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ABSTRACT

Improved polymeric packaging materials have significantly economic and
environmental impact on food, beverage and other industries. In this dissertation, we
developed polymer/clay nanocomposites, by incorporating impermeable layered silicates
into polymeric matrix to enhance barrier properties. We utilized the unique properties of
super critical carbon dioxide (scCO;) to exfoliate clay layers and improve polymer-clay
interactions, which are two key challenges in the field of nanocomposites.

Firstly, the scCO, processing was applied to pre-disperse various commercial
Cloisite® clays, the effects of scCO, processing and chemical and physical properties of
clay particles on clay pre-dispersion were investigated and the extent of clay pre-
dispersion was assessed by SEM, WAXD and TGA. We found that the scCO, processing
results in pre-dispersion of organic modified clays regardless what kind of modifier on
them. The degree of dispersion of different kind of clays actually is a competitive result
between carbon dioxide-philicity and modifiers interaction. In addition, TGA data
confirm that the scCO; processing does not remove surface modifiers from clays, which
maintain good solubility of clay in organic solvent and compatibility with organic phase.

Secondly, the pre-dispersed clay particles were solution blending with polystyrene
(PS) to form nanocomposites, whose structural physical properties were characterized
and evaluated by WAXD and TEM. The effects of scCO, processing, clay dispersion,
modification and fraction on improvements of physical properties such as rheology and
barrier of nanocomposites were investigated. In addition, structure-barrier properties
relationship was assessed based on several phenomenological models. In particular, we

identified that 10A is the best reinforcement for improving PS barrier properties.



Microstructural and barrier properties characterizations revealed that scCO, processed
clays prevent reorganization of platelets and lead to more homogenously clay dispersion
with improved interfaces. As the increase of clay fraction and dispersion, gas permeation
decreased continuously, in this study ~83% reduction of permeation had been achieved
with 3.1 vol% of scCO; processed clays with a calculated effective aspect ratio of 109.
Finally, the concept of scCO, processing reinforced polymer/clay nanocomposites
based on PS matrix was translated to more complex melting extrusion of engineering
polymers, such as polyethylene terephthalate (PET) and high density polyethylene
(HDPE). The effects of scCO, processing, clay dispersion, modification and fraction and
temperature on improvements of structural and physical properties of matrix were
investigated and discussed. 30B and 20A were identified as the best candidate for
improving barrier properties of PET and HDPE respectively. Similarly, we found that
scCO; processed clays lead to more homogenously clay dispersion with improved
interfaces. Nevertheless, unlike previous research, permeation of PET did not decrease
continuously with increase of clay fraction or dispersion. In this study, with only 1wt% of
clay, pre-dispersed clay lead to a more significant reduction of oxygen permeation
(~33%) than as-received clay did (~8%) and a maximum reduction (44%) of oxygen
permeation was achieved by adding 3wt% of pre-dispersed clay. In addition, we
confirmed that effect of temperature on the permeation of PET/clay nanocomposites
depended both on the Arrhenius behavior of the organic phases and tortuous path effect,
where improved clay dispersion resulted in a higher effective activation energy.
Moreover, both the transparency and mechanical properties have been improved by using

scCO, processed clay.
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CHAPTER 1: INTRODUCTION

1.1 Motivations

1.1.1 Overview

It is natural for people to recognize that numerous chronic and acute illnesses
could result in death, because everyone, no matter where you live and how rich you are,
has nearly equal possibility of suffering those illnesses. However, hunger and
malnutrition, in fact are listed as the top causes of leading human death. When you logon
the website of World Food Programme and search key word for hunger, a very

impressive image will show up [1].

Hunger kills more people every year

than AIDS, malaria & tuberculosis combined. AIDS,
MALARIA
UNGER AND TB

2

Figure 1 Cartoon poster from World Food Programme website.

A simple cartoon of teeterboard (Figure 1) indicates a startling fact that hunger
kills more people every year than AIDS, malaria and tuberculosis combined. Those
people from developed countries may be not suffering for hunger or malnutrition
themselves and wondering asking for detailed statistics about hunger and malnutrition.
To help answer these questions, I cite a list of facts on world hunger provided by World
Food Programme.

e 870 million people in the world do not have enough to eat. This number

has fallen by 130 million since 1990, but progress slowed after 2008.



e Asia and the Pacific have the largest share of the world's hungry people
(some 563 million) but the trend is downward.

e Poor nutrition causes nearly half (45%) of deaths in children under five -
3.1 million children each year.

e One out of six children -- roughly 100 million -- in developing countries is
underweight.

e 66 million primary school-age children attend classes hungry across the
developing world, with 23 million in Africa alone.

e  WFP calculates that US$3.2 billion is needed per year to reach all 66
million hungry school-age children.

According to another report from World Health Organization, hunger-associated
disorders kill 36 million people each year worldwide. This is more than coronary heart
disease, stroke and other cerebro-vascular diseases, lower respiratory infections, chronic
obstructive pulmonary disease, diarrheal diseases, HIV/AIDS, tuberculosis, tracheal,
bronchial, and lung cancers, road traffic accidents, and premature or low birth weight

combined. Details of statistical data are available in Figure 2 [2].
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Figure 2 Hunger-associated fatality compared to 10 leading causes of death.

After reviewing those data and facts, people may gain enough awareness and start
thinking how we can defeat the battle with serious food crisis. Naturally, people will pay
their attention on increasing food production such as grain products and meat, by
developing organic agriculture, stock raising and fish culture. However, actually, for the
past two decades, the rate of global food production has increased faster than the rate of
global population growth. The world already produces more than 1.5 times enough food
to feed everyone on the planet [3]. Therefore, in fact, hunger is mainly caused by poverty
and inequality, rather than scarcity [4]. Moreover, beside poverty and inequality, food
losses, referred as the decrease in edible food mass throughout the part of the supply
chain that specifically leads to edible food for human consumption, is also attributed to
have a big contribution to world hunger. The results of a recently study suggest that
roughly one-third of food produced for human consumption is lost or wasted globally,

which amounts to about 1.3 billion tons per year [5].
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Food losses take place at production, postharvest and processing stages in the
food supply chain. The causes of food losses and waste are mainly connected to financial,
managerial and technical limitations in harvesting techniques, storage and cooling
facilities in difficult climatic conditions, infrastructure, packaging and marketing systems
[6]. Among all of those causes, insufficient and ineffective food packaging system
contributes a huge portion (~25%) to the total food losses. The principal roles of food
packaging are to protect food products from outside influences and damage, to contain
the food, and to provide consumers with ingredient and nutritional information. The goal
of food packaging is to contain food in a cost-effective way that satisfies industry
requirements and consumer desires, maintains food safety, and minimizes environmental
impact. Food packaging can retard product deterioration, retain the beneficial effects of
processing, extend shelf-life, and maintain or increase the quality and safety of food. In
doing so, packaging provides protection from three major classes of external influences:
chemical, biological, and physical. Therefore, developing a qualified, effective and
reliable food packaging system will be helpful leading to a reduction in food losses,
which consequently could have an immediate and significant impact on solving food
crisis and world hunger [7].

In order to fulfill the requirements for an effective and reliable food packaging
system, people have never stopped working on innovation in food packaging materials
ever since our ancient ancestor. For example, historical research suggests that about 5000
years ago, people started using pottery to preserve extra food for later or winter when
there is food shortage [8]. Recently, with the innovations and developments in mining,

metallurgy, polymer science, biology and manufacturing, people keep on developing new



generations of food packaging materials. In fact, tens of hundreds of different materials
have evolved with rather specialized characteristics that meet the needs of our complex
food packaging system. As shown in the following figure, during the last approximately
100 years, Coca-Cola bottles have experienced glass, plastic and renewable/sustainable
packaging eras, which helping improve the quality of people’s daily lives.

Facing with the fact people need superior and improved food packaging materials
to win the critical battle against serious food crisis, materials scientists and engineers may

play a significant role in developing superior and improved food packaging materials.

1.1.2 Polymeric packaging materials

Packaging material design and construction determining the shelf life of food
products play significant roles in food packaging system. The right selection of
packaging materials and technologies maintains product quality and freshness during
distribution and storage. Materials that have traditionally been used in food packaging
include paper, cardboard, glass, metals (aluminum foils and laminates, tinplate, and tin-

free steel) and plastics.



A familiar item that is fabricated from three different material types is the beverage
container. Beverages are marketed in aluminum (metal) cans (top), glass {ceramic) bottles
(center), and plastic (polymer) bottles (bottom). (Permission to use these photographs was
granted by the Coca-Cola Company. Coca-Cola, Coca-Cola Classic, the Contour Bottle
design and the Dynamic Ribbon are registered trademarks of The Coca-Cola Company and
used with its express permission. Soda being poured from a glass: © blickwinkel/Alamy. )

Figure 3 Classification of packaging materials in an example of Coca-Cola bottles.

As shown in the classic figure (Figure 3) from the standard introductory textbook
for materials science and engineering students, beside paper and cardboard packages,
solid packaging materials can be conveniently grouped into three basic categories: metals,
ceramics, and polymers [9]. This scheme is based primarily on chemical makeup and
atomic structure. Actually, except paper and cardboard packages, all of other packaging
materials fall into one distinct grouping or another. Each category of packaging materials

possesses its own specialized structures and characteristics which endow it with some



unique properties, which can be utilized to manufacture food packages with specific
applications. On the other hand, their unique structures also could result in particular
disadvantages that limit their applications.

For example, atoms in metals and their alloys are arranged in a very orderly
manner, and in comparison to the ceramics and polymers, are relatively dense, which
gives them excellent barrier properties. With regard to mechanical characteristics, these
materials are relatively stiff and strong, yet are ductile (capable of large amounts of
deformation without fracture), and are resistant to fracture, which accounts for their
widespread use in high pressure food can applications. On the other hand, metallic
materials have large numbers of non-localized electrons, and many properties of metals
are directly attributable to these electrons. For example, metals corrode easily and are not
transparent to visible light, which limits their application in some food packages which
require resistant to corrosive components.

Ceramics are compounds between metallic and nonmetallic elements; they
include aluminum oxide, silicon dioxide and silicon carbide and, in addition, what some
refer to as the traditional ceramics, those composed of clay minerals, as well as cement
and glass. Typically, ceramic materials are relatively stiff and hard and insulate to the
passage of heat and electricity, and are more resistant to high temperatures and harsh
environments than metals and polymers. This makes them superior food containers which
are durable and microwavable. However, ceramics have extreme brittleness and are
highly susceptible to fracture. Therefore, ceramic packages require more matter to make
them strong enough, which increases the deadweight of the package and limits their wide

application.



Some of the common and familiar plastics are polyethylene terephthalate (PET),
polyethylene (PE), polypropylene (PP) and polystyrene (PS). All of them are organic
polymers, with low densities, whereas their mechanical characteristics are generally
dissimilar to the metallic and ceramic materials—they are not as stiff or as strong as these
other materials. However, on the basis of their low densities, many times their stiffness
and strength on a density basis are comparable to the metals and ceramics. In addition,
many of the polymers are extremely ductile and pliable, which means that they can easily
be formed into complex shapes. Those advantages lead them wieldy been used in various
type of food packages such as boxes, bottles and bags, with relatively good mechanical
performance. However, one of many drawbacks to the polymers is that they have very
large molecular structures, which result in large intrinsic 'free volume'. Small gases or
water molecules tend to be absorbed within the free volume and diffuse through them,
leading to poor barrier properties in final products which limit their applications in beer,
beverage and diary packages. Therefore, these products are sensitive to oxygen, moisture
or loss of carbon dioxide [10]. Although plastics have other disadvantages beside low
barrier property, they still share 20.6% of total consumption of packaging materials and
present a 38.3% yearly increase in 2002 [11]. Another report indicates consumption of
metal packaging represented over 15% of the 2010 market but will be losing market share
to competing products, especially rigid plastic, to represent only 14% of the 2016 market,
while demand for plastic containers is anticipated to accelerate at the same time [12].

Based on the above discussion, among those potential candidates for superior
food packaging materials, polymer-based packaging materials are more competitive than

metal and ceramic packaging materials due to their superior mechanical property,



processability, and light weight. However, their major disadvantage-low gas and water
barrier properties could be the fatal defect limiting their tremendous applications in the
food packaging industry [13]. In order to overcome the low barrier property of polymeric
packaging materials, many practical solutions have been studied and developed. For
example, surface coating techniques have been introduced and studied. Basically, this
approach coats polymer surface with a thin layer of metal or ceramic materials which has
higher barrier property [14, 15]. Another effective approach for improving barrier
property of polymer is a multiple layer processing method named lamination, where a
thin layer of materials with higher barrier property is sandwiched between two layers of
the highly permeable polymer. The lamination processing techniques have been applied
to produce thin polymer films with improved barrier property, as suggested by the fact
that 70% of barrier PET bottles today are multi-layer structures [16]. In above solutions,
however, the inherently large property disparities between substrate materials and

additional materials, make processing complicated, with interfacial disparities.

1.2 Polymer/clay nanocomposites

Taking into account the significant demands in food packaging for transparent
containers with high barrier property, and considering the various processing drawbacks
of previous approaches to improve barrier property of polymeric packaging materials, my
dissertation aims to improve the poor barrier property of polymeric packaging materials
by using polymer/clay nanocomposites technology which has been proven to be an
effective solution and be relatively cheap and simple could be adopted by current
manufacturing processes [17]. In order to overcome the widely well-known obstacles for

forming polymer/clay nanocomposites, namely poor clay dispersion and interfacial



interactions, [18, 19] I utilize improved supercritical fluid processing technique to pre-
disperse nano-clays, and further compound them with polymers to form polymer/clay
nanocomposites. In this section, I focus on several topics related with polymer/clay
nanocomposites, while the relevant details for supercritical carbon dioxide processing

will be introduced and discussed in the following section.

1.2.1 Barrier property of polymer/clay nanocomposites

Gas/water permeation in a polymeric membrane or film is a complex process that
consists of three main stages: initially the gas/water molecules are adsorbed on one side
of membrane surface, and then they diffuse through the bulk region of membrane, finally,
they reach the other side of membrane surface and desorb from the film. During
adsorption, the gas/water molecules are positioned in the free volume holes of the
polymer that is created by Brownian motions of the chains or by thermal perturbations.
The diffusion process occurs by jumps through neighboring holes. Thus, it depends on
the number and the size of these holes (static free volume) and on the frequency of the
jumps (dynamic free volume). The static free volume is independent of thermal motions
of the macromolecules and is related to the gas solubility, while the dynamic free volume
originates from the segmental motions of the polymer chains and is related to the gas
diffusivity [20].

Both adsorption and diffusion affect the permeation of gas/water molecules
through polymer [21]. Thus, the permeability coefficient, P, can be written as a product
of the diffusion coefficient, D and the sorption coefficient or solubility, S, as the
following equation.

P=DxS
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The diffusion coefficient is a kinetic factor that reflects the mobility of the gas
molecules in the polymeric phase, whereas the solubility coefficient is a thermodynamic
factor related to the interactions between the polymer and the permeants molecules.

Barrier properties are found to be significantly improved for polymer/clay
composites, since adding high aspect ratio clay particles to a polymer matrix increases the
tortuosity inside the membrane [22-26]. The mass transport mechanism of permeants
through a clay-reinforced polymer is somewhat similar to that in a semi-crystalline
polymer [27]. It is generally accepted that the transport mechanism within the polymer
matrix follows Fick’s law, and that the matrix maintains the same properties and
characters. One of the first attempts to describe the permeability of polymeric membranes,
where a second phase (crystalline region) is dispersed in matrix (amorphous region) with
a regular arrangement manner, was made by Barrer and Petropoulos [28]. These authors
calculated the diffusion through a regular array of parallelepipeds of a second phase
dispersed in a matrix with different diffusion coefficients. When this approach is applied
in the case of polymer/clay nanocomposites, the nanocomposites are considered to
consist of a permeable phase (polymer matrix) in which non-permeable clay particles are
dispersed. There are three main factors that influence the permeability of a
nanocomposites: the volume fraction of the clay particles; their orientation relative to the
diffusion direction; and their aspect ratio [21, 24, 29, 30].

Based on tortuosity theory, the change of the permeability is found to be
proportional to the fractional cross section that is available for the permeants to move
forward and depends on the tortuosity of the path, which can be expressed by the

following equation.
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P=DxS=(1-¢$)S,D,r =(1-$)Pr

Where, P, D and S are permeability coefficient, diffusion coefficient and
solubility coefficient of nanocomposites and Py, Dy and S, are permeability coefficient,
diffusion coefficient and solubility coefficient of neat matrix. ¢ is volume fraction of clay
particles, and 1 is the tortuosity factor which is calculated as a function of both volume
fraction and aspect ratio of the clay particles. In this approximation, the solubility does
not depend on the morphological features of the phases. The clay particles act as
impermeable barriers to the diffusing molecules, forcing them to follow longer and more

tortuous.

P=DS=(1-#)S,Dr=(1-HPr
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Figure 4 Nielsen model of predicting permeability of nanocomposites with regularly
arranged slab shape clay particles based on tortuosity theory.

A simple permeability model for a regular arrangement of clay particles has been
proposed by Nielsen [31] and is presented in figure 4. The clay particles are evenly
dispersed and considered to be rectangular platelets with finite width, L, and thickness, W.
Their orientation is perpendicular to the diffusion direction. Later, several modifications
and improvements have been considered and added to mimic more reality structure of

polymer/clay nanocomposites and improve accuracy of the model. For example, Cussler
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et al. conducted systematic studies and proposed two models to take into account
additional factors, including the shape, dimensional polydispersity, and array distribution
of the dispersed clay particles [32]. The diffusion in nanocomposites containing oriented
and randomly arrayed 3D disk shape clay particles were molded by both Fredrickson and

Bicerano [33], and Gusev and Lusti [34] based on a second-order approximation from

multiple scattering formulation and finite element calculation, respectively.

Figure 5 demonstrates an analytical solution of relative permeation, the ratio of
permeation of nanocomposites respect to neat polymer matrix, as a function of aspect

ratio and volume fraction of inorganic clay particles by using Nilsen model [31] as we

discussed.
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Figure 5 Nielsen model of predicting relative permeation of nanocomposites as a
function of aspect ratio and volume fraction of inorganic clay particles [31].

We can see that permeation of nanocomposites continuously decrease with
increase of aspect ratio or volume fraction of inorganic clay particles. Theoretically, with

large enough aspect ratio or high volume fraction of clay particles, the permeation of
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nanocomposites could infinitely approach to zero. Ideally, only by incorporating less than
5vol% of clay particles with aspect ratio of 200-300, the permeation of nanocomposites
could decrease by 50%, which corresponding to an improvement of barrier factor by 2.
In another word, if we use those nanocomposites as food packaging materials, we could
simply double the shelf life of the food by only incorporated less than 5vol% of clay

particles.

1.2.2 Montmorillonite

Base on the above analytical study, the structure and morphology of clay particles
have significant effect on improving barrier property of polymer/clay nanocomposites,
therefore choosing clay particles with specific physical and chemical structure and
property are critical to this research. Even though many nano-silicate clays with varying
structures, cations and surface charges; however, in this study I focus on a natural type of
clay-Montmorillonite (MMT) [35] with high aspect ratio and surface area. Moreover, it
is abundant, cheap and nontoxic.

MMT is one of the widely used nano filler materials for polymer/inorganic
nanoparticle nanocomposites, which possesses subtype of 2:1 layered structure, or
phillosilicates. The water content of MMT is variable and it increases greatly in volume
when it absorbs water. Chemically it is hydrated sodium calcium aluminium magnesium
silicate hydroxide (Na,Ca)o33(ALMg)2(S14010)(OH),'nH,0. A single layer of MMT
contains one octahedral sheet and two tetrahedral crystalline sheets. The octahedral sheet
consists of hydroxyl groups, oxygen, aluminum, iron, and magnesium atoms. On the
other hand, the tetrahedral sheet comprises a central silicon atom and four oxygen atoms

or hydroxyl groups. The structure of 2:1 phyllosilicates is shown in Figure 6 [36-38] .
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Figure 6 Crystal structure of Montmorillonite.

Generally, at least one dimension of dispersed nano particles in nanocomposites
must be in the nanometer range (<100 nm). Typical nano fillers which are currently under
investigation are classified by their geometries. Silica nanoparticles and carbon black are
examples of nanoparticles, while carbon nanotubes and nanofibers are classified as
fibrous materials. Clay layers with plate-like structure belong to layered nanomaterials.
The layer thickness of each MMT platelet is on the order of 1 nm and its lateral
dimension changes in a wide range from 30 nm to hundred nanometers with an
approximate average of 200 nm, which corresponding to a relative large aspect ratio of
200 [39].

Another reason for the layered-clay materials wildly be used to prepare
nanocomposites is due to their very large amount of potential interfacial surface area that
could be available to interact with the host polymer (760 m?/g if totally delaminated). The
individual layers of these clay platelets are attracted to each other through van der Waal
forces. The space between the layers, which is referred to as the interlayer or gallery

spacing, is approximately Inm. The galleries of MMT are occupied by hydrated Na*, K"

15



or Ca”" cations. The ability of clay minerals to hold cations is named the cation exchange
capacity (CEC), which is generally expressed as mmeq/100 g clay. Substitution of cations
in the tetrahedral sheet (e.g. Si*" is replaced by AI’") or in the octahedral sheet (e.g.
replacement of AI*" with Mg®" or Fe*") leads to the generation of a net negative surface
charge. This replacement of ions with relatively similar sizes is called isomorphous
substitution. The negative charge can be counterbalanced by alkali and alkaline earth

cations such as Na' or Ca®" situated in the gallery [40].

Figure 7 Schematic of nano-clay ion-exchange reaction where the sodium ions are
replaced by the ammonium ions rendering the clay more organophilic and
increasing the inner gallery spacing.

MMT is highly polar and its surface is hydrophilic. Therefore, delamination of
MMT in many engineering polymeric matrices is problematic. In order to make a
miscible blend from MMT and polymers it is essential to render the hydrophilic silicate
surface more organophilic [41, 42]. Via this conversion, intercalation of most polymeric
matrices between silicate nanolayers becomes possible. Cationic surfactants such as
alkylammonium, alkylphosphonium and alkylimidazolium can penetrate into the
interlayer space of silicate nanolayers via ion exchange reactions [36]. The produced

organosilicate has a lower surface energy, higher interlayer spacing, and more ability for
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polymer wetting in comparison with unmodified MMT. In some cases these organic
modifiers or surfactants possess functional groups interacting with the polymer matrix.
Figure 7 displays a schematic representation of a cation exchange reaction between
pristine MMT and a cationic surfactant. These cationic surfactants modify interlayer
interactions by lowering the surface energy of the inorganic component and improve the
wetting characteristics with the polymer. They can also provide functional groups that
can react with the polymer or initiate polymerizations of monomers and thereby improve
the strength of the interface between the polymer and inorganic. In addition, cation
exchange carried out with long chain surfactant molecules increase the gallery spacing
between silicate layers. This increasing of gallery spacing helps the diffusion of polymer

chains into individual layers [40, 43, 44].

1.2.3 Challenges of forming polymer/clay nanocomposites

As shown in previous sections, the presence of obstructing platelets can slow
down the transmission of gases through nanocomposites by creating a long tortuous
pathway. Improving barrier property of polymer/clay nanocomposites depends on
homogeneous dispersion and delamination of clay in polymeric matrices and superior
improvement of polymer-clay interactions, which are regarded as two key challenges in
the field of nanocomposites [36, 45].

Generally, depending on the interfacial interaction strength between the polymer
matrix and the nanolayers, three main types of polymer layered silicates morphologies
may be observed as following descriptions [46, 47].

Immiscible or phase-separated systems, polymer chains are not able to

penetrate between the silicate layers gallery spacing. Therefore, the d-spacing of the
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nanolayers remains unchanged and the properties of the resulting composites cannot be
better than conventional microcomposites.

Intercalated nanocomposites are obtained when polymer chains are inserted in
the interlayer gap between the silicate nanolayers. In the intercalated morphology the
stacking order of the nanolayers is retained, however due to the penetration of several
polymer chains the interlayer d-spacing expands [48, 49].

Delaminated or exfoliated nanocomposites refer to the morphology in which
silicate nanolayers are dispersed individually in the polymer host matrix. In this case, the
distance between separated layers is typically 10 nm or higher, which depends on clay
loading. Remarkable improvements are expected to be obtained via exfoliation of silicate

nanolayers within polymer matrices [50, 51].

Figure 8 Schematic representation of the three morphologies of polymer layered
silicates, immiscible or phase-separated (A), intercalated (B) and delaminated or
exfoliated (C) nanocomposites [52].

Figure 8 illustrates a schematic representation of the three morphologies of
polymer layered silicates. Generally, the final morphology of polymer layered silicates is
determined by the interplay of entropy and enthalpy changes. The entropy change
includes an entropy loss due to the confinement of polymer chains within the interlayer
spacing of nanolayers, and an entropy gain because of gallery enhancement and increased

conformational freedom of organic modifier chains. If the entropic penalty of polymer
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confinement is equal to or larger than the entropy gain, enthalpy will determine if
intercalation is thermodynamically feasible. The enthalpy of mixing depends on the
interactions of the polymer chains with the silicate nanolayer surface and the organic
modifier chains [53].

Besides tuning the dispersion of inorganic clay particles within organic matrices,
improving polymer-clay interfacial interaction and interface are also critical to optimizing
polymer nanocomposite properties and are intrinsically difficult due to their strong
enthalpic incompatibility [54-56]. Classic composites theories assume that the
incorporation of fillers does not affect the physical and chemical properties of matrix. In
another word, the properties of matrix remain the same all over the nanocomposites [57].
However, the enthalpic incompatibility of organic polymer matrices and high surface
energy inorganic nanoparticles often leads to phase separation in polymer

nanocomposites, which precluding the realization of anticipated property enhancements.

Figure 9 Schematic representation of ideal polymer/clay nanocomposites with
effective interface and ineffective interface.

For example, for ideal composites without voids, the presence of the clay particles
should decrease the relative permeability for permeants by the corresponding amount of
increased tortuosity factor as suggested by detour theory. However, if the particles affect

the local properties of the matrix, then the assumptions behind detour theory does no
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longer apply. Likewise, it can be argued that voids around clay particles as suggested by
Figure 9 would be ineffective obstacles for the permeant molecules. Even worse, they
may accelerate the diffusion of permeants molecules, which may form a tunnel which in
turn will lead to a deviation from the anticipated relative permeability [58, 59]. Clearly, it
is crucial to improve both dispersion and interfacial interaction at same time, if one

would like to approach the realization of anticipated property enhancements.

1.2.4 Conventional polymer/clay nanocomposites preparation methods

As we have discussed, enhancement in material properties are directly related to
the extent of dispersion of the clay platelets in the polymer matrix and extent of
interactions between clay and polymer. The roles of processing, which will affect the
orientation, dispersion and morphology of the nanoparticles in matrices and polymer-clay
interfacial interaction, have gained sufficient attentions in nanocomposite production.
Many of the present research in clay nanocomposites are focused on overcoming the
difficulties in separating and evenly dispersing the clay layers in the polymer matrix
through different processing methods, while still maintaining the high aspect ratio of the
clay layers. Separating the clay layers will allow for a higher surface area to be available
for better polymer—clay interactions which in turn contribute to enhancements in
polymer/clay nanocomposite properties. The most common strategies for processing
nanocomposites fall into one of three categories: in-situ polymerization, mechanical
solution blending and compounding/melt mixing [60].

In-situ polymerization was firstly used to prepare polymer/clay nanocomposites
by Kojima et al. in a polyamide 6/MMT system [61]. In this method the nano-clay is

swollen in monomer and the polymerization is initiated by increasing the temperature or
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by the addition of a curing agent or initiator. In-situ polymerization has been shown to
give a wide range of dispersion levels with a variety of different property enhancements
depending on the polymerization scheme used [62, 63]. The best property improvements
were obtained from chain tethering to the surface of the clay or to the modifier during the
polymerization process and form a bridge connecting the confined polymer to the rest of
the polymer matrix [64]. Although exfoliation may be attainable, in-situ polymerization
is complex, expensive, system specific, and can only be utilized at the time of polymer

polymerization which limits its applicability in industrial applications [65].

Polymer intercalation in the Solvent evaporation and
gallenies of dispersed clay nonocoposite recovery

Polymer 'sgl'l.ltim
Figure 10 Schematic representation of solution blending technique.

In the solution blending technique as showed in Figure 10, firstly the nano-clay is
swollen in an organic solvent. The polymer which is also pre-dissolved in a solvent is
added to the clay/solvent solution and intercalation of polymer between the clay layers
occurs. The technique requires copious amount of organic solvents which later needs to
removed, making this an environmental unfriendly method [66]. Although it is simple in
its approach, has generally proven to be relatively ineffective at producing good clay

dispersion [67]. Wide spread exfoliation is not seen in these systems due to
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thermodynamic barriers present. Clay intercalation increases polymer confinement,
which is entropically unfavorable. To overcome such a barrier requires good interactions
between the polymer and clay which may not occur due to competition between the
polymer and solvent for clay modifier interaction [68].

The melt intercalation process was first reported in 1993 when prepared
polystyrene/clay nanocomposites [69]. In this technique a molten thermoplastic is
annealed along with an organic-clay at a temperature above the glass transition
temperature of the polymer. In this method the polymer chains undergo partial of mass
transport in between the clay layers even though the unperturbed radius of gyration of the
used polymer are roughly an order of magnitude greater than the inter-gallery spacing of
the clay [66]. The polymer losses its conformational entropy during the intercalation and
the proposed driving force is the enthalpic contribution of the polymer/clay interactions
during annealing [70, 71]. Mechanical compounding is advantageous due to the short
processing times, the absence of solvents, and the ease of incorporation into industrial
applications, although it has been met with limited success when additives are not used
[72, 73]. Although this method can be successful in several systems, in most industrially
important polymers, high temperatures must be used to promote chain diffusion into
galleries in order to minimize processing time. However, these temperatures can also
have a detrimental effect on clay spacing by degrading the organic modifier and causing
platelet collapse [74, 75]. The collapse leads to a negative effect on nanocomposite
properties since the inter gallery spacing is reduced and fewer polymer chains can
penetrate it. This issue is most prevalent for high molecular weight polymers, which have

the most demanding processing temperature requirements. Increasing sheer rate can help

22



to introduce enough energy to assist in clay delamination, yet it also causes a decrease in
platelet aspect ratio. To overcome these dispersion limitations, researches have employed
polymer modification or added polar compatibilizers and co-polymers to increase the
inter-gallery spacing and make the local environment more organophilic enabling
dispersion upon application of shear [76]. Functionalized polymers however are a
relatively expensive solution to dispersion and need to be tailored to maximize polymer-
compatibilizers and compatibilizers-clay interactions. On the other hand, compatibilizers
generally have low molecular weight and this can have a negative effect on the

nanocomposite properties.

1.3 Superecritical carbon dioxide (scCQO,) process

In this dissertation, I explored a more effective, cheap, simple, and green
processing technique involving supercritical fluid- supercritical carbon dioxide (scCO,)
which has been widely applied in various industrial production such as supercritical fluid
extraction, dry cleaning and foaming of polymers, to disperse clay particles and form
polymer/clay nanocomposites with homogenousclay dispersion and improved superior

polymer-clay interfacial interface [77, 78].

1.3.1 Supercritical carbon dioxide (scCQO,)

Supercritical carbon dioxide (scCOy) is a fluid state of carbon dioxide where it is
held at or above its critical temperature and critical pressure [79]. The phase diagram of
carbon dioxide is showed in Figure 11. Carbon dioxide usually behaves as a gas in air at
standard temperature and pressure (STP), or as a solid called dry ice when frozen. If the
temperature and pressure are both increased from STP to be at or above the critical point

for carbon dioxide, it can adopt properties midway between a gas and a liquid. More
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specifically, it behaves as a supercritical fluid above its critical temperature (304.25 K)
and critical pressure (74 Bar or 7.39 MPa), expanding to fill its container like a gas but
with a density like that of a liquid.

scCO; has diffusivity, viscosity and solubility comparable to a gas, but a tunable
density near that of a liquid. They have been receiving attention in various applications
from including food and pharmaceutical industries as well as in the plastics industry.
Particularly, carbon dioxide is non-toxic, non-flammable, abundant, recoverable, and it
has a relatively low critical point. Using scCO, as a processing aid does not producing
CO; because it only borrows CO, from the atmosphere, therefore is an environmental

friendly benign process.
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Figure 11 Phase diagram of carbon dioxide.
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scCO, can be used in a wide range of applications in polymer processing
including plasticizers, foaming agents and processing solvents [80, 81]. One of the
earliest application for scCO; as an aid for polymer processing is plasticizing agents.
scCO; behaves like a polar, highly volatile organic solvent, which swells and plasticizes
polymers when it interacts with them. scCO; is proven to be efficient for lowering the
viscosity of high molecular weight polymers of various polymer melts [82, 83].

Clearly, tremendous applications of scCO; in polymer processing inspire us it
may have potential applications as processing aids used for the impregnation of polymer

matrices with additives, such as forming polymer/clay nanocomposites [84].

1.3.2 scCO; processing strategies, setups and mechanism

Three strategies are designed to produce polymer/clay nanocomposites using the
scCO, processing technique. In the first approach the nanoclay including natural,
commercial or customized sample is processed under the appropriate conditions by
themselves, without the presence of a polymer matrix. The resulting nanoclay can be
solution, in-situ polymerization or melt-mixed/compounded with an appropriate polymer
to create a nanocomposite. To our knowledge, this is the only process currently published
with the unique ability to disperse clay by itself [85-87].

The second method involves blending the as-received nanoclay with a CO,-philic
polymer and processing the resulting mixture in scCO,. It is worth to mention here, the
pre-dispersed clay by using the approach above, also can be reprocessed in scCO, again
with the presence of a polymer to make a nanocomposite with improved properties [88].

A third method, similar to the second one involves the use of a solvent along with

the polymer and nanoclay to assist in processing [78, 89]. This method is employed when
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polymers with a high glass transition temperature (Tg) are used to increase polymer
solubility. Also, due to the limited thermal stability of the clay modifiers, processing at
high enough temperatures and for long enough times to make processing polymers with
high Tg feasible would cause platelet gallery collapse. To address these issues, a
concentrated solution of polymer in solvent is used in place of pure polymer to allow
decreasing processing temperatures. Furthermore, to optimize the clay disorder upon
depressurization, it is preferential to have the most dramatic CO, density change possible.
The density change decreases the farther for the higher critical temperature the material is

processed at, which can be proved by study the phase diagram of carbon dioxide in

Figure 11.
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Figure 12 Sketch of proposed scCQO; processing methods.
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The scCO, processing methods are displayed in Figure 12. Basically, all of
different processing strategies involve three steps as shown in above figure A, B and C.
Step A represents the pre-loading or pre-mixing of the targeting processing system which
could be nanoclays, the polymer/clay mixtures or the polymer/solvent/clay mixtures. It is
worth to mention here that in the case where a solvent is used the process is very similar
as strategy II. The only difference is that the polymer and solvent are loaded in the
reactor and hand mixed until the mixture is homogeneous, after which the nanoclay is
added to the mixture and again is hand mixed to make sure the there are no clay chunks
in the system. Step B involves contacting the nanoclays, the polymer/clay mixtures and
the polymer/solvent/clay mixtures with dry scCO,. The pre-loaded or pre-mixed systems
are loaded and they are contacted with CO, in a high pressure vessel. The system is then
raised to the desired temperature and pressure, above the critical point of CO,. Following
a desired processing time where the mixture is allowed to soak in scCO,. The polymer
viscosity can be reduced significantly depending on the polymer solubility in scCO, due
to the solvation effect which helps in polymer processing. Furthermore, by carefully
choosing the pressure and temperature of the system, the density and solubility parameter
of scCO, can be adjusted effectively allowing great control over these solvation and
expansion effects. During step C, the system is rapidly depressurized to atmospheric

pressure [88].
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Figure 13 Photo of scCO; processing facilities and setups.

The proposed hypothesis for the mechanism is that during the soaking step in the
case where polymer or polymer/solvent is present, the high diffusivity and low viscosity
of the CO»- philic polymer in the mixture enable clay layer penetration. In the case where
only CO; and clay are present the CO, diffuses into the CO,-philic clay gallery. During
depressurization, the outward force due to expansion of the scCO, between the layers
pushes them apart resulting in dispersed nanocomposites or dispersed nanoclays. When
the CO; is completely removed a good portion of the nanoclay platelets remain separated
or in the case where polymer is present the organic material remains between the layers,
coating the surfaces of the layers, thus preventing most of the reformation of the layered
structure [87]. If a solvent is used, it is initially removed under high vacuum and room
temperatures and then elevated temperatures and low vacuum to make sure that no

residual solvent is left in the nanocomposite [60].
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In my dissertation, I will mainly focus on strategy I [87]. The facilities and setups
for scCO; processing are showed in figure 13. The processing vessel used is a 256 mL
stainless steel THAR reactor with sapphire windows and is capable of handling pressures
up to 69 MPa at 150°C without and 41 MPa with the magnetic agitator installed. The
reactor is outfitted with a series of valves, which control the depressurization rate. The
CO; is charged into the vessel via a 266 mL Teledyne Isco syringe pump capable of a

pressure of 52 MPa and flow rates ranging from 0.001 — 107 mL/min.

1.3.3 Manufacture of nanocomposites by using scCO,

Recently, numerous processing by utilizing scCO, to prepare superior
polymer/nanoparticle nanocomposites have been developed. Multiple scCO, based
processing procedures have been reported to produce nanocomposite with improved
physical properties [60, 90]. Basically, scCO; in those processing technique are used
either as solvent or processing aids [82].

scCO; was widely used as a polar and low viscosity solvent with the combination
of the in-situ polymerization method to prepare polymer/clay nanocomposites. Zerda et
al. used scCO; for the synthesis of PMMA/organic-MMT nanocomposites by mixing
organic-MMT, MMA, initiator in the scCO; in a high pressure apparatus. The primary
purpose of the scCO, was to allow MMA monomers to readily diffuse and
homogeneously disperse within the gallery spacing of the silicate layers. After the
saturation period for mixing, the temperature was raised to complete the polymerization
step. Once polymerization was complete, the pressure was reduced to atmospheric
conditions over a period of 15hrs. Removal of trapped CO, was accomplished by

exposing the samples to temperatures above the glass transition to allow foaming to occur.
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This technique produced well dispersed, intercalated polymer/clay composites with clay
concentration of 40 wt%. Isotropic forms of the 40 wt % composite showed a 50%
increase in tensile modulus while melt processed samples containing orientation showed
an increase in the tensile modulus of 220% [91]. Qian Zhao et al. prepared Poly (methyl
methacrylate)/clay nanocomposites using this technique through in-situ polymerization
by using scCO, as solvent; their results showed partially exfoliated/intercalated structures
as well as enhanced thermal stabilities and mechanical properties [92]. However, none of
these reports showed the potential for application in industry due to the limited product

amount.
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Figure 14 Schematic structure evolution of clay during scCO; processing [60].

In 2002, Manke et al. first developed a process that used scCO; as a processing
aid and allows clay particles to be pre-socked within scCO, in a pressurized vessel and
then rapidly depressurized into another vessel at atmospheric pressure to force the clay
platelets apart [87]. The result showed exfoliated nanoclay particles by X-Ray diffraction.
This method relies on the drastic volumetric expansion of scCO, between aggregated
particles upon depressurization that break down particle size and pushes the
sheets/platelets apart, effectively disordering and/or dispersing them. When the CO; is

completely removed, a good portion of the nano-clay platelets remain separated. A

30



schematic structure evolution of clay during the processing is given in Figure 14. Later,
Steven Horsch et al. furthered above study and demonstrated possibility of dispersing
multiple types of organic nano-clays by using quiescent scCO, processing and studied
rheological properties of resultant nanocomposites, they found that the extent of clay
dispersion depend on the ‘COs-philicity’ and the delaminated nano-clay increase the
ability to produce dispersed polymer-clay nanocomposites [85]. It is worth to mention, to
the best of our knowledge, this is the only process currently published with the unique
ability to disperse clay by itself. Then, Manitiu et al. by using the similar technique and
did further study about the effects of scCO; processing conditions on clay dispersion and
polymer-clay interactions in polystyrene (PS)/Cloisite 10A system, where significant
dispersion and rheological enhancement have been reported with help of scCO,
processing and co-solvent [60].

The techniques using scCO, with the combination of melt bending method to
prepare polymer/clay nanocomposites also have been developed. Nguyen et al. developed
a technique by first saturating the nanoclay in scCO, and then releasing the nanoclay
rapidly back through a stopped extruder filler with polymer pellets, which is showed in
Figure 3-5 [90]. The saturation was conducted in a custom pressure chamber designed
with an inlet for the addition of CO; and an exit with a ball valve for the subsequent
release of the mixture. Their results from WAXD showed an increase in the exfoliation
levels of the scCO, produced material as compared to samples produced with dry mixing
of polymer and clay. Mechanical tests showed a 17% improvement in the Young’s
modulus of scCO2 produced composite containing 6.5wt% silicate over composite with

the same weight percent of silicate produced from dry mixing of the silicate and clay.
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Subsequently, Chen Chen et al. modified above processing method into a semi-
continuous process (Figure 15) and compounded polypropylene (PP) /clay
nanocomposites with high clay loading (~10 wt%) by using the modified extruder. With
help of maleic anhydride grafted polypropylene, they reported results indicating
remarkable improvements on modulus and tensile strength of 88 % and 12%, respectively,
compared to the pure polymer matrix [93, 94]. By combining the conventional melt
blending method with scCO, technique, one should expect the benefits from both sides,
which are excellent dispersion from scCO, and simplicity, fast speed, and industrial

compatibility from melt blending method.
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Figure 15 Scheme of extruders equipped with scCQO; processing.
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All of above examples proved the fact that scCO,, who has a liquid-like density
and gas-like diffusivity can penetrate into the platelet galleries of soaked clays, and then
by following an instantaneous depressurization, the large density change of the
supercritical fluid pushes the platelets apart to reach exfoliated structure, which result in
more available surface for polymeric matrix to penetrate and would lead to a
homogeneous and exfoliated dispersion with improved interfacial interaction in final
nanocomposites. However, still there is need for gaining a better understanding on what
the morphology and properties of the nano-clay is affected after scCO2 processing.
Moreover, a better understanding on the effects that different factors such as processing
conditions, clay modifiers and different polymers, have on the resulting composites
morphology and properties is crucial to optimize the supercritical carbon dioxide

processing technique for potential industrial applications.

1.4 Significance of research

1.4.1 Fundamental significance

Materials science and engineering, is an interdisciplinary mainly focused on
investigating the relationship between the structure of materials at atomic or molecular
scales and their macroscopic properties. In addition to structure and properties, two other
important components involved in the science and engineering of materials—namely,
processing and performance are considered with attempts of industrial manufactures and
real-world application. With regard to the relationships of these four components, the

structure of a material will depend on how it is processed. Furthermore, a material’s
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performance will be a function of its properties. Thus, the interrelationship between

processing, structure, properties, and performance is as depicted in the Figure 16.

structure

Processing

properties

performance

Figure 16 Four components of the discipline of materials science and engineering
and their interrelationship.

Throughout my dissertation, I will draw a specific picture of relationship among
these four components in terms of design, production, characterization and utilization of
materials by using a practical real example. Initially, I start with the demand for high
performance food packaging materials with improved barrier properties and design the
structure of the raw polymeric materials to fulfill those requirements. Then the
relationship between structure and properties will be investigated by using theoretical
modeling and physical characterizations. I will optimize the current processing method to
overcome obstacles which prevent materials forming and assembling the most wanted
structure and property. Moreover, I will think about how to get the most out of the
processing to make the method more effective and scientifically viable. By systemically
demonstrating four components of the discipline of materials science and engineering and

covering and revealing the interacting relationships between them, I will try to gain
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insights on how these facts affect each other, within the framework of dispersed polymer-

clay nanocomposites.

1.4.2 Food packaging applications

Beside academic significance, the results of the proposed research will have
impact and real-world applications in plastic food packaging industry. For example, as
we have mentioned, the proposed semi-crystalline polymeric matrix polyethylene
terephthalate (PET) in my dissertation is linear thermoplastic polyester which has become
an important commercial polymer owing to its rapid market growth. Global demand of
PET for packaging applications in 1985 was about 0.5 million metric tons, while in 1990,
1.5 million metric tons of PET was consumed. Seven million metric tons of PET was
consumed in 2000, and this increased to more than 10 million metric tons in 2005 in the
packaging industry [95].

On the other hand, glass containers, usually used for beverage packaging, are
heavier than an equivalent PET bottle. Besides, PET bottles do not shatter or break. The
world market for PET resin in packaging could be doubled if PET would gain 50% of the
market share in beer bottles. However, delicate flavor of beer, especially light beer, is
very sensitive to exposure to oxygen. For example, considering that allowable oxygen
concentration limit in beer is 1 ppm, it has been reported that beer quality preservation in
typical 1.5 L PET bottles is around one month. Loss of carbon dioxide of carbonated soft
drinks leaves a flat drink. Improvement in oxygen and carbon dioxide barrier properties
of PET could have significant practical implictaions.[15, 44].

In fact, the preparation of PET nanocomposites with exfoliated morphology and

good barrier properties remains challenging, and novel approaches need to be undertaken
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to improve these materials. Therefore, practical and real-world applications could emerge,
if we can successfully incorporate and exfoliate nanoclay particles into PET matrix and
improve PET-clay interaction. For example, if we can decrease the oxygen permeation of
PET by 50% which corresponding to a barrier factor of 2. In another words, if we use
these improved nanocomposites as beer or beverage package, the shelf time of those

product could be doubledincreasing shelf life, and decreasing waste.

1.4.3 Other potential applications

Beside the improved barrier property and potential food packaging applications,
polymer/clay nanocomposites with improved dispersion and polymer-clay interaction
could also exhibit other superior physical properties and potential applications.

For example, in 1985 the Toyota Central R&D Labs firstly invented
polymer/clay nanocomposites and reported significant improvements in the tensile
modulus of nanoclay reinforced composite [96-98]. A 69% increase in tensile modulus
from 1.11 GPa for pure Nylon-6 to 1.87 GPa for the composite was realized in a
composite containing 4.7wt% nanoclay by using in-situ polymerization. In their
following reports, the tensile modulus of Nylon-6/clay composite was reported to be
doubled by modest additions of clay <5 wt%. These significant improvements in
mechanical properties were thought to originate from from the existence of an
exceptionally high interfacial surface area and the formation of ionic and/or hydrogen
bonds between the organic polymer and inorganic silicate. Moreover, passenger cars
equipped with a PCN part were launched in 1989, only 4 years after this discovery, and

one year later those cars were driven through towns and fields.
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Thermal stability of polymer/clay nanocomposites has been analyzed and
compared with that of pure polymer under various oxidative (air) or non-oxidative (inert
gases) conditions. In general, it has been reported that the polymer/clay nanocomposites
are thermally more stable than pure polymers. Blumstein (1965) first reported the
improved thermal stability of PMMA/MMT nanocomposites. TGA showed that PMMA
intercalated into the Na-MMT has 40-50°C higher decomposition temperature [99]. The
effect of clay layers has been more explained as superior insulation and mass transport
barrier against the volatile compounds generated during the decomposition of polymer
under thermal conditions. Also it has been reported that clays assist in the formation of
layered carbonaceous char during degradation of polymer/clay nanocomposites [100].

Because of the large use of polymers especially in domestic applications, there is
need to reduce their potential for ignition or burn in order to make them safe. Enhanced
flame retardancy is found for polymer/clay composites with improved clay dispersion
and interfacial interactions [101, 102]. Investigations on the polymer/clay
nanocomposites have demonstrated that clay minerals represent some degree of flame
retardancy along with the improvement in the physical and mechanical properties for

polymers. [103, 104].

37



CHAPTER 2: SUPERCRITICAL CARBON DIOXIDE
PROCESSING OF COMERCIAL NANOCLAYS

2.1 Introduction

The supercritical critical carbon dioxide (scCO;) processing method, as
mentioned above, was utilized to pre-disperse commercial clays. The effects of
chemically and physically intrinsic properties of clay particles and scCO, processing on
pre-dispersion of clay particles were investigated by using scanning electron microscopy,
wide angle X-ray diffraction, thermal gravimetric analysis [45] and packing
volume/density change measurement.

Previous studies on Cloisite” 10A indicated that after scCO, processing, 10A clay
particles lost their long region ordered layer structure, associated with reduction in
particle size. Moreover, scCO, processing expanded 10A clay particles displayed flexible
and puffy structures which result in exposing more available surface area to the
polymeric matrix. Subsequently, the effects of processing conditions on the structure and
properties of polystyrene/10A nanocomposites were studied and significant
improvements in melting rheology of nanocomposites have been achieved by improving
clay dispersion [60]. Our previous study proposed a preliminary hypothesis for the
mechanism of processing that during the soaking step, under the selected processing
conditions, the liquid-like density and gas-like diffusivity of scCO, allows it to diffuse
into the clay layers and roam between the clay galleries. Upon instantaneous
depressurization, the large density change of the scCO, undergoes between the layers and
pushes them apart, resulting in delaminated nanoclays. After the CO, is completely

removed, a good portion of the nanoclay platelets remain separated thus preventing
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reformation of the layered structure [60, 85]. The current study was based on above
discoveries, to address the mechanism of scCO, processing and assessment of dispersion,
by applying the process to several commercial clays with different chemical and physical
properties.

The chemical and physical properties of natural and commercial clays used in this
study are summarized in Table 1 [105]. We chose series of Cloisites” clays because those
clays possess significantly different varieties on surface chemistry, which attribute them
with unique properties from hydrophilic to hydrophobic that can be applied to reinforce a
wide range of different engineering plastics with diverse properties. Also, the significant
differences of clay surface chemistry can provide good control group to study the effect
of surface modification on improving chemical and physical properties of the final
nanocomposites, which could be very helpful for researchers to fundamentally study the
relationships between structure (both chemical and physical), processing and properties
(both chemical and physical).

Table 1 Physical and chemical properties of clay particles.

Nanoclay name Organic modifier dggy spacing (nm) Density (g/ml)  Weight loss on ignition (%)
Cloisite®Na™ None 12 136 8
CHj3
Cloisite 2104 H;,c—r:J*—C.Hg—Q 1.92 1.9 39
HT
CHz
Cloisite 2204 H,C _Nl* HT 242 L77 33
HT
CH.CH,OH
Cloisite®30B Hat _"|' e 185 198 30
CH,CH;OH
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Compared with commercial clay, natural clays possesses remarkable thermal
stability without decomposition up to 600°C, while organic modified clays normally start
decomposition around 220-310°C [74]. Therefore, it could be a breakthrough for high
temperature melting compounding of polymer/clay nanocomposites, if superior
dispersion can be achieved for natural clay. In addition, the using of exfoliated natural
clay could improve the high temperature stability and reduce discoloration. However,
previous research on natural clays found that the particles were largely unchanged by
quiescent scCO, processing at comparable conditions [85]. The large particles remained
after processing and appeared well ordered like those of the as-received clay. In our
current upgrade processing, we introduced a mechanical stirring paddle to the processing
system, expecting that stirring system will let all of the natural clay to fully contact
supercritical phase, which will allow the supercritical phase to diffuse into inter gallery
spaces of the clays, so upon depressurization, the trapped carbon dioxide molecule will
escape and lead to dispersion of natural clay, these possibility will be discussed in the

sixth chapter.

2.2 Experimental

2.2.1 Materials
Organically modified Cloisite® 10A 20A and 30B, with reported aspect ratios

ranging from 10 to 300 [45] were obtained from Southern Clay Products and their
composition and physical properties were summarized in Table 1.
2.2.2 s¢CO; processing

The scCO; processing method exposed certain amount of clay (~15-20g) to CO,

in a high pressure vessel (256ml) equipped with a mechanical stirrer; the system was then
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raised above the critical point for CO, (50°C and 17.2MPa) and the clay was allowed to
soak with intensive stirring over a relatively short processing period (~2-4h). The system
was then rapidly depressurized to atmospheric pressure. The processed clay particles

were collected by using a sealed stainless steel drum (200L).

2.2.3 Wide-angle X-ray diffraction (WAXD)
A Rigaku Rotaflex Powder Diffractometer with a Cu Ka X-ray source A=1.54 A

(accelerating voltage=44 kV, current=120 mA) was used to assess the clay intergallery
spacing. Clay powder or composite films samples were placed in a custom-made, zero-
background quartz sample holder that is 0.9 mm in depth. Several scans were obtained
from different locations in the sample and verified to be reproducible when diffraction
patterns were superimposed on one another. The 20 angle was determined using the
JADE software that accompanies the diffractometer, and the dgo; spacing for the clays

was calculated using Braggs’ Law of diffraction.

2.2.4 Scanning electron microscopy (SEM)

Clay images were collected using a Hitachi S-2400 scanning electron microscope
with an electron potential of 25 kV. The samples were sputter coated with gold, and
several (10-20) images per sample were collected for all samples to ensure accurate

representation of the clays morphology.

2.2.5 Thermal Gravimetric Analysis (TGA)

A Perkin Elmer Pyris 1 thermal gravimetric analyzer with thermal analysis gas
station was used to monitor the change of clay’s surficial chemical modification before

and after scCO, processing. Thermal gravimetric data were collected from 20 to 650 °C
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with a heating rate of 10°C/min, and whole test under dry air atmosphere with an air flow

rate of 20ml/min.

2.2.6 Compact volume/density change measurement

Centrifuge tubes (50ml) were used to measure the volume of nano-clay following
scCO2 processing to determine the extent of volume change that the clay undergoes after
processing. The measurement was done by measuring the volume it takes for 10 grams of
sample. The tubes were repeatedly taped until no further change of volume was seen
upon tapping. After the compact volume was obtained the density was calculated based
on the following equation. Similar measurements also conducted on as-received clays to
serve as control.

10g
Pc = 72

2.3 Results and discussion

2.3.1 s¢CO; processing of Cloisite® 10A

WAXD was used to determine how the spacing between clay platelets changed
upon scCO; processing. The as-received 10A showed a clear and sharp diffraction peak
at 20=4.3° corresponding to its equilibrium platelet spacing of 1.05nm (basal spacing
minus 1 nm for platelet thickness). In contrast, the scCO, processed clay displayed a
broad diffraction peak around 26=3.8° (Figure 17). The shift and broadening indicated an
increase of equilibrium platelet spacing to 1.32nm and a significant reduction in parallel
registry, where exfoliated morphologies could be present. Similar results also reported by

Manitiu et al. [60] and published for 93A using quiescent scCO, processing [85].
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Figure 17 WAXD patterns of as-received and scCO; processed 10A.

Representative SEM images along with a conceptualized cross section of typical
as-received and scCO; processed 10A are displayed in Figure 18. The as-received clay
was composed of cluster of tactoids and particles consisting of a large number of tightly
bound tactoids with lateral dimensions of 3-25 um. It was reported that these tactoids
contained a number of highly ordered stacked platelets held together by van der Waals
forces [60]. Upon examination of a large number of SEM images in higher magnification
(Figure 18 C), it was concluded that the tactoids were closely bound into particles and

very few dispersed platelets were observed in the as-received samples [60, 78, 85].
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Figure 18 SEM images of as-received and scCO; processed 10A.

In contrast, the representative images of scCO, processed 10A displayed a
significant change of morphology (Figure 18 B). Even though few fraction particles were
found with a lateral size of 3-15 um, the number of tactoids per particle and the tightness
of packing were remarkably reduced (Figure 18 D). Individual tactoids had been
delaminated from each other and lost their parallel registry, leaving large spaces into the
center of the aggregated particles for polymer to penetrate. Measuring the size of tactoids
across multiple images of both materials (a few of which) were indicated by white circles
in the figures, we found that although the average particle size had been reduced
significantly, the tactoids diameter remained in the range from 0.5-2 pm which indicated
that scCO; processing did not affect the aspect ratio of palettes which is a key factor for
improving physical properties [106-108]. Upon depressurization, it appeared that a

fraction of the outermost layers was delaminated from the tactoids during CO, expansion
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while the much less mobile inner layers just lost the coherent parallel registry. The
expanded flexible structure of the scCO, processed particles/ tactoids exposed more of

the available surface area, and should be easier to disperse into a polymer matrix than the

as-received clay [60, 85].

100 T~  — T T . T : . : r 0.05
as-received 10A
95 - N0 mes=s scCO, processed 10A
‘-\ ~0.00
t,
_ >t \ \\ 8
90 \ \ j g
1 \ L .0.05 &
S 85 \ e
é A =
it A d}
= :
2 80 ' L 010 2
2 oA g
| A " ©
o o ! L 015 .2
\ H 4 (=
1] ] 8
70 - v\
Y T-0.20
65 T T T T T T T T T T
100 200 300 400 500 600

Temperature (°C)

Figure 19 TGA curves of as-received and scCO; processed 10A.

Clay-polymer interaction plays a significant role on enhancing polymer/clay
nanocomposites’ physical properties, therefore small organic modifiers are attached on
the clays surface to improve their compatibility to polymeric matrix [40, 43, 109, 110].
TGA (Figure 19) was used to monitor surface chemistry change after scCO, processing.
Both as-received and scCO; processed 10A showed a five stages weight loss curve in
temperature range from 20 to 650°C. The first stage was below 100°C, which was related
with the release of free water on clay surface or inter gallery space. scCO, processed 10A
possessed less free water may because free water tend to be trapped in the inter gallery

space rather than absorbing on the hydrophobic clay surface. Three consecutive stages
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were observed between 180 to 400°C, which were attributed to the decomposition of
organic modifiers. scCO;, processed clay demonstrated a significant shift of those peaks
to lower temperature. We speculated that the puffy structure of processed clay exposed
modifiers more accessible to air and facilitated their decomposition. Finally, the last peak
around 600°C was expected to be decomposition of structural water [74]. Additionally,
no significant difference in weight loss at 650°C after processing was observed, which
indicated processing expand clay structure without removing modifiers.

Furthermore, the 'loose packed' volume and densities of 10A were measured and
given in Figure 20. As we can see that the volume (based on 10g) of 10A increased from
28.5ml to 37ml upon scCO, processing which corresponding to an decrease of density by
23%. The structures of the pre-dispersed clays remained preserved over 6 months storage
at room temperature. Therefore, the pre-dispersion of the nanoclays could enable
significantly better dispersion of these clays into the polymer matrix through traditional

processing methods.
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Figure 20 Pack volume/density of as-received and scCO; processed 10A.

2.3.2 s¢CO, processing of Cloisite® 20A

The changing of spacing between clay platelets upon scCO, processing was
monitored by WAXD. Based on Figure 21, both as-received and scCO, processed 20A
showed a clear diffraction peak at 26=3.2° corresponding to an equilibrium platelet
spacing of 1.77nm (basal spacing minus 1 nm for platelet thickness) [89]. In comparison,
the scCO, processed clay displayed a sharper and narrow peak which indicated a
changing of parallel registry and decrease of the crystal size. Moreover, compared with
as-received 20A having a dop, diffraction peak around 260=6.8° corresponding to a
doox=2.6nm , scCO, processed 20A presented a shifted dop, peak to lower 20, which
suggested that long range parallel registered tactoids were broken as a result of scCO;

processing. However, strong interactions between modifiers inside 20A appeared to

prevent more substantial dispersion.
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Figure 21 WAXD patterns of as-received and scCO; processed 20A.

Representative SEM images along a conceptualized cross section were taken to
compare the morphological change of clay upon scCO; processing. As shown in Figure
22, most as-received clay were found in the form of solid particles consisting of a large
number of tightly bound tactoids, in which a number of highly ordered stacking platelets
held together by van der Waals forces. Upon examination of a large number of SEM
images of as-received sample, it was concluded that most of the closely bound particles
had a size of 7-24um and only very few dispersed tactoids were observed. In contrast,
the representative images of scCO; processed clay demonstrated a significant change on
morphology. Even though few fraction particles were still found with a lateral size of 3-
12 um, the number of tactoids per particle and the tightness of packing were significantly
reduced. Upon depressurization, it appeared that individual tactoids were delaminated

from each other leading to a breakdown of particle size. Moreover, a fraction of the
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outermost platelets were peeled from the tactoids during CO, expansion while the much
less mobile inner layers just lost the coherent parallel registry. By measuring the lateral
size of tactoids across multiple images (both as-received and scCO; processed), we also
found that although the average particle size had been reduced significantly, the lateral
dimension of tactoids remained in the same range (1-3um), which indicated that scCO,
processing might not affect the aspect ratio of palettes which is a key factor for

improving physical properties [26, 30].

Figure 22 SEM images of as-received and scCO; processed 20A.

TGA (Figure 23) was employed to monitor the thermal decomposition and
surficial chemistry change upon scCO, processing. Both as-received and scCO,
processed 20A showed a three stages weight loss curve in temperature range from 20 to

700 °C [74]. The first stage was below 100 °C, which was related with the release of free
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water on clay surface or inter gallery space. scCO, processed clay display less weight loss
in this phase might because that free water tend to be trapped in the inter gallery space
rather than absorbing on the hydrophobic clay surface. Two separated stages were
observed around 310 and 600°C, which were attributed to the decomposition of organic
modifiers and decomposition of structural water (reference). scCO, processed clay
demonstrated identical differential curve as the as-received clay. We speculated that
although expanded and exfoliated structure of processed clay exposure more modifiers to
air, the chemical decomposition of surface modifier on 20A were not highly depended on
air. Additionally, no significant difference in weight loss at 700°C after processing was
observed, which indicated processing did not remove surface modifiers. The pre-
dispersion of the nanoclays could enable significantly better dispersion into the matrix,

because the kinetic limitation of clay dispersion no longer is an issue.

100

95 - 0.00

90 -

- -0.02
85 -

Weight (%)
3
Derivative Weight (%/°C)

- -0.04
75 4
70 - - -0.06
65

T \ T v T Y T ¥ T Y T Y -0.08
100 200 300 400 500 600 700
Temperature (°C)

Figure 23 TGA curves of as-received and scCO; processed 20A.
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Furthermore, the 'loose packed' volume and densities of 20A were measured and
given in Figure 24. As we can see that the volume (based on 10g) of 20A increased from
17ml to 22.5ml upon scCO, processing that corresponding to an decrease of density by
24.4%, and the structures of the pre-dispersed clays remained preserved over 6 months
storage at room temperature. The pre-dispersion of the nanoclays could enable

significantly better dispersion of these clays into the polymer matrix.
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Figure 24 Pack volume/density of as-received and scCO; processed 20A.

2.3.3 s¢CO; processing of Cloisite® 30B

The changing of spacing between clay platelets upon scCO;, processing was
monitored by WAXD. Based on Figure 25, both as-received and scCO; processed 30B
showed a clear diffraction peak at 26=4.45° corresponding to an equilibrium platelet
spacing of 1.88nm (basal spacing minus 1 nm for platelet thickness) [89]. In comparison,
the scCO, processed clay displayed a broader peak which indicated a reduction in parallel

registry. Moreover, compared with as-received 30B having a doo, diffraction peak around
gistry p g p
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20=9.2° corresponding to a dgpp>=1.92nm , scCO, processed 30B presented a diminished
doo2 peak, which suggested that long range parallel registry between platelets inside

tactoids were reduced as a result of scCO, processing.
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Figure 25 WAXD patterns of as-received and scCO; processed 30B.

Representative SEM images along a conceptualized cross section were taken to
compare the morphological change of clay upon scCO; processing. As shown in Figure
26, most as-received clay were found in the form of solid particles consisting of a large
number of tightly bound tactoids, in which a number of highly ordered stacking platelets
held together by van der Waals forces. Upon examination of a large number of SEM
images of as-received sample, it was concluded that most of the closely bound particles
had a size of 7-24um and only very few dispersed tactoids were observed. In contrast,
the representative images of scCO; processed clay demonstrated a significant change on

morphology. Even though few fraction particles were still found with a lateral size of 3-
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15 um, the number of tactoids per particle and the tightness of packing were significantly
reduced. Upon depressurization, it appeared that individual tactoids were delaminated
from each other leading to a breakdown of particle size. Moreover, a fraction of the
outermost platelets were peeled from the tactoids during CO, expansion while the much
less mobile inner layers just lost the coherent parallel registry. By measuring the lateral
size of tactoids across multiple images (both as-received and scCO; processed), we also
found that although the average particle size had been reduced significantly, the lateral
dimension of tactoids remained in the same range, which indicated that scCO, processing
might not affect the aspect ratio of palettes which is a key factor for improving physical

properties [26, 30].

Figure 26 SEM images of as-received and scCO; processed 30B.
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TGA (Figure 27.) was employed to monitor the thermal decomposition and
surficial chemistry change upon scCO, processing. Both as-received and scCO;
processed 30B showed a four stages weight loss curve in temperature range from 20 to
650°C [74]. The first stage was below 100°C, which was related with the release of free
water on clay surface or inter gallery space. scCO, processed clay display less weight loss
in this phase might because that free water tend to be trapped in the inter gallery space
rather than absorbing on the clay surface. Two consecutive stages were observed around
274 and 350°C, which were attributed to the decomposition of organic modifiers. Finally,
the fourth peak showed around 600°C was expected to be decomposition of structural
water (reference). scCO; processed clay demonstrated a slight shift of the differential
curve to lower temperature. We speculated that expanded and exfoliated structure of
processed clay exposure more modifiers to air making the decomposition of the modifiers
much easier. Additionally, no significant difference in weight loss at 700°C after
processing was observed, which indicated processing did not remove surficial modifiers.
The pre-dispersion of the nanoclays could enable significantly better dispersion into the
matrix during melting extrusion, because the kinetic limitation of clay dispersion no

longer is an issue.
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Figure 27 TGA curves of as-received and scCO; processed 30B.

Furthermore, the 'loose packed' volume and densities of 30B were measured and
given in Figure 28. As we can see that the volume (based on 10g) of 30B increased from
15ml to 25ml upon scCO; processing that corresponding to an decrease of density by
40%, and the structures of the pre-dispersed clays remained preserved over 6 months
storage at room temperature. The pre-dispersion of the nanoclays could enable

significantly better dispersion of these clays into the polymer matrix.
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Figure 28 Pack volume/density of as-received and scCO; processed 30B.

2.4 Conclusion

Based on SEM and WAXD analysis, the novel scCO, processing method was
regarded to be a green, effective and universal method to pre-disperse organic modified
clays. Generally, the scCO; processing result in pre-dispersion of organic modified clays
regardless what kind of modifier on them. The degree of dispersion of different kind of
clays actually is a competitive result between carbon dioxide-philicity and modifiers
interaction, which means stronger carbon dioxide-philicity and weaker modifier
interaction result in better pre-dispersion. In addition, TGA data prove that the scCO,
processing did not remove surface modifiers from nano-clays [60] which kept the good
solubility of clay in organic solvent and the compatibility to organic phase. Moreover, the
loose packed densities of 10A, 20A and 30B have decreased by 23%, 24.4% and 40%

respectively, and all properties of the pre-dispersed clay keep unchanged even after 6
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months storage at room temperature, which indicate that the resultant pre-dispersed clays
preserved as-received clay’s organic modifier and the expanded structure is
thermodynamic stable under room temperature. We believe the expanded flexible and
puffy structure of the scCO, processed clays decreased the average particle size,
weakened compact of clay particles and exposed more of the available surface area and
should be easier to disperse into a polymer matrix than the as-received clay, moreover the
thermodynamic stable structure will make them be easily compatible to many traditional
compounding methods such as melting mixing, solution and in-situ polymerization and to
overcome kinetic limitation caused by short processing time. In the following two
chapters, an easily accessible solution compounding method was used to produce PS/clay
nanocomposites and a melting extrusion method was used to fabricate PET/clay and

HDPE/clay nanocomposites to provide further evidence to support above assumption.
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CHAPTER 3: AMORPHOUS POLYMER/CLAY
NANOCOMPOSITES: STRUCTURE AND PROPERTIES

3.1 Introduction

Due to the week inter and intra molecular interactions and irregular steric
structure, amorphous polymers show lack of ability to organize into crystals, therefore,
no crystallinity is observed in amorphous polymers. Basically, as the temperature
increases, the amorphous polymer will soften gradually. The defining temperature for
amorphous polymers is the glass transition temperature. Below this temperature, the
amorphous chains become immobilized and rigid and behave like glass.

Normally, amorphous polymers experience viscous flow under relatively low
temperature which makes them easier to be processed and handled. Moreover, they also
have a decreased chance of warping and shrink during processing than semi-crystalline or
crystalline plastics, which means they possess comparatively higher free volume than
semi-crystalline or crystalline plastics. In other words, amorphous polymers will show
relatively poor barrier property than crystalline polymers, assuming the same chemical
structure of the repeat units.

Q O O
I I

|
‘ECHQ— CH—-CH;—CH—-CHy— (|3H— CH;—CH—CHy— (|3H— CHy— CH%—
n

Figure 29 Chemical structure of atactic polystyrene.
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In this chapter, atactic polystyrene (Figure 29) which is amorphous was used as
matrix and the as-received and pre-dispersed commercial clays as reinforcements to study
the effect of clay dispersion, modification and fraction, and scCO, processing on
structural and physical properties of nanocomposites. TEM and WAXD will be employed
to study the complex structure of the system. Then, several physical properties will be
evaluated and structure-property-application relationship will be set up based on several
phenomenological models study. The established relationship will be used as benchmark

and guideline for further research.

3.2 Experimental

3.2.1 Materials
Organically modified Cloisite® 10A 20A and 30B, with reported aspect ratios

ranging from 10 to 300 [39] were obtained from Southern Clay Products and their
composition and physical properties were summarized in Table 1. The atactic polystyrene

used has a molecular weight of 260,000 g/mol, density of 1.05g/cm’

and solubility
parameter of 9.1, was purchased from Scientific Polymer Products, Inc. Toluene (99%

purity) used as a solvent was purchased from Alfa Aesar, and was used as received.

3.2.2 Nanocomposites formation

Appropriate amounts of nano-clays, required for the desired final weight fraction
(based on 10g polystyrene), were loaded in a 250ml flask, and followed by the addition
of 50ml toluene. The clay/toluene solution was vigorously stirred to allow the clay to be
homogeneously dispersed into the solvent, after which 10g of polystyrene was added.
The solution was vigorously stirred at room temperature for 24h. The mixture was placed

in a Teflon plate for 24h to pre-remove the solvent, after that the pre-dried

59



nanocomposites sheet was put into a vacuum oven at 80°C for 24h to remove residual
solvent. Finally, the dry nanocomposites were finely crushed into powder by using pestle

and mortar.

3.2.3 Wide-angle X-ray diffraction (WAXD)
A Rigaku Rotaflex Powder Diffractometer with a Cu Ko, X-ray source A=1.54 A

(accelerating voltage=44 kV, current=120 mA) was used to assess the clay intergallery
spacing. Composite films samples were placed in a custom-made, zero-background
quartz sample holder that is 0.9 mm in depth. Several scans were obtained from different
locations in the sample and verified to be reproducible when diffraction patterns were
superimposed on one another. The 20 angle was determined using the JADE software
that accompanies the diffractometer, and the dyo; spacing for the clays was calculated

using Braggs’ Law of diffraction.

3.2.4 Transmission electron microscopy (TEM)

Thin sections (70 nm) of the nanocomposites were prepared using a Leica
Ultramicrotome with a diamond knife and placed on 200 mesh copper grids coated with
carbon. All samples were examined with a Hitachi H7600 Transmission Electron
Microscope operated at 80 kV. Numerous (10-20) images were collected for all samples
to ensure accurate representation of the clay morphology and dispersion in the polymer

matrix.

3.2.5 Rheology
A Rheometric Scientific RSA II rheometer (shear sandwich geometry 15.98 mm X

12.7 mm X 0.55 mm) was used to perform melt rheological measurements under

oscillatory shear. The measurements were made under ambient air at 200 °C for all
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samples. Rheology measured before and after annealing at 200°C for 2 h showed no
discernible change. Samples were prepared by melt pressing finely crushed pure
polystyrene or nanocomposite powder into a mold at 180°C between Kapton films. The
materials were loaded and allowed to equilibrate for 15mins at the desired temperature.
Strain sweeps were performed to ensure that the dynamic moduli were independent of the
strains utilized, and the linear viscoelastic measurements were made at low strains (<
0.10) to minimize microstructure destruction. The frequency range used was 0.01-100

rad/s.

3.2.6 Oxygen permeation
Oxygen transmission rates (OTR) was measured using MOCON OX-TRAN 2/20

instrument at standard mode with 10 cycles and active individual zero. Film samples
were prepared by melt pressing finely crushed pure polystyrene or nanocomposite
powder into a mold at 180°C between Kapton films and then masked with aluminum foil
masks to expose a measurement area of 5cm? and mounted between two chambers at
ambient atmospheric pressure. Masks provide support and a uniform area of
measurement for small sample sizes. One hundred percent oxygen was continuously
admitted at 10 SCCM to the outer chamber and a carrier gas which was a mixture of 98%
nitrogen and 2% hydrogen was continuously admitted at 10 SCCM to the inner chamber.
As oxygen permeates through the film samples, it was picked up by the carrier gas and
carried through an electrochemical oxygen sensor. The environmental test conditions
used in the diffusion cells of the instrument were 0% relative humidity and 23 °C.

Finally, obtained OTR was multiplied with average thickness of films to calculate
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permeation of oxygen. Duplicate specimens were analyzed for each sample to get an

average.

3.2.7 Nonlinear Regression Method

Origin Lab Pro 8 was used to perform all nonlinear regression analysis of the data
using the various permeation models, where the inorganic content (in vol %) as the
independent variable and the oxygen permeation rate (in cc-mm/m’-day) as the
dependent variable. The fitting procedures used allow for variations in the oxygen
permeation of the pure polymer and the aspect ratio of the platelets, but only within
physically reasonable bounds. The bounds for pure polymer were 126 to 134cc-mm/m’*
day based on the measured value for pure polystyrene film prepared in the same way as
the nanocomposites described here and accounting for the standard deviation of the
measurement. For aspect ratio the lower and upper bounds were set to 10 and 300 as
mentioned [39], respectively. As it is often assumed in literature, the formation of
aggregation would result in a reduction in effective aspect ratio. A Levenberg-Marquardt
algorithm was used to adjust the parameters to maximize the fit. All coefficients of
determination (r*) were adjusted to compensate for the number of terms within the

models [24].

3.3 Result and discussion

3.3.1 Effects of scCO; processing and clay modifications on structural, mechanical
and barrier properties of PS/clay nanocomposites

WAXD patterns of all of the PS/clay nanocomposites in this study are shown in
Figure 30. The nanocomposites exhibited well-defined diffraction peaks regardless of the

clays, suggesting the presence of some ordered clay structures after processing. Although
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scCO; processed 10A displayed a broad diffraction peak upon pre-dispersion (figure 17),
upon addition to solution it regained some of its parallel registry, as seen before [60].
Both 10A and 20A nanocomposites showed a shift of the dgo; peak to a lower 20
compared with pristine clays, 10A nanocomposites display 26=2.4° corresponding to an
increase of inter gallery spacing from 1.05 to 2.68 nm. 20A nanocomposites presented a
peak at 26=2.4°, corresponding to an increase of inter gallery spacing from 1.77 to 2.68
nm, suggesting that polymer had been intercalated into the clay galleries. Although
scCO; processed clay did not show further shift of the diffraction peak, the decrease of
intensity might indicate a decrease of ordered structure inside those composites.
Conversely, 30B nanocomposites showed significantly different diffraction peaks
compared to as-received and scCO; processed clays. Finally, for scCO, processed clays,
the presence of polymer in the solution may deter reorganization of clay platelets,
resulting in a composite with a bimodal population of small ordered tactoids and
dispersed platelets pairs. WAXD is not sensitive to dispersed platelets and therefore may

not be representative of the true dispersion state of the system.
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Electron microscopy was used to complement X-ray diffraction studies. With the
sub nanometer resolution limit of the TEM, individual platelets and tactoids can be
directly visualized. Figure 31 presents representative low magnification TEM images of
all nanocomposites in this study. Among the as-received clay-nanocomposites, 20A
presented the best dispersion where no obvious aggregations were observed, 10A showed
moderate aggregation (highlighted by black circles), whereas serious aggregation was
observed in 30B. This was consistent with the results of a coarse-grained molecular
dynamics simulation done by Liu et al., who suggested that by tuning the polymer filler
interaction in a wide range at both low and high filler loadings, homogeneous filler
dispersion exists just at the intermediate interfacial interaction which is in contrast with
traditional viewpoints. Strong or weak particles-polymer interactions both could lead to
aggregation, due to an entropic depletion effect or local bridging of filler via polymer
chains [111]. The scCO, reinforced nanocomposites showed improved clay dispersion in
all cases. The fraction of big tactoids decreased, and the partial interface between the
polymer and scCO,-processed clay become diffuse compared with the clear and sharp

boundaries between polymer and as-received clays. This will be discussed later.
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Figure 31 TEM images of PS/ Swt% as-received clay (A) 10A, (B) 20A and (C) 30B
nanocomposites. And TEM images of PS/ Swt% scCO;-processed clay (D) 10A, (E)
20A and (F) 30B nanocomposites.
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High magnification images of PS/ clay nanocomposites revealed more insights
into the dispersion and interface between matrix and filler (Figure 32). Upon
investigation of many images, highly ordered and stacked tactoids are observed in all of
PS/ as-received clay nanocomposites. In contrast, a large number of ‘single’ platelets
could be seen in both scCO, processed 10A and 20A composites. Moreover the size of
tactoids decreased in both scCO, processed composites; and more ordered tactoids could
be seen in scCO,-20A composites rather than scCO,-10A composites. Although a
statistical average size of tactoids is hard to measure due to irregular shapes, these
observations support the change in X-ray diffraction patterns with various types of clays
upon scCO; processing. In addition, changes of interface futures are observed through
scCO; processing. Nanocomposites with as-received clay displayed clear and sharp
interfaces, moreover, non-wetting surfaces are observed (highlighted by black arrow). In
contrast, more obscure and diffusive boundaries were found (highlighted by white arrow)
after scCO, processing indicating an improved polymer-clay interaction. For PS/ 30B
nanocomposites, the scCO, processing did not produce significantly dispersed structure
of clays, even though significant break down of tactoids was observed corresponding to
an increase of aspect ratio. In addition, with scCO, processed clays, more homogeneous
dispersion was seen [60, 85]. By examining numerous images of nanocomposites, the
lateral dimension of single platelets was in the range from 100 to 150nm. Considering the
thickness of the clay platelet (1 nm) this suggests an aspect ratio of 100-150 in the
processed clays. The aspect ratio of platelets has been shown to be an important factor for

improving barrier property of nanocomposites [24, 30].
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Figure 32 TEM images of PS/ as-received clay nano composites (A) 5 wt% 10A, (B)
S wt% 20A and (C) 5 wt% 30B. And TEM images of PS/scCO; processed clay nano
composites (D) 5 wt% 10A, (E) S wt% 20A and (F) 5 wt% 30B.
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Rheology is sensitive to clay dispersion and polymer-clay interactions. In this
section, we study the effect of different clays on the rheological behavior of the different
nanocomposites melts. The storage modulus (G’) and complex viscosity (n*) of the
nanocomposites melts with different clays are compared in figure 33 and 34, respectively.
Typically, it has been shown that when the nanoclays are highly dispersed, a plateau in
the storage modulus, G’, versus frequency is observed at low frequencies. However,
Nguyen et al. reported that the plateau could be a result of networks formed due to strong
interaction between modifiers and matrix or large agglomerates of clays formed due to
very high clay loading [90]. In our case, the loadings of clays are relatively low in all
cases. Therefore, the observed low-frequency plateau was attributed to a network of
polymer-clay, where both clay dispersion and polymer-clay interactions play very
important roles. Figure 33 suggests that 30B-reinforced nanocomposites had no
improvements of storage modulus when compared with pure PS, however 10A and 20A
nanocomposites showed plateau at low frequency, and 10A nanocomposites showed
better improvements than 20A nanocomposites. Even though TEM images suggested that
20A was better dispersed than 10A, the modulus improvements within low frequency
range were better for 10A, indicating that polymer-clay interactions may be playing an
important factor for rheology the same as clay dispersion does [89]. The complex
viscosity (Figure 34) increased in all nanocomposites compared to the based polymer,
with higher increases in clays with stronger matrix interactions. We note that the as-
received 30B-PS nanocomposite showed slightly higher complex viscosity than scCO;
processed 30B nanocomposite. We speculate that this may be due to the large

agglomerates of clays which block the movements of matrix polymer chains, whereas the
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improved dispersion of scCO, processed 30B made polymer chains movement easier.
Rheology suggests that PS/10A nanocomposites had the strongest interface and scCO,
processed improved clays dispersion, which are consistent with what we have observed

in TEM images.
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Figure 33 Storage modulus of pure PS and PS/ S5wt% clay nanocomposites.
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Figure 34 Complex viscosity of pure PS and PS/ Swt% clay nanocomposites.

Gas permeation has also been shown to be sensitive to the dispersion of filler and
the polymer-clay interface. Figure 35 shows the permeations of oxygen of pure polymer
and clays reinforced composites, all composites show a decrease of permeation of oxygen
compared with pure polymer, even the as-received 30B reinforced composites show a
14.6% decrease of permeation. Although PS/20A nanocomposites appeared to show
better dispersion than PS/10A composites, PS/10A composites showed better barrier
property improvements at the same weight fraction. When comparing all of scCO;-
processed clay reinforced composites with as-received clay composites, the scCO2
processing led to further improvements in barrier properties. The scCO, 30B, 20A and

10A composites showed a decrease in permeation of 29.4%, 38% and 48.6%
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respectively. Although scCO; processing resulted in best improvement in 30B barrier,
scCO;-processed 10A lead to a significant reduction (~49%) of permeation with only a
1.09% volume fraction of inorganic clay (detailed calculation of volume fraction will be

given in following section).
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Figure 35 Oxygen permeations of pure PS and PS/ Swt% clay nanocomposites.

When clay layers are dispersed in polymer films, a penetrant has to bypass clay
layers and move through amorphous region of polymer, result in a decrease in
permeability. Therefore, the detour ratio, can be defined as the ratio of the film
thickness d, in nominal diffusion flow direction, to the average length of the diffusion
tortuous distance between silicate layers for the permeability reduction [17]. Based on
these ideas, different phenomenological models have been used to predict gas permeation
properties of polymer/clay nanocomposites. One of the first barrier membrane models

was that of Nielsen [31]. This classic model assumes that the ordered array of barrier
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layers consist of ribbons contained within the polymer matrix. The ribbons have a width
w, thickness t, and infinite length and are assumed to be perfectly dispersed and aligned
in the polymer matrix. Based on the analysis of detours, they reported the relative
permeation in the following equation:

P _ 1_¢V
5 1+—a¢V
2

Where R, is relative permeation, P and Py are permeations of composites and pure

polymer respectively, ¢, is volume fraction of inorganic clay and ¢ is the aspect ratio of

inorganic clay. Cussler and coworkers proposed phenomenological models to better
predict gas permeation of polymer/clay nanocomposites [32, 112], using a random array
of clay ribbons contained within the polymer matrix, suggesting the equation below

[113]:

P 1_¢V
& ™ e @hy
0 1+7V+7V

9
Where, all of the parameters have the same physical meanings as previous
Nielsen model. In our study, the volume fraction of inorganic clay inside composites can
be calculated from:

_ ¢W X(I_WWLI)/pC

¢
' by | Poc 1/ pp

Where ., p-and p,are the density of organic clay, inorganic clay and polymer
matrix, ¢, is weight fraction of organic clay and #,,, is weight loss of organic clay on

ignition. The relative permeation and inorganic clay volume fraction are calculated and

given in Table 2. The experimental relative permeation in this research will be substitute
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into the mentioned models to calculate the effective aspect ratio, and the effects of scCO,

process and polymer-clay interaction on effective aspect ratio will be discussed.
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Figure 36 Relative permeation versus inorganic clay volume fraction with different
aspect ratios: (Top) Nielson Model; (Bottom) Cussler Model (model predictions and
experimental data).
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Figure 36 presents theoretical relationship between relative permeation and
volume fraction of inorganic clay based on Nielsen and Cussler models. Both models
show a decrease of relative permeation with increase of inorganic clay volume fraction or
aspect ratio. The experimental data were also given in figure 36, where all of scCO,-
processed samples showed further decrease of relative permeation when compared with
as-received samples, which correspond to an increase of the effective aspect ratio of clay.
The experimental relative permeations were substituted into Nielsen and Cussler models
to calculate the corresponding effective aspect ratio which were summarized in Table 2.
The calculated effective aspect ratios of clay fall into ranges from 20 to 200 (Nielson)
and 10 to 150 (Cussler). The maximum calculated effective aspect ratio is 170.1 in
scCO; processed 10A samples based on Nielsen model where corresponding calculated
effective aspect ratio based on Cussler models is 106.8. The TEM images of the scCO,
processed platelets suggested a lateral dimension between 100 to 150nm corresponding to
an aspect ratio of 100-150 (the thickness of single layer is 1nm), whereas aggregation or
poor polymer-clay interaction could led to a decrease in effective aspect ratio.
Accordingly, Cussler's random array model may be a more realistic phenomenological

model for those nanocomposites systems.
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Table 2 Volume faction of inorganic clay, relative permeation and calculated
effective aspect ratios of different PS/clays nanocomposites. The clay volume
fractions are the inorganic fractions, excluding the organic modifier content. The
standard deviation in relative permeation is based on 4-5 measurements for each
value.

Samples clay Relative Calculated aspect | Calculated aspect
(vol%) permeation | ratio from Nielsen ratio from
Model Cussler Model
Pure PS - 1+0.03 - -
PS/ Swt% 1.09 0.58+0.03 130.2 84.7
as-received 10A
PS/ Swt% 1.09 0.51+0.03 170.1 106.8
scCO; 10A
PS/ Swt% 1.13 0.73+0.03 65.6 45.4
as-received 20A
PS/ Swt% 1.13 0.62+0.03 107.5 71.2
scCO; 20A
PS/ Swt% 1.25 0.86+0.003 24.6 17.8
as-received 30B
PS/ Swt% 1.25 0.71+0.04 64.0 44.0
scCO, 30B

3.3.2 Effects of scCO; processing and composition on structural, mechanical and

barrier properties of PS/clay nanocomposites
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Figure 37 WAXD patterns of PS/10A nanocomposites with different clay type and
fraction (A) as-received clay, (B) scCO; processed clay.
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WAXD patterns of the PS/10A nanocomposites are shown in Figure 37. All of
nanocomposites exhibited distinct diffraction peaks regardless of variations on clay type
and fraction indicating all nanocomposites still contain some highly ordered clay
structures. Although scCO; processed 10A illustrated significantly broadening and shift
of diffraction peak (figure 17), upon addition to solution it regained some of its parallel
registry. Similar phenomena had been observed by Manitiu et al. [60]. All of
nanocomposites showed similar shift of the dgo; peak to lower 26 compared with pristine
clay, where nanocomposites displayed 26=2.4° corresponding to an increase of inter
gallery spacing from 1.05 to 2.68 nm, suggesting that polymer had been intercalated into
the clay galleries, nevertheless scCO, processed clay did not lead further expansion of d-
space. Interestingly, 15wt% as-received 10A reinforced nanocomposites demonstrated a
relatively stronger doo, peak than dyo; peak, whereas, scCO, processed clay did not. V. A.
Richard et al. previously modeled the intercalation behavior of clay in the presence of
polymer and pointed out there was an entropic compensation that matrix polymer do not
want to be confined between the platelets; and for typical polymers, motion was restricted
even when occupying the maximum space between platelets [66]. Dunkerley et al.
observed an decrease of interlayer spacing in the polymer-starved samples, which
indicated exclusion of polymer chains from intercalation structure due to strong inter
platelets interaction during reorganization [24]; nevertheless, the improved spatial
distribution of scCO, processed clay may suppress inter platelets interaction and prevent

expelling of polymer chain.
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Figure 38 TEM images of PS/10A nanocomposites with different clay loadings
2wt% (A and D), 7wt% (B and E), and 15wt% (C and F) at 5000x magnification,
left column is as-received clay and right column is scCO; processed clay.
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Transmission electron microscopy was used as a technique to complement X-ray
diffraction data to better visualize the spatial dispersion and morphology of the nano-clay
in the nanocomposites. With the sub-nanometer resolution limit of the TEM, individual
tactoids and platelets can be directly visualized. Figure 38 presents representative TEM
images of nanocomposites without/with scCO, processing and different clay fractions at
5000x magnification. The relatively low magnification allowed us mapping spatial clay
dispersion in a relatively large area making it more accurate. By comparing TEM images
with different clay fractions, the tactoids number in per unit area increases proportionally
as a function of clay fraction, meanwhile, when compared with as-received clay, scCO;
processed clay displayed significant increase of tactoids density. Moreover, partially
large agglomerates of tactoids (highlighted by white circle) were observed in all as-
received clay reinforced nanocomposites but not presenting in scCO, processed samples.
We attributed those agglomerates coming from two possible sources: firstly, those
preserved tightly bounded particles which had been observed in SEM images of as-
received clay, secondly, the re-aggregations between highly ordered tactoids due to
strong interaction. The existences of those large agglomerates could cause unfavorable
heterogamous clay dispersion and significantly decreased the effective aspect ratio,

which in turn rendering poor improvement in physical properties [47].
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Figure 39 TEM images of PS/10A nanocomposites with different clay loadings
2wt% (A and D), 7wt% (B and E), and 15wt% (C and F) at 20000x magnification,
left column is as-received clay and right column is scCO; processed clay.
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Figure 39 zoomed in (20000%) all nanocomposites to reveal more details of clay
dispersion and morphology. Tightly packed particles with transversal dimension over
300nm (highlighted by white circle) were observed in all as-received clay samples.
Researchers identified those large agglomerates as one single particle which dramatically
decreased the effective aspect ratio [1, 47]. On the other hand, scCO; processed samples
illustrated relatively homogenous dispersion of clay particles with thinner transversal
width, nevertheless, a statistical average aspect ratio of tactoids was hard to be measured
due to their irregular shapes. Those observations were highly consistent with what we
have seen in SEM images. During scCO, processing, tightly bundled particles were
broken down to expose more surface area making them more easily be dispersed in
matrix. In additions, various interfacial zone features were observed for samples before-
after scCO; processing. Nanocomposites with as-received clay displayed clear and sharp
interface, conversely, more obscure and diffusive boundaries were found for scCO;
processed clay. We speculated the changes arisen from both improved dispersion and

polymer-clay interaction.
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Figure 40 TEM images of PS/ 15wt% as-received (A), scCO; processed (B) 10A
nanocomposites at 200000x magnification.

Figure 40 focused to a sub-nanometer resolution level to visualize detail
morphology of the platelets and interface in nanocompsoites. More fractions of
exfoliated single platelets (highlighted by white circle) were observed in scCO; processed
sample, in contrast, closely stacked tactoids presented in as-received clay samples
(highlighted by white arrow). Interactions between phenyl group of 10A and polystyrene
could be favorable; therefore, the increase of interfacial surface can directly translate to
improved physical properties [10]. In addition, the aspect ratio of platelet is an important
factor for improving physical property of nanocomposites. By examining numerous
images, both as-received and scCO,; processed samples showed similar lateral dimension
of single platelet which is around 100 to 150nm. With the knowing thickness of platelet
to be Inm [1], the aspect ratio of platelet is about 100 to 150. However, inhomogeneous

dispersion and serious stacking could decrease the effective aspect ratio. Based on above

82



structural study, we believed that scCO, processing produced a more homogeneous
dispersion with more intimate interfaces.

Rheology is an effective tool to quantify the improvements in mechanical
response that result from attempting to maximize clay dispersion and/or interactions [89].
In this section, we investigated the effects of clay fraction and scCO, processing on the
rheological behavior of different nanocomposites melts. The storage modulus, G’ and
complex viscosity, n* of the nanocomposites melts were compared in figure 41 and 42,
respectively. It was generally reported that when the nano-clays were exfoliated to form a
network due to either strong polymer-clay or clay-clay interaction, a plateau in the
storage modulus versus angular frequency presented at low frequencies [60, 90, 114]. In
our work, the dynamic frequency scan measurements successfully picked up the
morphology differences by revealing significant dependency of the plateau at low
frequency on clay fraction and dispersion. Similar results were reported by Jin Zhao et
al., they concluded that pure polystyrene and nanocomposites with low fraction of clay
particles gave typical terminal relaxation behavior (G’~®?) as pure polymer. With the
level of dispersion increased, spectrum showed more solid like behavior, especially at
low frequencies, indicating a percolated network structure [114]. As shown in Figure 41,
storage modulus at low frequency increased dramatically as increase of clay fraction.
With 2wt% clay, nanocomposites expressed similar relaxation behavior as pure polymer.
As the clay fraction increased to 7wt%, a solid like response at low frequency were
achieved, indicating passing the percolation of forming network structure. Further
increase of clay fraction, nanocomposites exhibited a 3 order of magnitude improvement

of storage modules with nearly independent response behavior on frequency. This
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observation was highly consistent with TEM images observation. In the nanocomposites
with clay loading of 2wt%, the viscosities were slightly higher than that of pure PS at low
frequency and decreases sharply with the increase of the frequency to reach a value equal
to that of pure PS. This indicates a fluid rather than filler dominating fluid dynamics. The
nanocomposites with higher clay loading than 2wt% were orders of magnitude more
viscous than that of the pure PS at lower frequency and exhibited stronger shear thinning
behavior. As the clay loading exceeded 7wt%, the viscosities of nanocomposites were

higher than that of pure PS in whole frequency range.
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Figure 41 Storage modulus of PS and PS/10A nanocomposites with different clay
type and fraction.
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Figure 42 Complex viscosity of PS and PS/10A nanocomposites with different clay
type and fraction.

Since the interactions between the 10A and polystyrene could be favorable and
scCO; processing did not remove modifiers from the clay surface, improved exfoliated
dispersion should further improve the interaction in the network structure. However, as
can be seen in Figure 41 and 42, the scCO, processing only had slightly improvement on
the nanocomposites rheological behavior with relative higher clay loading. Repeated
rheological measurements on the same sample prepared multiple times proved that
storage modulus and complex viscosity were accurate to about 5-10% [12]. The storage
modulus and viscosity of the 2wt% samples with/without scCO, processing overlapped
with each other right within experimental error. Nevertheless, with 7wt% and 15wt% clay
fractions, the magnitude of storage modules at low frequency (©=0.025) increased by

25.4% and 18.7% respectively. The facts confirmed the recognized standpoint that
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terminal relaxation behavior is highly sensitive to formation of network structure with a
threshold limitation, in another word, low clay loading may be failed to exceed the
threshold even with dispersed clays. In addition, further increase of viscosity with
improved dispersion quality by further exfoliation of clay through scCO; processing were
observed both at 7wt% and 15wt% clay loading samples, and were attributed to the
further increased confinement/block of polymer chains. We also speculate that even
though improved dispersion is helpful for passing threshold limitation to form network
structure, the exfoliated single platelets maybe build weaker bridge to transfer stress
between matrix and filler when compared with the intercalated clay particles, which
could be the reason that scCO, processing improved nanocomposites rheological

behavior more prominent at moderate clay loading.

Volume Fraction of Inorganic Clay (vol%)

0.0 0.4 0.8 1.2 1.6 2.0 24 2.8 3.2
140 T 7 T T ' 1

g poe
1E |:|Pure PS
B Ps/as-received 10A
PS/scCO, 10A

-

N

o
1

2
—_
o
o
!

Permeation (cc - mm /[ m™- day -atm])
3
1

O NN

T T T T T . I £ 1 |
0 2 4 6 8 10 12 14 16
Weight Fraction of Organic Clay (wt%)

Figure 43 Oxygen permeations of PS and PS/ 10A nanocomposites with different
clay type and fraction.
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Figure 43 presents the oxygen permeations of pure polymer and clay reinforced
nanocomposites as function of clay fraction, where the volume fraction was calculated
based on weight fraction and the detail calculation will be discussed in the following
section. The Oxygen permeation for the pure PS used in this work was measured to be

~130cc * mm/(m” * day * atm), similar to the literature value of 166cc * mm/(m” * day *

atm) [115] with the discrepancy aroused from different resin grade. Permeation data
reported here demonstrated that nanoclay with high aspect ratio could produce substantial
improvements in barrier properties over the full studied range. As shown in Figure 43,
adding nanoclay resulted an exponential reduction in oxygen permeation, with ~83% of

magnitude decreases achieved by 15wt% of scCO; processed 10A.

Table 3 Calculated inorganic clay volume fraction, relative permeation and
corresponding decrease for different nanocomposites with/without scCO;
processing.

Organic clay Calculated Relative permeation
weight inorganic clay
fraction volume fraction as-received scCO, Decrease (%)
(Wt%) (vol%)

2 0.44 0.91+0.04 0.77+£0.04 15.2
5 1.09 0.58+0.04 0.51+0.05 11.3
7 1.51 0.49+0.01 0.41+0.02 16.0
10 2.12 0.41+0.03 0.31+0.04 24.9
15 3.1 0.19+0.01 0.17+0.03 10.0

The inorganic clay volume fraction, relative permeation and corresponding
decrease for scCO, processed samples compared with as-received samples were

calculated and given in table 3. The data indicated that with help of scCO, processing,
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nanocomposites achieve further decrease of permeation (10-24%) compared with
corresponding as-received clay sample. Although there are ample evidences that the
interphase will act differently than the bulk polymer in terms of its relaxation
temperature, the analysis temperature of 23°C is below any thermal transitions in the
materials. In terms of overall segmental mobility, then, we can say that all organic
components are below their lowest measurable thermal transition temperatures for the
purposes of permeation analysis [21]. So we speculated the further decrease of oxygen

permeation was mainly aroused by improved dispersion and interfacial interaction.

Mathematical models based on a number of approaches are often used to describe
permeation in nanocomposites. The simplest are the series and parallel coupling rule of-
mixtures approaches, which represented the upper and lower bounds in terms of barrier
properties but are not applicable to materials containing discrete clay particles [116]. The
next level of models relevant to nanocomposites systems take into consideration of
discrete clay particles with particular cross-sectional geometry, spatial distributions and
orientation. Such approaches describe the clay as either ribbons or flakes. And when clay
platelets are dispersed in the polymer, a penetrant has to bypass clay platelets and moves
through amorphous polymeric region, result in a decrease in permeability. Thereby,
usually researches consider the factor of the detour ratio which can be defined as the ratio
of the film thickness d, in nominal diffusion flow direction to average length of the
diffusion tortuous distance between silicate layers for the permeability reduction. Based
on the ideas, different phenomenological models have been used to predict gas

permeation properties of polymer/clay nanocomposite. As mentioned previously, method,

88



assumption, formula and tortuosity factor applied by Nielsen [31], Cussler [32, 112],
Fredrickson and Bicerano [33], and Gusev and Lusti [34] are summarized in table 4. In

general, gas permeation in nanocomposites is given by the following equation [17],
P
?? (I-¢,)=1+7

Where Py and P are gas permeation of pure matrix and nanocomposites

respectively. ¢,1s volume fraction of inorganic clay, ¢ is the tortuosity factor which is

phenomenologically calculated as a function of both volume fraction of inorganic clay
and aspect ratio of the clay particle. In our study, the volume fraction of inorganic clay of
composites can be calculated from:

_ ¢W X(I_WWLI)/pC

¢ =
" by poc+1pp

Where p,., Pcand Prare the density of organic clay, inorganic clay and polymer

matrix, P is weight fraction of organic clay and W

is weight loss of organic clay on
ignition which for Cloisite 10A is 0.39 [44]. The experimental permeation data in this

research were fit into the mentioned models to reveal the relationship between structure

and barrier properties [24, 30].
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Table 4 Published method, assumption, formula and tortuosity factor for various phenomenological models.

Model Filler Type Array/orientation (Cross-section) Dimension Aspect ratio Original Formula Tortuosity Factor
B
. . ; G g -
Nielsen Ribbon Regular array. oriented 2D wit P 2 )
W 1 1
: , ’ : - ——— By g8 (a9
Cussler (Regular array)  Ribbon $: Regularamay, oriented  mm m— m— 2D wit po T =
. — b e
. ‘ By gy, 20, (@) 209 (ag)
Cussler (Random array)  Ribbon Random array, oriented 2D wit ?( #- 3t gy
. . — B s ) o
Gusev and Lusti Disk Random array, oriented - w—__ 3D dit ;(1'@) o A -1
o — 2 ,
, < T ‘ i L 5 [a+z+012850] . 10127 +3)
Fredrickson and Bicerano  Disk —_— Random array, oriented iD dit F{l"ﬁ’) =4| 247 (7+2) <0062 +0.748y +0.756 |

where  y=map!2 In(ar/ 2 )
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The results of the application of these models to our experimental data are shown
in Figure 44. Interestingly, most of models were able to match the data over at least part
of the composition range explored here, except for the Cussler’s regular array model
which does not account for variations in particle spacing [32], nevertheless, Nielsen
model also ignores the variations, and it still fits the data very well. Compared with
scCO, processed samples, as-received samples displayed more discrepancies with the
theoretical value. A summary of calculated rz, Py and effective aspect ratio for different
nanocomposites based different models were given in table 5. Nearly in all applied
models, scCO, processed samples demonstrated better fitting than as-received sample,
among these models, Cussler’s random array model illustrated the best fitting to scCO,
processed sample with 1’=0.9959. Although as-received sample displayed better fitting
value by using Cussler’s Regular array model, we emphasized the calculated value was
invalid due to the intrinsic unrealistic assumption of the model as we have mentioned
above, therefore, for the following discussion we would like to skip this model. With a
close exanimating of all calculated Py values, we found the calculated value for as-
received clay always approached the boundary limitations for pure polymer which was

set to be between 126 to 134cc * mm/(m” * day * atm) based on the measured value, in

contrast, all of scCO, samples presented valid values within physically reasonable
bounds. Since the difference between bulk and interface matrix are ignorable, one likely
reason for the discrepancies observed in as-received samples is their heterogeneous clay
dispersion which have been confirmed by TEM images where unevenly distributed large

agglomerates lead to local to local variations.
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Figure 44 Permeation vs inorganic clay volume fraction (A) as-received clay and (B)
scCO; processed clay (Both modeling and experimental data).
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Beside the more homogenous clay dispersion, scCO, processing increased the
effective aspect ratio. As seen from table 5, all models presented increases of calculated
effective aspect ratio by 14-20% for scCO, sample with respect to as-received sample.
Clearly, stacked layered structure decreased the effective aspect ratio which have been
reported by other researchers [106]. In addition, the absolutely calculated effective aspect
ratio varied from 89 to 293, however, as we have observed in TEM images, the aspect
ratio for platelets should be around 100 to 150, therefore, Cussler’s random array model
probably is more valid and gives more realistic phenomenological fitting for those
complex systems with an calculated effective aspect ratio of 109 for scCO, processed

clay, which is the largest effective aspect ratio had been reported so far [24].
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Table 5 Calculated r’, Py and effective aspect ratios for different nanocomposites based different models.

Model

Nielsen

Cussler (Regular
array)

Cussler (Random
array)

Gusev and Lusti

Fredrickson and
Bicerano

2

V4 [04
as-received s¢CO;, as-received s¢CO;, as-received s¢cCO;, Increase

(%)
091 0.98 134+14.5 132.445.1 160.5+£37.4 186.8+20.0 16.4
0.98 0.96 126.6+5.6 126+6.1 89.3+5.0 107.3+£8.4 20.1
0.95 0.99 134+9.7 131.542.2 93.5+£12.3 109.1+4.4 16.7
0.92 0.98 134+12.8 133.244.4 168.1£31.8 191.8+16.3 14.1
0.91 0.98 134+13.6 132.54+4.6 243.7+66.2 293.1+34.0 20.3
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3.3.3 Discussion

As we can see from the results, it seems a limited improvement of dispersion,
rheological and barrier property is observed, as compared with that of composites
obtained by adding as-received clay. However, detailed analysis showed that for the
dispersion, it is clearly showed in our WAXD that the fraction of particles with long
range ordered structure has been significantly decreased and TEM images illustrated that
upon scCO; processing, the density of particle per unit area increased, especially for the
case of 10A, and based on our statistical analysis, the particle density increased by over
200%. For the rheological test, the storage modulus of PS/as-received 10A (5wt%) at
frequency of 0.01rad/s is 19000 dyn/cm® while the corresponding value for as-received
10A is about 15000 dyn/cm’, here we got a 26.7% of increase. For the permeation,
compared with as-received clay, all of the scCO, processed clay showed improvement on
barrier property, especially in the term of effective aspect ratio, the increases are in the
range of 26-147%. In addition, our relative improvements in permeation with respect to
as-received clay are comparable to those published data for improving barrier properties
by using sonication in solution blending [23] or additives in melting extrusion [95].

From experimental aspect, we believe the potential reason for us only getting so-
called ‘limited” improvement of dispersion, and rheological and barrier property is that in
this work we applied solution blending method to prepare nanocomposites. During the
solvent removal phase, the pre-dispersed clay may reorganize platelets into order
structure which has been reported by M. Manitiu et al [60]. In this way, our scCO; pre-

dispersion effect was offset by the easily kinetic reconstruction.
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Figure 45 as-received and scCO; processed 20A recovered by using solvent (toluene).

In order to confirm the effects of the solvent on clay’s reconstruction, we
dissolved as-received and scCO, processed 20A with toluene and then evaporated the
solvent gradually to precipitate the clay particles. The obtained solvent recovered clay
samples were subject to WAXD analysis and the new diffraction patterns were compared
with original ones as shown in figure 45. We found that both solvent recovered as-
received and scCO, processed clay displayed similar diffraction patterns with identical
diffraction peaks position which further confirmed that scCO, processing does not
remove clay’s surface modifiers. In addition, compared with the diffraction pattern before
solvent recover, the diffraction peaks shifted to higher 26 corresponding to a decrease of
d-space, indicating that as-received and processed clays possess larger equilibrium d-

spaces however, the large kinetic energy gained from solvent could re-construct the clay

96



to a much more stable state, which has a smaller d-space. We speculated that the
observed phenomena are the main reason that we achieved limited improvement of
dispersion, rheological and barrier property by using solvent blending. In fact, our
research in next chapter by using melting extrusion displayed better improvements in
dispersion, especially with low clay loading, because the kinetic limitation of clay

dispersion no longer is an issue in the short times.

3.4 Conclusion

A series of polystyrene-clay nanocomposites with various types of clays were
prepared by solution mixing, and the effects of modifiers and scCO, processing on
nanocomposites were investigated by WAXD, TEM, rheology and permeability.
Microstructural characterization revealed that, for scCO,-processed clays, the presence of
polymer between the dispersed platelets may prevent reorganization of platelets that were
not in close proximity, resulting in a composite with a bimodal population of small
ordered tactoids and dispersed platelets. Rheology suggested that scCO, processing
improved clay dispersion and polymer-clay nanocomposites, resulting in low-frequency
plateau in G', and increases in complex viscosities. With the increase of clay dispersion
and interfacial interactions, gas permeation decreased. In this study, nearly 49% reduction
in oxygen permeation could be achieved with only 1.09% volume fraction of scCO,
processed Cloisite 10A clay. By substituted the relative permeations into two
phenomenological models, we estimated the effective aspect ratio of the nano-clays,
which compared well with the estimates from TEM images, and could be described by

Cussler’s random array model.
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10A as the best reinforced candidate for PS was identified through preliminary
study and a series of polystyrene/10A nanocomposites with various clay types (w/o
scCO, process) and fraction were prepared by solution blending. The effects of scCO2
processing and composition on structure and properties of nanocomposites were
investigated by WAXD, TEM, rheology and oxygen permeability. Microstructural
characterization revealed that scCO, processed clays may prevented reorganization of
platelets that are not in close proximity, resulting in a more homogenous dispersion with
a bimodal population of small ordered tactoids and dispersed platelets, meanwhile, the
increase surface area caused more intimate interfaces. Rheological behavior illustrated
that formation of network structure lead to a plateau of storage modules in low-frequency
and increase of complex viscosity. Additionally, scCO, processing displayed further
improved dispersion of nanoclay. With the increase of clay fraction and dispersion, gas
permeation decreased continuously, in this study nearly 83% reduction of permeation had
been achieved with only 3.1 vol% volume fraction of scCO; processed clays. By fitting
the experimental permeation data into several phenomenological models, scCO, samples
exhibited more homogenous dispersion that was consistent with our TEM observation.
Moreover, we found that Cussler’s random array model was more valid and gave more
realistic phenomenological fitting for those complex systems with the largest effective

aspect ratio of 109 reported so far.
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CHAPTER 4: SEMI-CRYSTALLINE POLYMER/CLAY
NANOCOMPOSITES: STRUCTURE AND PROPERTIES

4.1 Introduction

Compared with amorphous polystyrene mentioned above, semi-crystalline or
crystalline polymers possess stronger ability to organize and crystalize due to their
regular steric structure or strong inter and intra molecular interactions. In other words,
semi-crystalline or crystalline polymers normally show more compact and tough structure
and better mechanical and barrier properties than amorphous polymers, which making
them widely applied as engineering plastics in packaging industry. Therefore, it will
result in tremendously and significantly practical and real-world applications, if we can
successfully incorporate and exfoliate nanoclay particles into those more complicated

polymeric matrix and improve polymer-clay interaction.
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Figure 46 Chemical structure of Polyethylene terephthalate (PET).

Based on our previous research on amorphous polystyrene, this section of my
dissertation focused on more complicated semi-crystalline polymeric matrix. Particularly,
Polyethylene terephthalate (PET) (Figure 45), a semi-crystalline thermoplastic produced
by condensation reaction of either dimethyl terephthalate or terephthalic acid with
ethylene glycol, was used as matrix. Moreover, studies on barrier properties of high

density polyethylene (HDPE) were also discussed.
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Poly (ethylene terephthalate) (PET) is a semi-crystalline thermoplastic polymer,
with slowly crystallization rate, that has been widely used in the beverage packaging
industry [117-120]. Compared with an equivalent glass container, PET bottles have fairly
light weight as well as superior mechanical properties and clarity [95]. However, their
limited barrier properties restricted their tremendous applications in packages for beer or
carbonated soft beverage which are sensitive to oxygen or lose of carbon dioxide [121,
122]. Several practical techniques, such as barrier coatings [123] and multilayer
processing [124, 125], have been developed to improve PET barrier properties [126,
127]; however those methods might simultaneously introduce processing complexity
and/or negatively impact mechanical properties and/or clarity [128]. In addition, additives
may serve as heterogeneous nucleation sites, such as when CaCO; [129, 130] and fiber
[131] are incorporated to PET to increase the crystallization rate and accommodate
typical industrial injection molding processes. Considerable penalties on transparency

and mechanical properties are expected with the application of excessive additives [132].

PET/clay nanocomposites have been reported to possess the potential of
improving both barrier properties and crystallization rate of PET with limited negative
effects on transparency and mechanical properties [133-137]. Well-dispersed clay in PET
could create a tortuous pathway for permeants and serve as heterogeneous nucleation
sites. S. Li, et al., used in situ polymerization to prepare PET/modified montmorillonite
nanocomposites, whose water barrier improvement showed good agreements with
previously published oxygen barrier results and can be rationalized in terms of tortuous

path models [138]. M. Dini, et al., prepared PET/ Cloisite®30B nanocomposites by using
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two different processes: conventional melt mixing and water-assisted melt mixing with
solid state polymerization (SSP). The nanocomposites exhibited higher tensile modulus
and lower oxygen permeability after SSP, and moreover the elongation at break was
significantly higher than nanocomposites processed by conventional melt mixing [139]
alone. A. Ghanbari, et al., compounded two different types of modified clay with PET in
the presence of a multifunctional epoxy-based chain extender; and the finial composites
displayed a significant decrease in oxygen permeation and increase of modulus [95]. C.I.
W. Calcagno, et al., reported crystalline properties of PET/clay nanocomposites with
different commercial clays where they found that clay nucleated the PET crystallization
process and as the improvement of dispersion the nucleating effect was enhanced [120,
140]. H Ghasemi, et al., reported PET/ 3wt% Cloisite” 30B films had higher crystallinity
than neat PET films due to the nucleating role of the silicate layers and the transparency
of nanocomposites films remained in the acceptable range. Moreover, both oxygen
barrier and modulus were enhanced [141]. However, aggregation and poor polymer-clay
interaction are still significant obstacles on manufacturing superior PET/clay
nanocomposites and limited success have been achieved on clay dispersion in PET
through melting extrusion without help of additives or post-processing treatment [142,

143].

Recently, several scCO, based processing techniques have been reported to
effectively disperse clay and form polymer/clay nanocomposites with superior properties
[78, 86, 87, 92, 144]. Mihai Manitiu, et al., studied the effects of scCO, processing

conditions on clay dispersion and polymer-clay interactions in polystyrene
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(PS)/Cloisite® 10A system, where significant dispersion and rheological enhancement
have been reported by using scCO, process and a co-solvent [60]. Quang T. Nguyen, et
al., developed a scCO, aided extruder method by using a pressurized CO, chamber to
assist exfoliation and deliver the clay directly into a stream of polymer melt in the
extruder, where the resultant nanocomposites shows significant improvements in
mechanical and rheological properties when compared with direct melt blending in single
or twin-screw extruders [90]. Subsequently, Chen Chen, et al., modified Nguyen’s
processing method into a semi-continuous process by using a collecting chamber and
compounded polypropylene (PP) /clay nanocomposites with help of maleic anhydride
grafted polypropylene to enhance the scCO, processing. They reported remarkable
improvements on modulus and tensile strength by 88 % and 12%, respectively compared
to the pure polymer matrix, but limited improvements in rheology were reported [93, 94].
Up to now, limited research has been conducted on pre-dispersion of clay by scCO,
processing and melting extrusion of polymer/scCO, pre-dispersed clay nanocomposite

without the use of additives [85].

In this chapter, PET/clay nanocomposites were prepared by scCO;, processing
reinforced melt extrusion without the use of additives and post-processing treatment. The
pre-dispersion of clay possessed a fluffy, low bulk density structure and exposed more
available surface for the polymer to penetrate which could decrease kinetic limitation of
clay dispersion during melting extrusion leading to improved clay dispersion.
Subsequently, structural, mechanical, thermal and barrier properties and transparency of

the melt compounded PET/clay nanocomposite with different clay modification (10A,
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20A and 30B) and low clay fraction (<5wt%) were investigated by using WAXD, TEM,
rheometer, Instron mechanical testing, DSC and O, permeation to assess the effects of
scCO; processing and clay modification and fraction on improving clay dispersion and

physical properties of nanocomposites.

4.2 Experimental

4.2.1 Materials
Organically modified Cloisite® 10A 20A and 30B, with reported aspect ratios

ranging from 10 to 300 [39] were obtained from Southern Clay Products and their
composition and physical properties were summarized in Table 1. Bottle grade PET
powder, with intrinsic viscosity of 0.8dL/g, glass transition temperature of 80°C and

melting temperature of 245°C, were supplied by The Coca-Cola Company.

4.2.2 Nanocomposites preparation

PET powder and organic clays were firstly vacuum dried at 90°C for 12h before
handling. Then PET resins with various types of clay (as-received or scCO; processed),
modification (10A, 20A and 30B) and fraction (1, 3 and 5 wt%) were sealed in an
aluminum foil bag and mechanically blended by using a Thumler’s tumbler for 12h
before extrusion. PET/clay nanocomposites were compounded by using a laboratory
scale micro-compounder (Thermo Haake Minilab) with a recirculation channel which
allows the processing of batches of typically 540 g, twin counter-rotating screws at a
speed of 50rpm and a barrel temperature of 265°C. Finally, the extruded strands were

cooled down to room temperature and chopped into pellets. Pure PET sample was
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prepared following the same procedures as control. Thin film (~0.2mm) samples of pure
PET and nanocomposites were prepared by melt pressing pellets into a custom-made
cupper mold (diameter=56mm) between Teflon coated foil sheets. The films were
allowed under a pressure of 4000psi at 268°C with a purge of nitrogen for 10min, and
then were instantaneously quenched by ice water to form quasi-fully amorphous film
samples [95, 145]. The obtained thin film samples were vacuum dried at room
temperature and kept in a vacuum desiccator before being subjected to WAXD,

mechanical properties and permeation tests.

4.2.3 Digital optical pictures

A Fuji F30 digital camera was use to capture digital optical images of thin film
(~0.2mm) samples of pure PET and nanocomposites prepared by above method. A Nikon
TS100 microscope equipped with a digital camera was use to image the monopoly of

fracture of tensile specimens.

4.2.4 Wide-angle X-ray diffraction (WAXD)
A Rigaku Rotaflex Powder Diffractometer with a Cu Ko X-ray source A=1.54 A

(accelerating voltage= 44 kV, current=120 mA) was used to assess the clay intergallery
spacing. Composite films samples were placed in a custom-made, zero-background
quartz sample holder that is 0.9 mm in depth. Several scans were obtained from different
locations in the sample and verified to be reproducible when diffraction patterns were

superimposed on one another. The 20 angle was determined using the JADE software
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that accompanies the diffractometer, and the dyo; spacing for the clays was calculated

using Braggs’ Law of diffraction.

4.2.5 Thermal gravimetric analysis (TGA)

A Perkin Elmer Pyris 1 thermal gravimetric analyzer with thermal analysis gas
station was used to monitor the change of clay’s surficial chemical modification before
and after scCO, processing. Thermal gravimetric data were collected from 20 to 650 °C
with a heating rate of 10°C/min, and whole test under dry air atmosphere with an air flow

rate of 20ml/min.

4.2.6 Transmission electron microscopy (TEM)

Thin sections (70-100nm) of the nanocomposites were prepared using a Leica
Ultramicrotome with a diamond knife (knife angle=35°) and placed on 200 mesh copper
grids coated with carbon. All samples were examined with a Hitachi H7600 Transmission
Electron Microscope operated at 80 kV. Numerous (10-15) images were collected for all
samples to ensure accurate representation of the clay morphology and dispersion in the

polymer matrix.

4.2.7 Rheology

An ARES rehometer was used to measure rheological properties of pure PET and
PET/clay nanocomposites. Disk shape specimens of approximately 2 mm thickness and
25 mm diameter were prepared by employing a Carver laboratory press and customized

model at 268 °C for 9 min at a pressure of 27.6MPa under a purge of nitrogen, followed
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by quenching in 50°C vacuum oven for 9 min. The compression molded specimens were
vacuum dried at 100 °C for 12 h before being subjected to rheological testing. The tests
were conducted under a protection of nitrogen to avoid oxidation of the samples. Parallel
plates geometry were used with a gap size of 1 mm and a plate diameter of 25 mm. Strain
and frequency sweeps were carried out on the samples at 265 °C. Strain sweeps were
performed to ensure that the dynamic moduli were independent of the strains utilized, and
the linear viscoelastic measurements were made at low strains (< 0.20) to minimize

microstructure destruction. The frequency range used was 0.1-100 rad/s.

4.2.8 Mechanical properties

An Instron 5966 mode universal mechanical tester was used to measure
mechanical properties of thin films (~0.2mm) of pure PET and nanocomposites prepared
by above method. The tensile specimens were cut into dog bone shape by using a
customized stamp cutter with a 10mm length and 7mm width narrow zone and were
stretched at a crosshead speed of mm/min under room temperature. Duplicate specimens

(5~9) were analyzed for each sample to get an average.

4.2.9 Differential scanning calorimetry (DSC)
A TA Q200 Differential Scanning Calorimeter (DSC) with Auto Sampler was

used to determine thermal and crystallization behaviors of PET and PET/clay
nanocomposites. The samples weights were kept about 5 to 10 mg and were dried at 60°C
for 6 h in a vacuum oven before DSC characterization. All measurements were carried

out in nitrogen atmosphere. The samples were heated first to 300°C at 10°C/min and hold
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for 3 min to remove the thermal history. The samples were then rapidly cooling at 50°C
/min to 30 °C and re-heated at 10°C/min to 300°C. Both crystallization and melting
parameters were obtained from the cooling and re-heating scans. The test was performed

on duplicated specimens for each sample to ensure the accuracy.

4.2.10 Oxygen permeation
Oxygen transmission rates (OTR) were measured using MOCON OX-TRAN 2/20

instrument at continuous mode and active individual zero. Film samples prepared by
above procedure were masked with aluminum foil masks to expose a measurement area
of 5cm’ and mounted between two chambers at ambient atmospheric pressure. Masks
provide support and a uniform area of measurement for small sample sizes. One hundred
percent oxygen was continuously admitted at 10 SCCM to the outer chamber and a
carrier gas which was a mixture of 98% nitrogen and 2% hydrogen was continuously
admitted at 10 SCCM to the inner chamber. As oxygen permeates through the film
samples, it was picked up by the carrier gas and carried through an electrochemical
oxygen sensor. The environmental test conditions used in the diffusion cells of the
instrument were 0% relative humidity and under three different temperatures (13, 23 and
33°C). Finally, obtained OTR was multiplied with average thickness of films to calculate
permeation of oxygen. Duplicate specimens (3~4) were analyzed for each sample to get

an average.
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4.3 Result and discussion

4.3.1 Effects of scCO; processing and clay modifications on structural, mechanical,
thermal and barrier properties of PET/clay nanocomposites

WAXD patterns of all of the nanocomposites in this study are shown in Figure 47.
All nanocomposites exhibited well-defined both dg; and dg, diffraction peaks,
regardless of their surface chemistry or scCO, processing, suggesting the presence of
certain highly ordered clay structures in all nanocomposites. In addition, all of
nanocomposites showed shifts of the dgo; peaks to relatively lower 20 compared with
corresponding pristine clays, suggesting that polymer had been intercalated into the clay
galleries. In particular, 10A, 20A and 30B reinforced PET nanocomposites displayed dgo;
diffraction peaks at 20 equal to 2.54°, 2.4° and 2.55° which corresponding to increases of
inter gallery spacing from 1.05 to 2.47 nm, 1.77 to 2.68nm and 0.88 to 2.46nm
respectively. The increase of inter gallery spaces for 10A, 20A and 30B reached to 135%,
51.4% and 180% respectively, suggesting that 10A and 30B might possess more
favorable polymer-clay interaction than 20A did. Even though scCO; processed clay did
not further shift the diffraction peaks, the decrease of intensity might indicate a decrease
of ordered structure inside those composites. We speculate that for scCO, processed
clays, the exfoliated platelets and expanded clay particles structure significantly
weakened their reorganizations as the presence of viscous polymer in extrusion, resulting
in a composite with a bimodal population of small ordered tactoids and dispersed
platelets pairs. However, WAXD is only sensitive to ordered clay structure and could not
provide information on exfoliated structure and spatial distribution of clay particles, solo
WAXD could not be representatives to structural details of the complex nanocomposites
system [45].
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Figure 47 WAXD patterns of PET/clay nanocomposites with Swt% clay (A) 10A, (B)
20A and (C) 30B.
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The morphology and spatial dispersion of the clays in the nanocomposites were
visualized by transmission electron microscopy to complement WAXD data. Figure 48
presents representative TEM images of PET/clay nanocomposites with Swt% of different
clays. Both 10A and 20A showed relatively uniform dispersion inside PET, even though
as-received 20A displayed certain degree of aggregation. 10A illustrated better dispersion
than 20A and the average size of particles in 10A was smaller than that of 20A. In
contrast, 30B demonstrated less dispersion, severe aggregation can be observed in as-
received clay, although scCO, processing further improved clay dispersion as
significantly decreased the average particle size, aggregation still can be observed. In
general, relatively severe and large agglomerates of tactoids and few exfoliated tactoids
were observed in as-received clay reinforced sample, which is highly consistent with
what we have detected in SEM images for as-received clay, in which most of tactoids
were observed in the form of tightly bundled particles and only few of them were
exfoliated. Those tight and large particles placed considerable kinetic barriers to be
broken down during melting extrusion even with strong shearing stresses; therefore the
original structural characters of the as-received clay were preserved and transferred to the
nanocomposites. In contrast, significant improvement on clay dispersion was observed in
scCO, processed samples, nevertheless partially aggregations still exist. Most of the
tactoids were in the dispersed form, which increased clay density (number of particles per
unit area) and improved homogenous distribution of clay particles in comparison of as-
received clay. In fact, the relatively low content of severe agglomerates in scCO,
processed sample in turn leaded to an increase of the effective aspect ratio. Moreover, the

average size of the particles and the tightness of packing were significantly reduced, there
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results are in good agreement with WAXD patterns as the peaks broadened and their
densities decreased. It is reasonable to speculate 10A could render best improvement in
barrier properties since best dispersion were obtained in this case, however further
investigation revealed the importance of polymer-clay interaction in improving barrier

properties and details will be discussed in the following sections.
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Figure 48 TEM images of PET/clay nanocomposites (5 wt%) (A) as-received 10A,
(B) scCO; processed 10A, (C) as-received 20A, (D) scCO; processed 20A, (E) as-
received 30B and (F) scCO; processed 30B.
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Rheology is sensitive to clay dispersion and polymer-clay interactions. In this
section, we investigate the effects of clay modification and scCO, processing on the
rheological behavior of nanocomposites melts. The storage modulus (G’) and complex
viscosity (n*) of PET/clay nanocomposites melts are compared in figure 49 (A) and (B),
respectively. Typically, it is reported that with incorporation of clay, a plateau in the
storage modulus, G’, versus frequency is observed at low frequencies due to either
forming of networks between modifiers and matrix or presenting of large agglomerates
[90]. Figure 49 (A) suggests that all of nanocomposites exhibited improvements of
storage modulus at low frequency when compared with pure PET. In the cases of 10A
and 20A reinforced nanocomposites, the observed low-frequency plateaus were attributed
to the formation of network between polymer and clay as have been detected in TEM
images, where clay dispersion plays very important role in improving storage modules,
10A nanocomposites demonstrated better improvement in modules than 20A did because
of the improved clay dispersion which is consistent with TEM observation. However,
scCO, processing failed to further improve storage modulus, because the strong network
structure formed by high clay loading suppressed the effect of improved dispersion by
scCO; processing. In contrast, for 30B reinforced nanocomposites, the increase of
modulus at low frequency was due to presenting of large agglomerates since severe
aggregations were observed. It is worth to emphasis that it was hard for rheometer to
detect stable relaxation in nanocomposites with as-received 30B due to ununiformed
distribution of clays, whereas scCO, processed clay presented more homogeneous

dispersion as shown in TEM images. Nevertheless, the storage modulus seems to be more
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sensitive to the formation of network structure rather than presenting of large
agglomerates.

The complex viscosities of all nanocomposites are compared with the pure PET in
figure 49 (B). We note that the pure PET displayed a Newtonian flow behavior in the
testing frequency range, whereas both 10A and 20A samples demonstrated shear thinning
flow behavior with significant increased viscosities at low frequency. We speculate the
network structure dominated the melting flow behavior at low and decreased the mobility
of PET macromolecules. With increase of frequency, however, the network structure was
destroyed due to the orientation of clay and the flow behavior was dominated by the
polymer chains. In contrast, 30B exhibit decrease of viscosity in the full frequency
range, this may be due to lack of network structure and the large agglomerates of clays
failed to effectively block the movements of PET chains. As goes to higher frequency,
the dispersed clay might play as plasticizer to increase mobility of polymer chains due to
increase the slip or inhomogeneous flow [146, 147]. All of three types of clays exhibited
reduction of viscosities at high frequency, which is consistent with the observation of
decreasing torque during extrusion. Interestingly, the decrease of viscosity follows the
trend of 30B>10A>20A, which indicating stronger polymer-clay interaction could
enhance the plasticizing effect by facilitate movement of inhomogeneous flow [147].
Similarly, viscosities characterization also failed to capture the effect of scCO, on

improving clay dispersion due to high clay loading.
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Figure 49 Rheology of pure PET and PET/clay nanocomposites (5 wt%) at 265°C

(A) storage modulus vs. frequency (B)complex viscosity vs. frequecy.
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Typical stress-strain curves up to the full range of recorded strain values for pure
PET and PET/clay nanocomposites are shown in Figure 50. The deformation of pure PET
followed typical elastic-plastic transition behavior and the elongation at break for pure
PET was measured to be about ~370%. In comparison, all of nanocomposites exhibited
significantly different deformation behavior from the pure matrix, all of nanocomposites
with 5 wt% of clay showed dramatically decrease of ductility and displayed brittle
fractures within 4% of strain. Compared with pure PET, all of nanocomposites
demonstrated significant decrease of tensile strength and increase of Young’s modulus. In
particular, the decreases of tensile strengths for all clay samples are comparable since the
high loading of clay particles enhanced chance of severe aggregation which could serve
as stress raisers, whereas all nanocomposites displayed continuously increase of Young’s
modulus in the order of improved clay dispersion as 10A>20A>30B. Similar trend was
also observed for nanocomposites with scCO; processed clay, whereas the corresponding
Young’s modulus was increased when compared to equivalent nanocomposites with as-
received clay. We attribute the increase of Young’s modulus to improved clay dispersion
in scCO, processed samples, and similar results had been reported by Chen et al that
PP/clay nanocomposites with scCO, processing exhibit further increase in Young’s

modulus [94].
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Figure 50 Typical stress-strain curves for PET and PET/clay nanocomposites.

All of mechanical properties of the pure PET and PET/clay nanocomposites are
summarized in Table 6. Young’s modulus could be improved either by improving clay
dispersion through changing clay surface modification or by adding scCO, processed
clay which improved homogenous dispersion of clay. In comparison with as-received
clay, scCO, processed clay displayed significant improvements on Young’s Modulus and
limited enhancement on tensile strength due to eliminating the large agglomerates of clay
particles that could serve as stress concentration site. The best improvement in Young’s
modulus was achieved by using 5wt% of processed 10A where the Young’s modulus was
improved by 34.8% compared with pure PET. Moreover, the 10A reinforced
nanocomposites exhibited more brittle behavior than 20A and 30B, which was attributed

to the good clay dispersion and strong polymer-clay interaction.

117



Table 6 Mechanical properties and inorganic clay volume fraction of pure PET and

PET/clay nanocomposites

Sample Tensile Decrease | Young’s Increase | Elongation | Inorganic
strength | (%) Modulus (%) at break clay
(MPa) (MPa) (%) volume

fraction
(%)

Pure PET 43.0+1.7 - 1243423 - 373+4.6 -

PET/5wt% 35.3£3.1 17.9 1592+41 28.1 2.6+£2 1.41

as-received

10A

PET/5wt% 38.14£2.3 11.4 1675+£39 34.8 2.5+0.1 1.41

scCO, 10A

PET/5wt% 34.5+1.3 19.8 1440+39 15.8 3.2+0.1 1.43

as-received

20A

PET/5wt% 40.1+1.4 6.7 1570+65 26.3 3.3+0.1 1.43

scCO,; 20A

PET/5wt% 34.5+1.5 19.8 1412+14 13.6 3.1+£0.04 1.62

as-received

30B

PET/5wt% 38.7+1.3 10 156227 25.7 3.3+0.15 1.62

scCO, 30B

The measured moduli were compared with predictions by composite theory

models to assess the effect of scCO, processing and clay modification on improving

mechanical properties. One of models that are commonly used to estimate the properties

of polymer composites is the Halpin-Tsai [148] model which estimate the composite

Young’s moduli based on filler and matrix physical properties with different assumptions

regarding to dispersion and orientation of the filler particles. Halpin-Tsai model assumes

fully exfoliated and unidirectional clay platelets, which was expressed by the following

equation:

C

.

Where,

1+&ng,
1- 77¢f

|
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Where, Ey, E,, and E. are the filler, matrix, and composite modulus, respectively.

9 is the inorganic clay volume fraction and 1/t is the aspect ratio of the clay particles. The
Young’s modulus of inorganic clay Ef was taken as 178 GPa [94] and the Young’s
modulus of matrix was measured to be 1243+22.6MPa , the aspect ratio of the silicate
platelets (I/t) was reported in the range from 10 to 300 [39]. In our study, the volume
fraction of inorganic clay of composites can be calculated from:

_¢W X(I_WWLI)/pC

¢ =
" by poc +1/ p,

Where, Poc, Pcand #rare the density of organic clay, inorganic clay and polymer
matrix, respectively. The densities of clay samples are summarized in Table 1 and the

density of matrix is 1.37g/cm’. P is weight fraction of organic clay and Wi

is weight
loss of organic clay on ignition (given in table 1). The calculated volume fractions of
inorganic clay were given in Table 6.

Figure 51 presents the experimental and modeled results for Young’s modulus of
PET/clay nanocomposite as a function of clay aspect ratio and fraction based on the
Halpin-Tsai model. It showed that the nanocomposites modulus can be dramatically
enhanced by increasing clay aspect ratio or inorganic clay fraction. The experimental
Young’s moduli of 20A and 30B failed to reach the reasonably predicted range by using
Halpin—Tsai model, whereas the experimental Young’s moduli of 10A fall into the

reasonably predicted range but displayed relatively low effective aspect ratio. Those may

be due to a lack of complete dispersion of clay as individual palates, lack of strong
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interactions between clay and the matrix and lack of complete orientation of the clay
particles in the tensile direction. In comparison with nanocomposites reinforced by as-
received clay, the corresponding nanocomposites with processed clay showed higher
effective aspect ratio due to improved clay dispersion, whereas aggregation of clay
particles inside as-received sample could reduce the amount of reinforcement that the

clays can provide, resulting in less enhancement of the Young’s modulus [93].
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Figure 51 Experimental Young’s moduli of PET/clay nanocomposites and
comparison with theoretical predictions.

Figure 52 presents the DSC cooling and re-heating cycles for pure PET and
PET/clay nanocomposites. In comparison with pure PET, incorporation of clay
significantly changed the thermal behaviors of PET matrix. During the rapidly cooling

cycle, pure PET displayed a relatively weak crystalline peak around 152.6°C due to its

120



slowly crystallizing rate, whereas all of the nanocomposites exhibited distinct crystalline
peaks with shifting to higher temperature. Reversely, for the re-heating cycle, pure PET
demonstrated a notable crystalline peak around 139.4°C, however no distinct crystalline
peaks were observed for all nanocomposites and their melting peaks slightly shifted to
higher temperature than that of pure PET. The significant changes of crystalline behavior
were attributed to the heterogeneous nucleating effect of clay particles. Similar
crystallization phenomena have been reported by other researches and further study
found that the crystallization rates of PET/clay nanocomposites were increased
significantly [149]. The crystallinity of the samples before re-heating could be calculated
from the enthalpy of melting AH,, and the enthalpy of crystallization AHj. obtained from
the re-heating cycle by applying the following equation:

_ (AHm _AHhc)/WPET
e = AH"

where Wpgris the PET weight fraction and AH’ is the enthalpy of melting of 100%
crystalline PET (140J/g) [150]. Relative higher crystallinities of nanocompsoites were
summarized in table 7 confirmed that the presence of clay enhanced crystallization of

PET.
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Figure 52 DSC Curves of neat PET and PET/clay nanocomposites
A. cooling, B. re-heating.

Table 7 also reports the effects of scCO, processing and clay modification on
cooling crystallization temperature, T, enthalpy of cooling crystallization, AH,., glass

transition temperature, Ty, melting temperature, Tr,, enthalpy of re-heating crystallization,
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AHp, and enthalpy of melting, AH,, of PET. It has been reported that the heterogeneous
nucleating sites could facilitate crystallization by significantly reduce the activation
energy for nucleation, in addition strong surface interaction and wetting could further
enhance the heterogeneous nucleating effect. As we can see, the T, of nanocomposites
significantly shifted to higher value and corresponding enthalpy increased slightly as
function of changing clay modification (30B>10A>20A) or improving clay dispersion by
scCO, processing, those phenomena could attribute to the enhancement of heterogeneous
nucleating effect by either improving surface interaction or increasing number of
nucleation sites. Moreover, in comparison of nanocomposites with as-received clay, the
crystallization peaks of scCO; processed samples became narrow and sharp, which might

be caused by the improved homogenous dispersion of clay.

All of nanocomposites demonstrated slightly increase of T, as compared with
pure PET. In the cases of dispersed nanocomposites (10A and 20A), the movement of
polymer chains were blocked by dispersed clay particles, and with the improving of clay
dispersion by scCO, processing, the corresponding T, increased. In contrast, the slightly
higher T, for as-received 30B reinforce sample can be attributed to large amount of
polymer intercalated between platelets and/or the presence of larger clay particles which
could confine the movement of polymer chains [50, 151]. In addition, the rest of thermal
properties of all nanocomposites failed to reveal any variation as function of clay
modification or scCO; processing, indicating that increase of heterogeneous nucleating
effect and improvement of clay uniform distribution have very little effects on re-

crystallization and meting process of PET matrix. On the basis of DSC data, scCO,
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resulted in improved dispersion of clay with delaminated structure and uniform
distribution, which is highly consistent with what we have seen in previously structural

characterizations.

Table 7 Thermal properties of pure PET and PET/30B nanocomposites.

Cooling Re-heating
Sample Tc AHc | T, Tc Tm AHc AH, Crystallinity
CO dJdg O O O dJg dJg (%)
Pure PET 1526 NA | 79.7 1394 2449 164 348 13.1
PET/ 5wt% 166.5 26.1 | 849 NA 246.8 0 35.1 26.4
asreceived
10A
PET/ S5wt% 176.3 309 | 86.3 NA 2475 0 36.0 27.1
scCO; 10A
PET/ Swt% 166.1 27.1 | 84.8 NA 2475 0 33.7 25.3
asreceived
20A
PET/ Swt% 1684 278 | 86.1 NA 246.6 0 33.5 25.2
scCO, 20A
PET/ 5wt% 1742 328 | 86.6 NA 2473 0 36.1 27.1
asreceived
30B
PET/ Swt% 182.7 350 | 853 NA 247.1 0 36.3 27.3
scCO, 30B

Figure 53 presents the oxygen permeations of pure PET and clay reinforced
nanocomposites as functions of clay modification and scCO, processing. Unlike what has
been expected that incorporation of impermeable clay particles into PET could both
lower the solubility (decreasing organic phase) and effective diffusivity (creating tortuous
pathways) of permeant. Permeation data reported here demonstrated highly dependence
between barrier properties of PET/clay nanocomposites and clay modification, in the
other word polymer-clay interaction. In particularly, the improvements in barrier

properties follow the trend of improved polymer-clay interaction (30B>10A>20A).
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Interestingly, 30B exhibited the worst clay dispersion but demonstrated the best
improvements in barrier properties; a 22.6% reduction of permeation was achieved by
adding 5wt% of 30B. On the other hand, although 20A showed moderate clay dispersion,
enhanced oxygen permeations were observed when compared with pure PET. Those
scenarios illustrated that polymer-clay interaction plays a key role in improving barrier
properties in PET/clay nanocomposites. In comparison of sample with as-received clay
of same clay loading, although scCO, processed clay leaded to better clay dispersion and
distribution, no significantly further improvements in barrier properties were observed in
all nanocomposites samples, which is conflict with what have been reported [144]. In the
case of 10A, scCO; processed clay inversely enhanced oxygen permeation. We attribute

the excessive clay loading offset the effect of scCO, processing on dispersion.
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Figure 53 Oxygen permeations of pure PET and PET/clay nanocomposites.
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As shown in Figure 54, the pure PET film exhibited high transparency and clarity.
Although discolor were observed with the incorporation of clay, all the nanocomposites
maintained the high transparency of the pure PET. The reason for discolor could be the
degradation of the modifier on the clay surface since the melting extrusion temperature is
265°C while the temperature of first maximum weight lose peak for 10A, 20A and 30B
are 228.5 °C, 310°C and 274°C respectively. 20A with highest thermal stability displayed
the least discolor then followed by 10A and 30B. We speculated that although 30B has
moderate thermal stability, its decomposition is more complex. In comparison with
nanocomposites reinforced by as-received clay, the nanocomposites with processed clay
exhibited slightly improvement on optical clarity of the nanocomposites, which might
primarily resulted from both the exfoliated structure of the clay layers and the efficient

dispersion of the clay particles in the PET matrix as evidenced by the XRD and TEM

results.
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Figure 54 Optical images of pure PET and PET/clay nanocomposites films
(thickness ~0.2mm )
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4.3.2 Effects of scCO; processing and composition on structural, mechanical,
thermal and barrier properties of PET/clay nanocomposites

As shown in figure 55, most of nanocomposites exhibited both sharp dgo; and dgo2
diffraction peaks indicating those nanocomposites still contain some highly ordered clay
structures. In addition, all of nanocomposites displayed similar shift of the diffraction
peaks to lower 20 when compared with pristine clay. For example, the dgo; diffraction
peaks of all nanocomposites shifted to 26=2.4° corresponding to an increase of d-spacing
from 1.88 nm for pristine clay to 3.46 nm, suggesting that polymer had been intercalated
into the clay galleries, nevertheless scCO;, processed clay did not result in further
expansion of d-space. However, as compared with the as-received clay, scCO, processed
clay presented significantly broadening the diffraction peaks and decreasing theirs
intensities, which indicate the scCO; processing weakened the relative content of highly
order clay structures. Especially at low clay loading case, the polymer rich sample
showed absent of diffraction peaks which probably formed an exfoliated structure. We
attribute the difference to improved spatial distribution of scCO, processed clay which
suppresses inter-platelets/particles interactions and prevent orderly arrangment and
aggregation of platelets and particles respectively. V. A. Richard, et al., previously
modeled the intercalation behavior of clay in the presence of polymer and pointed out
that even when the clay galleries are expanded to maximize the surfactant entropy, the
separation is still small enough for typical polymers and restricts their motion [66].
Therefore, scCO, processing exposes moresurface area which leads to more
thermodynamically favorable interaction than the intercalation case. WAXD is only

sensitive to ordered clay structure and could not provide information on exfoliated
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structure and spatial distribution of clay particles, solo WAXD could not reveal structural

details of the complex nanocomposites system [45].
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Figure 55 WAXD patterns of PET/clay nanocomposites at different clay fractions.

The morphology and spatial dispersion of the nano-clay in the nanocomposites
were visualized by transmission electron microscopy to complement WAXD data. Figure
56 presents representative TEM images of nanocomposites with 3wt% of different clay.
Relatively large agglomerates of tactoids (highlighted by white circle) and few exfoliated
tactoids (highlighted by black circle) were observed in as-received clay reinforced
sample, which is highly consistent with what we have detected in SEM images for as-
received clay, in which most of tactoids were observed in the form of tightly bundled
particles and only few of them were exfoliated. These tight and large particles placed
considerable kinetic barriers that must be overcome during melting extrusion even with

high shear stresses; therefore the original structural characteristics of the as-received clay
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were preserved and transferred to the nanocomposites. Moreover, the existence of these
large agglomerates cause heterogeneous dispersion of the clay and significantly decreases
their effective aspect ratio which in turn reduces any enhancement of physical properties.
In contrast, significant improvement of clay dispersion was observed in scCO; processed
samples, though partially aggregated tactiods were still observed. Most of the tactoids
were in the dispersed form, resulting in higher clay density (number of particles per unit
area) and more homogenous distribution of clay particles relative to the as-received clay.
Moreover, the relatively low content of large agglomerates in scCO, processed sample
actually leads to an increase of the clay’s effective aspect ratio. In addition, the average
size of the particles and the tightness of packing were significantly reduced and these
results are in good agreement with WAXD patterns as the peaks broadened and their

intensities decreased.

Figure 56 TEM images of PET/30B nanocomposites (3 wt%) A. as-received B.
scCO; processed.
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Typical stress-strain curves up to the full range of recorded strain values for the
PET matrix and PET/30B nanocomposites with various types and fractions of clay are
shown in Figure 57 (A). The deformation of pure PET followed elastic-plastic transition
behavior and the elongation at break for pure PET was measured to be about ~370%. In
comparison, the deformation behavior of nanocomposites with low clay fraction did not
exhibit significant differences from the pure matrix, whereas, with increase of clay
fraction, the nanocomposites became more brittle. For example, the specimens with as-
received clay demonstrated a decrease of elongation at break from ~360% to ~70% as
increasing clay fraction from 1wt% to 3wt%. Similar phenomena were also observed for
nanocomposites with scCO, processed clay, whereas the corresponding elongation at
break was decreased when compared to equivalent nanocomposites with same fraction of
as-received clay. We attribute the decrease of elongation at break to improved polymer-
clay interaction in scCO; processed samples, and similar results had been reported that
PP/clay nanocomposites involving a PP-g-MA compatibilizer usually have a low value of
elongation at break [90]. The representative stress—strain curves within elastic-plastic
transition reign for pure PET and PET/30B nanocomposites are enlarged in Figure 57
(B). Compared with pure PET, most of the nanocomposites demonstrated improvements
in both tensile strength and Young’s modulus, except for the sample with 1wt% of as-
received clay. In addition, all nanocomposites showed that both tensile strength and

Young’s modulus increased with increase of filler content.
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Figure 57 Typical stress-strain curves for PET and PET/30B nanocomposites. (A)
Full strain range (B) enlarged for low strain range.

The morphologies of tensile fractures of all samples were obtained after tensile
test to provide clues to the toughening mechanisms. The pure PET (Figure 58) displayed
a ductile fracture profiles with smooth crack propagation indicating the homogeneous
deformation of the matrix phase prior to fracture, in addition, the final shear fracture
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displayed a 45° angle relative to the tensile direction. Nanocomposites with low clay
fraction exhibited similar fracture profile as pure PET, whereas with increasing clay
fraction to 3wt%, nanocomposites presented a brittle fracture profile because high elastic
modulus of clay particles decreased the ductile properties. Moreover, the fractures were
perpendicular to tensile direction with rough fracture morphology due to the clay
particles deflecting crack propagation and offering resistance to the fracture process.
Compared with as-received clay, scCO, processed samples demonstrated relatively
greater brittleness, because the polymer-clay interaction was stronger in those cases than
as-received clay reinforced samples, where the pull out of clay particles could improve
the ductility [152]. Such an observation is well complemented by the enhancements in
mechanical properties, as indicted from the increase in tensile strength and Young’s

modulus.

3wt%
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Figure 58 Digital micrographs of the fracture of tensile specimens (arrow indicate
the tensile direction).

All of mechanical properties of the pure PET and PET/30B nanocomposites are

summarized in Table 8. Both tensile strength and Young’s modulus could be improved
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either by adding scCO; processed clay which improved polymer-clay interaction and
leaded to homogenous clay dispersion or by increasing the clay fraction. In comparison
with scCO, processed clay, as-received clay displayed comparable improvements on
Young’s Modulus but with limited enhancement on tensile strength due to the large
agglomerates of clay particles could serve as stress concentration site. The effects of
scCO; processing on improving of mechanical properties are more significant at low clay
fraction. With only 1wt% of processed clay, the tensile strength and Young’s modulus
were improved by 10.7% and 21.4% respectively. Moreover, the maximum
improvements of tensile strength (12.1%) and Young’s modulus (24.9%) were achieved

by incorporating of 3wt% of processed clay.

Table 8 Mechanical properties and inorganic clay volume fraction of pure PET and
PET/30B nanocomposites.

Sample Tensile Increase Young’s Increase Elongation Inorganic
strength (%) Modulus (%) at break clay
(MPa) (MPa) (%) fraction

v%)

Pure PET 43.8+0.2 - 1230+16 - 369+6 -

PET/1wt% 43.240.8 -1.4 1357444 10.3 35944 0.333

as-received

30B

PET/1wt% 48.5+1.1 10.7 1493439 21.4 354+2 0.333

s¢CO; 30B

PET/3wt% 46.1+0.7 5.3 1469433 19.4 7149 0.986

as-received

30B

PET/3wt% 49.1+1.4 12.1 1536+21 24.9 66+5 0.986

scCO, 30B

The measured moduli were compared with predictions by composite theory

models to assess the effect of scCO, processing and clay fraction on improving
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mechanical properties. Two models that are commonly used to estimate the properties of
polymer composites are the Halpin-Tsai [148] and the Ji, et al. [153], models. Both
models estimate the composite Young’s moduli based on filler and matrix physical
properties with different assumptions regarding to dispersion and orientation of the filler
particles. Halpin-Tsai model assumes fully exfoliated and unidirectional clay platelets,

which was expressed by the following equation:

1+§n¢f}

E.=F
¢ |:1—77¢f

Where,

E, /E, -1
e=2by 1= lTm
I and Ef/E’"+§

Where, E¢, E;, and E. are the filler, matrix, and composite modulus, respectively.

9 is the inorganic clay volume fraction and 1/t is the aspect ratio of the clay particles. The
Young’s modulus of inorganic clay Ef was taken as 178 GPa [94] and the Young’s
modulus of matrix was measured to be 1230.2+16.4MPa , the aspect ratio of the silicate
platelets (I/t) was reported in the range from 10 to 300 [39]. In our study, the volume
fraction of inorganic clay of composites can be calculated from:

:¢W X(I_WWLI)/pC
¢W /poc +1/pP

2

Where, Poc, Pcand #rare the density of organic clay, inorganic clay and polymer

matrix, respectively. The density of inorganic clay is 2.86g/cm3 and the density of matrix

WWL[

is 1.37g/cm3 s weight fraction of organic clay and is weight loss of organic clay
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on ignition which is 0.3 for Cloisite® 30B [39]. The calculated volume fractions of
inorganic clay were given in Table 8.

The model developed by Ji et al. makes no assumption regarding to clay
orientation, so it is valid for randomly oriented systems. Also, the model does not assume

fully exfoliated clay particles. Ji’s model can be described as follows:

1 _l-a N a—p N y/j
Feo B (1B, +“(kl_]1€)Em (1-a)E, + @PEDE g
n

Where, all parameters have the same physical means as Halpin-Tsai meodel. t is
the thickness of the interphase region, taken to be the d-spacing (3.46 nm, WAXD) for
nanocomposites in this study, and t. is the thickness of individual clay layer, taken to be
approximately 1 nm. Ji et al.’s model takes into account the interphase separation
between clay particles without assumption about the state of intercalation or exfoliation.
However, an exfoliated structure has been reported to be more desirable structure for
improving mechanical properties [154].

Figure 59 presents the experimental and modeled results for Young’s modulus of
PET/30B nanocomposite as a function of clay aspect ratio and fraction based on the
Halpin-Tsai model. It showed that the nanocomposites modulus can be dramatically

enhanced by increasing clay aspect ratio or inorganic clay fraction. All of experimental
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Young’s moduli fall into the reasonably predicted range by using Halpin—Tsai model but
displayed relatively low effective aspect ratio. This may be due to a lack of complete
dispersion of clay as individual palates, lack of strong interactions between clay and the
matrix and lack of complete orientation of the clay particles in the tensile direction. In
comparison with nanocomposites reinforced by as-received clay, the corresponding
nanocomposites with processed clay showed higher effective aspect ratio due to
delaminate/exfoliate clay particles, nevertheless aggregation of clay particles inside as-
received sample could reduce the amount of reinforcement that the clays can provide,
resulting in less enhancement of the Young’s modulus [93]. The Ji, et al., model
predicted an intercalated structure with an improvement in Young’s modulus. Most of
the experimental values were lower than the model prediction because clay layers maybe
not fully intercalated by the polymer chains due to severe aggregation. However,
nanocomposites with 1wt% processed clay showed significantly larger value than the
prediction. The reason for this could be forming an exfoliated structure inside this

sample and the observation is well consistent with WAXD results.
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Figure 59 Experimental Young’s moduli of PET/30B nanocomposites and
comparison with theoretical predictions.

Figure 60 presents the DSC cooling and re-heating cycles for pure PET and
PET/30B nanocomposites. In comparison with pure PET, incorporation of clay
significantly changed the thermal behaviors of PET matrix. During the rapidly cooling
cycle, pure PET displayed a relatively weak crystalline peak around 152.6°C due to its
slowly crystallizing rate, whereas all of the nanocomposites exhibited distinct crystalline
peaks with shifting to higher temperature. Conversely, for the re-heating cycle, pure PET
demonstrated a notable crystalline peak around 139.4°C, however no distinct crystalline
peaks were observed for all nanocomposites and their melting peaks slightly shifted to
higher temperature than that of pure PET. The significant changes of crystalline behavior

were attributed to the heterogeneous nucleating effect of clay particles, as which were
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incorporated into PET matrix and provide a large interfacial area and serve as
heterogeneous nucleating sites that facilitate crystallization of the matrix. Similar
phenomena have been reported by other researches and further study found that the
crystallization rates of PET/clay nanocomposites were increased significantly [149]. The
crystallinity of the samples before re-heating could be calculated from the enthalpy of
melting AH,, and the enthalpy of crystallization AHy, obtained from the re-heating cycle
by applying the following equation:

_ (AHm B AHhc ) / WPET
- AH®

where Wpgris the PET weight fraction and AHC is the enthalpy of melting of 100%
crystalline PET (140 J/g) [150]. The higher crystallinities of nanocompsoites summarized

in table 9 confirmed that the presence of clay enhanced crystallization of PET.
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Figure 60 DSC Curves of neat PET and PET/30B nanocomposites A. cooling B. re-
heating.

Table 9 also reports the effects of scCO, processing and clay fraction on cooling

crystallization temperature, T.., enthalpy of cooling crystallization, AH,., glass transition
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temperature, Ty, melting temperature, Ty, enthalpy of re-heating crystallization, AHyp, and
enthalpy of melting, AH,, of PET. With an increase in clay fraction or improvement of
clay dispersion by scCO; processing, the T, of nnanocomposites significantly shifted to
higher value and corresponding enthalpy increased slightly, those phenomena could
attribute to the increase of heterogeneous nucleating sites. Comparing nanocomposites
with as-received clay, the crystallization peaks of scCO, processed samples became
narrow and sharp, which might be caused by the improved homogenous dispersion of
clay. All of nanocomposites with as-received clay demonstrated slightly increase of T, as
compared with pure PET, whereas, no distinct shifts were observed for scCO, processed
samples. The slightly higher T, for as-received clay reinforce sample can be attributed to
large amount of polymer intercalated between platelets and/or the presence of larger clay
particles which could confine and/or block the movement of polymer chains, respectively
[50, 151]. This result is in good agreement with previous research that showed increase of
Tg in intercalated polymer/clay nanocomposites, whereas, exfoliated clay particles had
limited effect on chains movement. In addition, the rest of thermal properties of all
nanocomposites failed to reveal any variation as function of clay loading or scCO,
processing, indicating that the increase of heterogeneous nucleating sites and
improvement of their uniformly distribution have very little effects on re-crystallization
and meting process of PET matrix. On the basis of DSC data, scCO, had achieved
improved dispersion of clay with delaminated structure and uniform distribution, which is

highly consistent with what we have seen in previously structural characterizations.
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Table 9 Thermal properties of pure PET and PET/30B nanocomposites.

Cooling Re-heating
Sample Tee AHee | T, Tm  AHp. AH,  Crystallinity

CO dg 1CO €O dJdg dJg (%)
Pure PET 152.6 4.9 79.7 2449 16.4 34.8 13.1
PET/ 1wt% as- 173.8 419 83.2 247.0 0 42.6 30.7
received 30B
PET/ 1wt% 177.6 435 80.1 247.0 0 42.2 30.4
s¢CO, 30B
PET/ 3wt% as- 177.2 452 83.4 246.7 0 42.8 31.5
received 30B
PET/ 3wt% 184.7 50.8 78.5 246.5 0 43.5 32.0
s¢CO, 30B

Figure 61 presents the oxygen permeation values of pure PET and clay reinforced
nanocomposites as functions of scCO; processing, clay fraction and temperature. Oxygen
permeation rate of the pure PET displays a dependence on temperature which is
consistent with the well-known phenomenon whereby temperature affects the diffusivity
and solubility of the permeant in polymer. With the increase in temperature, the oxygen
permeation rate increased due to the increase of diffusivity of oxygen through PET.
Consistent with the behavior of pure PET, increasing the temperature of oxygen
permeation analysis also caused exponential increase in oxygen permeations of all
nanocomposites. An exceptional increase of permeation in nanocomposite with 1wt% as-
received clay was observed under 33°C which may be defects caused by the ununiformed
distribution of clay particles. As expected, incorporation of impermeable clay particles
into PET could both lower the solubility (decreasing organic phase) and effective
diffusivity (creating tortuous pathways) of a permeant, which in turn decreases the
permeation. Permeation data reported here demonstrated that increasing the clay fraction

could further decrease permeation, and in comparison of sample with as-received clay at
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the same clay loading, scCO, processed clay leads to better clay dispersion and
distribution which could produce further improvements in barrier properties [144]. In
particularly, at 23 °C, with 1wt% ofpre-dispersed clay leads to a significant reduction of
oxygen permeation (~33%) compared to as-received clay (~8%). A maximum reduction
(44%) of oxygen permeation was achieved by adding only 3wt% of pre-dispersed clay,

indicating even within short melting processing time, in-situ dispersed clay could achieve
significant improvement on barrier properties with only small amount of clay and

absence of additives, however limited success on improving PET barrier properties had

been reported without helping of additives [95].
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Figure 61 Oxygen permeations of pure PET and PET/30B nanocomposites at
different temperatures.
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The oxygen permeation data of three samples, pure PET and nanocomposites with
3wt% as-received or scCO, processed clay, tested at different temperatures were fit to the
Arrhenius relation where temperature dependence of the permeation was expressed by
the following equation:

P — P'efEP/RT

Where P’ is the exponential prefactor (measured in cc-mil/(m*-day)), Ep is the
activation energy for permeation (in kJ/mol), R is the gas constant (8.314 J/ (mol-K)) and
T is the absolute temperature (K) [155]. Figure 62 shows Arrhenius plots of the
temperature dependence of the oxygen permeation for pure PET and PET/30B
nanocomposites. Interestingly, all of samples showed well observing the above
relationship within the tested temperature range, even with the present of clay particles,
indicating that nanocomposites follow the well-known phenomenon whereby temperature
affects diffusivity and solubility of a permeant through polymer. Therefore, it is
reasonable that the curves for nanocomposites are well below that of pure PET due to
both diffusivity and solubility were lower by incorporation of clay. Likewise, it is
logical that the curve for scCO, processed nanocomposite is well below that of sample
with as-received, given the expectation that improved clay dispersion could further
decrease the diffusivity of the permeant. It should be noted that, however, modifiers on
the clay surface possessing distinct chemical and physical properties compared with
matrix could change permeant solubility. In particular, short modifier chains might also
experience thermal transition within the testing temperature range where pure PET did
not and would be expected to result in increase of permeant diffusivity, whereas no

evidences of such changes were seen in figure 8. Therefore, nanocomposites exhibited
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same behavior as the pure PET did in tested temperature range may indicate that small
amount of modifier had limited effect on oxygen solubility and diffusivity, and may
expected to show similar temperature dependent behavior as the permeable matrix phase,
whereas the different slopes clearly reflected differences in the effective activation

energies associated with detours permeation through these materials.
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Figure 62 Arrhenius plots of temperature dependence of the oxygen permeation in
pure PET and PET/30B nanocomposites.

The Arrhenius model semi-qualitatively captures the temperature dependence of
permeation over the temperature range investigated, and the fitting parameters are
summarized in Table 10. Permeation shows Arrhenius behavior as reflected by the
correlation coefficients (0.992—0.996). The activation energies of permeation associated

with pure PET and PET/clay nanocomposites were determined from the slope of semi-
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logarithmic plots of the permeation against the reciprocal of the absolute temperature.

The Ep for the pure PET used in this work was calculated to be 32.5 4 1.5 kJ/mol, similar

to the literature values [156, 157]. By contrast, PET/clay nanocomposites with as-
received or scCO, processed clay resulted in significant increases of E, values and
improved clay dispersion by scCO, processing could further enhance the effect,
indicating that the oxygen permeation was no longer solely a function of permeation
through PET but was presumably a function of permation through a more tortuous path.
It is impossible to separate contributions from sorption and diffusion based on current
tests, but these results support the conclusion that the effect of temperature on the barrier
properties of polymer/clay nanocomposites depends both on the Arrhenius behavior of
the organic phases and detour effects induced by the clay particles [24].

Table 10 Fitted Arrhenius parameters for pure PET and PET/30B nanocomposites.

Exponential Activation energy
Samples prefactor (kJ/mol) r’
(cc-mil/(m*-day))
Pure PET 9.58x10’ 32.54+1.5 0.996
PET 3wt% as-received 1.39x10’ 39.942.1 0.994
30B
PET 3wt% scCO, 30B 4.09%10° 42.942.7 0.992

As shown in Figure 63, the pure PET film exhibited high transparency and clarity.
Although a slight discolor was observed with the incorporation of clay or increase of clay
fraction, all the nanocomposites maintained the high transparency of the pure PET. The
reason for discolor could be the degradation of the modifier on the clay surface since the
melting extrusion temperature is 265°C while the temperature of maximum weight lose
peak for 30B is 274°C. In comparison with nanocomposites reinforced by as-received

clay, the nanocomposites with processed clay exhibited slightly improvement on optical
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clarity of the nanocomposites, which might primarily resulted from both the exfoliated
structure of the clay layers and the efficient dispersion of the clay particles in the PET
matrix as evidenced by the XRD and TEM results. In other words, these images confirm

that the presence of clay only slightly affected the transparencies and clarity of the
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Figure 63 Optical images of pure PET and PET/30B nanocomposites films
(thickness ~0.2mm).

4.3.3 Permeation of HDPE/clay Nanocomposites

Series clays with different clay modification were melting compounded with high
density polyethylene (HDPE) to intentionally study the effect of clay modification on
improving HDPE’s barrier properties. Figure 64 shows the transmission rate of oxygen
for pure HDPE and clay reinforced nanocomposites, all nanocomposites displayed
decreases of transmission rate compared with pure polymer, even the hydrophilic 30B
reinforced nanocomposites achieved a 14.6% reduction in transmission rate. The best

reduction (~20.5%) was achieved by using scCO, processed 20A, and a moderated
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reduction of 18.4% was achieved by using 10A. Although detailed structural
characterizations (WAXD and TEM) of HDPE/clay nanocomposites were not available
in this section, we still can conclude that the incorporation of clay could decreased the
oxygen transmission rate of HDPE and the improved reinforcements follow the trend that
20A>10A>30B. Based on the chemical structures of clays provided in table 1 and the
chemical structure of HDPE, we summarized that HDPE has the best interaction with
20A because of the similar chemical structure and followed by 10A and 30B, because
10A and 30B are hydrophobic and hydrophilic respectively. In addition, scCO,
processing lead to further decrease of transmission rate due to the improved clay

dispersion and polymer-clay interfaces.
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Figure 64 Oxygen permeations of pure HDPE and HDPE/clay nanocomposites.
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4.3.4 Discussion

In this chapter, we followed the concept built in previous chapter and tried to
improve barrier properties of engineering polymers such as PET and HDPE by dispersing
clay particles with help of scCO,. However, unlike what we have expected, two
significant deviations were observed from the concept we got from PS when applying it
to PET and HDPE.

Firstly, we found that incorporation of clay particles could not always result in
reduction of barrier properties in PET and the clay modification played a very important
role in improving barrier properties of polymer/clay nanocomposites. In general, stronger
polymer-clay interaction leads to better improvement in barrier properties and poor
polymer-clay interaction may increase the permeation of gas molecule by forming
ineffective surface for them to pass-by. In particular, the improvements of barrier
properties for PS/clay nanocomposites follow the order that: 10A>20A>30B; for
PET/clay nanocomposites follow the order that: 30B>10A>20A, where in the case of
20A, the permeation was enhanced, and for HDPE/clay nanocomposites follow the order
that: 20A>10A>30B.

In order to support the claim, FTIR spectrums of 30B, pure PET and PET/30B
nanocomposites were measured to confirm the existence of strong polymer-clay
interaction. As shown in figure 65, a sharp O-H stretching band was observed around
3630cm™ due to the present of free hydroxyl group in 30B, in contrast, due to the
hydrogen bonding in PET, the O-H stretching band became broaden and shift to lower
wavenumber around 3430cm™. The carboxylic acid group C=O stretching band also
exhibited at around 1680cm™. As 30B was compounded with PET, the O-H stretching

band due to free hydroxyl group was vanished, and the O-H stretching band of hydrogen
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bond was observed, indicating that 30B formed hydrogen bonds with PET molecules,

which is a type of strong secondary bond than provide strong interaction between PET

and 30B.
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Figure 65 FTIR spectrums of 30B, pure PET and PET/30B nanocomposites.

Secondly, we found that for PET, increasing clay fraction or improving clay
dispersion could not continuously or constantly decrease the permeation of the
nanocomposites, especially at higher clay fraction, which was conflict with what we have
observed in PS case. We attributed the deflection to the combinational effect of elevated
processing temperature, low thermal stabilities of organic clays and excessive clay
loading. We speculated that the relatively high processing temperature could cause the

degradation of clay modifiers with poor thermal stabilities, which has been confirmed by
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observed discolor in all of nanocomposites. The degradation of modifiers could harm the
polymer-clay interaction and render a poor polymer-clay interface, which could combine
with the high clay loading to form express channels inside nanocomposites for gas
molecules. It has been reported that high clay loading caused low level of clay dispersion
or aggregation. Those channels could facilitate the diffusion of gas molecule through the

film and decrease the barrier properties dramatically.
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Figure 66 TGA curves of 10A, 20A and 30B.

Figure 66 compares the thermal stabilities of the clay used in this research with
the processing temperature. As shown in the figure, the melting extrusion temperature
was 265°C, whereas the temperatures of maximum weight lose peak for 10A, 20A and
30B were 228.5 °C, 310°C and 274°C respectively. Moreover, all of the organic clays had
initial decomposition temperatures lower than the processing temperature, which provide

sufficient evidence that poor polymer-clay could happen and harm barrier properties,
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especially at higher clay fraction. Therefore, in order to further improve barrier properties,
both enhancing polymer-clay compatibility and improving thermal stability of clay are

important.

4.4 Conclusion

Melting extrusion was used to prepare a series of poly (ethylene terephthalate)
(PET)/clay and high density polyethylene (HDPE)/clay nanocomposites without the
present of co-solvents or additives and post-processing treatment. The effects of clay
modification and fraction and scCO, processing on structural, mechanical, thermal and
barrier properties of nanocomposites were investigated by using WAXD, TEM, rheology,
Instron tester and oxygen permeation.

Various types of commercial clays were pre-dispersed by supercritical carbon
dioxide (scCO;) and directly melting compounded with Poly (ethylene terephthalate) to
identify the best candidate for improving barrier properties of PET and HDPE. WAXD
and TEM results of resultant nanocomposites confirmed that PET had penetrated into the
clay inter-galleries and the pre-dispersed clay lead to improved homogeneously clay
dispersion. Rheological results indicated that 10A and 20A formed network structure
while 30B did not. Young’s modulus were improved by adding clay particles, moreover
improved clay dispersion lead to more significant improvement and maximum
improvements of 34.8% was achieved by incorporating of 5wt% processed 10A. DSC
results indicated well dispersed clay particles could serve as nucleation sites to increase
the crystallinity, in addition, the crystallization temperature during cooling cycle shifted
to higher temperature either by improving polymer-clay interaction or dispersion and 30B

show the best PET-clay interaction. Unlike what we have expected, incorporation of clay
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particles (type and loading) does not always lead to improvement in barrier properties.
Strong polymer-clay interaction determines the extent of improvements in barrier
properties, maximum reduction of permeation (22.6%) in PET was achieved by adding
Swt% of processed 30B and reduction of permeation (20.5%) in HDPE was achieved by
using Swt% of processed 20A.

30B was identified as the best candidate to improve PET barrier properties and
was incorporated with PET at various clay fractions. WAXD and TEM results of
resultant nanocomposites confirmed that PET had penetrated into the 30B inter-galleries
and the pre-dispersed 30B lead to improved homogenous clay dispersion and polymer-
clay interaction. Compared with as-received 30B reinforced samples, scCO, dispersed
nanocomposites showed further enhancement on mechanical, crystalline and barrier
properties with preserved transparency. Both tensile strength and Young’s modulus were
improved and maximum improvements of 12.1% and 24.9% respectively were achieved
by incorporating of 3wt% processed 30B. DSC results indicated well dispersed 30B
particles could serve as nucleation sites to increase the crystallinity, in addition, the
crystallization temperature during cooling cycle shifted to higher temperature as
improving of dispersion. Under 23°C, with only 1wt% of clay, pre-dispersed 30B lead to
a more significant reduction of oxygen permeation (~33%) than as-received clay did
(~8%) and a maximum reduction (44%) of oxygen permeation was achieved by adding
3wt% of pre-dispersed clay. Moreover, we confirmed that effect of temperature on the
permeation of PET/30B nanocomposites depended both on the Arrhenius behavior of the
organic phases and tortuous path effects, where improved clay dispersion resulted in a

higher effective activation energy.
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CHAPTER 5: OVERALL CONCLUSIONS

5.1 s¢CO, processing of clay

Results based on the clay processing with scCO, suggest that:

(1) scCO;, processing enables pre-dispersion of organic modified clays
regardless what kind of modifier on them.

(2) the degree of dispersion of different kind of clays actually is a
competitive result between CO,-philicity and modifiers interaction,
which means stronger CO,-philicity and weaker modifier interaction
result in better pre-dispersion.

3) scCO; processing did not remove surface modifiers from nano-clays
which kept the good solubility of clay in organic solvent and the
compatibility to organic phase (based on TGA results).

4) the expanded flexible and puffy structure of the scCO; processed
clays (as shown in figure 67) exposed more of the available surface
area and should be easier to disperse into a polymer matrix than the

as-received clay.

~_—— Individual platelets
Tactoid containing
ordered clay platelets
l actoid containing
dl\m‘d!'rtd platelets
scCO, processing
. Particle cunlmnlng

disordered luclmd\

Particle composed —

of tactoids

Individual tacloidsl/

Figure 67 Schematic structure evolution of clay upon scCQO, processing.
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5.2 Effects of scCO, processing on clay dispersion, polymer-clay interaction
and barrier properties

Our studies of scCO; processing on structural and barrier properties of PS/clay,
PET/clay and HDPE/clay nanocomposites, suggest that:

(1) scCO; processing result in improved clay dispersion by exfoliating
the clay layers from the tactoids, in addition, the processed clay lead
to more homogenous clay dispersion due to break down large clay
particles. The improved homogenously clay dispersion could
effectively increase the effective aspect ratio which in turn improves

the barrier properties of resultant nanocomposites as shown in figure

68.
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Figure 68 Schematic illustration of improved clay dispersion by scCO; processing.
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2) scCO; processing results in improved polymer-clay interface due to
scCO; processed clay exposed more available surface to polymeric
matrix and the exfoliated structure formed strong polymer-clay
interaction. The improved polymer-clay interface could effectively

increase the effective aspect ratio which in turn improves the barrier

properties of resultant nanocomposites as shown in figure 69.
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Figure 69 Schematic illustration of improved polymer-clay interaction by scCO,
processing.

5.3 Effect of polymer-clay interaction on clay dispersion

Many simulation methods have been conducted to predicate clay particles
dispersion in polymeric matrix. By tuning the polymer-filler interaction, homogeneous

filler dispersion exists just at the intermediate interfacial interaction. Strong or weak
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particles-polymer interactions both could lead to aggregation, due to an entropic

depletion effect or local bridging of filler via polymer chains as shown in figure 70.
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Figure 70 Relationship between polymer-clay interaction and clay dispersion [111].

Based on the investigations of structural properties of PS/clay and PET/clay
nanocomposites, we find that:

(1) in PS/clay nanocomposites, the dispersion of clay particles follow the
trend that 20A>10A>30B. Because 10A has a benzene ring
functional group that can share electrons with benzene ring from PS,
whereas 30B is hydrophilic that is incompatible with hydrophobic PS
as shown in figure 71.

(2) in PET/clay nanocomposites, the dispersion of clay particles follow
the trend that 10A>20A>30B. Because 30B has a hydroxyl
functional group that can form hydrogen bond with PET molecules,
whereas 20A is nonpolar molecules that has low compatibility with

polar PET molecules as shown in figure 71.
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Figure 71 Schematic illustration of effect of polymer-clay interaction on clay
dispersion.

5.4 Effect of polymer-clay interaction on barrier properties

Based on the study of barrier properties of PS/clay, PET/clay and HDPE/clay
nanocomposites, we observed that:

(1) beside clay dispersion, the polymer-clay interaction or polymer-clay
compatibility also plays a very important role in improving matrix’s
barrier properties, because the strong polymer-clay interaction could
form effective interface that in turn can increase the detour factor.

(2) the maximum improvements in barrier properties of PS, HDPE and
PET were achieved by using 10A, 20A and 30B respectively due to

strong polymer-clay interactions as shown in figure 72.
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Figure 72 Schematic illustration of effect of polymer-clay interaction on barrier
properties.
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CHAPTER 6: FUTURE WORK

Based on my previous research, in order to further improve barrier properties of
PET by using clay reinforced nanocomposites, two important aspects need to be
considered for future work- improving thermal stability of the reinforcement (inorganic

and organic clay) and enhancing the PET-clay interaction and compatibility.

6.1 scCO, processing of natural clays

As have been mentioned above, it could be a breakthrough for high temperature
melting compounding of PET/clay nanocomposites, if superior dispersion can be
achieved even without modification. Therefore, we utilized scCO, to process natural
clays by modifying our processing method. We used a stirring system to do a dynamic
processing rather than a quiescent one. Adding stirring to the scCO; process enabled the
natural clay platelets to fully contact supercritical phase, which could allow the
supercritical CO, to diffuse into the inter gallery spaces. During depressurization, the
trapped and saturated carbon dioxide will escape and lead to clay dispersion. We
switched our processing parameters from the previous experiments (80°C, 2500psi, 4 h)
to a new sets (50°C, 2500psi, 2h), which can result in higher density change. From the
phase diagram of carbon dioxide we found that old condition corresponding to a
processing density about 0.5g/cm’, while the new condition corresponds to a higher
density of 0.7g/cm’. The new parameters give further dispersion to natural clay due to a
bigger density change.

Two types of natural clay, Na“ and Ca’" balanced montmorillonites have been
dispersed by scCO, with above processing conditions. SEM was employed to directly

image the pristine clay powders to better visualize the change of original microstructure
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and morphology of the clay particles and tactoids upon scCO; processing and WAXD

was conducted to determine the change of inter-gallery spacing of the clay.
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Figure 73 SEM images of Na" balanced montmorillonite before and after scCO,
processing.

The SEM images of Na" balanced montmorillonite (Figure 73) before and after
scCO, processing shows certain dispersion of natural clay. The particle size ranged from
5 to 20um, and at high magnification a relatively tight particle structure was observed.
The tactoids that formed particles have lateral dimensions of 1-3pum. Images of scCO;
processed Na’" montmorillonite revealed a significant change of micro morphology from
the as-received nanoclay. We found that the diversity of composition was preserved,
nevertheless, the dispersity of those structures decreased and more single tactoids with

lateral dimensions of 1-3um were observed. The particle size decreased to a range of 3-
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12um. At a higher magnification, loose tactoid-packed particles were observed. Similar
results were also observed in SEM images of Ca®" balanced montmorillonite (Figure 74).
The as-received Ca>" montmorillonite also showed a diversity of composition and high
dispersity of micro structures, in which the particle size was in a range from 5 to 15um.
At a high magnification, a tight particle structure was observed but the packing was
relatively loose when compared to Na“ montmorillonite. After scCO,-processing, Ca>*
montmorillonite show a significantly changed morphology, where a significant amount of
single tactoids with lateral dimensions of 1-3um was observed. Moreover, at a higher

magnification, cabbage-like tactoid clusters were observed.
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Figure 74 SEM images of Ca’' balanced montmorillonite before and after scCO,
processing.
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Our results suggest that, upon depressurization, large particles are broken down
into tactoids and a fraction of the outermost layers is delaminated from the tactoids
during CO, expansion while the much less mobile inner layers just lose the initial
coherence. It is reasonable to speculate that the puffy and expanded flexible structure of
the scCO;-processed clay contains many individual platelets and will exposes more of the
available surface area, which should be easily accessible by organic modifiers or matrix
molecules, leading to improved modification or dispersed nanocomposites.

WAXD was used to determine how the nano spacing between clay platelets
changed during processing. The X-ray diffraction patterns of Na™ and Ca*’
montmorillonites before and after scCO, processing are shown in following figure
(Figure 75). Unlike the dispersion seen in SEM images, scCO; processing did not result
in a change of diffraction pattern of Na' montmorillonite. The as-received and scCO;
processed Na; montmorillonites displayed similar diffraction peaks, a dgo diffraction
peak at 20 =6.8° corresponding to an equilibrium platelet spacing of 0.29 nm (basal
spacing minus 1 nm for platelet thickness). For Ca®" montmorillonite, a significant
diffraction peak shift to lower 20 was presented. The as-received Ca’" montmorillonite
showed a dgo; diffraction peak at 20 =6.4° corresponding to an equilibrium platelet
spacing of 0.38 nm, after scCO, processing, the diffraction peak shift to 20 =6.1°
corresponding to an equilibrium platelet spacing of 0.45 nm. We attribute this change of
microstructure to the weak inter platelet interactions inside Ca*" montmorillonite tactoids
and the result is in agreement with what we observed in SEM images above. Based on
SEM and WAXD analysis, the optimized scCO; processing method is an effective and

universal method to pre-disperse both natural and commercial clays. Generally the scCO,
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processing result in pre-dispersion of natural clays where micro morphology been

changed, however in some cases nano scale structure change may be not achievable.
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Figure 75 WAXD patterns of as-received and scCO2-processed Na* and Ca**
montmorillonite

Thermal properties of PET/Na’ nanocomposites were studied as function of
scCO?2 processing and loadings using DSC. Figure 76 presents the DSC cooling and re-
heating cycles for pure PET and PET/Na" nanocomposites. In comparison with pure PET,
incorporation of clay significantly changed the thermal behaviors of matrix. During the
rapidly cooling cycle, pure PET displayed a relatively weak crystalline peak around
152.6°C due to its slowly crystallizing rate, whereas all of the nanocomposites exhibited
distinct crystalline peaks with shifting to higher temperature. Conversely, for the re-
heating cycle, pure PET demonstrated a notable crystalline peak around 139.4°C,
however no distinct crystalline peaks were observed for all nanocomposites and their
melting peaks slightly shifted to higher temperature than that of pure PET. The
significant changes of crystalline behavior were attributed to the heterogeneous
nucleating effect of clay particles, which serve as heterogeneous nucleating sites that

facilitate crystallization of the matrix due to significantly decrease the activation energy
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for nucleation. Similar phenomena have been reported by other researches and further
study found that the crystallization rates of PET/clay nanocomposites were increased

significantly [149].
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Figure 76 DSC curves of PET/as-received and scCO,-processed Na"
montmorillonite nanocomposites with different clay loading.

Table 11 reports the effects of scCO, processing and clay fraction on cooling
crystallization temperature, T, enthalpy of cooling crystallization, AH,, glass transition
temperature, Ty, melting temperature, Ty, enthalpy of re-heating crystallization, T, and
enthalpy of melting, AH,, of PET. With an increase in clay fraction or improvement of
clay dispersion by scCO, processing, the T, of nanocomposites significantly shifted to
higher value and corresponding enthalpy increased slightly, those phenomena could
attribute to the increase of heterogeneous nucleating sites. Comparing nanocomposites

with as-received clay, the crystallization peaks of scCO, processed samples became
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narrow and sharp, which might be caused by the improved homogenous dispersion of
clay. All of nanocomposites with as-received clay demonstrated slightly increase of T, as
compared with pure PET, whereas, no distinct shifts were observed for scCO, processed
samples. The slightly higher T, for as-received clay reinforce sample can be attributed to
large amount of polymer intercalated between platelets and/or the presence of larger clay
particles which could confine and/or block the movement of polymer chains, respectively
[50, 151]. This result is in good agreement with previous research that showed increase of
T, in intercalated polymer/clay nanocomposites, whereas, exfoliated clay particles had
limited effect on chains movement. In addition, the rest of thermal properties of all
nanocomposites failed to reveal any variation as function of clay loading or scCO,
processing, indicating that the increase of heterogeneous nucleating sites and
improvement of their uniformly distribution have very little effects on re-crystallization
and meting process of PET. On the basis of DSC data, scCO, had achieved improved
dispersion of clay with delaminated structure and uniform distribution, which is highly

consistent with what we have seen in previously structural characterizations.

Table 11 T¢, Ty, Tm, A Hc and A H, PET/ Na" nanocomposites.

Figure 77 presents the oxygen permeations of pure PET and Na" reinforced

nanocomposites as functions of scCO, processing and clay fraction. As what has been
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expected, incorporation of impermeable clay particles into PET could both lower the
solubility (decreasing organic phase) and effective diffusivity (creating tortuous
pathways) of gas molecules. The permeation data reported here displayed good
agreement with the theoretical predications. The permeation exhibited continuously
decreased with the increase of clay fraction. In particular, with the as-received clay,
Iwt% leaded to a 32% of reduction of oxygen permeation and 5wt% resulted in a 40%
reduction. In comparison with as-received clay, the incorporation of scCO, processed
clay further decreased the permeation at Swt%, a maximum reduction (~42%) in oxygen
permeation has been achieved by applying Swt% of scCO, processed clays. It is worth to
mention that we used natural clay here to improved barrier properties and very promising
results were shown here. If we take into consideration that the unmodified clay possesses
unfavorable thermal dynamic interaction with the PET and the short processing time post
high kinetic barrier to form good dispersion, the scCO, processing actually is a very
promising way to disperse natural clay. Moreover the high thermal stability of natural
clay offer unique thermal characteristics to PET/clay nanocomposites that can resistant to
high temperature and open the window for PET/clay nanocomposites to undergo post
processing treatment such as solid state polymerization, which is conducted at elevated
temperature and has been reported to effectively improve physical properties of final PET

product.
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Figure 77 Oxygen permeations of pure PET and PET/Na" nanocomposites.

6.2 Synthesis of thermal stable and PET compatible modifiers

In order to improve both clay’s thermal stability and compatibility to PET, we
started synthesizing alkyl imidazolium salt based surfactant which has been reported to
hold significantly improved thermal stability. The imidazolium salt also enables us to
eventually work with other functional groups to manipulate polymer-modifier interaction
and improve polymer-clay compatibility. The chemical structure of dimethyl alkyl
imidazolium salt is shown in Figure 78. In order to improve the compatibility of modified
clay with PET, the 'R' group should be an alkyl chain with optimum length and

interaction with PET matrix.
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Figure 78 Chemical structure of dimethyl imidazolium salt.

Firstly, we chose I-octadecene-2,3-dimethyl-imidazolium chloride, whose
structure is shown in Figure 79. This modifier was synthesized by using the procedure:
1,2-dimethyl-imidazole (distilled, 0.95 mol) was added to an excess of octadecene
chloride (1 mol) in 50 ml acetonitrile in a thick-walled, single-neck 2 1 round-bottom
flask equipped with a reflux condenser. The solution was degassed several times with dry
nitrogen, and gradually heated to 60 “C, and allowed to react for 1 day under nitrogen
atmosphere. Then the temperature was increased to 90 ‘C and the reaction refluxed for an
additional 6 days under nitrogen. After the reaction was complete, a large excess of ethyl
acetate was added to precipitate the imidazolium salt. This solid was filtered and washed
several times with ethyl acetate to remove all of the unreacted imidazole and alkyl halide.
Residual solvent was removed from the resulting 1-octadecene-2,3-dimethyl-imidazolium
salt under vacuum, at 80 'C, for 12 h. The solid was re-dissolved in a minimum of
acetonitrile and precipitated with ethyl acetate. The white solid was filtered and washed
with ethyl acetate, and solvent removed under vacuum at 80 C.

> N/\/\/\/\/\/\/\/\/\Cr
|
L,
CH,

Figure 79 Chemical structure of 1-octadecene-2,3-dimethyl-imidazolium chloride.
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The 'H-NMR spectrum of synthesized 1-octadecene-2,3-dimethyl-imidazolium
chloride are given in the following figure (Figure 80). From the spectrum we see that the
well-defined chemical structure of 1-octadecene-2,3-dimethyl-imidazolium chloride

modifier was obtained.
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Figure 80 "H-NMR spectrum of 1-octadecene-2,3-dimethyl-imidazolium chloride.

After obtaining the modifier, the organic silicate hybrids were synthesized by a
cation-exchange reaction between the layered silicates and excess alkyl imidazolium salt
(twice the exchange capacity of the host). The alkyl chain modified imidazolium salt
cation was dissolved in a 50:50 mixture of ethanol and deionized H,O at 70°C. A 1wt%
aqueous suspension of the layered silicate (stirred under 70°C for 24h) was added to the
alkyl chain modified imidazolium salt cation solution and the mixture was stirred for 6h
at 70°C. The cation-exchanged silicates were collected by filtration and subsequently

washed with a mixture of hot ethanol and deionized H,O several times until all unreacted
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alkyl imidazolium salt have been removed. The filter cake was washed by deionized H,O
and dried at room temperature, and re-dissolved in to 40ml deionized H,O and quickly
freezing by liquid nitrogen. Finally, the freezing solid was lyophilized to remove
deionized H,0, and then the obtained fine powder was dry under vacuum oven at 80 °C
and the final product was kept in desiccant. The cation-exchange capacity for sodium
balanced montmorillonite clay is 96 milliequivalents/100g. So, for 8 grams of clay, we
calculated with the following procedure.

Amount  of Modifier =16x96-+100x10" =0.01536mol

Because for the cations exchanging reaction happens between modifier and clay,
we always double the molar equivalent of modifier to ensure the maximum ion exchange.
For every modifier we need:

Amount  of Modifier =2x16x96+100x10~ = 0.03072 = 0.04mol

Example: We need 15.4g of the modifier 1-Octadecene-2,3-dimethyl-imidazolium
chloride (molecular weight=385.07g/mol), to accomplish modification of both as-
received clay and scCO; processed clay.

The organic modification process was assessed by solubility studies. Figure 81
showed the optical images of all solubility tests. When using DI water as the solvent,
natural clay (A) showed good solubility in water because of the intrinsic hydrophilic
property, while after modification, the organic modified clay (B) showed hydrophobic
behavior (Top left). In order to validate modification reaction, the modifier (40 wt%) and
natural clay (B) were mechanically mixed and put in to DMF. Images (top right) showed
that modification reaction (C&D) made the organic clay solvable in DMF while

mechanical mixing (B) cannot. The solutions of organic clay in DMF were kept for 1
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week; we found that scCO, processed clay showed better modification than as-received
clay (bottom right). Moreover, an as-received commercialized 20A sample was dissolved

into DMF as a control; we found that the modified clays are better dispersed, because

their solubilities in DMF are higher than that of commercialized 20A (bottom left).
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Figure 81 Optical images of natural Na* and modified clays in DI water and DMF

TGA (Figure 82) was used to confirm the improved thermal stability. Since the
chemical structure of 1-octadecene-2,3-dimethyl-imidazolium modified clay is similar to
that of 20A, so we compared 1-octadecene-2,3-dimethyl-imidazolium modified clay with
20A. Both 20A and imidazolium salt modified clay showed a three stages weight loss
curve in temperature range from 20 to 700°C [74], indicating both of their modifiers have
similar chemical structures and following same degradation evolution. The first stage was

below 100°C, which was related with the release of free water on clay surface or inter
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gallery space. Two separated stages were observed around 310 and 600°C were observed
for 20A, which were attributed to the decomposition of organic modifiers and
decomposition of structural water. In comparison, imidazolium salt modified clay
exhibited similar weight lose peaks as 20A in this range, whereas the peaks positions
were shifted to higher temperature of 345 and >700°C, which were attributed to the
decomposition of organic modifiers and decomposition of structural water. We confirmed
that imidazolium salt modified clay significantly improved the thermal stability.
Additionally, the weight loss at 700°C for imidazolium salt modified clay is 30%,
indicating 30wt% modifiers were attached on the clay surface through the cations
exchanging reaction. The imidazolium salt modified clay was supposed to enable
significantly improving physical properties of PET/clay nanocomposites, because the
improved thermal stability could improve the polymer-clay interface due to avoid the
severe thermally degradation of modifiers. However, our preliminary oxygen permeation
test confirmed that although imidazolium salt modified clay significantly improved the
thermal stability, it resulted in the similar effect on permeation test as 20A did; no
prominent improvement in permeation was achieved. We speculate that for the
imidazolium salt modified clay, the similar chemical structure of the modifier as 20A
result in the PET-clay interaction, which form a relatively ineffective interface that
cannot lead to a significant improvement in oxygen permeation. In order to improve
PET’s barrier properties, the compatibility between PET and clay should be taken into
consideration as improving the thermal stability. Since 30B was proved to be a good
candidate for PET, so we try to mimic 30B’s chemical structure and improve its thermal

stability simultaneously.
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Figure 82 TGA curves of 20A and imidazolium salt modified clay.

In order to mimic 30B, we synthesized 1-octanol-2,3 dimethyl-imidazolium
chloride which has a hydroxyl group, whose structure is shown in Figure 83. This
modifier was synthesized by using the procedure: 1,2-dimethyl-imidazole (distilled, 0.95
mol) was added to an excess of 1-octanol chloride (1 mol) in 50 ml acetonitrile in a thick-
walled, single-neck 2 1 round-bottom flask equipped with a reflux condenser. The
solution was degassed several times with dry nitrogen, and gradually heated to 60 "C, and
allowed to react for 1 day under nitrogen atmosphere. Then the temperature was
increased to 90 "C and the reaction refluxed for an additional 6 days under nitrogen. After
the reaction was complete, a large excess of ethyl acetate was added to precipitate the
imidazolium salt. This solid was filtered and washed several times with ethyl acetate to

remove all of the unreacted imidazole and alkyl halide. Residual solvent was removed
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from the resulting 1-octanol-2,3 dimethyl-imidazolium salt under vacuum, at 80 "C, for
12 h. The solid was re-dissolved in a minimum of acetonitrile and precipitated with ethyl
acetate. The white solid was filtered and washed with ethyl acetate, and solvent removed

under vacuum at 80 “C.

ElN/\/\/\/\OH
’T‘)\

CHs

Cr
CH;

Figure 83 Chemical structure of 1-octanol-2,3 dimethyl-imidazolium chloride.

The 'H-NMR spectrum of synthesized 1-octanol-2,3 dimethyl-imidazolium
chloride are given in the following figure (Figure 84.). From the spectrum we see that the
well-defined chemical structure of 1-octanol-2,3 dimethyl-imidazolium chloride modifier

was obtained.
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Figure 84 "H-NMR spectrum of 1-octanol-2,3 dimethyl-imidazolium chloride.
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After obtaining the modifiers, the organic silicate hybrids were synthesized by a
cation-exchange reaction between the layered silicates and excess l-octanol-2,3
dimethyl-imidazolium salt (twice the exchange capacity of the host). The modified
imidazolium salt cation was dissolved in a 50:50 mixture of ethanol and deionized H,O at
70°C. A 1wt% aqueous suspension of the layered silicate (stirred under 70°C for 24h)
was added to the modified imidazolium salt cation solution and the mixture was stirred
for 6h at 70°C. The cation-exchanged silicates were collected by filtration and
subsequently washed with a mixture of hot ethanol and deionized H,O several times until
all unreacted imidazolium salt have been removed. The filter cake was washed by
deionized H,O and dried at room temperature, and re-dissolved in to 40ml deionized H,O
and quickly freezing by liquid nitrogen. Finally, the freezing solid was lyophilized to
remove deionized H,O, and then the obtained fine powder was dry under vacuum oven at
80 °C and the final product was kept in desiccant. The cation-exchange capacity for
sodium balanced montmorillonite clay is 96 milliequivalents/100g.

In order to confirm that we successfully attached 1-octanol-2,3 dimethyl-
imidazolium chloride on to the clay surface and introduced a hydroxyl group, the FTIR
spectrum of 1-octanol-2,3 dimethyl-imidazolium salt modified clay is shown in Figure 85.
As shown in the figure, a sharp O-H stretching band was observed around 3300cm™ due
to the present of free hydroxyl group in 1-octanol-2,3 dimethyl-imidazolium chloride, in
addition, two other characteristic peaks from imidazole ring were also observed, the
stretching band of C=N exhibited a peak around 2350cm™ and multiple peaks around
1500cm™ were attributed to the imidazole ring, indicating that 1-octanol-2,3 dimethyl-

imidazolium chloride was attached on clay surface and the hydroxyl was introduced.
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We speculated that due to the potential of forming hydrogen bonding between PET and
the hydroxyl group in 1-octanol-2,3 dimethyl-imidazolium chloride, the strong PET-clay
interaction will result in effective interface and improving the barrier properties. In
addition, the imidazolium salt base also improves the thermal stability of the modifier,

which will avoid thermal degradation in melting extrusion and discolor of the samples.
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Figure 85 FTIR spectrum of 1-octanol-2,3 dimethyl-imidazolium salt modified
montmorillonite clay.
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