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ABSTRACT

TRANSVERSE LAYER RIGIDITY IN VERMICULITE PILLARED BY
MIXED ALKYLAMMONIUM IONS

By

Hyungrok Kim

The mixed alkylammonium ion pillared clay system
[(CH5) 4NT14[ (CH3)3NHY ], _y-vermiculites(x=0-0.96) has been
shown to be suitable for quantitatively describing the
transverse layer rigidity of the host clay 1layers by
observing the relationship between gallery height and the
fraction of pillaring (CH3)4N+ ions occupying the gallery
surfaces.

The mixed ion [(CH3)4Nt14[(CH3)3NH'];_y,-vermiculites
were prepared by the partial exchange of (CH3)3NH+ ions in
[(CH3)3NH+]-vermicu1ite with the appropriate amounts of
(CH3)4N* ions.

Very poor agreement was obtained between the X-ray
diffraction peak positions of the observed and the
calculated 001 reflections based on the Hendricks-Teller and
Reynolds models for ion segregation. However, the observed
patterns were in good agreement with the Bragg model for
uniform ion mixing within the galleries. Also, a one-
dimensional Patterson synthesis of the mixed ion system

showed vector distributions corresponding to a unique d-
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spacing. In addition, the experimentally observed x
dependence of the normalized d-spacings (d,(x)=(d(x)-
d(0))/(d(1)-d(0)))  of  the  [(CH;)gNT1y[(CH3)3NH"]3 -
vermiculites deviated strongly from the expected behavior
for an ion-segregated system. Thus, the diffraction data are
consistent with the random distribution of both ions within
each gallery, as opposed to ion-demixed intercalates in
which the two ions occupy separate galleries.

A rapid rise in dj(x) with increasing x was observed
near the threshold value of x+=0.2 and the maximum possible
dn(x) value of 1.0 was observed near an x value of 0.6. A
model which related d,(x) to the layer rigidity parameter p,
the binding energy difference between the gallery sites and
the non-gallery(defect) sites, and the ratio of the two
sites yielded an excellent fit to the experimental d,(x). A
layer rigidity parameter p=8, a binding energy difference of

2.5 Kcal/mole, and the defect site ratio of 33 % were

determined for the vermiculite host layers.
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I. INTRODUCTION
I-1. Structure and Properties of 2:1 Type Clay Minerals

Layered alumino-silicates mineréls, generally known as
clay minerals, have different forms that vary from amorphous
powders to single crystals. They also show broad variations
in chemical and physical proper:ties.lr2 Even among clays
with almost same layer lattice structures where the basic
sub-layer building blocks are almost identical, their
properties can vary greatly. These two-dimensional layer
structures consist of sheets of MO, tetrahedra and a sheet

of M’Og octahedra where M is most commonly si4t

and,
occasionally, Al3% or Fe3*, and M’ is a13%, Fe3t, Mg2t, Lit
or a vacancy. Also, some of the oxygens of the M’Og are
replaced by hydroxy groups. Thus, the various clay layers
may be considered as condensed products of the two different
kinds of sheets.3

The 2:1 layer 1lattice structures of interest in this
research contain two tetrahedral sheets fused to a central
octahedral sheet.4 Fig. 1 illustrates the idealized 2:1
structure along with the interlayer cations. For simplicity,
metal cations in both the tetrahedral sites and the

octahedral sites of layers are shown using solid circles.

The surfaces of the unit layer are composed of basal oxygen



Oxygen plane

Tetraheral
Sheet

Octahedral sheet

Tetraheral
sheet

1 Schematic illustration of the tetrahedral and
octahedral sheets in a 2:1 layered silicate layer.
open circle: oxygen shade circle: hydroxyl group
small closed circle: tetrahedral site cation Si, Al
large closed circle: octahedral site cation Al,6Mg,
Fe, Li, vacant




planes which define a Kagome net containing 3-membered and
6-membered oxygen rings. This net is described Fig. 2(a).
Ideally, 6-oxygen rings form sites of hexagonal symmetry. In
a real layer, tetrahedral rotations occur around the Si(Al)-
O bonds perpendicular to the basal plane, because of a
misfit between the b parameters of the individual
tetrahedral and octahedral sheets. The directions of the
tetrahedral Si(Al)0, rotations are indicated by the arrows
in Fig. 2(b). The rotation of the tetrahedral sites changes
the cavity symmetry from hexagonal toward trigonal,l but the
triangular lattice symmetry which is defined by the centers
of 6-membered oxygen cavities is not affected by the
rotation. The thickness of a layer is about 9.6 A.

In the unit cell of 2:1-type clay minerals, twenty
oxygen atoms and four hydroxy groups form a 44 e~ anion
framework which defines six octaheral sites and eight
tetrahedral sites for occupancy by layer cations, along with
four 6-membered oxygen cavities.l! The idealized chemical
formulae of various kinds of 2:1-type clay minerals are
summarized in Table 1. The terms "dioctahedral" and
"trioctahedral" mean that two-thirds and three-thirds of the
octahedral sites are occupied by metal cations,
respectively. As shown in Table 1, a large portion of 2:1
type clay layers are negatively charged. These negative
charges are balanced by interlayer cations. Depending on the
amount of layer charge, 2:1-type clay minerals can be

divided into 5 groups: the talc-pyrophyllite, smectite,
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Fig. 2 (a) The idealized Kagome net defined by the 3-
membered and 6-membered oxygen rings in the
basal surfaces of a 2:1 layer lattice silicate.
The primitive cell (---) and lattice parameter,
a=5.34 A of an undistorted lattice are also
shown.

(b) Distortions in the Kagome net due to in-plane
rotations of the Si(Al)0, tetrahedra.




Table 1. Idealized structual formulae for representative 2:1 phyllosilicates.
In each formula the bracket and the parentheses define metal
ions in octahedral and tetrahedral sites , respectively.

Mineral group Dioctahedral Trioctahedral
Phyrophylite  Phyrophylite: Talc:

- Tale [Al4.0](Sig.0)O20(OH)4 [Mgs.0](Sig.0)O20(0OH)4
Smectite Montmorillonite: Hectorite:

(x=0-4-1-2)  M{gZ yHO[ Al xMgy](Sig) O20(OH)s

MimyH2O[Mge xLixl(Sig) O20(OH)s

Beidellite: o Saponite:
My yH2O[Al(SigAk)O20(OH)s  MamyH2OMMIe](Sig.xAl)O20(OH)4
Vermiculite Vermiculite
ey MgyieyH2OIMGe](Sia.xAlk) Oz0(OH) 4
Mica Muscovite: Phlogopite :
K3Al4](Sig Al)O20(OH)4 K5[Mgs](Sig Al2)O20(OH)s
Brittle Mica Margarite : Clintonite :

2 g
CafAle](Sis Al)Oz0(OH)s

2 P
Cag[Mg4AlL](SizAle)Ozo(OH)




vermiculite, mica, and brittle mica groups. In the talc-
pyrophyllite group, the layers are electrically neutral and
coupled through van der Waals forces.5 In the other extreme,
mica and brittle mica minerals possess 2 e~ and 4 e~ layer
charges per O0,3(OH), unit, respectively, and the counter
cations, usually Kt and ca2*, are tightly bound in the
ditrigonal oxygen cavities of the interlayer surfaces.
Therefore, no significant intercalation chemistry based on
cation exchange reactions is observed for both groups. On
the other hand, in the smectite and vermiculite groups of
clays with intermediate layer charge densities, diverse
intercalation chemistry has been established due to their

the appreciable swelling and cation exchange properties.®

I-2. Pillared Clays as Two-dimensional Microporous Material

Two different types of intercalated clays are
distinguished from the point of view of gallery(interlayer
region) environments. One group is the simple hydrated metal
cation exchange forms (Mn+, n=1,2), such as the smectite
group clay minerals, typically found in nature. In these
exchange forms, the interlayers collapse at high temperature
(above 200 °C) due to the loss of water. This kind of system
requires a swelling agent to provide access of other species

to the interlayer region. The second type of intercalated

clay is the pillared clays in which robust cations act as



props to prevent interlayer collapse even in the absence of
a swelling agent. Pillaring means here the creations of
accessible micropores in the interlayer regions of the clay
by chemical and physical processes based on the cation
exchange property of the 2:1 type clays. Pillaring is shown
schematically in Fig. 3(a).’

The first pillaring of 2:1 type clays was demonstrated
by Barrer and MacLoed® by utilizing tetraalkylammonium ions
as pillaring species and a smectite clay as the layered
host. Several variations in both the pillaring species and
layer types have been tried.? Among the typical pillaring
agents illustrated in Figqg. 3(b), organic-containing
molecular pillaring species, such as alkylammonium cations
and metal chelate compounds, have been used greatly because
of big advantages in defining the shapes and sizes of
pillars in the clay galleries.lo, There has been increasing
interest in the catalytic properties of pillared clays.11
Various types of inorganic pillaring species have been
examined in order to achieve higher thermal stability and
larger pore sizes. Al,12 zr,13 Fe,14 cr,15 and Ti
polynuclear hydroxy-oxo cationl® intercalation reactions
afford more thermally stable and catalytically active
pillared clays. Usually, pillared clays derived from
inorganic cationic species are stable above 500 ©C and
exhibit large surface areas (BET: 200-500 mz/g) and large
pore volumes ( 0.1-0.2 cm3/g) with relatively large pore

diameters ( 8-20 A). The distributions of metal oxide
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(a)

(b)
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(b)

Schematic representation of the pillaring

of clay. ® and Pt are simple and robust
cations, respectively.

Typical types of pillaring agents: tetraalkyl-
ammonium; bicyclic amine cations; polyhydroxyl
or oxo cations; metal chelates.
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pillars and pores in the interlayer regions of metal hydroxy

cation pillared clays can be highly regular,l10 even though

the layer charge densities of smectites vary as much as a
factor of 2 from layer to layer.l7

The pores created by pillaring reactions provide
chemists with a constrained reaction environment and a
system of interconnecting pores for conducting chemical
conversions. Chemical reactions within pores may be
different from those on bulk surfaces due to differences in
kinetic and shape-selective effects.18 For pores of less
than 40 A diameter, theoretical calculations based on
kinetic theoriesl? show that great reactivity increases, as
much as four orders of magnitude, as well as selectivity
increases of 1 or 2 orders of magnitude, can be realized for
non-diffusion controlled chemical reactions when the walls
of the pores are involved as catalytically active sites.
High temperature reactions, such as oil cracking on zeolites
or acidic pillared clays can be good systems for testing
these small pore effect predictions.

Another important point regarding pillared clays is the
high possibility of forming large pores (above 20 A in
diameter) formation which may be very useful for the
diffusion of large molecular species into active surface
sites.10 It is well-known that the pore size of pillared
clays can be increased simply by increasing the size and
charge of the pillars or by the decreasing the charge

density of the clay layers.10
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I-3. Transverse Layer Rigidity and Access in Pillared Clays

With regard to the two-dimensional molecular sieving
and catalytic applications of pillared clays, one of the
very important factors to be considered is the interlayer
access phenomena of the species to be catalyzed or to be
absorbed. The interlayer access in the pillared clay system
is controlled by the size of pores and the size and shape
of the species to be accessed.

As depicted in Fig. 4(a), the pore size of a pillared
clay may be defined by two factors: d;, the pillar height
and d,, the lateral separations between pillars. However,
this description is accurate only if the layers are rigid
against transverse distortions, such as sagging due to the
interlayer interactions or other external forces.

In the case of flexible layers, which are schematically
shown in Fig. 4(b), the pore size is not defined well by the
above two parameters. Thus, the shortest vertical distance
between layers d;’ is expected to be smaller than d;.

In spite of the successful pillaring of 2:1 type clays,
which proves that the layers are reasonably rigid,
transverse distortions of 2:1 clay layers in the range of
102 A have been directly observed by using electron
microscopy. Bending of vermiculite 1layers and folding of
smectite layers have been reported.zo Definitely, the 2:1

clay layers have finite rigidity.Z21
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Fig. 4 Schematic representation of the layers
of a pillared clay assuming
(a) Rigid layers
(b) Flexible layers
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Therefore, it 1is very important to describe the
rigidity of the 2:1 clay layers in order to obtain a better
understanding of access phenomena in pillared clays.

This layer rigidity argument is also relevant to the
design of large pores in pillared clays. In principle, by
increasing the lateral distances and pillar height, the pore
size may be increased. However, it is expected that gallery
collapse due to interlayer interactions also will increase
with increasing lateral separation of the pillars. Thus, the
extent of gallery collapse will depend on the transverse
layer rigidity of the host layer. Here, the term "transverse
layer rigidity" refers to the tendency of a layer to resist
transverse (out-of-plane) distortions.

In designing a large-pore pillared clay system, one
should be aware of the importance of the transverse layer

rigidity of the host layers.

I-4. Approach to Characterizing the Transverse Rigidity of

Clay Layers

As described previously, the extent of layer distortion
in a pillared clay should be a function of the lateral
separation between pillars. Therefore, measuring the average
basal spacing as a function of pillar density, as shown in
Fig. 5(a), would be a ideal way of probing layer rigidity.

However, varying the pillar density would require varying
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1 Gradual

[ ] increase of

9 O Q lateral distances
Jl  between pillars

(a)

b [ONIONN®. O Induction of layer

C ]
distortion by
mixing cations

LO o (O o O] Gradual increase of

C ] lateral distances
between larger
pillars

Fig. 5 (a) The concept of probing layer distortions
by increasing lateral pillar separation.
(b) The concept of probing layer distortions
by mixing large and small ions in
a mixed ion clay
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either the layer charge on the clay or the charge on the
pillars. Neither of these approaches, however, are plausible
over suitably broad ranges of pillar densities.

Another more promising route to probing layer rigidity
is to induce layer distortions by mixing two cations of
different size in the same clay gallery. The term "mixed ion
clay" refers to a clay system in which two cations of
different kinds are randomly distributed in the same
interlayer region.?2 The mixed ion clay system is
represented by the general formula of [A],[B];_4-Y, where
"A" and "B" are interlayer cations and "Y" indicates the
host clay system. In the above formula, the size of the "A"
cation is larger than that of the "B" cation by definition.
In a mixed ion clay, the lateral distances between larger
cations can be changed almost continuously from the limiting
value of homoionic [A]-Y, to infinity by changing the ratios
of two different cations.( see Fig. 5(b))

Since the magnitude of the layer distortion should be
small compared to the size of the layer, one dimensional X-
ray diffraction from stacked clay layer samples could be
used to detect layer distortions which change in the repeat
distance of the layers along the c axis.?3

Fig.6 illustrates the expected behavior for two extreme
cases of mixed cation pillared clays: the infinitely rigid
limit (Fig. 6a) and the infinitely floppy limit (Fig. 6b).
The expected normalized basal spacings (d,), relative

responds of repeating distances in mixed ion clays, defined
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as dp(x)=(d(x)=-d(0))/(d(1)-d(0)) where d(x) is the d-spacing
of the mixed ion clay at a concentration x of the larger
cation, are also plotted in the lower part of the figure.
For the infinitely rigid layer case (a), d, reaches 1 at a
very low concentration of the "A" cation, ideally,
corresponding to only three "A" cations per gallery. For
the infinitely floppy 1limit, the situation is totally
different. In this case, the layers fluctuate locally in
accord with the cation size and this results in a linear
relationship between d,(x) and x.

Since the real 2:1-type clays with finite layer
rigidities do not belong to either of the two extreme cases,
it is expected that the shape of the d,(x) vs. x plot will
be intermediate between these of two extreme cases.

Based on the above considerations of the behavior of
dn(x) vs. x, it may be concluded that layer rigidity
information can be extracted from d,(x) vs. x plot, provided
that an appropriate model can be developed.

In order to experimentally quantify the transverse
distortions of 2:1 clay layers, one must achieve the
following goals: (i) the synthesis and characterization of a
series of mixed-ion clays, (ii) determination of the d,(x)
vs. X plot for the mixed-ion clay system, and (iii)
establish a suitable model for the simulation of the d,(x)
vs. x dependence and extract a layer rigidity parameter from

the experimental results.
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I-5. Defining the Mixed-Ion Clay System

Llano vermiculite, which has layer charge density as
high as the natural micas,24 served as the clay host for
this research. The high charge density is preferred for the
simulation experiments, because the symmetry and locations
of the intercalated cations can be reasonably deduced. As
indicated in the early part of the introduction, the
location and symmetry of cations in micas are well-defined.
It can be assumed that the distribution of cations in Llano
vermiculite is almost the same as that of micas.

Trimethylammonium and tetramethylammonium cations were
utilized in synthesizing the mixed cation clays, because of
the suitable swelling properties of trimethylammonium and

tetramethylammonium exchange forms of Llano vermiculite.




IT. EXPERIMENTAL

II-1. Materials

Tetramethylammonium chloride and trimethylamine were
purchased from Aldrich Chemical Co. and used without further
purification. Single crystals of Llano vermiculite were
obtained from the Source Clay Repository at the University
of Missouri, Rallah, Missouri. The crystals were ground in
a mortar and pestle to a fine powder (-200 mesh). Then, the
powdered form of the vermiculite was treated with 2.0 M
MgCl, solution for one day at room temperature to ensure
complete saturation of the exchange sites by Mg2+. After the
separation of the clay from suspension by repeated
centrifugations and decantations, the Mg-vermiculite was
dried in air for at least two days. The quality of
vermiculite was sufficient to prepare all of the mixed ion

derivatives used in this study.

II-2. Synthesis

II-2-1. [ (CH4)4NH' ]-Vermiculite

18
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The trimethylammonium exchange form of vermiculite was
obtained by ion exchange of the pristine mineral in the
presence of EDTA anion as a complexant for magnesium ion. A
solution containing 12.5 wt% trimethylamine and 2.7 wt%
ethylenediaminetetraacetic acid was adjusted to pH=7.0 by
the slow addition of concentrated HCl. This solution was
mixed with powdered magnesium vermiculite in the ratio 1.0 g
of clay per 200 ml of exchange solution, corresponding to a
Mg2t: (CH5)3NHY: EDTA molar ratio of 1:560:50. The
reaction mixture was allowed to stir vigorously for one day
at room temperature. The [(CH3)3NH+]—V (V: vermiculite) was
recovered by five cycles of centrifugation and washing with
200 ml quantities of distilled water. The x-ray diffraction
pattern of an oriented film sample dried at 100°C exhibited

a basal spacing of 12.70 A.

II-2-2. [(CH3)4NT]-Vermiculite

This derivative was prepared from [(CH3)3NH+]-V by ion
exchange reaction with the (CHj)4N* cation. To a 2.5 M
solution of (CH3)4NCl, an equal volume of 1.0 wt% of
[(CH3)3NH+]-V suspension was added at room temperature.
After 24 hours of stirring at room temperature, the
[(CH3)4N+]—V was washed by successive centrifugation(15,000
rev/min), decantation and redispersion into distilled water.

Analysis for trimethylammonium ion (see below) indicated
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that the exchange reaction was 96% complete. An oriented
film sample dried at 100 °C exhibited an x-ray basal spacing

of 13.34 A.
II-2-3. Mixed Ion [(CH3)4N+]X[(CH3)3NH+]1_x Vermiculites

Mixed ion exchange forms of [(CH3)4N¥1y[(CH)3NHY]; -V
were prepared by the reaction of [(CH3)3NH+]-V suspensions
with (CH3)4NCl solutions at various (CH3),Nt molar ratios.
The concentration of the (CH3)4N+ was in the range of
0.0024-2.500 M. After allowing the reaction mixtures to be
stirred for designated reaction times at room temperature,
the mixed-ion vermiculites were collected by using the same

isolation procedures as described previously.

II-3. Characterization

II-3-1. Exchange Ion Compositions of

[ (CHy) 4NV 14[(CH5)3NHT];_, - Vermiculites

The exchange ion compositions of [(CH3)4N+]x
[(CH3)3NH+]1_x -vermiculites were determined from the amount
of trimethylamine released upon dispersing a fixed amount of
the mixed-ion clay in 1:1 methanol water(volume ratio)
mixture containing 0.05 M NaOH. The liberated

trimethylamine was slowly transferred by distillation into a
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titration flask equipped with a pH electrode and a buret
containing standard HCl solution. During the distillation
process, the pH of the solution in the titration flask was
kept just below a value of 7 by the periodic addition of a
standard HC1l solution. The amounts of HCl consumed for the
mixed ion clays were compared directly with the amount
needed to neutralize the trimethylamine liberated from an

equivalent quantity of [(CH3)3NH+]-vermicu1ite.

II-3-2. X-ray Diffraction Patterns

Oriented film samples for X-ray diffraction analysis
were prepared by drying approximately 1 ml of a 1 wt% clay
suspension on glass slides in air. The films were then dried
in an oven at 100 ©C. The mosaic spreads of the small clay
platelets in the films were 5-10 degrees.2® No swelling by
water was observed upon exposure of the heated samples to
the atmosphere for prolonged periods of several months.
Diffraction patterns were obtained using Ni-filtered Cu-Ka
radiation. The basal spacings were determined from the
slopes of Q vs. 1 plots where Q is the momentum transfer,
(47 sin 6/ ) = 2n71l/d) and 1 is the diffraction order. The
slopes of the Q vs. 1 plots were determined by weighted

linear-least square regression analysis.?26




22

II-3-3. Modeling X-ray Diffraction Patterns

In order to interpret the xrd patterns of samples in
terms of gallery ion distributions, one-dimensional xrd
patterns were generated based on the three known models:
Bragg, Hendricks-Teller,27 and Reynolds models .28

In the Bragg model, the homogeneous mixing of two
different kinds of cations in the same gallery is assumed.
However, in the two other models, the segregation of two
different kinds of cations into different galleries is
assumed and modeled by appropriate mathematical treatments.

Details of the treatment of the xrd pattern
calculations are summarized in Appendix I. Layer atomic
coordinates were taken from the single crystal structure
determination of vermiculite.?? The X-ray scattering factors
of the clay layer atoms were taken from the values provided

by Wright.30
II-3-4. MacEwan Direct Fourier Transform of XRD Patterns

In order to determine the sequences of layer stacking,
diffraction patterns were transformed into the function
W(R)28, which is the probability of finding a given layer to
layer distance R. In this equation (see Eq. 1), Ig is the
diffraction intensity at angle theta, LP the Lorentz-
polarization factor, :G:Z the squared magnitude of the layer

factor, Q the momentum transfer, and R a distance in unit
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of A. This transform is a modification of the Patterson
function3l, which is used to obtain the vectorial separation
of atoms within an unit cell. In the calculation, the sunm
was taken over the continuous diffraction profile and the

structure factor of trimethylammonium vermiculite was used.

S
W(R)= X ———— cos (RQ) 1
8 LPIGP ()
II-3-5. Infrared Spectroscopy

Infrared spectroscopy was used mainly to obtain
information on the orientation of the smaller
trimethylammonium ions in the galleries. The absorptions of
the Nt-H stretching frequency at about 2730 cM~l  were
compared with changes in "the angle of incidence" between
the surface of the self-supported clay film and the incident
infrared beam.

An IBM FT-IR spectrometer model 40S was used to obtain

the spectra.
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IT-3-6. Raman Spectroscopy

Laser Raman spectroscopy was used to examine the mixed-
ion <clays. The in-plane intralayer torsional mode of
tetrahedral alumino-silicate sheets32 was examined to
determine the effect of the cation mixing on this
vibrational mode.

Raman spectra were obtained using the 5145 A line of an
argon laser at a typical power 1level of 150 mW. All
measurements were made with the scattered light collected at
90 degrees to the direction of propagation of the laser
light, which was incident at an angle of about 45 degrees to
the sample plane. The experiments were undertaken at room

temperature.

I1-3-7. Chemical Analysis

Chemical analysis on independent samples of Llano
vermiculite were accomplished using ICP atomic emission
spectroscopy. The NBS 98-a plastic clay served as a
standard clay for the analysis.

With regard to the preparation of the sample solutions,
about 30 mg of Mg-vermiculite was mixed with 0.3 g of LiBO,
in a graphite crucible, and the mixture was fused in a
furnace at 1000 ©C for 10 minutes. The molten material was

poured into 30 ml of 10 % HNO; and the solution was stirred
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to achieve complete dissolution. The elements Mg, Al, and Si

were analyzed.

II-4. Modeling the Composition Dependence of Gallery

Height for [(CH3)4N¥1y[(CH3)3NHY]1,_4 - Vermiculite

To help us understand the behavior of dj(x) on x in
mixed ion [A]y[B];_yx-clays, we generated, in collaboration
with Professor Mahanti and Solin and their students, dj(x)
vs. x data for mixed ion [A]y[B]j_y-vermiculite model
systems containing monolayers of pillaring ions between clay
layers with finite transverse rigidity. For simplicity, we
assumed that the pillaring ions are rigid spheres positioned
at the centers of the hexagonal cavities defined by the
Kagome lattice of the gallery surfaces. These pillar
positions define a two-dimensional triangular 1lattice of
lattice constant ag= 5.34 A.

Starting with a single gallery in which each pillar
position is occupied by a smaller "B" ion of height dg, we
randomly replaced the "B" ions with larger "A" ions of
height d,. The height of the gallery within a healing
length is assumed to increase from dg to dp upon replacement
of "B" by "A". Here, the healing length is a distance from
the layer position of a "A" cation which is surrounded by
only "B" cations to the layer positions at which the layer

returns to d(0). A second "A" ion within the healing length




26

of a first "A" ion does not affect the already expanded unit
cells, but it expands unexpanded cells within its healing
length . The process of random replacing the "B" ions
continues until x=1. The d,(x) values are determined by the

fraction of expanded triangular cells.




IITI. RESULTS
III-1. Synthesis

Naturally occurring single crystals of Mg2t-
vermiculite (Llano, Texas) served as the starting mineral
for the synthesis of our mixed alkylammonium ion clays. The
results of independent chemical analysis for Mg, Al, and Si
indicated the unit cell formula to be:
Mgo.g6> (Sis.g7Al2,13) [Alg, 4gMd5,521020(0H) 4.  In order to
enhance the ion exchange reactivity of the parent Mg-
vermiculite, the particle size was reduced by wet grinding
in water to -200 mesh sizes.

The reaction of the powdered Mg2+-vermiculite with
excess (CH3)3NH+ and EDTA anion as a complexant of Mg2+
afforded [(CH3)3NH+]-vermiculite in quantitative yield as
expressed in Equation 2, wherein the horizontal 1lines

represent the clay layers.

n- —————————
Mg?* + 2CHJNH" —ERTA _ 5(CHy)NH® + MgEDTA ™2

swollen

The presence of the EDTA anion was essential for

complete exchange. In the absence of the complexant,

27
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complete exchange could not be achieved even after six
reaction cycles of the Mg?*-vermiculite with (CH),NH'
solutions under the forcing reaction condition defined in
Fig. 7.

The complete replacement of hydrated magnesium ions by
the trimethylammonium cations in the presence of the EDTA
anion results in the swelling of the interlayer region by
water. The degree of swelling was very extensive, as
evidenced by gel formation at concentrations of 10 wt% clay
and 90 wt% of water. The swelling phenomenon and associated
layer exfoliation most likely leads to the further reduction
of the clay platelet size. Thus, the final [(CH;),NH']-
vermiculite product is no longer in the form of single
crystal particles. Instead, the clay layers are aggregated
as turbostratic tactoids with regular stacking in the
direction perpendicular to the layer but random in-plane
orientations. Analogous layer aggregation mechanisms have
been found for smectite clays with 2:1 layer lattice
structures.33

The reaction of Mg2t-vermiculite with tetramethyl-
ammonium ion in aqueous solution under conditions analogous
to those used to prepare the trimethylammonium derivative
(Mg2t:Me,N*:EDTA=1:560:50) yielded only partial replacement
of the interlayer magnesium ions by tetramethylammonium ions
because of the precipitation of the EDTA anion by
tetramethylammonium cation. The exchange reaction w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>