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ABSTRACT

Adsorption is one of the prominent separation techniques used in the
treatment of wastewaters containing soluble organics. Activated carbon has
been employed almost exclusively in adsorbing the 129 "priority pollutants",
as defined by the Environmental Protection Agency (EPA), from water and
wastewater. Synthetic resins have recently begun to receive attention, but
are derived from energy related sources, as is activated carbon. A few
clays have been considered for use as adsorbents, but in nearly all cases
the clays were used in their natural state. This research has explored
the addition of the chloride salts of propylamine, dodecylamine, and
dodecyldiamine to sodium montmorillonite (a smectite) in an attempt to im-
prove its adsorptive capacity for removing organics from water and waste-
water. X-ray diffraction analysis, differential thermal and thermogravi-
metric analyses, infrared spectroscopy, and scanning electron microécopy,
were used to determine the interaction between montmorillonite and the
alkylammonium salts. Replacement of exchangeable cations on the inter-
lamellar surface of montmorillonite with alkylammonium ions has been
shown by several researchers to permit ready intercalation of a wide
variety of polar and nonpolar organic species. Adsorption isotherms con-
ducted with acetaldehyde, acetone, benzene, butanol, chloroform, dimethy-
lphthalate, hexanol, nitrobenzene, octanol, phenol, and toluene as the
solutes showed some indication of intercalation of these eleven organic
compounds. Intercalation of these compounds at low organic solution con-

centrations, 100 and 1,000 milligrams per liter, was found within the



xi.
scope of the present study by x-ray diffraction and gas chromatography
techniques not to be sufficient to make the alkylammonium-montmorillonites
or the untreated montmorillonite totally competitive with current adsorb-
ents used in the water and wastewater field. Adsorption of the eleven
organic pollutants by the clays generally ranged from 10 to 50 percent of
the amounts expected to be adsorbed on activated carbon at similar solute
concentrations. Intercalation noted at high organic solution concentrat-
ions, up to 100 percent, was more significant and suggests the clays
would be efficient in removing these organics at higher concentrations.
X~ray diffraction results obtained make it possible to predict the
orientation of the three alkylammonium ions and the eleven organic com-

pounds in the interlamellar space of the montmorillonites.



INTRODUCTION

Regulations concerned with water quality can be divided into five
general categories: Physical parameters, microbiological parameters,
radioactive materials, inorganic chemicals, and organic chemicals. The
discovery of potentially carcinogenic organic compounds in the New Orleans'
drinking water supply in 1974 brought increased attention to the organic
chemical contaminants. Studies in November, 1974, at the Environmental
Protection Agency (EPA) research laboratories in Cincinnati, Ohio identi-
fied 154 organic compounds in drinking water supplies of communities on
the Ohio, Potomac, and Mississippi Rivers (Appendix A (1)).

Programs were undertaken to identify the major contributors of the
organic compounds to public drinking water sources. Industrial and
municipal discharges, accidental spills, runoff from agricultural and
urban areas, and from the chlorination process at water treatment plants
were investigated. Of the 154 compounds, 113 were classified as major
producﬁs or by-products of chemical manufacturers according to the Stan-
ford Research Institute's 1973 Directory of Chemical Producers, U.S.A.

No longer was it only important to remove or to prevent the formation of
trihalomethanes in water treatment, but it also became necessary to
monitor more closely materials being discharged into raw water sources.

On February 2, 1977, the EPA proposed a rule establishing mechanisms
and procedures for enforcing national pretreatment standards controlling
the introduction of nondomestic wastes into publicly owned treatment

works (POTW 8) . While all nondomestic discharges of waste to POTWE were



covered by the regulations, there were at least 87,000 existing indus-
trial dischargers to POTWs in 21 industrial categories.

A June 7, 1976, Consent Decree in the case of the Natural Resources
Defense Council, Inc., versus Train as the representative of EPA required
EPA to review 65 toxic pollutants (Appendix A (50, 75)), both organic
and inorganic, which may be dischargéd by the 21 industrial categories,
and to establish pretreatment standards for any of the 65 toxic pollutants
and any other nontoxic pollutants found not to be susceptible to treatment
by POTWg or which would interfere with the operation of. the POTW.

Over 700 organic compounds have been identified in drinking waters
across the United States, but the focus of categorical pretreatment
standards has been on the 65 toxic pollutants selected on the basis of a
review of available data on 232 pollutants of greatest environmental con-
cern at the time the Consent Decree was developed. This list of 65 toxic
pollutanﬁs has more recently been expanded in a new EPA list of 129
"priority pollutants" (Appendix A (75)).

The massive volume of literature on priority pollutants in water
and wastewater outlines a need for their removal. There are numerous
separation techniques used to remove organics from water and wastewater.
Adsorption is one of the techniques most commonly used to accomplish
this separation, and a major section of the proposed regulatiomns
actually required the application of granular activated carbon tréatmént
for contaminated drinking water supplies (68).

It is interesting to note that, with adsorption occupying such a

large portion of the work on the removal of organics from water and



wastewater, activated carbon is the adsorbent used almost exclusively.
Synthetic resins are beginning to receive some attention but they too
are derived from an energy related source. Naturally occurring clays
have received relatively little consideration as adsorbents for removing
unwanted organics from water and wastewater. This would seem to be
unusual since clays have been shown to remove humic compounds from water,
and it is known that humic substances compose a significant portion of the
organics in secondary effluents from bilological wastewater treatment
processes (84, 110). Nearly all adsorption studies that have been per-
formed with clays have used the clay in its natural state, with no
attempt to improve the clay's adsorptive capacity by pretreatment with
various chemicals.

The major effort of this research was to treat naturally occurring
montmorillonite with the salts of aliphatic amines of varying chain
lengths in an attempt to improve its adsorptive capacity for undesirable

organics found in water and wastewater.



APPLICATIONS OF ORGANO-CLAY COMPLEXES

Organo-clay complexes have been utilized for many yea¥s for (27, 95)
lubricants, coating for paper, cosmetics, medicinals, gellants in paints,
color Bodies removal in lube oil refining, catalyst activation and de-
activation phenomena, soil conditioning, insulation and sealants in
buildings, stationary phases in gas chromatography, structural hydraulic
fluids in shock absorbers, ablatants in nose-cones, viscosity control in
polyester resins, reinforcing fillers in elastomers, oil base drilling
fluid modifiers, dye receptors in fibers, carbonless typing paper, better
additives in paper making, etc. The ceramic industry is a big user of
clay technology largely because of the contribution clays have in im-
proving the molding and drying properties of the wares produced.

Ariizumi and Iwai (3) developed a new mefhod for accelerating the
strength development of concrete by utilizing halloysite, a hydrated
kaolinite structure, treated with lime and sulfate as an admixture for
Portland cement. Novak and Gregor (96) found that the maximum decolor-
izing capacity of acid-treated montmorillonites corresponds to treatments
that provide maximum surface area. The active clay material in soil,
particularly in combination with small amounts of organic matter,; exerts
a tremendous influence on soil properties. Clays have been shown to
affect the physical properties of soll which are of importance to the
growth of plants (102). Soil engineers have used quaternary.ammonium
chlorides to stabilize soils for several years. |

It is interesting to note that with all the knowledge available



concerning the adsorptive capacity of clays; little use has been made
in the field of water and wastewater treatment, of the increased

adsorptive capacity generated when organic materials are added to the

clays.



MONTMORILLONITE STRUCTURE

Bentdnite is the rock name used to describe a drab and cream-
colored bedded clay. It is essentially volcanic ash in which the glass
has been hydrated and which has lost most of its constituents except
silica and alumina. Bentonite contains two classes of materials (66).
The first class consists of sand and silt as impurities, and includes
grains that range from 0.005 to 1.0 mm in diameter. These impurities
are largely plagioclase, orthoclase, and biotite, with accessory quartz,
glass,.apatite, zircon, and agate. The second class of materials is
clay as the predominant component, and includes all grains less than
0.005 mm in diameter. This class is montmorillonite containing water,
silica, and alumina.

Montmorillonite, the clay fraction, can be separated from the raw
bentonite by sedimentation or centrifugation techniques. Montmorillonite
is one mineral of the smectite, or montmorillonoid group of minerals.

It is an exﬁanding, three-layer clay structure (an octahedral sheet
sandwiched between two tetrahedral sheets) derived from that of the proto-
type pyrophyllite by substitution of other atomic species for central
atoms of the polyhedra. A schematic for a typical unit cell of mont-
morillonite is shown in Figure 1 (129). Figure 2 shows a model of the
montmorillonite lattice structure. The hexagonal holes in the tetra-
hedral layers are evident in this model.

In the tetrahedral sheet, tetravalent Si 1s sometimes partially re-

placed by trivalent Al ions. In the octahedral sheet, there may be
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Fig. 1. Schematic of a unit cell of montmorillonite (129)



Fig. 2. Model of montmorillonite lattice



replacement of trivalent Al by divalent Fe, Mg, etc. This replacement

of one ion for another is referred to as isomorphous substitution. Sub-
stitution of an ion by one with a lower positive valence results in an
excess of negative charge which is compensated for by the adsorption of
cations too large to be accommodated in the interior of the lattice,
usually Ca or Na ions. These compensating cations are referred to as ex-
changeable cations because they can easily be exchanged for other cations,
either inorganic or organic, in the presence of water.

Stacks of unit layers held together by van der Waals forces form a
montmorillonite particle. Exchangeable cations are located on each side
of each unit layer in the stack; hence, they are present between the
unit layers as well as on the external surfaces. Their presence between
the layers causes a slight increase in the basal spacing of montmorillonite
compared with that of pyrophyllite, the prototype mineral.

A considerable amount of work has been done to determine the chemical
composition of montmorillonite. A few representative chemical analyses '
are shown in Table 1 (23, 41, 94). Several additional chemical analyses
can be found in van Olphen and Fripiat's handbook (130).

If the cation-exchange capacity (CEC) and the chemical composition
of the clay are known from chemical analysis, it is possible to assign
the substituting ions to either the tetrahedral or octahedral sheets.

The formula for a unit cell of a typical montmorillonite in the sodium

form with a CEC of 91.5 milliequivalents per 100 grams of clay would be:
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(Sig) (Al 33 Mgy 4;) 0p (OH), (1)

Nag g7

Another important concept in the description of the montmorillonite
system is the types of surface areas. In this study, "basal plane surface"
refers to areas on‘tetrahedral layers in the montmorillonite structure.
The "basal plane surfaces" can be divided into two categories. The ex-
posed exterior tetrahedral layers laying on either side of a montmoril-
lonite particle are termed "exposed basal plane surfaces." The interior
basal plane surfaces between unit layers are referred to as "interlamellar
surfaces."” The exposed exterior areas on the broken-edges, along the
sides of the montmorillonite particles, are termed "broken-edge
surfaces."

X-ray diffraction analysis plays an important role in the identifi-
cation of clays and the determination of interactions between clay
lattices and organic species adsorbed between the clay layers. The
unit layer of montmorillonite, consisting of an octahedral sheet sand-
wiched between two tetrahedral sheets, serves as a unit plane in x-ray
diffraction and defines the unit crystal (unit cell) of the clay. The
unit cell is a parallelepiped representing chemical composition and the
geometry of a crystalline compound. Directions of the three sides of
the parallelepiped form the crystallographic axes a, b, and c¢. The
unit plane of the clay is the base of the parallelepiped. The inter-

cepts of all other planes with the crystallographic axes may be
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Table 1. Chemical composition of several montmorillonites
Weight Weight Weight
Fraction (Percent) (23) (Percent) (41) (Percent) (94)
SiO2 61.3 61.47 49.21
A1203 22.4 122,17 22,61
Fe203 3.55 4.32 0.43
Fe0 0.39 - -
Tio2 0.11 0.09 nil
Ca0 n.d. 0.14 1.95
Mg0 2,81 2.73 2.13
Na20 2,71 3.18 0.45
KZO 0.044 0.03 trace
PZOS - 0.02 -
H,0 5.82 6.02 23.71%
99.13 100.17 100.49

34,0 content reported in the reference corresponds to total H,O0.
2 P
The author states that numbers of hydroxyl groups present is uncertain,

therefore, recommends leaving out the water percentage in computation
of unit cell formulas.

expressed by the unit distances (vectors) a, bo’ and Cye Intercepts

of the unit layers of montmorillonite with the c axis are of importance

to this study as the unit layers of montmorillonite are visualized as

being stacked on top of each other parallel to the plane defined by

the a and b axes.

The Bragg equation for diffraction is:
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nA =2d sin 6 (2)
where
n = the order of reflection
A = wavelength of x-rays (A = 1.541 X for copper Ky radiation)
d = distance between identical planes in the c¢ direction
6 = angle at which reflection occurs.

By including the n in the Miller symbol of the reflection indices and

rearranging, this equation can be written in the form:

_ A
sine(hkl) =3 (3)

d(hkl)

where

h, k, and 1 = Miller indices, integers with a common devisor that
are the reciprocal of the intercepts of a given
plane with the a, b, and ¢ axes.
For example, if the unit layer of montmorillonite intercepts the a,
b, and ¢ axes at ©®, ®, and 1, the Miller indices would be 0, 0, and 1 and

the d spacing defined is the d spacing. If the intercepts of the

(hkl) 001

a, b, and c axes occurred at ©®, ®, and 1/2, the Miller indices become 0,

0, and 2 and the d spacing defined is the d002 spacing. The d

(hkl)
spacing would be one-~half of the d

002

001 spacing. The intensities of
these two diffraction peaks depends upon the structure of the montmoril-
lonite and can be affected by expansion of the montmorillonite with

water, organic molecules, or other materials.
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DISCUSSION OF LITERATURE

The literature review is divided into three sections to permit
specific discussions, each centering around an area pertinent to the
research conducted in this study. The first section outlines general
interactions that are believed to occur between clays and various organic
groups. The nature of clays as adsorbents is discussed in this section.
The second section deals specifically with the adsorption of amines on
montmorillonite and a few other clays. The third section emphasizes
adsorption of several organic species on alkylammonium-montmorillonites,
montmorillonite treated with the salts of amines before interaction with

these additional organic compounds.

General Interactions Between Montmorillonite

and Various Organic Groups

It has been recognized for many years that clays have the ability to
adsorb many types of organic materials. Experiments performed as long
ago as 1845 (128) showed the greater apparent power of clay, over other
cultivated soils, to retain the salt of ammonia. At the time it was
thought the ability of clay to adsorb ammonia was due to a salt of lime
in the soil, and not the free or caustic clay itself (132).

Bonding mechanisms in clay-organic complexes are a long way from
being fully understood, even today. The types of bonding mechanisms
range from simple mechanical entanglement to the formation of multiple

chemical bonds. There is disagreement as to how many such mechanisms
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exist and which mechanisms apply to each classification of interaction

between clays and organic compounds.

The following 1s a listing of several possible bonding mechanisms

that may occur between clay and organic materials (91):

I. Cationic

l'

Ion exchange - Organic cations are adsorbed at clay mineral
surfaces by ion exchange with cations; neutralizing the
negative electrical charges responsible for the cation-
exchange capacity of the mineral (E.;g. alkylammonium ions
adsorbed on Na+¥ and Ca+2-montmorillonite, pyridinium
adsorbed on montmorillonite, and butylammonium ions adsorbed
on vermiculite).

Protonation of organic molecules at clay surfaces - Certain‘
organic compounds can become cationic through protonation
after adsorption at the clay surface G:o:.g.NH3 adsorbed on
Na+— and Ca+2—montmorillonite, urea and various amides
adsorbed on H+;, Al+3-, or Fe+3—montmorillonite, pyridine
on Mg+2-montmorillonite, and 3- aminotriazole adsorbed on
NHZFmontmorillonite).

Hemisalt formation - Hemisalt formation occurs when the
amount of base adsorbed on a clay exceeds the number of
protons available for cation formation (E.gfethylammonium
ions adsorbed on ethylamine-montmorillonite, urea on mont-

morillonite, and various amides-montmorillonite complexes).
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III.

Iv.
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Anionic -~ Although anions are not expected to form complexes
with negatively charged clay surfaces, the benzoate anion of
benzoic acid has been observed to interact with montmorillonite
under certain conditionms.

Ion-Dipole and Coordination - Interactions between polar, but

nonionic, organic molecules and clay minerals has classically

been considered one of hydrogen bonding. Extensive work per-
formed on alcohols has shown direct coordination of these
organics to the exchangeable cation of the clay surface through
their oxygen atoms (.g. alcohols, ketones, nitrobenzene, and
amines interacting with various clays).

Hydrogen Bonding

1. Water bridge ~ A water bridge is formed when a polar
organic molecule links to an exchangeable metal cation
through a water molecule in the primary hydrétion shell .g.
ketones and nitrobenzene interactiﬁg with montmorillonite
and acetone adsorbed on Na+- and Mg+2-montmorillonite).

2, Organic, organic hydrogen bonding -~ When the exchangeable
cation on the clay.is an organic cation, the possibility
exists of interaction with another species of organic com~
pound through hydrogen bonding (E.g. pyridinium-montmoril-
lonite complexed with ethyl N, N-di-n-propylthiol carbamate
and trimethyl-ammonium-montmorillonite interacting with

dialkyl amides).
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VII.

VIII.
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3. Clay mineral oxygens and hydroxyls - Interaction can occur
with molecules capable of hydrogen bonding with the oxygens
or hydroxyls of clay mineral surfaces (E g NH groupé of
alkylammonium lons complexing with oxygen of the silicate
sheets in vermiculite). 1In most cases, the hydrogen bonds
formed with the oxygens and hydroxyls on the sﬁrface are
weaker than intermolecular hydrogen bonds.

van der Waals Forces - These forces are short range, relatively

weak physical forces operating between all atoms, ions, or

molecules resulting from attractioﬁ between oscillating dipoles
in adjacent atoms (. g long-chain alkylammonium ions adsorbed on
various minerals).

Pi Bonding - Unique d orbitals in Cu(IIl)-montmorillonite allow

certain types of unsaturated hydrocarbons to be bound through

donation of their pi electrons (. g.benzene, xylene, toluene,
and chlorobenzene complexed with Cu (II)-montmorillonite).

Entropy Effects - Adsorption of some organic polymers from

solution on clay minerals is apparently favored if there is a

positive entropy change in the system (.g. glycine polymer

adsorbed on montmorillonite).

Covalent Bonding - Preliminary results suggest it is possible in

the geologic column, under relatively high pressures and temper-

atures and over geologic time, that some covalent bondipg between
organic matter and silicates may occur E.g. methyl lithium re-

acting with water of hydration or structural hydroxyl groups on
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kaolinite surfaces).

Interactions Between Montmorillonite

and Various Organic Groups

Smith (116) was one of the first to investigate extensively the
adsorption of organic cations on clay. He concluded that the reaction be-
tween bentonite and the salts of several organic bases was one of base-
exchange.

Hendricks (64) studied several aromatic amines, diaminofluorene salts,
and some aliphatic and heterocyclic salts adsorbed on montmorillonite.

His work showed the organic cations to be held to the surface of the
silicate layers, not only by Coulombic forces between ions, but also by
van der Waals attraction of the molecules to the surface.  Hendricks also
noted large organic ions to be held more firmly by the clay than are in-
organic positive ions, even including hydrogen ions.

Protein and amino acid interactions

A tremendous amount of work has been devoted to adsorption of pro-
teins by montmorillonitic clays. The amounts of protein adsorbed are
large (up to 2.4 grams per gram of montmorillonite) and are limited only
by the amount of surface available, and not by the sites on the surface
of the clay (90). Ensminger and Gieseking (44) prepared albumen-
montmorillonite and gelatin-montmorillonite complexes and found the
organic materials to be adsorbed in the interlamellar space of.the clay,

They also discovered adsorption was enhanced in suspensions of low pH
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and that the adsorption was partly due to the cationic groups in the
protein molecule.

Further work by Ensminger and Gieseking (45) centered around the
treatment of montmorillonite with varying quantities of hemoblobin,
~casein, protamine, pepsin, and pancreatin. The data once again showed
the proteins to be adsorbed in the interlamellar space. Proteins re-
duced the base-exchange capacity of the clay when the complexes were
acidified, indicating that an increase in hydrogen-ion concentration in-
creased the basic properties of proteins, permitting them to be adsorbed
as catioms.

Ensminger and Gieseking (46) also investigated the rate of enzymatic
hydrolysis of proteinaceous material adsorbed on bentonite that was pre-
dominantly montmorillonite. Proteolytic enzymes, rather than micro-
organisms, were used because microorganisms hydrolyze proteins by producing
enzymes, and the hydrolyzing power of enzymes is affected to a lesser
degree by environmental conditions than the microorganisms are. The
adsorption of albumen and hemoglobin by the bentonite was found to inter—
fere with the enzymatic hydrolysis of these proteins in both acid
pepsin and alkaline pancreatin suspensions. This work led Ensminger and
Gleseking to postulate that the interference was either due to adsorption
of the enzyme by the clay, or that the protein molecule may be oriented
in such a way in the interlamellar space of the clay that active groups
of the protein were rendered inaccessible to the enzyme.

Talibudeen (123) found that one or two layers of protein could be
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adsorbed in the interlamellar space of montmorillonite, depending upon
the pH and concentration of the suspension. In a gelatin-suspension at
pH 2.5 and protein concentrations stronger than one percent, two, 4.3 R
thick monolayers of the polypeptide chains of protein, each strongly
adsorbed on the clay mineral sheets, were taken up in the interlamellar
space. He was also able to obtain one layer complexes of gelatin with
the montmorillonite by using gelatin concentrations of 0.5 percent and
less, or by exposing the two layer complexes to a one percent gelatin
suspension at pH values greater than 3.5. Talibudeen (125) further noted
that proteins, such as virus proteins having a high molecular weight and
exhibiting a high degree of crystalline order, could not be incorporated
in the interlamellar spaces of montmorillonite.

Pinck (106) showed that monolayefs of proteins were more rigidly
held to montmorillonite than were polylayers, probably due to van der
Waals forces. This idea was reinforced when only twenty percent of the
protein in a monolayer complex was shown to undergo decomposition, whereas
extensive decomposition occurred in the polylayer complexes.

Amine interactions

Base-exchange is the mechanism by which amines are adsorbed on .
montmorillonite. Adsorption isotherms obtained are characteristically
Langmuir or L-type (53), corresponding to reversible adsorptioh in which
a fixed number of sites on the clay surface participate in the adsorption
process. If the number of carbon atoms in the chain does not exceed

eight, adsorption has been found not to exceed the cation-exchange
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capacity of the montmorillonite, but for larger cations adsorption
appears to be limited only by the surface area of the clay. With the
larger cations, van der Waals interactions dominate the adsorption proc-
ess and the isotherms become H—type1 rather than L-type, with the alkyl
chains'projected in a plane at right angles to the montmorillonite
surface.

Bradley (20) studied adsorption of primary and secondary amines
with one to six carbon atoms in the alkyl chain and recorded bésal
spacings between 13.0 and 13.5 Z, indicating that adjacenf clay layers
were separated by one layer of organic molecules with the zig-zag of the
amine chain parallel to the montmorillonite surface. He found from
thermodynamic measurements that the affinity of the monovalent organic
ion for montmorillonite increased with increasing amine chain length
because van der Waals forces and hydrogen bonding were involved as well
as the coulombic forces.

Rowland and Weiss (112) investigated four methylamine hydrochlorides,
from mono- to tetramethyl, adsorbed on sodium-bentonite. Their work
showed two layers of adsorption for the methylamine and dimethylamine in
the interlamellar space, with trimethylamine and tetramethylamine forming
only a monolayer since the larger cations can fill only one out of every
three holes in the oxygen surface of the clay. The base-exchange capacity
of the bentonite was found to be satisfied by methylamine when 19.0

percent of the oxygen surface was covered with the molecules standing

H-type refers to a classification of adsorption isotherms that
result when high affinity ions are exchanged with lower affinity ioms.
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perpendicularly or when 23.5 percent of the oxygen surface was covered
with the molecules in a tilted position. The dimethylamine cation was
observed to assume two different positions on the oxygen surface. When
the plane of the zig-zag amine chain was parallel to the oxygen surface,
dimethylamine covered 44.5 percent of the oxygen surface. If the plane
of the zig-zag chain was perpendicular to the oxygen surface, 40.0
percent of the surface was covered. The trimethylamine cation is almost
disc-shaped, and therefore must lie flat over a hole in the surface of
the clay with the cation as close as possible to the negative chafge on
the oxygen surface. 1In this position,only one of every three holes can be
occupied and 39.0 percent of the bentonite surface was assumed to be
covered.

Ammonia interactions

Adsorption of anhydrous ammonia on hydrogen-bentonite was found by
Cornet (30) to be highly dependent upon the degree of grinding to which
the bentonite had been subjected. When small quantities of ammonia were
brought into contact with unground hydrogen bentonite, it appeared to
react with exterior basal planes and broken-edge surfaces of the clay.
As these reactive surfaces became saturated, the ammonia pressure rose.
At about twenty-three mm pressure of mercury the montmorillonite planes
were forced apart. The ammonia was adsorbed in the interlamellar space
where it reacted with hydrogen ions. Additional adsorption of ammonia
was found to follow the customary Freundlich adsorption isotherm pattern.

The adsorption of ammonia on finely ground hydrogen bentonite ex-

hibited an entirely different pattern. As the pressure of the»ammonia
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increased, adsorption increased continuously with no expansion of the
clay lattice noticed. Not only did grinding decrease the adsorptive
capacity of the clay, but the unground form was capable of retaining 0.8l
milliequivalents of ammonia per gram when the ammonia was pumped off at
a pressure of 4 x 10'_5 mm of mercury; whereas the finely ground form
was able to retain only 0.51 milliequivalents per gram of clay.

Mortland et al. (93) found that with montmorillonites expanded
with ammonia, the basal spacings decreased in the same order as with
the hydration series: H = Ca > Na = K > Cs. These findings suggested
that the extent to which montmorillonites swell in the presence of
ammonia depends on its charge and perhaps on the location of thé éharge
in the octahedral or tetrahedral layer. For H+— and Ca++—montmorillonites
fully expanded by ammonia, the basal spacing was measured at 12.2 + 0.1
Z. That ammonia was chemisorbed as NHZ ions rather than in th%)molecular
form was confirmed by infrared spectroscopy. Mortland postulated that
the ammonia reacted with exchangeable protons in the case of H+;montmoril-
lonite, and residual water molecules or constitutional OH supplied the

necessary proton in the base saturated montmorillonites.

Sugar interactions &

Greenland (56) studied the adsorption of twenty-se#engdifferent
sugars on montmorillonites saturated with several different inorganic
cations. The amount of adsorption was found to vary with the exchange-
able cations in the order: K < Ca < Mg < H < Na. Methylated sugars
were adsorbed more strongly than were the unsubstituted sugars. Carboxyl-

or amino-substituted glucoses were physically adsorbed less strongly than
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were the unsubstituted sugars. Monosaccharides were less strongly ad-
sorbed than were the disaccharides.

Most of the sugars formed two-layer complexes in the interlamellar
space, while some showed only monolayer complexeé and others exhibited
only two~-layer complexes. No adsorption was observed to exceed that
represented by the formation of a two-layer complex. Adsorption
appeared to commence with solution concentrations of about one percent,
and maximum adsorption was observed at a solution concentration of
approximately four percent.

Surfactant interactions

Surfactants are classified into two main classes: ionic and non-
ionic. The ionic class is further subdivided into anionic and cationic
groups. Law and Kunze (78) treated Wyoming bentonite with eight sur-
factants at three treatment rates (100, 50, and 10 millimoles per 100
grams). The surfactants included three anionic, three cationic, and two
nonionic compounds.

The anionics were not adsorbed in quantities sufficient to be
detected by thermogravimetric measurements and had no effect on basal
spacings of the montmorillonite. In contrast to the anionics, adsorption
data showed that significant quantities of both cationic and nonionic
compounds were adsorbed by the montmorillonitic clays. Large basal
spacings were observed at the high and intermediate treatment rates for
the cationics and nonionics, reflecting the tendency for large organic

molecules to stand on end when crowded between clay plates. In some



24

cases,the data exhibited basal spacings indicative of a tilting of the
organic molecules in the interlamellar space.

Herbicide interactions

Interactions between pesticides and soill colloids indicate the fate
and behavior of pesticides in soil systems are dependent upon at least
seven factors: chemical decomposition, photochemical decomposition,
microbial decomposition, volatilization, movement, plant uptake, and
adsorption. The phenomenon of adsorption-desorption appears to influence
directly or indirectly the magnitude of the effect of the other six -
factors.

Béiley, et al. (5) reacted H+- and Na+—montmorillonites adjusted
to pH values of 3.35 and 6.80, respectively, with members of the herbi-
cide families: s-triazines, substituted ureas, phenylcarbamates,
aniline, anilides, phenylalkanoic acids, benzoic acids, and picolinié
acids. Adsorption isotherms conformed to the Freundlich adsorption
equation for nearly all the organic compounds, and none of the groups
studied conformed to the Langmuir adsorption equation.

Adsorption occurred to the greatest extent on the highly acidic
ﬁ+-montmorillonite compared to the nearly neutral Na+—montmorillonite.
The dissociation constant of the adsorbate was cited as the major
factor governing the magnitude of adsorptiom.

Maximum retention of basic compounds occurs when the surface
acidity of clay is at least one to two pH units lower than the lowest

dissociation constant of the molecule. An interesting concept was noted
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when atrazine, an s-triazine with a pK2 value of 1.68, was adsorbed
on the H+—montmorillonite at pH 3.35. This meant that the pH at the
surface of the clay had to be approximately three units lower than
the suspension pH, or the atrazine could not have been adsorbed
since it would not have been completely associated at pH 3.35.

Alcohol interactioms

MacEwan (80) brought air-dried Ca++ and NHZ saturated montmoril-
lonite into contact with monohydric and polyhydric alcohol liquids.
The monohydric alcohols formed two-layer complexes in the interlamellar
space of the montmorillonite for alcohols with one and two carbon atoms
in the hydrocarbon chain, and mono-layer complexes with alcohols con-
taining three to ten carbon atoms in the chain. This finding is in
agreement with the bonding mechanisms of montmorillonite, since the
interlamellar layer consists of two surfaces, each with negative
oxygen ions. The shorter chain alcohol molecules are more polar and
their positive ends are attracted to the negative ions on each of the
two surfaces forming two layers in the interlamellar space. Since
the longer chain alcohol molecules are nonpolar, van der Waals forces
of attraction are important and the molécules tend to lie flat in
the interlamellar space forming only a single layer.

Emerson (43) adsorbed polyvinyl alcohol on montmorillonite forming
a two-layer interlamellar compléx with the carbon chains perpendicular

to the clay surface in which there appeared to be van der Waals contact
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between the CH2 groups and the oxygen atoms on the clay surface. This
assumption is contradictive of the findings by MacEwan (80).

Brindley and Ray (25) formed complezes between Ca++—montmorillonite
and even numbered straight chain primary alcohols containing from two
to eighteen carbon atoms. Single~layer complexes were formed for all the
alcohols with increasing basal spacings recorded from 13.2 to 14.0 K as
the carbon chain length increased. Complexes were also obtained for the
C2, C4’ and C6 alcohols with basal spacings from 16.7 to 17.9 K, in-
dicating two layers of organic molecules lying in the interlamellar space
with their lengths para;lel to the silicate surfaces. They were able to
obtain long-spacing complexes (26.5 to 41.0 K) with temperatures above
the melting points of the alcohols for C

to C,, alcohols and long-

6 18
spacing complexes (34.2 to 58.6 K) at room temperatures. Basal spacings
measured at room temperature suggest that the alcohols were filted in
the interlamellar space at an angle of 77° to the silicate surfaces.
Measurements taken above the melting points of the alcohols imply that a
double~layer was formed with a portion of the chain rotated around the
second or third carbon atoms and the extended part of.the chain making an
angle of 38.9° with the silicate surface.

Dowdy and Mortland (40) studied vapor phase adsorption of ethanol
on homoionic Cd++—, Al++—, Cd++-, and NHZ-montmorillonites. Application

of infrared absorption techniques showed water of hydration on Cu++—

montmorillonite containing five percent water to be replaced as the
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clay was exposed to increasing pressures of ethanol. The moisture
content was reduced to 0.6 percent at an ethanol pressure of P/Po = 1,
Results indicated the presence of two types of water on Cu++—montmoril-
lonite: molecules coordinated directly to the cation and molecules in
an outer coordination sphere or loosely adsorbed on the clay surface.
X-ray data showed an expansion of the Cu++—montmorillonite basal spacing
to 13.3 K, followed by rather stable L2sal spacings as exchange of
ethanol for water occurred in the inner coordination sphere of the Cu
ion. The final stage of adsorption was characterized by a further
weakening of electrostgtic bonding forces with a resultant expansion of
the basal spacing to 16.5 X&. The basal spacing of 13.3 and 16.5 A are
in accordance with single and double layers of ethanol adsorbed in the
interlamellar space with the CCO plane of ethanol parallel to the
lattice surface.

Ca++—montmorillonite exhibited a basal spacing of 16.5 A but at a
lower relative pressure of ethanol than that exhibited by the Cu++;mont—
morillonite. Only a slight inflection occurred at a basal spacing of
13.4 & in the plot of basal spacing versus relative pressure, indicgting
that Ca++—montmorillonite does not have a preferred coordination habit
that would encourage formation of a single layer of ethanol in the interla-
mellar space. At ethanol pressures of P/P0 = 1, the Ca++—c1ay lattice
appeared to expand still further.

The Al++f, Na+—, and NHZ—montmorillonite lattices did not expand

beyond a basal spacing of 13.6 R, showing no indication of formation of
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a double-layer of ethanol in the interlamellar spaces. '

An extensive adsorption isotherm study was conducted by German and
Harding (51) for a homologous series of primary aliphatic alcohols from
aqueous solution with Na+- and Ca++-saturated montmorillonites. Their
work concentrated on the influence of alcohol chain length, exchangeable
cations and mineral surface on the adsorption equilibria of nonionic
molecules from aqueous éolution.

Amounts adsorbed were greater for the alcohols completely miscible
with water (ethanol, n-propanol, and n-butanol) on the Na+-montmorile
lonite. Adsorption isotherms obtained for Ca++—montmorillonite showed
the chain length of the adsorbate to have a more profound effect. Lang-
muir type adsorption isotherms were exhibited by the alcohols completely
miscible with water and there was a slight increase in adsorption with
increasing chain length. For the higher alcohols (n-pentanol to n-
decanol), far too much sorbate was taken up in the interlamellar space
of the Ca++-montmorillonite to correspond to anything like a monolayer.
Ca&+;montmorillonite adsorbed more alcohol than did the Na+ form.

German and Harding (52), in an x-ray study of this same system,

found a two-layer interlamellar adsorption of the C, to C. alcohols and

1 5

6 to C10 alcohols adsorbed

on Ca++-montmorillonite. Na+Fmontmorillonite showed a two-layer inter-

a long-spacing series (26.8 to 34.0 R) for C

lamellar adsofétion for C1 and 02 alcohols, a one-layer adsorption for

C3 to C6 alcohols, and a one-layer adsorption for C7 to C10

but only after a month of contact between the alcohols and the clay.

alcohols,
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Amide interactions

Amides, derivatives of carboxylic acids in which the hydroxyl group
has been replaced by the amino group, are reactive through electrons on
either the oxygen atom or the nitrogen atom of the amide group. Early
findings with adsorption of amides on montmorillonite suggested that
protonation of the nitrogen atom occurred, but more recent works have
provided theoretical, as well as experimental evidence, that protonation
of the amides takes place through the oxygen atom.

Tahoun and Mortland (122) adsorbed acetamide, N-ethylacetamide,
and N, N-diethylacetamide on H+ and Al+++ saturated montmorillonite and
utilizéd.infrared absorption techniques to determ;ne if amides become
protonated on acid montmorillonite gurfaces. Data reported suggested
that acetamide was protonated on the surface of the H*— and A1+++?mont-
morillonites, but the protonation on the aluminum system was modified by
the existence of a coordination reaction. N-ethylacetamide and N,
N-diethylacetamide were more extensively protonated due to‘their more
basic nature as a result of the effect of the one and two ethyl groups,
respectively. Protons in the hydrogen system were from the exchangeable
hydrogen ion, whereas, protons in the aluminum system came from highly
dissociated water,

Aromatic interactions

Ion-dipole type van der Waals attractions are believed to influence
the adsorption of aromatic molecules on montmorillonite. This type of
interaction does not necessarily play an important role in the inter-

calation of ponpolar organic compounds, as such compounds are thought
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to be adsorbed on the interlamellar surfaces by induced dipole-induced
dipole type van der Waals forces of attraction. Weakly polar molecules,
such as nitrobenzene and phenol, replace the water associated with ex-
changeable cations and occupy the sites on the silicate surfaces pre-
viously taken up by the water molecules.

Barshad (15) found benzene capable of entering the interlamellar
spaces of montmorillonite and vermiculite as long as the clays were
partially hydrated. Bradley (20) and MacEwan (80) reported a double-
layer interlamellar complex for benzene adsorbed on montmorillonite,
with the plane of the benzene ring parallel to the silicate surface.
Greene-Kelly (54) failed to achieve interlamellar adsorption of benzene
on dehydrated montmorillonite.

Doner and Mortland (39) showed benzene and methyl-substituted
benzeﬁe vapors to be intercalated by montmorillonite saturated with
copper (II) cations. Mortland and Pinnavaia (92) found benzene to for