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Polymer—clay nanocomposites:
Free-radical grafting of polystyrene on to
organophilic montmorillonite interlayers
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Vinyl monomer-montmorillonite intercalates, which are able to swell and disperse in
organic solvents, have been prepared by a cation exchange process by the interaction
between the Na® or Ca?* cations of montmorillonite and vinylbenzyltrimethylammonium
chioride. The resulting vinyl monomer-montmorillonite materials have been identified by
X-ray diffraction (XRD)}, elemental analysis and infrared absorption spectra. Free-radical
solution polymerizations of the penetrated styrene between the interlayers of 5, 10,25 and
50 wt% vinyl monomer-montmorillonite have resulted in grafted polystyrene—
montmorillonite materials. The effect of montmorillonite amounts on the formed
polystyrene was determined by extraction with organic solvents, which showed an increase
in the grafted polymer formed (0.84-2.94 g/g MMT), and a decrease in the external
polystyrene with increasing amounts of montmorillonite. The molecular weight of the
external polystyrenes was found to be in the range of 22000. The vinyl
monomer-montmorillonite and polymer—-montmorillonite intercalates have been identified
by XRD, elemental analysis and infrared spectroscopy. Examination of the
polystyrene-maontmorillonite materials by SEM, TEM and XRD showed spherical particles of
nanosize about 150-400 nm, and basal spacings of 1.72-2.45 nm.

1. Introduction
Normally it is difficult to produce structural engineer-
ing polymers that combine both high strength and
high toughness. High strength is a reflection of the
ability of a material to sustain high loads, whereas
high toughness involves a material for which a large
amount of energy is absorbed during fracture. Frac-
ture in a polymer occurs by the breaking of primary
{covalent) and/or secondary (van der Waals or hydro-
gen-) bonds, depending upon the structure of the poly-
mer. Improvements of the lack of toughness shown by
brittle polymers have taken place particularly by the
incorporation of rubbers through blending or
copolymerization, whereas inorganic materials have
been used to improve the strength of the polymers.
However, there is still a significant need to produce
polymers with extremely high levels of strength and
toughness properties, in order for them to become
widely accepted as structural engineering materials.
Polymer—clay materials have received considerable
interest because the interactions between them have
effects on the properties of both clay and polymer
systems [ 1, 2]. Clays have been extensively used in the

polymer industry either as reinforcing agents to im-
prove the physico-mechanical properties of the final
polymers or as fillers to reduce the amount of the
polymers used in shaped structures, i.e. to act as dilu-
ents for the polymer, thereby lowering the uneconomi-
cally high cost of the polymer systems. The efficiency
of the clay to modify the properties of the polymer is
primarily determined by the degree of its dispersion in
the polymer matrix which, in turn, depends on the clay
particle size. However, the hydrophilic nature of the
clay surfaces impedes their homogeneous dispersion
in the organic polymer phase.

Some attempts have been made to prepare the poly-
mer—clay materials. The impregnation technique of
the clay by a vinyl monomer such as tetrafluoroethy-
lene [3], cis- and trans-butene-2 [4], butadiene, 4-
vinylpyridine [5] acrylamide [5], methyl methacrylate
[6,7], acrylonitrile [8-107], and styrene [ 117, followed
by their polymerization, has been used for these cases
by using a free-radical initiator. However, because the
adsorption of monomer molecules between the lamel-
lae depends on the dipole moment of the monomer
molecule, the yields of the physically inserted polymer
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were found to be low. In addition, transformations of
clay to azo—clay [12,13] and vinyl<clay through
isocyanate interaction [14] or lead exchange [15,16]
have been employed to prepare polymer—clay mater-
ials. These transformations have not led to a change in
the hydrophilic nature of the clay to one with or-
ganophilic properties. The incompatibility of the clay
layers in the organic monomer phase impedes their
homogeneous dispersion and results in surface modifi-
cation of the clays. The only way that leads to the
penetration of the polymer to the interlayer space of the
modified clay, is the condensation polymerization of
caprolactam in the presence of clay-aminolauric, or
clay—aminocaproic acid intercalates to give a nylon
6-clay hybrid [17-20].

The direct adsorption of uncharged linear polymers
such as poly(vinylalcohol) [21], poly(vinylpyrrolidone)
[22], poly(ethylene glycol) [23], and polyacrylamide
[24], on to a clay surface has been used for preparing
polymer—clay materials depending on the desorption of
the hydration water molecules from surfaces. Because
the entropy thus gained provides the driving force for
this physical adsorption, it does not lead to high poly-
mer adsorption, as the enthalpy change of the process is
commonly very small. In some other cases, the poly-
mers have been grafted to the available hydroxyl
groups on the clay surface through coupling agents,
which contain two reactive groups, one suitable for
reaction with the polymer and the other capable of
reacting with the clay [25,26]. However, such surface
modification processes to improve the properties of the
clays with the polymers do not lead to penetration of
the polymers between the interlayers of the clay, and
hence they are not mutually homogeneously dispersed.

In a preliminary article [27], we reported the ability
of the penetrated styrene between the swelled mon-
tmorillonite interlayers to polymerize, producing or-
ganophilic  polystyrene-montmorillonite  through
chemical bonds. The objective of the present work was
directed towards a complete study of the grafted poly-
styrene on montmorillonite interlayers by determining
the structural composition and characteristics of these
novel organic-inorganic nanocomposite materials.

2. Experimental procedure

2.1. Materials

Montmorillonite (MMT) minerals were supplied by
ECC America Inc. under the trade names Meniral
Colloid-BP for Na-MMT and Bentolite-L for
Ca—MMT. The Na-MMT was received as fine par-
ticles with an average particle size of 75 pm, cation
exchange capacity (CEC) of 90 mEq/100g and inter-
layer spacings of 0.96 nm. The Ca-MMT was ob-
tained as very fine particle with average size of 15 pm
and CEC of 80 mEq/100 g. The minerals were purified
by dispersion in distilled water and allowed to stand
for several hours to allow settling of quartz sand and
heavy materials. The suspensions were decanted and
treated with 0.1 M aqueous solution of NaCl. The
mixtures were filtered, followed by repeated washing
with deionized water and filtration until no chloride
ions were detected in the filtrates by reaction with
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TABLE I Characteristics of vinyl monomer—-MMT intercalates

No. M Analysis (mmol?/ XRD
100 g)
C(%) H(%) N (%) d(nm)  Ad(um)
Ila Na 996 170 0.86 108.20 15 54
IIb Ca 983 141 0.66 83.20 14.9 53

* According to the N%.

AgNO; solution. The washed MMT materials were
vacuum dried at 250 °C.

Vinylbenzyltrimethyl ammonium  chloride
(VBTMAC, I} was prepared by the reaction of a mixture
of m- and p-chloromethylstyrene (m:p ratio was
~ 30%: 60%, and 10% cthylstyrene Polyscience) with
Me;N according to the procedure previously described
in the literature [28-30]. The crude product was purified
through a filtration column using neutral alumina as
a support and a 1:3 ether-MeCN mixture as eluent.

2.2. Vinyl monomer—-montmorillonite
intercalates (ll)

A suspension of 25 g prewashed Na- or Ca—MMT in
11 water was stirred overnight. To the stirred, cooled
(0-5°C), suspension, an aqueous solution of 30 mmol
VBTMAC, I, in 100 ml water was added dropwise.
After stirring for 3 h at 0-5°C, the white precipitate
was filtered, washed with water, methanol and ether,
and dried in vacuum at room temperature to give
29.5g Ila. The composition of the intercalated
VBTMA cations in MMT layers and the spacing of
silicate layers are shown in Table L.

2.3. Polystyrene—-montmorillonite materials
(1)

In a 500 ml three-necked flask, fitted with a condenser
and a nitrogen inlet tube, 2.5 g VM-MMT (Ila) and
100 ml solvent were added and stirred under nitrogen
for 1 h. To the stirred suspension, 50 ml styrene and
0.1 g AIBN were added. The mixture was then heated
at 80 °C under stirring for 5 h. After cooling, the prod-
uct was precipitated by the addition of the colloidal
suspension to methanol. The precipitated PS-MMT
hybrid was filtered, washed with methanol, and dried
in vacuum at 100 °C. The polymerization solvents and
characteristics of the resulting PS-MMT materials are
listed in Table 11

2.4. Material characterization

The properties and structural characteristics of the vinyl
monomer—montmorillonite and polystyrene-montmoril-
lonite materials were identified by several techniques. Ana-
lyses of the elements carbon, hydrogen and nitrogen for II
and 111 materials were cartied out at Galbraith Lab Inc,
and the results of their loadings are shown in Tables I and
III For infrared measurements, approximately 2% of the
sample was added to KBr and pressed into pellets. The
sample pellets were then run on a Digilab FTS-14 FTIR,
from 4000-600 (cm ™) wave numbers.



TABLE II Preparation conditions and characteristics of PS-MMT materials

PS-MMT 1la Polym. Solv. XRD? DSC
no. (wt %) (ml/100 g) T,
d (nm) Ad (nm)

Ila 5 MeCN (40) + Tol 2.03 1.07 81
{60)

ik 10 MeCN (129) 245 1.49 90.5

IIic 10 MeCN (125) + THF 222 1.26 94
(125)

II1d 25 MeCN (200) + Tol 1.81 0.84 100
(200)

Ille 50 MeCN {400) + Tol 1.72 0.76 95.2
(400)

* Ad = (spacing of VM-MMT or MMT-PS — 0.96 nm).

TABLE III Characteristics of the extracted PS-MMT materials

PS-MMT Ext. PS Int. PS-MMT MMT Int PS Int PS/1/g

no. (wt %) (wt %) (wt %) MMT

(wt %) C(%) H (%) XRD (nm)

Ilia 80.31 19.69 54.14 5.25 2.29/1.12 254 74.6 2.94

b 7891 21.09 25.88 2.86 2.17 474 52.6 1.11

1lic 7491 25.09 31.96 3.55 1.89 36.8 60.2 1.51

IIid 42.26 57.74 23.00 2.90 1.71/1.01 43.3 56.7 1.31

e 10.49 89.51 16.28 2.51 2.08/1.06 55.9 441 0.84

X-ray powder diffraction (XRD} data on powdered
samples of all IT and I materials were determined by
an autodiffractometer which consisted of a Phillips
XRG 3100 X-ray generator equipped with a nickel-
filtered CuK, (A = 1.541 80 nm) as the X-ray source,
and connected to a Phillips APD 3520 type PW 1710
diffractometer controller. The scanning speed was
0.005° (20) s~ 1. Bragg’s Law, A = 2dsin0, was used to
compute the crystallographic spacing, d.

The morphology of the polystyrene-montmorillonite
materials was examined by SEM and TEM. A Jeol
JSM-353F scanning electron microscope, set at an elec-
tron voltage of 25 kV, was used for high-magnification
observations of PS-MMT particles. The thin-film speci-
mens for transmission electron microscopy (TEM) were
prepared by immersing the TEM grid in suspensions of
PS-MMT materials in tetrahydrofuran (THF, 0.5%), and
then dried at room temperature followed by heating at
50°C under vacuum to ensure complete solvent removal.

Differential scanning calorimetry (DSC) of all
PS-MMT materials was performed on a Perkin-
Elmer DSC 7 differential scanning calorimeter. The
glass transition temperatures, T, of the polystyrenes
were determined from the respective DSC thermograms.

2.5. Measurement of molecular weights
of extracted polystyrenes

The crude powdered PS-MMT material (3 g) was
stirred overnight at room temperature in 75 ml tol-
uene. The colloidal aggregates were centrifuged and
the supernatant liquid separated by decantation. This
procedure was repeated many times using THF,
acetone and DMF as extraction solvents, until no
more polymer was found in the supernatant liquid.

The solution that contains the extractable polysty-
rene, was poured into methanol to recover the ex-
ternal polystyrene, which is then dried and weighed.
The solvent-extracted PS-MMT product was washed
with MeOH, vacuum dried and weighed. The extrac-
ted polystyrene fractions were dissolved in toluene
and the solutions were used to determine the viscosity
average molecular weight at 30°C. The analyses and
characteristics of the extractable polystyrene and ex-
tracted PS-MMT materials are listed in Table I11.

2.6. Water-uptake measurements
Compression-moulded samples (23 mm x 3 mm x
1 mm) were prepared at 215.5°C, 10 metric ton, for
0.15 h using a Carver Lab Press. Each specimen was
weighed, then dried in a vacuum oven at 60 °C over-
night. After redetermining the weight of the dried
specimens, they were immersed in distilled water and
0.4 M aqueous NaCl solution at room temperature for
a month, at the end of which the water uptake was
determined. The characteristic propertics of the pres-
sure-moulded PS-MMT materials are listed in
Table I'V.

TABLE 1V Characteristics of moulded PS-MMT materials

PS-MMT XRD Water uptake {%)
no. (nm)
Moisture Aq. NaCl
IIfa 20 0.23 0.26
IIIb 20 0.25 0.40
Id 14.6 0.94 1.88
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3. Results and discussion

The goal of our research is directed towards produ-
cing polymer—clay composites which can exhibit the
characteristic properties of the individual compo-
nents, i.e. the high strength and toughness combina-
tion. This objective can be attained by inducing speci-
fic chemical interactions between the polymer and the
smectitic clay interlayers. This, in turn, requires
a change in the chemical and physical properties of the
clay in order to render it an organophilic character.
The chemical grafting of polymers on to montmoril-
lonite interlayers was achieved either by polymeriz-
ation or by chemical modification techniques.

Montmorillonite (MMT) is a hydrous alumino-sili-
cate mineral composed of units made up of two silica
tetrahedral sheets with a central alumina octahedral
sheet, so that the oxygen ions of the octahedral sheet
also belong to the tetrahedral sheets [31-33]. From
electron microscopy [34, 35], the MMT mineral is
basically composed of aggregates, whose size often
ranges between 0.1 and 10 pum: that are made
up by association of a number of primary particles
(structural units) which, in turn, are composed of
a number of superimposed lamellac. The height of
the primary particle is 8—10 nm, its diameter is 30 nm,
and its thickness is 0.96-1.0 nm. Thus, each primary
particle contains approximately 8 lamellac or 16 (00 1)
planes.

In the present work, the chemical grafting of poly-
styrene (PS) on to MMT interlayers by the addition
polymerization technique was achieved in two stages.
The first stage included the preparation of vinyl
monomer-MMT intercalate by a cation exchange
process between a compound containing ammonium
and vinyl groups (VM) that are capable of forming
bonds with the negative charges of the MMT inter-
layers and with the formed polystyrene. The second
stage included the free-radical polymerization of
styrene in the presence of different ratios of
VM-MMT intercalate (5%, 10%,25% and 50%) to
yield PS-MMT materials as shown in Fig. 1. Such
mutual charge neutralization results in a marked in-
crease of the organophilic property of the VM-MMT
that leads to the attraction and penetration of styrene
molecules and hence swelling of the clay prior to the
onset of polymerization. The marked reduction in the
water affinity of VM-MMT intercalates (IIa, b) has

W—O_ M +Cl - N CHZ@ﬁm—O_*-N CH@

CH = CH,

la:M=Na
Ib: M=Ca

facilitated their separation and washing with polar
solvents.

The cation exchange capacity (CEC) of Na- and
Ca-MMT with the ions of vinyl monomer was deter-
mined from the elemental analyses of the nitrogen
content

CEC = [cnx1000]/[(14 x nn/MW) x 100]
mmol/100 g MMT (1)

where Cy is the content of nitrogen (wt %), and ny the
number of nitrogen atoms of the cation. Thus, the
total exchange capacities for Ila and IIb were
108.2 mmol Amm ion/100 g and 83.2 mmol Amm
ion/100 g silicate skeleton. However, I1a and IIb con-
tain 61.43 mmol N/100 g and 47.14 mmol N/100 g sili-
cate, as calculated from

Loading = [cnx 1000]/]14 x ny]
mmol N/100 g MMT 2)

Infrared spectra of the VM-MMT complex, Ila
(Fig. 2a) shows the characteristic bands corresponding
to the ammonium salt and their methyl groups. The
—N*Me, groups gave adsorption at about 3450 cm ™%,
corresponding to the C—H stretching vibrations of the
CH,; group, and at 1500 cm ™", corresponding to the
N¥Me, vibrations.

The basal spacing of VM-MMT intercalate I1a was
determined to be 1.5 nm. Because the basal spacing of
the dried MMT without any adsorbed cations or
water equals about 0.96 nm, the vinyl monomer layer
thickness would amount to about 0.54 nm. The basal
spacing of ITb was found to be 1.49 nm and the thick-
ness of the vinyl monomer layer was about 0.53 nm,
which is similar to that of 1la.

On the basis of the swelling characteristic of the
VM-MMT derivative, I1a, in the organic solvents that
results in strong separation of the interlayers, the
solution polymerization technique is used in this study
for the preparation of PS-MMT materials. The use of
a suitable solvent to promote and maximize the swell-
ing of the VM-MMT interlayers is primarily due to
solvation of the interlayer cations, which is considered
to be a result of a balance between the interlayer
cohesive forces and the attractive force required to
increase the interlayer distance. Thus, the role of the
solvents, which have strong attractive forces to the

CH=CH,

lla, b
CH, = CH-Ph,

In

0 "N-CH,
@CH—[—CHZ—CH—IH—

In = initiator fraction

Me,

|
CH,—In Ph

= montmorillonite silicate skeleton

Figure ] Preparation of vinyl monomer-MMT intercalates and their free-radical polymerizations with styrene.
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Figure 2 Infrared  spectra  of (a) Na-MMT, (b} vinyl
monomer-MMT intercalate, Ila, (c) crude PS-MMT material, IT1,
(d) extracted PS-MMT material.

VM-MMT intercalate, is to improve wetting of the
MMT layers and to stimulate penctration of the
styrene between the wetted layers. The efficiency of
this nature depends on the type of solvent used. For
example, the solvation of VBTMA-MMT intercalate
with acetonitrile, appears to have facilitated the move-
ment and inclusion of styrene molecules between the
VM-MMT layers prior to the onset of polymerization
and hence led to PS-MMT material with a basal
spacing of 245 nm. This significant penetration of
styrene is perhaps attributed to the high dipole mo-
ment of the MeCN which appears to have caused the
high association in the liquid state.

Because acetonitrile is a good solvent for styrene
but a poor solvent for PS, the solvation of VM-MMT
intercalate has also been carried out with a mixture of
MeCN/THF, and MeCN/toluene. In these mixtures,
MeCN assists the swelling of VM-MMT intercalate
and hence facilitates the penetration of styrene mol-
ecules between the lamellae. THF and toluene, on the
other hand, impart a degree of flexibility to the

MMT-PS propagating chain for assisting further in-
sertion of styrene molecules during the polymerization
process. Although the mixtures have facilitated the
penetration of the styrene between the lamellae as
indicated by the changes in basal spacing of the prod-
ucts, the increase in the interlayer distance was less
than that associated with MeCN.

The basal spacing expansion summarized in Table
IT suggests that interlayer accessibility to styrene mol-
ecules is related to the solvation energy of the used
solvent mixture. Presumably, polymerization was in-
itiated in the interlayer region and once the polymeriz-
ation started, the MMT-PS propagating chains were
swollen by the styrene molecules because of the suffi-
ciently attractive force between styrene and the inter-
layer polystyrene propagating chains. Accordingly,
the effect of the initial amount of styrene monomer
inserted between the interlayers before the onset of
polymerization is the main factor causing the increase
in the intercalation of PS molecules between the inter-
layers. On the other hand, the mobility of the
propagating polystyrene chains which are confined
between the lamellae is certainly restricted on using
a mixed solvent when compared to the mobility of
propagating PS chains in MeCN. The basal spacing of
PS-MMT material amounted 2.45nm, hence the
thickness of PS layers in between the lamellae reached
1.49 nm in the case of MeCN. However, when mixed
solvents are used, the thickness of the polystyrene
layers reached lower values, as shown in Table II. The
infrared absorption spectrum of the washed
PS-MMT materials (Fig. 2b, ¢} showed the character-
istic bands due to CH stretching (3025 cm™ '), C-C
skeletal in-plane vibration (1600 1495,1455cm™ 1),
and CH out-of-plane deformation (755,690 cm ™).

Even though the polymerization is designed to pro-
duce polystyrene that is grafted to the interlayer of
MMT, the probability of polymerization outside the
clay particles is probably equal. The extraction of
non-grafted polystyrene from the PS~-MMT materials
was carried out to differentiate between the grafted
polystyrene, which results from polymerization of the
interlamellae penetrated styrene monomer, and ex-
ternal PS, which results from the polymerization of
the styrene around the MMT aggregates. Although
toluene as a non-polar solvent has extracted all of the
non-grafted polystyrene, acetone and DMF, as ap-
rotic solvents, were also used for extracting any resid-
ual adsorbed polystyrene. From the results of the
extraction shown in Table III, it appears that the
amount of PS grafted into MMT interlayers strongly
depends on the conditions of polymerization and on
the initial amount of styrene monomer penetrated in
the interlayer space of the VM-MMT intercalate,
which increased with increasing MMT content. This
separation technique has led to a study of the effect of
MMT ratios on the molecular weight of the external
PS and the ratio of the formed PS to MMT, through
the determination of the molecular weights of
the extractable PS from their intrinsic viscosities at
different concentrations in toluene. The determined
molecular weight is in the range of 22000 (a = 0.72,
K =92x10"?mlg™") and remains fairly constant
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throughout the various polymerizations that occur
under different circumstances. Apparently, the mo-
lecular weight of the external polystyrene is smaller
than those of common polystyrenes and depends on
the presence of MMT, which may lead to chain-trans-
fer termination of the propagating polystyrene chains.

The composition of the crude PS-MMT material,
i.e. the per cent conversion of styrene to grafted (non-
extractable) and homo-PS (extractable) and the ratio
of the grafted-PS to the MMT, were calculated from
the weights of the crude PS-MMT material, extract-
able PS and extracted PS-MMT material. The quant-
ities of the grafted PS were confirmed by calcination at
1000°C of the sample previously extracted and dried
to constant weight. The results listed in Table III
indicate that the formation of homo-PS is greatly
decreased while the formation of grafted-PS is in-
creased by increasing the available MMT layers. In
addition, the ratios of the grafted-PS to MMT signifi-
cantly decreased on increasing the amount of MMT in
PS-MMT materials. However, the two values for the
interlamellar spacings obtained for some of the extrac-
ted PS-MMT materials, shown in Table III, are at-
tributed to the presence of more than one interlamel-
lar spacing within the sample, i.e. a part is expanded
and the other is less expanded.

In order to study the effect of MMT ratios on the
molecular mobility of PS chains and hence on the
T, of the formed PS, DSC curves for PS-MMT mater-
ials have been determined, as listed in Table II. The
range of values indicates that the PS obtained is of
a relatively high molecular weight. However, the ex-
tracted polystyrenes have molecular weights of 22 000,
as determined from their intrinsic viscosities. This
means that the MMT has a chain-transfer termination
effect on the formed PS chains.

Examination of the PS-MMT materials by optical
microscopy has shown the effect of polystyrene com-
positions on the morphology of the modified MMT
materials. Investigation of the microstructure of the
PS-MMT intercalate, ITIb, prepared from Ila without
using swelling solvent in the polymerization mixture,
by SEM (Fig. 4) indicates the non-separation of the
MMT interlayers. However, investigation of the
microstructure of the PS-MMT intercalate, 11Ib, pre-
pared by swelling ITa in the solvent and monomer
mixture before polymerization, by SEM (Fig. 5) shows
that the particle size is below the resolution of the
SEM. The transmission electron micrograph in Fig. 6
shows that the MMT-PS intercalates have spherical
particles of size about 150-400 nm in diameter. When
the PS-MMT materials are pressure moulded under
the conditions of 215.5 °C and 10 metric ton for 0.15 h,
the scanning electron micrograph in Fig. 7 shows no
microscopic voids. This indicates that the MMT com-
ponents of these materials do not agglomerate, and
retain their integrity after moulding. This non-ag-
glomeration tendency of MMT particles is an indica-
tion for the possibility of their utilization in the com-
pounding formulations to improve the properties of
the mixed polymer matrices. The transmission elec-
tron micrograph of Fig. 6 also indicates that the
PS-MMT material is actually a mixture of homo-PS
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Figure 3 Elemental analysis for SEM of (a) PS-MMT IlIb, and
(b) moulded PS-MMT.

Figure 4 Scaning electron micrograph of PS-MMT IIIb from the
unswollen VM-MMT intercalate ( x 7800).

and spherical particles with a good particle-matrix
adhesion.

Moisture absorption by polymers drastically lowers
the glass transition and hence the service temper-
atures. Thus, the resistance of PS-MMT intercalates
to water uptake is a desirable property with these
materials. The hydrophilic nature of MMT, which
leads to the adsorption of much greater amounts of
water molecules, has been changed by its treatment
with vinyl cations. This monomer has displaced the
second (outer coordination sphere of the cation) and
first (primary inner hydration shell) types of the inter-
layer water that is coordinated to the Na* or Ca*™
cations in MMT. In addition, the presence of PS
chains in the interlayer space has also increased its



Figure 5 Scanning electron micrograph of PS-MMT IIIb from the pre-swelled VM-MMT intercalate at (a) x50, (b} x 200, (¢) x 1000,
(d) %5000, () x 15000, (f) x 30000.

Figure 6 Transmission electron micrograph of PSSMMT IIIb from the pre-swelled VM-MMT intercalate at (a) x 800, (b) x 1000, {c) x 1500,
(d) x2000.
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Figure 6 (Continued)

Figure 7 Scanning electron micrograph of moulded PS-MMT,
IIIb.

changed behaviour from a hydrophilic to a or-
ganophilic nature, due to the chain length and the
chemical nature of the PS molecule. These two in-
fluences have showed a great reduction in the water
uptake capacities of the PS-MMT materials as
shown in Table IV. Generally, the exchange reaction
of inorganic cations in MMT with organic cations
is reversible, ie. the same equilibrium conditions
would be obtained by approach from either side
[36]. However, this type of reversible exchange is
not realized in these PS-MMT materials when immer-
sed in 0.4 M NaCl solution because the interlayer
separation cannot be attained during the course of
this exchange reaction, even after about one month
immersion.
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