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ABSTRACT

Organically modified montmorillonite has been extensively used as nanofiller in
studies of polymer layered silicate nanocomposites, promising materials for today’s
automotive industry because the nano-materials reduce the overall weight of vehicle.
However, industrial applications have not followed suit primarily due to cost/performance
issues. Supercritical carbon dioxide is promising as an aid in the production of a fully
exfoliated polymer layered silicate nanocomposite but has not been fundamentally studied

in this regard at present.

As the first stage in studies of using supercritical carbon dioxide for aiding the
production of thermoplastic elastomer nanocomposites, this thesis investigates the
influence of this unique supercritical fluid on the microstructure and surface chemistry of
five organically modified clays. Four alkyl-based quaternary ammonium surfactants with
different number and length of chains attached and one aromatic quaternary ammonium
surfactant were chosen to vary the degree of CO,-philicity exhibited by the organoclay. In
a high pressure batch vessel, the different organoclays were suspended in the supercritical
solvent at temperatures of 50°C and 200°C and pressures of 7.6 MPa and 9.7 MPa for a
fixed time and then removed after depressurization at 0.2 MPa/s or 4.8 MPa/s. The
structures of these treated clays were characterized by XRD, TEM, DSC, TGA, FT-IR,
and SEM, and their chemical properties were analyzed by various methods including
atomic absorption spectroscopy, and contact angle measurement. The potential role of

water to favor the interaction between scCO; and an organoclay was also investigated.

Solute-solvent interactions plasticized the organic modifier while suspended in the
supercritical fluid, which resulted in greater chain mobility and further cation exchange.
The results indicate that surfactants exhibiting a paraffin-type conformation within the

galleries of the clay were most likely to experience significant basal expansion, provided

iii



the tilt angle was not already close to being perpendicular to the silicate surface. For those
organoclays demonstrating basal expansion, it was noted that the resulting particle size
was increased due to enhanced porosity. Water proved useful in clay expansion in certain
cases and primarily while operating conditions allowed the co-solvent to remain adsorbed

to the clay surface.
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CHAPTER1 INTRODUCTION

1.1 Background

Polymer/layered silicate nanocomposites are a new class of materials where
nanoscale particles are uniformly dispersed into a polymer matrix. The large aspect ratio
and the high surface area of the nanofiller provide potentially maximized specific
mechanical properties at a lower filler loading. Such a characteristic material meets the
urgent need for new materials in the modern automotive industry and therefore, the field
of polymer nanocomposites has grown quite rapidly in publication and patent literature.
However, the industrial application of this material class has not followed suit. Reasons
for this may be related to multiple aspects, but the key factor goes to the cost/performance

of the nano-material.

A multi-fold increase in mechanical properties is afforded by the uniform
dispersion of the nano-scale filler in a polymer matrix, and the process of obtaining such
an exfoliated structure in the matrix of a polymer is a mechanism strongly dependent
upon thermodynamics [Alexandre and Dubois 2000, Dennis et al. 2001]. The mechanism
is referred to as intercalation where polymer chains diffuse into the interlayer region of a
clay tactoid, a bundle of clay platelets (sheets) held together by van der Waals and
electrostatic forces. Intercalation of a polymer causes the spacing between adjacent
platelets to increase and eventually the individual sheets are delaminated. During the
diffusion of polymer chains into the interspace of clay tactoids, the entropy of the system

decreases due to the severe confinement being imposed on the polymer chain, and



favorable enthalpic interactions must be present to minimize free energy. The surface of
clay platelets, due to the hydroxyl group and oxygen atoms, is hydrophilic. In order to
increase the lipophilicity of the clay, an organophilic modification must be applied to the
clay, but the modified clay is presently costly due to the lengthy preparation process. For
polymers with hydrophilic functionalities, the modification is sufficient for favorable
polymer-clay interaction to be present in many cases [Fornes et al. 2003]. Even in these
cases where the free energy of the process favors the intercalation, the rate limiting step
of intercalation can make production of polymer/clay nanocomposites prohibitively
expensive due to the low production rate. For polyolefins, the favorable enthalpic
interaction required to overcome the entropic penalty of confining such large molecules in
the nano-scale space between platelets does not exist due to their apolar nature and thus
the free energy of the process does not favor intercalation, even for organically modified
clays [Vaia and Giannelis 1997]. With compatibilizing agents added to such polyolefin
systems some degree of intercalation is observed, but a fully exfoliated structure is
extremely difficult to develop. Annealing times in the order of hours may be necessary to
acquire an exfoliated clay structure in a polyolefin-compatibilizer system. Both the
required addition of compatibilizer and the limiting production rate restrain scientists and
engineers from satisfactorily developing a nanocomposite with sufficient value-added

properties which would justify the expense of the material.

To solve the problem of limiting production rate, disruptive technologies have
been proposed to advance the rate and extent of exfoliation. These technologies include
high energy ultrasound [Lim et al., 2003], electrical fields [Lu et al., 2006], and the use of
supercritical fluids [Mielewski et al. 2004, Horsch et al. 2006, Yang and Ozisik 2006,
Nguyen and Baird 2007, Treece and Oberhauser 2007, Litchfield et al. 2007, Zhao and
Huang 2008]. Among the three methods stated, the use of supercritical fluids can be seen
as the most applicable to current industrial processing practices and the least damaging to
equipment and the polymer structure. Supercritical carbon dioxide (scCO;) is proposed as

a means of aiding the production of a polymer (specifically in the case of this study, a



thermoplastic polyolefin elastomer, TPO) nanocomposite with a higher degree of
exfoliation and an improved production rate. It is well known that carbon dioxide above
its critical state has both gaseous properties, such as being able to penetrate through many
materials, and liquid properties, such as being able to dissolve materials. Due to its basic
non-polar nature, supercritical carbon dioxide is seen as a potential medium for
improving miscibility of the different hydrocarbon-like species in a nanocomposite
system. Development of a processing method upon supercritical carbon dioxide presents
two major challenges. One is how the supercritical carbon dioxide participates in the
intercalation of polymer chains into the clay interlayer region, which involves in the
interactions of supercritical carbon dioxide with organoclays, compatibilizers and
polymer matrices. The other challenge is if the developed intercalated or exfoliated
morphology is thermodynamically stable or how to preserve the acquired morphology
once the gas is withdrawn. The research in the present work will try to answer part of the

first question, i.e. how supercritical carbon dioxide influences structures of organoclays.

1.2 Objectives

The goal of the entire project is to develop a processing strategy for the
manufacture of a thermodynamically stable, exfoliated TPO nanocomposite. The basic
idea of the processing route is: i) pre-treat an organoclay with supercritical carbon dioxide
to make it more ready for the intercalation of polymer chains during the subsequent
processing; ii) mix the clay-scCO, suspension with the melt-blend of a matrix polymer
and compatibilizer all the while maintaining the system above the supercritical state; and
iii) release the gas after compounding and pelletize the nanocomposite material. Based on

this idea, as the first part of the project, the research carried out in this thesis covered:

a) Evaluation of pristine and several commercial versions of organically modified
montmorillonite mixed with supercritical carbon dioxide under different

conditions applicable to TPO extrusion, i.e. temperature, pressure, residence time



and pressure release rate. The clay will be mainly analyzed by X-ray diffraction
and transmission electron microscopy for changes in structure. Other techniques
such as thermogravimetry, differential scanning calorimetry, scanning electron
microscopy, and other analyses will assist in characterizing the clay structure.
This work is expected to allow us to understand the interaction mechanism of
organoclay, especially its surfactant component, with the supercritical fluid.
Additionally, the work will allow selection of ideal clay candidates for the next
step in the research, and establish important parameter values related to operating
conditions for clay pretreatment with the supercritical fluid.

b) Characterization of surface energy of the clays. Contact angle technique will be
applied for this work. This evaluation will provide basic data on the clay surface
for the next step of this project to examine their compatibility with selected
compatibilizers and confirm the decision of organoclay candidates made based on
the above step.

c) Considering the existence of moisture in clays and extra cost of removing it,
whether water can become as a co-solvent favoring the interaction between

supercritical carbon dioxide and an organoclay was also evaluated.

In general, the research in this thesis is anticipated to answer a question of
scientific and industrial significance: if the supercritical fluid interacts with the nanofillers
in a manner that may lead to increase interlayer spacing of the clay sheets. The manner is

thought to facilitate the intercalation.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Nanocomposite materials have aroused attention, imagination and research
interests of scientists and engineers for decades. This stimulation comes from the idea that
new materials with unprecedentedly improved physical properties can be designed and
created simply using nano-dimension building blocks. The building block may be
nanometer scale in one dimensional, two dimensional and/or in all three dimensions.
Layered silicates are inorganic fillers with one dimensional nanometer size, which were
first introduced to the research field of polymer composites for the automotive industry in
the early 1990s [Usuki et al. 1993, Kojima et al. 1993 (1, 2, 3)]. This introduction
initiated the modern polymer nanocomposite field. The polymer composites with multiple
fold increase in mechanical properties afforded by the nano-scale filler with almost
negligible increase in weight are well suited to the automotive industry where lightweight
of vehicles is urgently expected due to the issues of petroleum cost and emission
limitation. From then on, studies on polymer-layered silicate (PLS) nanocomposites have
become more and more prosperous. As polymer matrices have been varied from the
partially polar Nylons to totally non-polar polyolefins, layered silicates have been
developed with different surfactant modifications. Melt compounding has become one of
the two dominant ways of preparing polymer/clay nanocomposites and is recognized as a
promising approach due to its ease by employing conventional polymer mixing or
extrusion processes and its low environmental impact and cost effectiveness.
Thermoplastic polyolefin elastomer, organically modified montmorillonite and the

melting compounding are the concerns of this project.



2.2 Components and Structures of PL.S Nanocomposites

2.2.1 Structures and Surface Properties of Organoclays

Montmorillonite (MMT) is a 2:1 phyllosilicates clay mineral with a general

formula given as

M (Al,_ Mg )Si,0, (OH), (2.1)

where M 1is referred to as monovalent metal cation and x is the degree of isomorphous
substitution [Giannelis et al. 1999]. In literature, most of the relevant research studies are
based on this clay. Montmorillonite is a layered silicate in which each layer consists of
an octahedral sheet of alumina or magnesia sandwiched by two silica tetrahedrons by the
tip, the oxygen ions belonging to both of the octahedral sheet and the tetrahedral sheets.
The layer thickness is usually 0.95 — 1 nm and the lateral dimensions of the layer may
vary from 30 nm to several microns and even larger [Yariv et al. 2002]. These layer
stacks are held together by van der Waals forces and electrostatic attraction. Isomorphous
substitution of the metal ions in the sheets, for example, Al’* replaced by Mg®* or Fe**, or
Mg®* replaced by Li*, results in a charge deficiency. The negative charges impart basicity
to the oxygen plane and are usually balanced by alkali or alkaline cations situated in the
gap between the layers, though, there may still be a small portion of negative charges
which are not fully balanced leading to a weakly basic oxygen plane or the broken bond
plane. The counterbalanced cations are naturally hydrated and weakly bound to the
surface of the layer. These inorganic cations can be subsequently exchanged with organic
cations such as alkyl ammonium ions and this replacement renders the clay
organophilicity, which is a must for the applications of clays as adsorbents of organic

compounds or fillers in polymer composites.



Organic modification of a clay mineral alters the hydrophilic nature, improves its
compatibility with organic molecules, and at the same time expands the clay, converting
it from a microporous (< 2 nm) structure to a mesoporous (> 2 nm) material suitable for
guest intercalation into its galleries. According to Lagaly [1976, 1982, 1986],
conformation of the intercalated long-chain alkylammonium cations is dependent on
length of the alkyl chains of the organic cations, degree of the cationic exchange and the
charge density distribution on the clay sheets, resulting in adoption of a lateral monlayer,
bilayer, pseudotrimolecular layer, paraffin-type monolayer or paraffin bilayer
arrangement, as shown in Figure 2.2.1. n-Alkylammonium ions with chain lengths less
than 8 carbons arrange as a lateral monolayer with a constant spacing of ~13.6 A, while
those with longer chains are found in lateral bilayers with basal spacing of 17.7 A. Higher
cationic exchangeable capacity (CEC) particularly in combination with the use of dialkyl
or trialkyl substituted ammonium ions leads to a further increase in the basal spacing
which is designated as a pseudotrimolecular layer structure with basal spacing of 21.7 A
or the paraffin-type arrangements (monolayer and bilayer) with basal spacings larger than
22 A. Charge heterogeneity on the silicate sheets is responsible for the non-integral
change in basal spacing of organoclays. Studies by Bonczek et al. [2002] showed that
there were two dominant configurations based on the proportion of the CEC. Below 70%
of CEC the organic cations existed predominantly in heterogeneous monolayers attaining
basal spacings of between 14.1 and 14.4 A, whereas for higher organic loading (up to
100% of CEC) the alkylammonium cations was assumed a predominantly bilayer
configuration. The work by Xi et al [2004] confirmed the arrangement of n-alkyl
surfactant molecules existing in the galleries of montmorillonite. They found that the
variation in the d-spacing was a step function of the surfactant concentration and
proposed a model that a lateral monolayer of surfactant molecules formed when the
surfactant loading was up to 0.4 CEC, a lateral-bilayer arrangement for the loading up to
0.8 CEC, and a pseudotrimolecular layer with excess surfactant adsorbed on the clay

surface for the loading above 1.5 CEC.
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Figure 2.2.1 Alkyl chain conformations in layered silicates: (a) lateral monolayer (13.7 A),

(b) lateral bilayer (17.7 A), (¢) pseudotrimolecular layer (21.7 A), (d) paraffin-type
monolayer (>2.2 A) [Bonczek et al. 2002], and (e) paraffin-type bilayer [image taken
from Vaia et al. 1994]

The proposed structures of organoclays in Figure 2.2.1 are supported by numerous
studies. The real distribution of the long-chain alkylammonium cations in an organoclay,
however, has proven to not exactly follow these models. One particular problem with
these models is the assumption that all surfactant becomes ionically bound within the
galleries of montmorillonite as an organoclay is prepared. Studies by He et al. [ 2006]
showed that there were three molecular environments for the surfactant within the clay: i)
intercalated within the clay interlayer via cation exchange and electrostatic bonding, ii)
located within the galleries of the clay by hydrophobic bonding with the aliphatic tails of

the surfactant, and iii) physical adsorption to the external surface. Stability of the



surfactant, in terms of ease of removal (via chemical, thermal or physical means), has
been found to follow the order given above, with the intercalated species being most
difficult to remove and the exterior adsorbed material being the most easily taken away.
Deng et al. [2003] suggested that the surfactant molecules are probably concentrated in
the margin area of the interlayer galleries forming an annular ring structure between two
neighboring silicate sheets, held back from intercalating more deeply into the galleries

due to van der Waals associations.

Inside the structure of clays, there are two kinds of water molecules. One is the
hydrated water molecules around the balanced metal cations which accounts for most of
the total water molecules; the other is the free water molecules which are held to the

oxygen plane by attractive and dispersive forces [Yariv et al. 1992]. The former state of
water is more stable and its removals require temperatures as high as 135°C, but for the

latter state, a small portion of moisture content is readily removed at temperatures above

ambient [Xi et al. 2004]. The hydrated cations, as shown in reaction (2.2), have the ability

[M(OH,) " = [m(OH)OH,) """ +H" 2.2)

to donate protons and thus provide the clay with acidity, while the oxygen-plane surface
of clay platelets is able to accept a proton and therefore is alkaline. The dissociation
reaction is more energetically favored (107 times more within the interlayer than in the
bulk) due to the enhanced dielectric constant of the interstitial matter caused by
confinement [Touillaux et al. 1968]. The acid strength of the sodium cation is relatively
weak, yet increases in strength as the water content decreases within the inner layers.
Replacement of the exchangeable cation by an organophilic surfactant would reduce the

water-adsorbing capacity of the clay [Jordan 1949].
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2.2.2 Thermoplastic Polyolefins and Maleated Polypropylenes

Thermoplastic polyolefins refer to a class of polymer material modified by
inorganic fillers and elastomeric particles consisting of block copolymers or rubber. TPOs
are non-polar which presents extreme difficulties in intercalation as well as forming a
homogeneous and thermodynamically stable nanocomposite because of their

incompatibility with the polar inorganic filler.

During the intercalation process, the entropy decreases due to the severe
confinement being imposed on the polymer chains. The compensation by the increase in
conformational freedom of the tethered alkyl surfactant chains as the interlayer spacing
increases is not enough and the total entropy remains negative [Vaia and Giannelis 1997].
In order to overcome the entropic penalty, favorable mixing enthalpic interactions
between polymer and clay must be present. According to Vaia and Giannelis, the mixing
enthalpy may comprise apolar interactions arising from associations between polymer and
surfactant aliphatic chains as well as polar interactions originating from the Lewis
acid/base interactions between the layered silicates and the polymer chains. Unfortunately,
the two types of favorable enthalpic interactions seem not to exist for the apolar polymer.
For example, no organic surfactant attached to montmonrillonite has yet yielded enough
organophilicity to provide compatibility with a PP matrix, and the PP chains do not
provide sufficient Lewis acid/base interactions with silicate surface. The positive total
free energy of the mixing will not allow the intercalation of PP into an organoclay to
proceed. To overcome the unfavorable approach of non-polar polymer chains into the
interlayer of an organic modified montmorillonite, a polymeric compatibilizer is
introduced to the TPO/MMT system in a small quantity sufficient to improve the
interaction with the silicate surface yet remain miscible with the polymer matrix.
Typically, the most favored polymeric compatibilizers are maleated polyolefins, most
often maleic anhydride grafted polypropylenes (MA-PP) due to the presence of tertiary

carbons in their backbones and hence the relative ease of free radical grafting.
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The mechanism of a compatibilizer assisting in diffusion of polymer chains into
clay galleries or dispersion of clay platelets into polymer matrix might be two steps [Vaia
et al. 1995 and 1996; Dennis et al. 2001]. Chains of compatibilizer first enter the clay
galleries due to strong interaction, probably by hydrogen bonding, between the polar
groups on compatibilizer chains and the oxygen groups of the silicate layers, and then
chains of non-polar polymer matrix diffused into the expanded interlayer region because
of the compatibility of the polymer and the compatibilizer. Therefore, features of a
compatibilizer such as molecular weight, polar group concentration, acidity/alkalinity, etc.
are important for its compatible effectiveness with the organoclay and the TPO matrix, as
well as the final mechanical properties of the nanocomposite. For maleated
polypropylenes, higher degrees of grafted maleic anhydride (MA) improve the
intercalation capacity of MA-PP [Kato et al. 1997], but lead to immiscibility with the
polymer matrix [Kawasumi et al. 1997]. Research by Kawasumi et al.[1997] showed that
the dispersibility of orgaoclay in a non-polar polymer matrix was dependent not only on
the intercalation capacity of an MA-PP in the clay galleries but also on the miscibility of
the MA-PP with PP. The work by Wang et al. [2004] showed that an oligomer with low

molecular weight ( M =9100 ) led to improved clay dispersion whereas a
compatibilizer with high molecular weight (M, = 330,000 ) gave rise to improvement in

mechanical properties. Another research study confirmed this result in that MA-PP with
lower molecular weight and higher MA content led to better clay dispersion in the
polypropylene/clay nanocomposites but also caused deterioration in both mechanical and
thermal properties [Yang et al. 2006]. It seems that an MA-PP with both enough polar
groups and good miscibility with PP would achieve an exfoliated and homogeneous

dispersion of clay platelets in the nanocomposites, but at a cost.

The immiscibility of a compatibilizer within a polymer matrix is attributed to not
only its polar groups but also its lower molecular weight. Higher molecular weight for a
compatibilizer will definitely increase its miscibility with non-polar polymer matrices,

and therefore an MA-PP with higher maleic anhydride content without reduction of its
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molecular weight during preparation would be desirable. The unfortunate fact so far is
that chain length seems always to be coupled to the grafting degree of the polar functional
group due to the reaction used in generating a maleic anhydride modified polypropylene
compatibilizer. With higher maleic anhydride grafted onto the polymer backbone, the
molecular weight of the polypropylene will be substantially reduced by chain scission
which occurs simultaneously with bulk grafting [Shi et al. 2001]. The effect of the degree
of grafted maleic anhydride groups on the dispersibility of clay in the polymer
nanocomposite is usually studied by not decoupling the molecular weight of MA-PP.
Hong et al. [2005] attempted to look at the effect of molecular weight on exfoliation but
they were unable to decouple the influence of maleic anhydride content from their results.
They used a compatibilizer with MA content of 2.6 wt % and molecular weight of 49,600
g/mol to create a fully exfoliated TPO nanocomposite, while the other two
compatibilizers, | wt % MA content/157,100 g/mol molecular weight and 0.8 wt % MA
content/240,700 g/mol molecular weight, did not lead to fully exfoliated structure. As
expected, impact and flexural properties were greater for nanocomposites using the latter
two compatibilizers. Another paper trying to study the effect of the compatilizer’s
molecular weight [Wang et al. 2006] stated that the effect of molecular weight of MA-PP
on the exfoliation behavior should be coupled with processing conditions because both
are factors influencing the shear viscosity during the melt compounding of PP/clay
nanocomposites. They claimed that all studied PP-MAs, i.e. Polybond 3150 with 330,000
g/mol/0.5 wt %, Polybond 3200 with 84,000 g/mol/1.0 wt % and Polybond 3000 with
61,000 g/mol/1.2 wt %, gave rise to similar degrees of dispersion when blended with
Nanomer [.30P, an octadecylamine modified MMT clay, at a ratio of 10:1 (w/w) at the
optimal temperature. They seemed to conclude from their research that processing
temperature or the shear viscosity during the melt compounding were the key factors to
clay dispersion or exfoliation. Clearly, their work still did not decouple the influence of

the grafting degree of maleic anhydride from molecular weight.
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The amount of MA-PP used should be limited because of its negative effects on
the thermal stability and even the mechanical properties of the final products [Thompson
and Yeung 2006; Wang et al. 2004]. A study by Lertwimolnun and Vergnes [2005]
showed that at a constant clay concentration (5 wt %) an improvement in the degree of
clay dispersion within PP could be obtained by adding MA-PP at concentrations higher
than 10 wt %, but no further improvement on the dispersibility of clay was observed
above 25 wt %. The ratio of compatibilizer-to-organoclay is another issue needed to be
considered due to the concentration limitation of compatibilizer in the non-polar
polymer/clay nanocomposites. A reasonably low ratio of compatibilizer-to-organoclay
should be applied when considering shear delamination and mechanical properties,
though a higher ratio facilitates clay dispersibility. The work by Kato et al. [1997]
indicated that a weight ratio of 3:1 led to the average basal spacing of an organoclay
increased up to 72.2 A. Wang et al. [2004] showed that when the proportion of Polybond
3150 and an organoclay in weight reached 4:1, the organoclay platelets completely
dispersed in the MA-PP melt and that when the proportion was 3:1, the characteristic
peak in the XRD pattern was very small and the peak location was undistinguishable due

to the peak’s broadness, which validated the result by Kato et al [1997].

2.2.3 Structures of PLS Nanocomposites

Generally, there are two types of structures for PLS nanocomposites, the
intercalated morphology and the exfoliated morphology, shown in Figures 2.2.2(b) and
2.2.2(c), respectively. For the intercalated structure, a single or more than one extended
polymer chains intercalate in between each silicate layer resulting in an increased
interlayer spacing though the ordered stacking structure remains intact. This morphology
is sometimes referred to as an ordered exfoliated structure if the van der Waals forces
between adjacent platelets are negligible. For the exfoliated structure, the silicate layers
are completely separated and uniformly dispersed in a continuous polymer matrix. Some

times in literature this morphology is referred to as a disordered or dispersed exfoliated
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structure. When polymer chains are unable to intercalate between clay platelets, only a
conventional composite (Figure 2.2.2a) is obtained. The exfoliated structure is most
desired because it is felt by researchers that this structure will allow maximum specific
mechanical properties. Unfortunately, until this structure can be realized in a stable

morphology it is difficult to compare against phase separated and intercalated systems.

Layered silicate

(cl

{a) ) s
Phase separated Intercalated Exfoliated
(microcomposite) {nanocomposite) (nanocomposite)

Figure 2.2.2 Structures of PLS nanocomposites [Alexandre and Dubois, 2000]

The structure of PLS nanocomposites depends on the nature of their components
and the method of processing because the two factors determine the dispersion degree of
clay platelets. In most cases only a nanocomposite with a mixed intercalated and
exfoliated structure is obtained, especially for the case of non-polar polymer matrix and

melt compounding processing in which fully exfoliated structure is rare.

2.3 Processing and Processing Issues of PLL.S Nanocomposites



15

There are basically four strategies for creating PLS nanocomposites: 1)
exfoliation-adsorption by which the layered silicate is exfoliated into single layers using
a solvent in which the polymer is soluble, ii) in-situ intercalative polymerization, a
technique that the layered silicate is swollen within the liquid monomer or a monomer
solution so that polymer formation can occur in between the intercalated sheets, iii) melt
intercalation where the layered silicate is directly mixed with the polymer matrix in the
molten state and exfoliation occurs by shear delamination of individual platelets from the
silicate stacks after associative forces between adjacent silicate layers have been
weakened by intercalation, and iv) template synthesis where the silicate layers are
formed in-situ in an aqueous solution containing the polymer [Oriakhi, 1998]. Clearly
strategy iv) is not available for most polymers and method i) is usually used to produce
water-soluble polymer nanocomposites. Therefore, in-situ polymerization and melt
intercalation (which is often referred to in this thesis simply as melt compounding) have
become the two dominant routes for preparing PLS nanocomposites. For polyolefinic
based PLS nanocomposite materials, melt intercalation seems more promising over in-
situ polymerization because i) no solvent is involved, ii) the synthesis can proceed on the
industrially available extruder, and iii) the monomer is not suited to the intercalation and
exfoliation of MMT on a nanometer level by subsequent polymerization from a solution
[Pinavaia and Beall 2000]. In addition, the apolar nature of the polymer does not allow it
to form a thermodynamically stable morphology with the clay when produced by in-situ

polymerization.

For melt compounding, intercalation of polymer chains into the interlayer region
of clay is considered a key step in preparing a nanocomposite because the processes of
exfoliation and delamination of an organoclay are recognized to happen following this
step [Vaia et al. 1995 and 1996, Dennis et al. 2001]. According to these researchers,
polymer chains first diffuse into the clay galleries and expand the interspace size between
clay platelets. During this stage, the pathway does not require high shear and the major

driving force is either physical or chemical affinity of the polymer to the organoclay
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surface, overcoming the strong attractive van der Waals forces between the silicate sheets
making up the clay crystal by induced basal expansion of its galleries. Following this
stage, clay platelets delaminate from the expanded stacks during which shear is the major
driving force, and therefore high shear intensity would help the exfoliation. It is the first
stage that controls the whole processing because it has been shown to take considerable
time [Schmidt et al. 2002]. Since polymer processing operations are typically measure in
the order of seconds, the full exfoliation must occur within a faction of the total residence
time. It is the rate-limiting step of exfoliation for the clay mineral that becomes a key

challenge to advancing the commercialization of these novel polymers.

While complete exfoliation of the clay species is difficult within most polymers,
the challenge is seen to be greatest for olefinic resins due to i) the poor interactions
between the macromolecule and organoclay, and ii) the high demand for these polymers
in commercial applications. Different strategies have been developed recently for
improving the extent of exfoliation. The most popular has been the use of compatibilizers
which are partially effective. More disruptive technologies such as high energy ultrasound
[Lim et al. 2003] and electrical fields [Lu et al. 2006] have also been reported to advance
the rate and extent of exfoliation. Treece and Oberhauser [2007] showed how direct
injection of supercritical gas into a single screw process could yield exfoliation levels
similar to twin screw compounding operations despite the lower shear history. Horsch et
al. [2006] proposed using supercritical fluid to pretreat the organoclays before their
addition. Among the three methods stated, the use of supercritical fluid can be seen as the
most applicable to current industrial processing practices and the least damaging to

equipment and the polymer structure.

2.4 Supercritical CO, and Its Applications

2.4.1 Properties of Supercritical CO;
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A supercritical fluid is defined as a substance for which both pressure and
temperature are above their critical values and the density of which can be tuned from
liquid-like to gas-like simply by changing temperature and/or pressure. The vapor-liquid-
coexistence state of a fluid above its critical point makes it an excellent solvent with gas-
like viscosity and liquid-like density. Supercritical carbon dioxide (scCO») has a critical
temperature (T;) of 304.05K and critical pressure (P.) of 7.40MPa [Kemmere and Meyer
2005]. Compared to other supercritical fluids, carbon dioxide has received much more
attention due to its easy accessibility to supercritical state (particularly for industrial uses),
easy removal simply by depressurization, relative benignity to the environment, chemical
inertness, low toxicity, low cost, and non-flammability [Tomasko et al. 2003]. Its ability
to solvate under supercritical state is similar to organic solvents and tunable by simply
changing temperature and pressure conditions. For most high molecular weight polymers,
supercritical CO; is not a good solvent, but its solubility in many such polymers is
substantial. In such cases, scCO; acts as plasticizer, suitable for polymer processing and

polymer synthesis.

2.4.2 Polymer Processing

Applications of scCO; in polymer processing have included polymer modification,
blending, foaming, etc. In polymer modification, polymers exposed to scCO, first swell to
varying extents leading to increased free volume and chain mobility, which then
facilitates the impregnation of modifiers such as monomers, catalysts and other active
chemical species. Supercritical CO, may also act as a carrier of those modifiers,
delivering the solutes into the polymer phase. The swelling of polymers and the enhanced
impregnation of active chemical species allows the chemical modification to be carried
out at a lower temperature, which is very meaningful for the melt modification in order to
avoid degradation. Successful applications of scCO; in polymer modification are reported
to include chemically grafted methyl acrylate [Dong et al. 2004], 2-hydroxyethyl
methacrylate [Li et al. 2001], methyl methacrylate [Liu et al. 2002] and maleic anhydride



18

[Liu et al. 2005] onto polypropylene by radical mechanism with the general aim of

increasing hydrophilicity of PP.

Blending is an important technique for scientists and engineers creating new
materials using immiscible homopolymers. Property improvements in these created
materials strongly dependent on their morphology, i.e. the droplet size of the dispersed
phase. Viscosity ratio of the dispersed phase and the continued phase is crucial in
determining the size of the droplets. Supercritical CO, can help control the viscosity ratio
of the two phases because of differences in the solubility of scCO; in different polymers,
and therefore the size of the droplets may be tuned. In supercritical CO, controlled
blending of poly(methyl methacrylate) (PMMA) and polystyrene (PS) by twin screw
extrusion, it was observed that the droplet size of the minor phase (PMMA) decreased
sharply when the viscosity ratio of PMMA and PS reached 7.3 at a shear rate of 100 s
and that the viscosity of PMMA reduced up to 80% and viscosity reduction of PS up to
70% [Elkovitch et al. 2000]. It was believed that the greater reduction in viscosity of the
dispersed component lead to better momentum transfer from the more viscous major

component and caused the minor component to break up into smaller droplets.

Foaming is another common polymer processing technique that provides products
with substantial reduction in weight and high impact strength. Microcellular foaming of
polymers using CO; as a blowing agent has even been touted as a revolutionary invention
in the polymer industry [Simone and Paisner 2003, Liu et al. 2003]. The microcellular
foaming technique is especially meaningful for those biodegradable and biocompatible
polymers in the applications of tissue engineering, tissue regeneration and protein
encapsulation because the microcellular foam combines substantial weight deduction and
high impact strength with high toughness and good fatigue life, plus allows production in
a clean and safe environment [Barry et al. 2004, Fujiwara et al. 2005]. Physical blowing
agents like CO; are better than chemical blowing agents when the melting point of the

polymer is high and its chemical structure is not thermally stable at high processing
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temperature. Furthermore, good control over porosity is possible with CO, simply by
manipulating temperature and pressure due to the high degree of supersaturation possible

at high pressure and low temperature.

The uses of scCO; for polymer particle formation, fractionation, purification, and
dyeing are all quite well established. In polymer particle formation, particle size, particle
size distribution and morphology can be better controlled using scCO; as a solvent or
anti-solvent by tuning process parameters such as the amount of dissolved CO,,
temperature, pressure, nozzle diameter and depressurization rate than using other
traditional solvents, and this method leaves polymer particles solvent-free. The polymers
reported for producing particles by this technique include fluoropolymer [Franklin et al.
2001], poly(ethylene glycol) [Hao et al. 2005], etc. For the polymer fractionation, by
sequentially reducing or increasing the pressure of a SCF/polymer solution, narrow
molecular weight fractions of the polymer sample are precipitated or extracted from the
SCF/polymer solution [McHugh and Krukonis 1994, Kim et al. 1998]. Polymer
purification using scCO; is based on the supercritical fluid extraction of monomers,
oligomers, or other residual contaminants from polymer to improve the physical
properties of the polymer in some way [Taylor 1996]. The most advantageous use of this
technique is the reduction of organic solvent used. Organic dyes can also be transported
uniformly into polymer hosts by scCO, [West et al. 1998, Kazarian et al. 1999 and
Kawahara et al. 2001].

2.4.3 Clay Minerals and Organoclays

Supercritical CO; is mainly used as a regenerative solvent and an intercalant aid
for clay minerals and organoclays. As an extractive or regenerative solvent, scCO, was
reportedly used to clean natural clay soils contaminated with hydrocarbons, especially
hydrocarbon polymers, [Reutergardh et al. 1998, Elektorowicz et al. 2007] and regenerate
clay minerals [Braida et al. 2007] and organoclays [Mendes and Coelho 2005] containing
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adsorbed organic compounds. Supercritical CO, has also been used as an aid to exfoliate
layered silicate particles [Manke et al 2002], as a processing medium for intercalating
natural clay with sugar acetate and p-D-galactose [Gulay et al. 2006] and organically
modified clay with 4-phenylazoaniline [Ishii et al. 2002]. These studies were primarily
focused on the extent of desorption achieved for various adsorbed organic species and the
morphology of intercalated silicate layer structures. They were not concerned with the
interaction of the scCO, with the organic adsorbents, the clay pillars or the clay surface
on a molecular level. The study by Horsch et al. [2006] is the only article known to the
author exploring the interactions between scCO, and surfactant modifier of MMT. In that
study the researchers attributed the scCO, effect on clay dispersion to rapid
depressurization and proposed that CO,-philicity to the surfactant of the organoclay might

result from the presence of acidic hydrogen atoms on the surfactant.

2.4.4 PLS nanocomposites

For recent years, patents [Mielewski et al. 2004] and papers [Horsch et al. 2006,
Yang and Ozisik 2006, Nguyen and Baird 2007, Litchfield et al. 2007, Zhao and Huang
2008] on scCO, aiding the synthesis of PLS nanocomposites by melt compounding have
been present. These researchers generally focused on the processing routes used and the
improved dispersion of clay in the polymer matrix due to the addition of scCO,. Two
typical processing routes are proposed for the melt compounding synthesis. One is
directly injecting scCO, into a melt mixture of silicate particles and polymer in an
extruder, by which the silicates particles are expected to exfoliate in the extruded mixture
[Horsch et al. 2006, Yang and Ozisik 2006, Zhao and Huang 2008]. The other route
includes two steps: first exfoliating silicate particles using scCO; and then delivering the
exfoliated silicate particles together with scCO; into a stream of polymer melt in an
extruder [Nguyen and Baird 2007, Litchfield et al. 2007]. Batch compounding was also
used to prepare polypropylene/sepiolite nanocomposites using scCO, as assistant solvent

[Ma et al. 2007]. All these reports except Yang and Ozisik [2006] claimed that the clay



21

dispersion was improved and, subsequently the mechanical properties such as modulus
and yield stress were likewise increased. Yang and Ozisik [2006] studied the effects of
organic modifier of clays and processing parameters on clay dispersion in Nylon-6
matrices and found that high pressure and the addition of scCO, were not factors
contributing towards improving clay dispersion. The authors also had a conclusion that it
was necessary to select a proper organic modifier but it was not a sufficient condition to
obtain an exfoliated clay morphology. Researches by Zhao and Huang [2008] showed
that there was an optimal CO; concentration at which the PP/clay nanocomposites tended
to be more viscous and that higher CO, concentration above the optimal value lead to
decrease in the complex viscosity and dynamic moduli. However, these articles seldom
probe the molecular level mechanism of interaction between scCO, and the
nanocomposite components. As mention above, only the study by Horsch et al. [2006]

discussed the interaction between scCO; and surfactant modifier of MMT.

Specific knowledge on anticipated interactions of scCO, with maleated
compatibilizers is unavailable; however, it is evident from the available literature that the
anhydride group will interact with the gas in some small manner. The most direct
evidence of CO; interaction with maleic anhydride (MA) can be found in those studies
looking at Diels-Alder reactions conducted under supercritical conditions to enhance
kinetic rates. Glebov et al. [2001] found that the rate of reaction between maleic
anhydride and isoprene under supercritical conditions was substantially increased when
the MA concentration was below its solubility limit in CO;, and only a single phase
existed. At higher concentrations of MA, multiple phases existed in their reaction system
and the rate of reaction was closer to those without CO,. Unfortunately, the literature in
this area never seems to hypothesize how the gain in reaction rate occurred. Extraction of
MA from prepared MA-PP under scCO;, was found by Clark and Lee [2004], but they
provided little analysis on how. In the work of Liu et al. [2005], the authors attempted to

prepare MA-PP by solid-state free radical reaction aided by scCO; and found a maximum
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in the grafted maleic anhydride content in relation to CO, pressure which was attributed

to partitioning of MA between different phases present within the mixture.
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CHAPTER 3 EXPERIMENTAL

3.1 Materials

3.1.1 Clay minerals and organoclays

Five organoclays, Cloisite 20A, SCPX 1137, SCPX 2934, SCPX 2972 and SCPX
2971 were chosen for the studies. They are all MMT modified with organic quaternary
ammonium salt surfactants. Their structural nature and suppliers are summarized in Table
3.1.1. First consideration of clay selections was the commercial availability. The
unmodified clay and the organically modified clays were all supplied by Southern Clay
Products (SCP). The modified clays had a reported organic loading of 95-100 meq/100g
determined based on a titration method using amine salt. The second consideration was
the chemical nature of surfactants used to modify the natural clay. Number of long alkyl
chains, length of the long alkyl chain and non-aliphatic surfactant were the considered
factors in order to examine potential variance in CO,-philicity. Carbon numbers in the
surfactant molecule of SCPX 1137, Cloisite 20A and SCPX 2934 are identical (~18
carbon atoms) but the number of aliphatic tails in a surfactant molecule of them is 1, 2
and 3, respectively. Cloisite 20A and SCPX 2972 have an identical number of long alkyl
chains but the length of the alkyl chains is different, namely 18 carbons for Cloisite 20A
and 12 carbons for SCPX 2972. Sodium montmorillonite (NaMMT) was the initial clay

mineral from which the modified montmorillonites were prepared.
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Table 3.1.1 Clays and their properties and suppliers used in the project

Clay Surfactant Chemical nature Surfactant Basal Spacing:: Clay
type* MW+ (A) Supplier
SCPX 1137 1 -Cis Trimethylhydrogenated tallow 340 18.3 SCP
ammonium chloride
Cloisite 20A 2-Cig Dimethyldihydrogenated tallow 574 258 SCP
ammonium chloride
SCPX 2934 3-Cis Methyltrihexadecyl ammonium 739 334 SCP
chloride, 100 MER
SCPX 2972 2-Cpp Dimethyldicoco ammonium chloride, 417 20.6 SCP
95 MER
SCPX 2971 Aromatic Trimethylbenzyl ammonium 186 15.4 SCP
chloride, 95 MER
NaMMT — — — 122 SCP

* Example, 1 — C;g indicates one alkyl chain attached with a length of 18 carbon groups
T Molecular weights of surfactants in the table were provided by the suppliers.

1+ Values of basal spacing of the clays in the table were based on XRD measurement in our labs.
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3.1.2 Other materials

Carbon dioxide gas (> 99.5 mole % purity) and nitrogen gas (100 mole % purity)
were supplied by Air Liquide Canada Inc. 1-Bromonaphthalene (97 % assay) from

Sigma-Aldrich and glycerol (Class IIIB) from Fisher Chemicals were used for surface
tension measurement without any further treatment. Their dispersive (7*), polar ()

components and the total surface energy () were shown in Table 3.1.2 for 1 atm and

25°C.

Table 3.1.2 Surface property of two liquids [Gokel 2004]

Liquid Total, y Dispersive, y* Polar, y’
mN/m mN/m mN/m
I-Bromonaphalene 42.80 42.52 0.28
Glycerol 60.90 35.54 25.36
3.2 Apparatus

A specially-built high pressure vessel (HPV) was used to process the clays with
scCO,. Temperature and pressure in the vessel were controlled by a temperature
controller and a high pressure syringe pump (ISCO Model 260D). The setup of the

processing apparatus is shown in Figure 3.2.1.

Another in-house built apparatus was the high pressure cell (HPC) for in-situ
XRD measurement, shown in Appendix A. The tubes of the XRD-HPC were made from
sapphire and polyetheretherketone (PEEK). Single-crystal sapphire is transparent and
exhibits no detectable basal reflections by XRD in the range of interest. Unfortunately,

the wall thickness of the tube (3 mm) necessary to withstand high enough pressures for
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this work was too thick to allow X-rays generated from the Cu sealed X-ray tube or Mo
sealed X-ray tube to pass. Instead of the sapphire tube, a PEEK tube of similar

dimensions was selected and proved efficient for this application.

Figure 3.2.1 High pressure vessel (left) together with Syringe pump and temperatufe

controller (right)

3.3 Experimental Design

3.3.1 Organoclays treated with single solvent — scCO,

In order to investigate the general behavior of organoclays under scCO,
atmosphere at different conditions (i.e. temperature, pressure, pressure release rate), a

two-level full factorial design of experiment (DOE) was used. Variables and specific

level values of the DOE are shown in Table 3.3.1. Low levels of temperature (50°C) and
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pressure (7.6 MPa) were chosen to ensure that CO, was in its supercritical state (CO,

critical point: P, = 7.4 MPa and T, = 31 °C) while the high levels of each factor (200°C

and 9.7 MPa) were selected based on the practically applied processing temperature of
TPO or PP in industry and a pressure possibly achieved inside the barrel of a twin screw
extruder. Considering that the expansion of clay particles may be the result of explosive
depressurization, we also chose pressure release rate as a parameter. The high level value
(4.8 MPa/s) was the largest release rate that the needle valve on the HPV could reach
while the low level (0.2 MPa/s) was the value selected for slowly releasing the gas from
the vessel. The pressure release rate was controlled manually. The duration of the
experiment was determined by the temperature used and was not considered a variable
here but rather a requirement to ensure full adsorption of the CO, prior to
depressurization. Appendix B lists detail of the full factorial design of experiment. The

experimental procedure for the trials is discussed in Section 3.4.

Table 3.3.1 Parameters and levels in the DOE

Variables Levels

Organoclay Cloisite 20A, SCPX 1137, SCPX 2934
SCPX 2972, SCPX 2971

Temperature, °C 50 and 200

Pressure, MPa 7.6 and 9.7

Pressure release rate, MPa/s 0.2 and 4.8

Characterizations of the scCO, processed clay samples included organic weight
fraction, the hydration properties, pH of the clay in water suspensions, thermal properties,
interlayer distance, surface tension, etc. The interlayer distances of the clays examined
above would be those after gas depressurization. In-situ observations of organoclay
behavior under high CO, pressure were made to examine if there was any difference in

surfactant morphologies while the scCO, was present.
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3.3.2 Organoclays treated with scCO; and water co-solvent

Considering the potential strong interaction of the uncoated surface of an
organoclay with water and the reports on PLS nanocomposites successfully synthesized
in water slurry [Hasegawa et al 2003, Xu et al. 2006], water may be a suitable co-solvent
to assist the clay expansion. In order to ascertain the effectiveness of water as a co-solvent

to CO; in the expansion of the clay galleries, a small set of experiments was designed.

3.4 Experimental Procedure

3.4.1 Clay treatment with scCO;

Supercritical CO, processing of the clays alone followed this procedure: i) drying
about 2g of a selected clay in a vacuum oven at 40°C overnight (16 hours), it) pre-heating
the HPV for | hour to allow the temperature in the HPV to be uniform, iii) placing the
dried clay into the HPV chamber, iv) purging the air in the chamber with CO,, v)
pressurizing the chamber up to the designated pressure, vi) maintaining the pressure and
temperature during the whole processing, vii) depressurizing the chamber rapidly or
slowly, and viii) collecting the treated samples for subsequent analysis. The processing

pressure was controlled by a syringe pump. Gas in the vessel was released manually.

3.4.2 Organoclay treatment with scCO»/H;O co-solvent

For the small set of experiments looking at the effect of water co-solvent on
expansion of the clay galleries, two organoclays were chosen, namely Cloisite 20A and
SCPX 2934. The clays were first dried in an oven at 40°C overnight (16 hours) and then
hydrated for 10 days to an equilibrium weight. The hydration was performed by placing

several grams of each organoclay in a small confined chamber where a dish filled with



29

distilled water sat to obtain a higher moisture environment. The relative humidity in the
chamber was found to be 77%. Then a hydrated sample was treated with scCO; in the
batch vessel under one of two conditions: 9.7 MPa, 200°C and 0.2 MPa/s; and 9.7 MPa,
50°C and 0.2 MPafs.

3.4.3 Organoclay washing

As mentioned in Chapter II, there is a portion of surfactant physically adsorbed on
the external surface of clay particles and the margin areas of the interlayer galleries. In
order to resolve the effect that scCO, had on the interlayer region compared to the
exterior of clay, the physically adsorbed surfactant needs to be removed. It has been
shown by other researchers that a mixture of water/ethanol (4:1 in volume) is an
appropriate solvent which primarily removes the physically adsorbed surfactant onto the
external clay surfaces and not the surfactant present in the interlayer region [He et al.
2006]. The specific procedure and conditions of this extraction method used in our
research were as follows: i) wrap the organoclay within filter paper, ii) put the wrapping
into a liquid mixture of water/ethanol (4:1 in volume), iii) reflux the liquid for 6 hours, iv)
wash the refluxed clay with distille