34 has two to three times more platelets per

particle. With this idea in mind one would expect the X-ray diffrac-

tion patterns for Bentone 34 to be more intense and this is observed.

In addition, assuming that during sample preparation the
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compressional forces generated are similar for these two deriva-

tives, the compressional force per unit layer would be greater for

Bentone 38 This greater force should manifest itself in a more

densely packed arrangement of hydrocarbon chains between the

lamellae This in turn should lead to a smaller observed c-spacing

and intercalation of xylene vapor should occur less readily relative

to Bentone 34
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THERMODYNAMICS

Experimental

Adsorption isotherms were determined gravimetrically at

18±0.1°C and 32±0.1° C. The type of adsorption balance utilized was

described originally by Mc Bain and Bakr (39) and is shown schemat-

ically in Figure 13. Attached to the vacuum manifold were reservoirs

where the three adsorbates were stored. Bentone 34 and Bentone 38

samples were contained in buckets made of 0.0005 inch tin foil with

handles of 0.0056 inch copper beryllium wire. The buckets were

suspended from quartz springs by fine glass extension rods which

possessed coded markings for purposes of measurement. These

coded glass extension rods were optically projected onto a wall chart

which was about 15 feet in front of the sample tubes. By measuring

the displacement of the projected markings, changes in mass of the

adsorbent were determined. The overall sensitivity was about 0.4

mg/g for a 250 mg clay sample. The upper portion of the adsorption

columns was enclosed in a constant temperature air bath while the

lower portion, where the clay samples were suspended, was im-

mersed in a constant temperature water bath.

In order to determine pressures between 0.5 torr and 10 torr

a specially designed gauge was constructed and is shown schematically

in Figure 14. It consists of a bellows to which a hinged platform is
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attached by means of a thin metal rod. Mounted on this platform is

a glass cover which serves as a mirror. The entire assembly is

enclosed in a glass cylinder which is sealed at both ends with metal

plates. Initially, both stopcocks are open and the entire assembly is

outgassed overnight. Prior to an adsorption run, stopcock B is closed

while A remains open to the line. Consequently, as increments of

adsorbate vapor are admitted to the vacuum manifold, the bellows

expands in length, which in turn is translated into a proportional

amount of tilting by the hinged platform. Light from a helium-neon

laser is reflected off the glass slide mounted on this platform onto a

wall chart. A vertical displacement of 13 centimeters in the position

of the reflected light striking the wall chart is equivalent to one torr.

The procedure was to weigh out six 250 milligram samples,

three of Bentone 34 and three of Bentone 38, into the foil buckets,

suspend them from the quartz springs, and seal the adsorption col-

umns. (It is important to emphasize that both organoclays were used

as supplied by the manufacturer. ) The vacuum manifold was carefully

outgassed at 10-5 torr overnight. An adsorption run was initiated by

admitting a small increment of adsorbate vapor into the adsorption

columns and once equilibrium was achieved the amount adsorbed at

that incremental pressure was determined. While waiting for equilib-

rium to be attained, it was observed that a substantial pressure

decrease occurred in the manifold Hence, from time to time,



58

additional adsorbate vapor was added in order to maintain the pres-

sure at the preset level. After a reading was taken an additional

increment of adsorbate vapor was admitted to the adsorption columns

and the procedure was repeated. Once adsorption isotherms describ-

ing adsorption by a particular adsorbate were determined, the organo-

clay samples in the adsorption columns were replaced with fresh

samples of Bentone 34 and Bentone 38.

Results

The first adsorption isotherm for both Bentone 34 and Bentone

38 always gave slightly less adsorption at a given vapor pressure

than did subsequent isotherms, even though the samples were out-

gassed to their original weight. As can be seen from Figure 15, this

behavior was exhibited at both 18° C and 32° C Barrer and Kelsey (5)

in their investigation concerning Bentone 34 observed a similar phe-

nomena. In addition, nitrogen adsorption by Bentone 34 and Bentone

38 at 78 K was about 50 percent greater for the vapor-conditioned

organoclay From this evidence as well as the variability of

c-spacing data exhibited by the dry organoclay discussed in the

previous chapter, it is concluded that the vapor-conditioned material

arises from a rearrangement of the hydrocarbon chains between the

platelets and that this state is a more porous one.

It is important to emphasize that the adsorption isotherms
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exhibited by the vapor-conditioned adsorbent are both stable and

reproducible. Hence, it can be concluded that the swelling behavior

of this vapor-conditioned organoclay corresponds to type C expansion

behavior discussed in the previous chapter. On the other hand, due

to the different histories of the fresh organoclay used in the adsorp-

tion isotherm and X-ray diffraction experiments, the isotherms

describing adsorption by the fresh organoclay do not in all likelihood

correspond exactly to type A expansion behavior discussed previously.

However, the differences in the adsorption isotherms of fresh and

vapor-conditioned material are probably directly related to differences

in expansion behavior.

Adsorption isotherms for both Bentone 34 and Bentone 38

appear to resemble type III in Brunauer's classification (12), which

are characterized by a heat of adsorption equal to or less than the

heat of liquefaction of adsorbate. Moreover, comparison of the

adsorption isotherms for Bentone 34 and Bentone 38 reveals signifi-

cant differences. In the low vapor pressure region, the amount

adsorbed by Bentone 38 is greater than that amount adsorbed by

Bentone 34 whereas at higher pressures the amount of xylene adsorbed

is less for Bentone 38. This behavior is shown in Figure 16 and is

related to differences between the two clay derivatives in their exter-

nal aggregate structures.
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Figure 16. Adsorption of meta-xylene by vapor-conditioned Bentone 34 and Benton e 38 at 18 °C.
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Heats and Entropies of Adsorption

In 1949 Hill (27) suggested that from an adsorption isotherm

and its temperature variation one can determine the heat of adsorp-

tion as a function of surface coverage by employing the integrated

form of the Clausius-Clapeyron equation. This expression can be

written in the following form.

1ln(Pz/Pi) -
( Hs -Hg)

T )

2
T1

If at two different temperatures, T1 and T2, one plots 0, the amount

adsorbed, versus P, the vapor pressure of adsorbate, and determines

P1(0) and P2(0) for some particular 0, then the isosteric heat of

adsorption, (Hs-Hg), can be calculated for that particular 0. In this

case, H is the enthalpy of xylene in the vapor state and Hs is the
g

enthalpy of xylene in the adsorbed phase. The corresponding entropy

of adsorption, (S
s-Sg), is determined as a function of surface coverage

by utilizing the following relationships. AG = (Gs-Gg) = RTln P;
AH -AGAS where AG is the free energy of adsorption.

Isosteric heats as well as entropies of adsorption for Bentone 34

and Bentone 38 as a function of amount adsorbed are shown in Figures

17 through 22. As can be seen, substantial differences in the heats

and entropies of adsorption exist between fresh organoclay and its

vapor-conditioned counterpart. Moreover, these differences appear
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to be dependent upon the particular adsorbate employed. In general,

the isosteric heat of adsorption is less than the heat of condensation,

which in turn is consistent with type III behavior displayed by the

adsorption isotherms. In addition, the entropy is greater than its

condensation counterpart which suggests that the adsorbed state is

a more disordered one relative to liquid adsorbate. At surface cover-

ages approaching zero, the isosteric heat appears to be most exo-

thermic while the entropy tends towards a minimum. This behavior

is due to adsorption by the most active as well as readily accessible

sites. As the amount adsorbed steadily increases from zero surface

coverage the heat of adsorption decreases while the corresponding

entropy increases until the amount of xylene adsorbed is approx-

imately 40 mg/g. This increase in entropy suggests that appreciable

mixing of xylene and hydrocarbon chains is occurring. With increas-

ing adsorption the isosteric heat becomes more exothermic while the

entropy of adsorption decreases and both appear to be approaching

their liquid adsorbate counterparts. This suggests that intercalated

xylene at high relative vapor pressures is similar to the liquid state

In addition, the overall behavior in the isosteric heat and entropy of

adsorption as a function of surface coverage is directly related to

expansion of the unit layers.

The minimum in the isosteric heat and the maximum in the

entropy of adsorption occur at a surface coverage where there is
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a change in the interplanar force constant governing expansion As

the surface coverage increases from zero to about 40 mg/g an impor-

tant component of the heat of adsorption, the heat of expansion, con-

tributes substantially. The magnitude of this enthalpy of expansion

is directly influenced by the appreciable work required to initially

separate the platelets, which is reflected by the large interplanar
-1 -1force constant, of -272 cal mole A Moreover, because the

work initially required to separate the platelets involves substantial

mixing of adsorbate and hydrocarbon chains between the crystallites,

the entropy of expansion contributes considerably to the overall

entropy of adsorption in this surface coverage region. Once this

expansion transition occurs, the work of expansion is reduced by

about a factor of four. Hence, the endothermic heat of expansion

and the positive entropy involved in separation of the platelets are

diminished Consequently, the observed isosteric heat of adsorption

steadily becomes more exothermic and the observed entropy of adsorp-

tion becomes more negative

Difference Analysis

If one subtracts the isosteric heat of Bentone 34 from the

isosteric heat of Bentone 38 and plots this difference versus the

amount of xylene adsorbed, a linear relationship becomes apparent.

Both fresh and vapor-conditioned organoclay exhibit this behavior as
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shown in Figure 23. Because of the substantial error involved in

experimentally determining the heats of adsorption at surface cover-

ages less than 20 mg/g no statement can be made concerning the

significant deviation from linearity observed in this region. If this

linear curve is extrapolated to zero surface coverage it is found that

adsorption by Bentone 38 is about 2.3 kcal /mole more exothermic,

but as the amount adsorbed increases the difference in isosteric heats

between these two adsorbents decreases and eventually at much larger

surface coverages adsorption by Bentone 34 is a more exothermic

process. Moreover, the slope of this linear relationship appears to

be a function of the adsorbate, with changes in relative differences

in heats of adsorption being most rapid when ortho-xylene serves as

adsorbate and least variable when para-xylene functions as adsorbate.

Although this slope is dependent upon the particular adsorbate utilized,

the intercept of 2.3 kcal/mole is not Furthermore, if this difference

analysis is applied to the entropies of adsorption of Bentone 34 and

Bentone 38 a similar behavior is exhibited and is shown in Figure 24.

Table 6 lists the magnitudes of the intercepts for the differences in

isosteric heats and entropies between Bentone 38 and Bentone 34.

Thus, it appears that there exists an inherent difference between

these two organoclays. This inherent difference may be related to

a difference in the number of adsorption sites available at zero

surface coverage. It is our contention that Bentone 38 possesses
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a larger amount of external surface area and consequently, less

internal surface area Barrer and Millington (7) in their study util-

izing sodium hectorite and sodium montmorillonite, which are the

inorganic counterparts of Bentone 38 and Bentone 34 respectively,

found that the hectorite mineral had a larger external surface area

In addition, they determined that an average particle of the hectorite

mineral consisted of about nine platelets while an average particle of

the montmorillonite mineral was composed of approximately 26

crystallites.

Table 6. Differences between Bentone 38 and Bentone 34 at zero surface coverage.

Adsorbate -( PH38 - pH 34)
34

( p S38 - AS34)

kcal mole-1 cal mole-1 degree-1

ortho-xylene +2. 4-0. 3 - 7.5+1.0

meta - xylene +2. 3 3 -7. 6+1. 0

para-xylene +2. 3 ±0. 3 -7.5+1.0

If one subtracts the isosteric heat of the fresh organoclay from

the vapor-conditioned material and plots this difference versus the

amount of xylene adsorbed, a linear relationship is also observed.

As shown in Figure 25 both Bentone 34 and Bentone 38 exhibit this

behavior. These differences appear linear at surface coverages

greater than 30 mg/g for adsorption of ortho-xylene, 50 mg/g for

adsorption of meta-xylene, and 60 mg/g for adsorption of para-xylene
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Deviation in linearity at lower surface coverages, especially between

20 mg /g and 60 mg/g, is probably related to substantial differences

in the heat of expansion between fresh and vapor-conditioned organo-

clay. If these linear curves are extrapolated to zero surface cover-

age, it becomes evident that the difference between vapor-conditioned

and fresh adsorbent is dependent upon the particular adsorbate, but

independent of the organoclay employed. Moreover, application of

this difference analysis to the entropies of fresh and vapor-conditioned

organoclay yields a similar type of behavior and is shown in Figure 26.

Table 7 lists these differences in isosteric heats and entropies extra-

polated to zero surface coverage. The degree of difference in isos-

teric heat between the two states of the organoclay varies in the order

ortho >meta > para As reported in Table 3 in the chapter entitled

Expansion, the dipole moments of these three isomers vary in a sim-

ilar fashion with ortho-xylene being largest and para-xylene being

smallest. If we assume that the essential difference between vapor-

conditioned and fresh organoclay at zero surface coverage is related

to a difference in the number of adsorption sites available, then the

differences in the magnitude of these intercepts as a function of

adsorbate is associated with relative differences in the degree of

solvation of the hydrocarbon chains by the xylene isomers. Hence, it

it is concluded that the degree of solvation is in the order ortho >

meta > para, and that as this degree of solvation decreases, the
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disorder of the hydrocarbon chain arrangement increases.

Table 7. Differences between vapor-conditioned and fresh at zero surface coverage.

Adsorbate -(AHcond a Hfresh)

kcal mole-1

( AScond - A Sfresh)

cal mole -1 degree -1

78

or tho-xylene +4. LIO. 3 -13. 0±1.0

meta-xylene +2. 2 ±0. 3 -5.0*1.0

para-xylene -0. 3 +1.51.0

Discuss ion

As we have already stated, it is our contention that the essen-

tial difference between these two adsorbents is related to the number

of platelets associated with a clay particle: Bentone 38 having about

half as many platelets per particle This thermodynamic study tends

to support our hypothesis. From the previous chapter it was observed

that type C expansion behavior is identical for these two organoclays.

Consequently, the slight relative differences observed in the shape of

the adsorption isotherms for Bentone 34 and Bentone 38 (Figure 16)

must be related to the geometry of the particles (amount of external

versus internal surface area) and not to their expansion behavior.
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KINETICS

Experimental

Kinetic experiments involving xylene adsorption by Bentone 34

and Bentone 38 were conducted at 25. 0 ±0. 1 ° C The gravimetric

adsorption apparatus described previously was utilized Adsorption

times were monitored with an electric clock. The procedure for a

kinetic run was identical to that employed in preparation of an adsorp-

tion isotherm run. Prior to beginning a kinetic run, however, and

while the adsorption column containing the sample to be studied re-

mained at a vacuum, adsorbate vapor was admitted to the vacuum

manifold until a predetermined relative vapor pressure was achieved.

Initiation of an experimental run required the presence of two indi-

viduals. While one individual introduced adsorbate vapor into the

adsorption column and maintained the entire system (manifold and

adsorption column) at a predetermined pressure, the other individual

recorded the displacement of the projected coded markings at 15 or

30 second intervals. Due to substantial oscillation of the quartz

spring in the first few minutes of a kinetic run, the position of the

coded rod was estimated by averaging its positions at the two extremes

of oscillation. After adsorption had proceeded for about five minutes,

the vapor pressure in the vacuum manifold stabilized to a point where

the presence of only one individual was required to continue the kinetic
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experiment. Equilibrium times in this particular set of experiments

varied between 25 and 70 minutes. In order to insure the reproduci-

bility of results, at least three kinetic runs were performed at any

given constant vapor pressure of adsorbate.

Results and Interpretations

Let us assume that the adsorbent surface consists of a certain

number of sites S of which S
1

are occupied and So = S - S1 are free.

Furthermore, assume that the rate of adsorption of xylene R a is

governed by the relationship Ra = ka P
o
So where Po is the saturation

vapor pressure of xylene and ka is the rate constant associated with

the adsorption process. In addition, the corresponding rate of

desorption, Rd, is assumed to be proportional to the surface cover-

age S1 or equal to kdSl where kd is the rate constant associated with

desorption. At equilibrium the desorption rate can be evaluated by

the requirement that there the net rate is zero: 0 = k aP So - kd S

where P, the vapor pressure of xylene, can range in magnitude from

zero to P. This evaluation of the desorption rate applies during the

adsorption process. Hence, the net rate of adsorption is R = kPSa o o
ka P So = ka(Po-P) So. In 1951 Jura and Powell (33), who proposed

this rate law, found that adsorption of water on anatase followed it.

In our study, for purposes of comparison between adsorbates, let us

redefine the net rate of adsorption R as being equal to k(1-P/P0) So
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xylene remaining to be adsorbed at time t and S0, is the amount of

xylene remaining to be adsorbed at time t = 0.

AMoreover, let us assume that
S

o, t
A - A

o, oc

oc

o

where Axis the amount of xylene adsorbed at equilibrium in units of

mg/g, At is the amount of xylene adsorbed at time t, and A is the

amount of xylene adsorbed at t = 0 and in this case, that amount is

zero. Consequently, the integrated form of this first order rate law

can then be written in the following form:

ln(A - A ) = -k t + ln(A -A
oc t obs oc o), where ln(A -A ) is a constant.

oc o

Hence, a plot of ln(Acc-At) versus t should be linear and its slope

should be equal in magnitude to -kobs. In addition, if xylene adsorp-

tion follows the second order rate law discussed previously, then a

plot of kobs versus (1 -P/Po) should also be linear and its slope should

be equal in magnitude to k, the rate constant associated with the ad-

sorption process.

Figure 27 is a plot of ortho-xylene adsorbed by Bentone 38 as

a function of time at P/Po 0.60. It reveals that a difference in kinetic
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behavior exists between fresh and vapor-conditioned organoclay

Moreover, Bentone 34 also exhibits this behavior. A plot of ln(A
00
-A )t

versus t appears for the most part to be linear. The magnitudes of

the observed first order rate constants determined graphically from

this type of plot are listed in Table 8 for Bentone 38. These rate

constants disclose that the rate of adsorption by fresh organoclay is

slightly less than the rate of adsorption exhibited by its vapor-

conditioned counterpart. This difference in kinetic behavior further

supports our contention that vapor-conditioned organoclay possesses

a greater degree of interlam:ellar porosity

Table 8. Observed rate constants for adsorption by Bentone 38 at P/ Po = 0. 60 and T = 25.0 °C.

Adsorbate Fresh Bentone 38 Vapor-conditioned Bentone 38
min 1- min-1

ortho-xylene 0. 057 0. 075

meta-xylene 0. 060 0. 069

para-xylene 0.051 0. 059

In graphically determining the observed first order rate con-

stants at P/Po = 0.60 it was observed that significant deviation from

linearity occurred in the first two or three minutes of a kinetic run.

In order to investigate this behavior in greater detail, additional

experiments were conducted at lower relative vapor pressures of
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adsorbate. 1 Figure 28 displays the results of that investigation for

adsorption by Bentone 38 at P/Po = 0.15. The adsorption kinetics

exhibited by Bentone 34 and Bentone 38 reveal that the rate of adsorp-

tion consists of at least two components. The rapid adsorption com-

ponent, characterized by an observed first order rate constant ki obs'

exists in the first one to three minutes of adsorption. At a particular

amount adsorbed, which is reproducible for a given adsorbate-

adsorbent system, the rate constant reduces to k2 obs In a kinetic

study concerning the adsorption of carbon tetrachloride on Teflon,

Wade (61) reported the pre sence of three adsorptive components. In

our investigation, if a third component exists, it must occur in the

first 30 seconds of adsorption. Due to insufficient data in this region,

no statement can be made concerning its existence Table 9 lists the

mean values of these two observed rate constants for xylene adsorp-

tion by Bentone 38. Table 9 discloses that the short-lived observed

first order rate constant, klobs' is a function of adsorbate with the

rate of adsorption being in the order meta > ortho > para.

1 All subsequent kinetic runs employed vapor-conditioned
Bentone 34 and Bentone 38 as adsorbents.
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Figure 28. A plot of ln(A00- At) versus t for adsorption of xylene by
Bentone 38 at P/Po =0. 15 and T = 25.0 °C.
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Table 9. Observed first order rate constants for adsorption by Bentone 38 at P/Po = 0. 15 and
T = 25. 0 1"0. 1°C.

Adsorbate
Data pertaining to transition

klobs k2obs klobs '-'. k2obs
time amount adsorbed

min -1 min-1 mm Meg

ortho-xylene 0.51 O. 15 2. 1 21. 9

meta-xylene 0. 99 0. 17 1. 2 20. 8

para-xylene 0.38 0. 13 2. 6 20. 6

Kinetic experiments concerning adsorption by Bentone 34 at

a relative vapor pressure of 0.15 were difficult to interpret. Although

two distinct linear components were observed in plotting ln(A 00-At)

versus t, their slopes varied considerably from one kinetic experi-

ment to another. Nevertheless, with respect to the adsorption rate

associated with kl it can be stated that adsorption of meta-xylene

by Bentone 34 also occurs most rapidly. Even though i and k2obs-obs

varied substantially, the amount adsorbed at the point of transition

and the amount adsorbed at equilibrium remained invariant. The

amount adsorbed at the transition point was about 16.8 mg/g This

is substantially less than the 21.1 mg/g mean value observed for

adsorption by Bentone 38 at P/Po 0.15. This difference suggests

that at this particular vapor pressure Bentone 38 possesses a greater

number of sites available for adsorption. Moreover, it further sup-

ports our contention that the inherent difference between these two

organoclays is related to differences in their external aggregate
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structure (i. e. amount of external surface area versus internal

surface area). Consequently, the variability of the observed rate

constants may be related to a greater amount of interlamellar space

associated with Bentone 34 and the variability in packing of the hydro-

carbon chains occupying this space.

In order to determine the influence of adsorbate pressure upon

the rate of adsorption, kinetic experiments at various constant vapor

pressures of adsorbate were performed employing Bentone 38 as

adsorbent. Plots of 1n(Aoc-At) versus t for all values of adsorbate

vapor pressure reveal that the rate of adsorption is governed by at
-dSo

least two adsorptive components. If the rate law, R = dt

k(1-P/Po) S
o

is applicable, then plots of kobs versus (1-P/P0) should

be linear and their slope should be equal in magnitude to k. Figures

29 and 30 are plots of k1
obs and k2obs versus (1-P/Po) respectively.

It appears that both adsorptive components can be described by the
-dS

general rate law R =
dt = k(1-P/P

o
) So, where initial adsorption

is defined by the rate law R1 while R
2

governs the remaining adsorp-

tion process.

In the case of the short-lived adsorptive component defined by

the rate law R1' the slope of [(lobs versus (1-P/Po) becomes zero

at relative vapor pressures greater than about 0.32. This implies

that the rate law R1 is not applicable in this higher relative vapor pres-

sure region. In the lower relative vapor pressure region it can be seen
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that the rate constant k
1

is a function of adsorbate. Values for k
1

listed in Table 10 reveal that the initial rate of adsorption of xylene

is in the order meta > ortho > para Moreover, the slopes of these

plots, which graphically define the rate constants for these three

adsorbates, appear to converge at the same relative vapor pressure.

This suggests that the disappearance of the rate law RI is associated

with some phenomena that is independent of adsorbate but dependent

upon some characteristic of the adsorbent. Figure 31 is a plot of

the amount of meta-xylene adsorbed at the transition point (where

ki obs -obs) as a function of relative vapor pressure of xylene'
It reveals that as the adsorbate vapor pressure above the adsorbent

increases, the amount adsorbed at this transition point increases

linearly. At a relative vapor pressure of about 0.32, which corres-

ponds to the relative vapor pressure where R1 vanishes, the amount

adsorbed at the transition point (referring to Figure 31) amounts to

about 41 mg /g. This suggests that the rate law R describes the rate

of adsorption of the first 41 mg/g of xylene. From X-ray diffraction

studies discussed in the chapter entitled Expansion, a transition in

expansion behavior occurs at about 31 A, which is associated with

the adsorption of approximately 41 mg/g of xylene. From this infor-

mation we conclude that a more appropriate term for RI as well as

R2 would be "rate of intercalation." It appears that kl' the rate

constant for initial intercalation of xylene, and fl, the force constant
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for initial expansion of the organoclay platelets, are related. They

reveal that substantial work is required in initial expansion of the

platelets to 31 A and that the rate at which this intercalation of xylene

occurs in order to bring about this expanded state is relatively rapid.

Once this 31 A transition is attained the force constant governing

further expansion is diminished to f2 and the rate at which further

intercalation of xylene proceeds is determined bj the magnitude of

the rate constant k
2

defined by the rate law R2. This rate law, R2,

is applicable at surface coverages greater than 41 mg/g of adsorbed

xylene In addition, the magnitude of k2 appears to be also a function

of adsorbate as shown in Table 10 but the differences are not as large

in comparison with those values for k
1.

Table 10. Magnitudes of the rate constants ki and k2 associated with the rate laws 111 and R2.

Amount adsorbed at transition,
k at P/Po = 0. 32k

lobs 2obs'
Adsorbate k1 k2

-1 -1
nun mm meg

ortho- xylene 1.3 0.18 42.5

meta-xylene 4.0 0.19 41.0

para-xylene 0.5 0.16 39.5
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Discussion

Let us assume that the transition in the observed first order

rate constant, k
k2

, always occurs at the same c-spacing.lobs lobs
Then, referring to Figure 31, the amount of xylene intercalated at

this c-spacing of 31 A is variable and is dependent upon the relative

vapor pressure of adsorbate. Furthermore, let us extrapolate this

curve shown in Figure 31 to a relative vapor pressure of 1.00 and

assume that this point reflects the maximum amount of xylene that

could be intercalated. From this graphical analysis we find that

maximum to be about 130 mg /g. On the other hand, employing data

reported in the literature (5) concerning the size of the exchangeable

cation and the number of cations per unit cell, we calculate that these

organoclay platelets exhibiting a c-spacing of 31 A should possess a

free volume of about 365 A 3 per unit cell. If liquid xylene completely

occupied this free volume, the amount intercalated would be approx-

imately 134 mg/g This calculation tends to support our assumption

that the transition in rate constants always occurs at a c-spacing of

31 A. Moreover, since from the study on expansion it has been

determined that the equilibrium amount of xylene adsorbed at the

31 A transition is 41 mg/g, substantial free volume must exist be-

tween the organoclay platelets at this c-spacing.
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Arguments for the derivation of the empirical rate law R = ka

(Po - P)S°might be as follows. Consider a kinetic adsorption exper-

iment occuring at a constant vapor pressure of xylene P. Assume

that S1 is some function of the amount of adsorbed xylene and that

So is some function of the amount remaining to be adsorbed. In

addition, assume that at time t = 0, S1 = 0. Then the rate of adsorp-

tion at S1 = 0 is equal to k
a

Po So. Moreover, the rate of desorption

Rd is assumed to be proportional to S1 or equal to kdSl where kd

is the rate constant associated with desorption. At equilibrium the

desorption rate can be evaluated by the requirement that there the

net rate is zero: 0 = ka P
o
So - k

d
S

1*
Under the assumption that

the adsorbed molecules are in equilibrium over the entire extent of

surface, then at time t the rate of desorption is kd S
1

=ka PSo .

Consequently, assuming that during the adsorption process desorption

is also occurring, the overall net rate of adsorption at any time

t is R= ka Po So - ka P So = k
a

(Po - P) So. These arguments are

similar in form to those employed by Jura and Powell (33).
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DISCUSSION

Expansion and Kinetic Behavior

Variations in adsorption behavior as a function of adsorbate

appear to manifest themselves differently in the investigations of

Expansion and Kinetics With respect to the expansion behavior of

these organoclays, Tables 1 and 2 reveal that the force constants

associated with the free energy of expansion are within experimental

error invariant to changes in adsorbate while, on the other hand, the

relative vapor pressure at which the 31 A force constant transition

occurs is dependent upon adsorbate and that relative vapor pressure

ranges in magnitude from 0.12 to 0. 20. However, from our kinetic

investigation it has been determined that the rate of intercalation

which brings about this expansion is a function of adsorbate, but that
the relative vapor pressure at which a change in rate behavior occurs

(P/P0,,, 0.32), is not dependent upon adsorbate. With respect to

these two studies, the differences in the relative vapor pressure at

which the transition occurs suggests that expansion behavior, which

has been shown to be a function of sample history, might also be

influenced by experimental approach. Employing the terminology

of Laffer, Posner, and Quirk (34) our study in Expansion is character-

ized by a "continuous point" experimental approach, while our Kinetics

investigation gave rise to a "single point" experimental approach. If

our interpretation of Figure 31 is correct, in which we assumed that the
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observed rate constant transition always occurs at 31 A irrespective

of the relative vapor pressure of adsorbate, then expansion behavior

of the organoclay in our "single point" kinetic experimental approach

should be markedly different in comparison to that expansion behavior

determined by our X-ray diffraction "continuous point" approach.

Laffer, Posner, and Quirk (34) in a study concerning the swelling

behavior of Na- and K-montmorillonite as a function of electrolyte

concentration observed substantial differences in swelling behavior

between "continuous point" and "single point" experimental approaches.

Thermodynamic versus Kinetic Behavior

From the facts that the silicate surface is essentially covered

by exchangeable cations (5) and that xylene adsorption is associated

with a relatively large degree of expansion, it is our conclusion that

xylene-hydrocarbon chain interactions predominate in the early

stages of the intercalation process. Difference analysis discussed

in the chapter entitled Thermodynamics reveals that the relative

differences in the intensity of this xylene-hydrocarbon chain interac-

tion is in the order ortho > meta > para. However, from our study

concerning the kinetics of adsorption, we have determined that the

rate at which this solvation proceeds is in the order meta > ortho >

para. From these observations one may conclude that in explaining

kinetic behavior, not only is the intensity of the adsorbate-adsorbent
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interaction of importance, but also steric considerations must be

taken into account. This information suggests that the meta-xylene

isomer is less sterically hindered during the process of intercalation

and hence is able to penetrate between the lamellae more rapidly

relative to the other two isomeric adsorbates. However, the inten-

sity with which meta-xylene solvates the hydrocarbon chain is less

than that accompanying solvation by ortho-xylene.

Chromatographic Behavior

White (64) has observed that relatively small changes in prepa-

ration of Bentone 34 have resulted in substantial variations in chro-

matographic activity. Furthermore, he reported that when benzene

is chromatographed on an active sample of the organoclay, the reten-

tion volume increases for the first three or four runs and then stabil-

izes at its maximum value. This behavior may be related to the

variations in interlamellar porosity exhibited by these organoclays

which we observed. The vapor-conditioned samples we studied, which

are characterized by an adsorbate-free organoclay possessing the

largest c-spacing and consequently, the greatest amount of inter-

lamellar porosity, may correspond to White's stabilized active chro-

matographic samples. If our interpretation of White's observations

are correct, then it can be inferred that interlamellar penetration of

benzene as well as xylene occurs during the chromatographic process.
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However, Taramasso and Timid& ,:54) reported that a South African

vermiculite which did not possess an interlayer phase achieved

acceptable chromatographic separations of the xylene isomers.

Consequently, whether or not interlamellar area is utilized under

gas chromatographic conditions appears to be dependent upon the

particular mineral derivative utilized.

Separation by gas chromatography is governed by differences

in the free energies of the respective adsorbates. Figure 32, which

is a plot of the difference in free energy between vapor-conditioned

and fresh organoclay as a function of amount of adsorbed xylene,

reflects the differences in the free energies of adsorption of the three

isomers for the hydrocarbon chains of the organoclays. These plots

reveal that at zero surface coverage the relative differences in the

free energies of adsorption are -0.23, -0.31, and -0.19 kcal mole 1

for ortho, meta, and para-xylene, respectively. Hence, employing

this data and assuming that the chromatographic separation of the

xylenes is governed by physical adsorption, the retention order should

be meta> ortho>para. The order observed is in fact meta> ortho>

para (54).

Suggestions for Further Study

As in any research endeavor more questions are raised than

are answered. Listed below are a few topics which might be of
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interest for future investigations.

1) Force constants have been calculated from our expansion stud-

ies. It might be of interest to determine what parameters influence

the magnitude of these force constants. Moreover, it could be of

importance to determine if there exists a correlation between these

force constants and gell strength.

2) The difference analysis discussed in the chapter entitled Thermo-

dynamics appears useful in determining the magnitude of a particular

component associated with the isosteric heat of adsorption. It might

be of interest to vary the exchangeable organic cation on the clay and

determine what influence this has on the difference in isosteric heats

between fresh and vapor-conditioned organoclay.

3) In our kinetic investigation we determined the amount adsorbed

as a function of time. It might be of interest to determine the c-

spacing of this organoclay as a function of time in order to obtain

a better physical picture of the intercalation process.

4) The kinetics of adsorption should be investigated as a function

of the exchangeable cation in order to determine if the transition in

rate behavior is specific to these two organoclays or is applicable

in other cases. In addition, an apparatus should be constructed which

could determine the adsorption rate during the first 30 seconds of a

kinetic run.
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SUMMARY

Intercalation of xylene by Bentone 34 and Bentone 38 appears

to occur in two distinct steps. Force constant of expansion have

been determined from the thermodynamic analysis of the diffraction

data. They reveal that a transition in expansion behavior occurs at

about 31 A and that this transition is associated with the adsorption

of approximately 41 mg/g of adsorbed xylene. Moreover, an investi-

gation into the kinetic behavior of intercalation discloses that the rate

of intercalation involves two separate components, with a change in

rate behavior occurring at about 41 mg/g of adsorbed xylene.

Differences in the isosteric heats of adsorption between Bentone

38 and Bentone 34 as a function of amount adsorbed appear to be

linear. Moreover, the inherent difference between Bentone 34 and

Bentone 38 manifests itself in all three investigations. Our conten-

tion is that this inherent difference is related to differences in their

external aggregate structure. That is to say, Bentone 34 possesses

a greater number of platelets in an average aggregate structure rela-

tive to Bentone 38.

Relative differences in adsorbate behavior reveal that the

intensity of the xylene-hydrocarbon chain interaction is in the order

ortho > meta > para. These differences correspond to differences

in the dipole moment of the three isomers On the other hand, the
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rate at which intercalation proceeds is in the order meta > ortho >

para, suggesting that steric considerations must be taken into

account in explaining kinetic behavior.
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