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CHAPTER 1

INTRODUCTION

1.1 Overview

It was not until 1920 when Staudinger proposed the macromolecular hypdtiesis
scientists started to have a better understanding about polyniershypothesis states that
polymers are molecules made of covalently bonded elementary caliesi monomers. Before
Staudingers’ macromolecular hypothesis, chemists were synttgesizacromolecules in the
middle of the nineteenth century, but they did not believe that whattbeycreating very large
molecules. Their standard point of view was that these materials welleids-physically
associated clusters of small molecules, with “mysterious nonemavalonding” holding the
clusters together. Although its hypothesis was met with stresigtance at the beginning, it
laid the background to further research in the era of polymretkelsubsequent years, Carothers
had synthesized several polymers with well — defined structureshantPolymer Age” was
born. In the following 30 years (1930 — 1960) many scientists including Kby, Huggins,
Guth, Stockmayer, Rouse, and Zimm laid much of the ground work for moderngudlyaory.
Between 1960 and 1980 Edwards, des Cloizeaux, de Genes, Doi and Edwardsthavenhide
progress in the field of polymer scieniceFurthermore, following these early times, organic
based macromolecules have become omnipresent in our society. Pomndind in the
packing, transportation, communications, space, recreational, medicebmstduction industry.
The need to produce polymers with better physical properties intorégpand their utility has
gone in many directions. Manipulating the molecular architectupslgfners, cross-linking the
molecules, blending different polymers together, and adding orgadicnan-organic based

fillers to make composites are some of the ways mechaniagport and thermal properties of



many of the early materials have been significantly improved.

A composite material is a combined material created from dwmore components,
selected filler or reinforcing agent and a compatible mabinger (i.e. resin) in order to obtain
some specific characteristics and properties. The matrihascontinuous phase, and the
reinforcement constitutes the dispersed phase. The combinationiofildismaterials can have
unique and very advantageous properties if the materials have apjerama@acteristics, and
result in a material that is better in certain key propethas either of the materials alone. The
reinforcements and the matrix are usually very distinct tgbesaterials with widely different
properties. The properties of the composite are generally cedtrdy the behavior and
properties of the interface and the level of dispersion of the reinforced material

Improving material properties by making composites is noew idea. The first man
made composites based upon polymers appeared in about 5000 B.C. in theBds&tdihere
pitch was used as a binder for reeds in boat-buildihgter in 3000 B.C. in ancient Egypt, the
addition of straw in wet clay improved heat resistance andsstrdsced failure of clay bricks
that were used as the man building matériring the 1950’s the demand for low weight high
rigidity materials was a major driving force behind compasisterial research and fabrication.
Corporations like U.S. Steel, AT&T, General Eclectic and IBM itegsn vast laboratories,
forming research centers built around solid-state physics. ColgueBt6 stainless steel was
one of the early metal composites. It was used for rockets asmdrsevehicle design. However,
due to the re-entry speed requirements which generated aheabthe metal composites would
vaporize like a meteor. Due to the need for a more heat r@sistenposite, ceramic/metal
composites were developed. By the 1960s advanced composites were obmgegwith the

development of high-modulus whiskers and filaments. While whiskers aasily made, their



composites were of poor quality; but the 60 million modulus boron filamremt&rcing epoxy
were very successful and were used in fighter aircraft. édew large modulus differences
between the fiber and matrix material were accompanied g thermal expansion coefficients
and consequent residual thermal stresses. As research pedgresaphite fibers were
successfully used in golf clubs, tennis rackets, and fishing roéssddécess of graphite-epoxy
for golf clubs, tennis rackets, and fishing rods encouraged thevaegt of development—nhigh-
modulus organic filaments. All of the chemical laboratories hadgsses and patents for high
molecular weight/high modulus organic fibers, but it was DuPontntiaale the plunge due the
development of Kevlar. The development of Kevlar, a high modulus orgkmeht paved the
road to many other composités.

1.2 Polymer/clay hanocomposites

Today engineers and scientists are still trying to developmaterials or enhance the
properties of existing materials to extend their utility beydinel current limits. From the
viewpoint of today’s industrial and economical activities, it canebsily assumed that the
technology has opened new windows for opportunity which determinesaheasis of our
lives. These requirements result in continuous efforts for new, high performandedkesv cost
materials to meet increasing demands. Polymers, due to thatic elad viscous like properties,
have been the objects of intense study.

Polymernanocomposites containing nanoscale particles continue to be aof ayemt
interest both in industry and in academia due to significant improvenmentechanical, thermal
and barrier properties that can be achieved over conventional noeamiero-composites> °
Nanoscale fillers with much different geometry have been usedrémaring nanocomposites

ranging from large aspect ratio layered thin nanosheets to nangw nanofibers to tiny



nanoshpere<. Reducing the size scale of the filling material to the nanek-lgill allow the use
of a much smaller weight fraction of reinforcement phase. Thiacsurarea available for
interaction with polymer per mass is increased, which is af&etpr in composite property
enhancement. Polymer layered silicate (PLS) nanocomposites areclasgwf materials which
consist of polymer matrices filled with low amounts (usuallsléhan 5%) of layered silicates
dispersed at nanoscale level. The essential raw materia f@no-clay (nano-sized layered
silicate) is montmorillonite, a 2-to-1 layered smectitaycivith a parallel platelet structure.
Benefits from this clay technology result in part from the ‘sgtface area of montmorillonite
(approx 760 r1fig) and high-aspect ratio (about 100 - 1000). Polymer nanocomposit€ (PN
based on highly anisotropic layered mica-type silicate fillednave attracted great interest
because they often exhibit remarkable improvement in materiaterties when compared with
virgin polymer or conventional micro and macro-composites withoutfgignt drawbacks to
the resulting materials such as weight increase, opacitylebesis and many others.The
improvements can include high moduli, increased strength and hestanes, decreased
permeability, decreases flammability and increase fitardancy.®*? These improvements
depend on many factors including the extent of platelet dispersainjdi@latelet orientation,
clay network formation, and the strength of physical/chemicatantions between the polymer—
clay and polymer—clay modifier. Furthermore, there has been consedertest in theory and
simulations addressing the preparation and properties of theseatsatard they are also
considered to be unique model systems to study the structure and c/radnpiolymers in
confined environments>*°

Well-defined polymer/layer-silicate (like Montmorillonite-MMTcomposites were first

reported by Blumstein in the 1960’s, who polymerized methyl metlaeryn the presence of



clay and found that the resulting polymer had unusual properties. Atrtdet was not known
that these were nanocomposites and, indeed, the term did not yet”eXismoreover,
polymer/clay nanocomposites intercalation chemistry has beatoged and known for a long
time.*® The field however was not widespread until it gained momentutmei 90s’ due to two
major findings. First the Toyota research group prepared a poly&@mniaeterial by
polymerization of caprolactam in the presence of montmorillacidg. They found that very
small amounts of layered silicate loadings (typically ldemnt5wt.%) resulted in substantial
improvements of thermal and mechanical properties of Nyléh$econd, Vaia and co-workers
showed that it was possible to melt-mix polymer and layereth®k without the use of organic
solvents?* The above work was the genesis of the vivid research which nowsdbcaughout
the world on polymer nanocomposites and it has sparked numerous publjcaBoesal
reviews, and books on this subject.
1.2.1 Structure and morphology of nano-clays

The layered - clay materials used to prepare nanocomposégm@ular due to the very
large amount of potential interfacial surface area that coulddiable to interact with the host
polymer (760 mg if totally delaminated). The crystallographic structuoé natural
montmorillonite, which is a very soft phyllosilicate (sheatate) mineral, is shown in Figure 1.
The structure is based on that of pyrophyllite and it is idedlgnce in reality the lattice is
distorted® It is the main constituent of the volcanic ash weathering prpteatonite. MMT a
member of the smectic family is a 2-to-1 nano-clay, meathat individual clay sheets consist
of an alumina octahedral layer fused between two silicatahtdral layers and has the
following general chemical formula (Na,GEI,MQg)2(SisO10)(OH),-(nH,O).  Natural

montmorillonite undergoes an isomporphic substitution in the octahedraiiséee Af* is



replaced by Mg or Fé" and in the tetrahedral lattice where i§" $&placed by Al leading to a
permanent excess of negative charge. This negative charge is balameed by the sorption of
alkali cations such as €aand N& between the silicate laye?$Staking of the individual clay
layers leads to a regular van der Waals gap (interlayei, $yz@@ing or d-spacing) resulting in a
layered structure (also called tactoid). The individual shaetsalaout 0.96 nm thin which is
calculated from the (001) harmonics obtained from wide angle xhffrgction (WAXD) and
have a diameter between 10 — 1000 nm. Due to the width to length raftio Hddhigh-aspect
ratio (about 100 to 1000) which along with the very high surface aeegesponsible for many
enhancements in the properties of polymer/nano - clay nanocomposites.

A unique trait of smectic clays like MMT is the ability sorb certain cations and
retained them in an exchangeable state. The layered sibcabaiacterized by a certain cation
exchange capacity (CEC) which is typically measured in muialents per 100 g. This
represents the maximum amount of cations that can be taken upebyctpy. The nano - clays
go through ion - exchange reactions where thé Aled C&" are replaced with primary,
secondary, ternary and quaternary alkylammonium or alkylphosphonitsn(Sigure 2). The
small equilibrium spacing of natural clayX nm) as well as its inherent hydrophilicity makes
most polymer penetration unfavorable and therefore limits polatezss to the large potential
surface area. The purpose of exchanging alkali cations whkiylaaimonium cations is to
overcome the above mentioned barriers in making polymer/clay nanoctenpdsie
alkylamonium cations make the original hydrophilic clay more moga philic extending its
utility to a wider range of polymers. Also, the alkyl groups of #mmonium salt help in
expanding the d-spacing, which in turn helps in lowering the entropialtgeof polymer

penetrating the inter-gallery spacing of the cfdy.
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Figure 1. Crystal morphology of natural sodium montmorillenft



Figure 2. Schematic of nano-clay ion-exchange reaction whi@eodium ions are replaced by the ammonium ions

rendering the clay more organophilic and increasiieginner - gallery spacingf’

1.2.2 Types of nanocomposites

Polymer/nano - clay nanocomposites can result in a range of noaphologies
depending on the strength of interfacial interactions between tlyen@olmatrix and layered
silicate (modified or not) and the dispersion state of the nangy.- Theey are divided into three
general types that are thermodynamically achievable, naowglyentional, intercalated, and
delaminated or exfoliated (Figure 3). An immiscible sysgown in Figure 3A occurs when
there is no polymer present in-between the clay and largedsctucture remain unchanged.
In these composites the miscibility between the polymer matrikthe filler does not support
favorable interactions to overcome the thermodynamic consideratimhthe silicate layers do
not separate at all. These systems are generally not causiddre nhanocomposites, but regular
composites. In intercalated nanocomposites, the insertion of a polyatex mto the layered
silicate structure occurs in a crystallographically regtideshion which results in clay basel
spacing increase, regardless of the clay to polymer ratio. Afelecular layers of polymer are

present in between the clay interlayer spacing in an intéedaleanocomposite (Figure 3B).



Exfoliated systems (Figure 3C), although less common, @hea the polymer penetration is so
extensive that the clay platelets are too far apart t@aee other (~ 6 - 8 nm). In this case the
van der Waals interactions are too weak to impact the ovemaditwte and the clay platelets
remain separated. The last two are more desirable nanoadighologies since they result in
the highest improvements in nanocomposites properties with the latgrtbe most desirable
since the utilization of the nano-clay surface area is magingenerally, most nanocomposites
fall somewhere in between the two categories with the finaphwdogy containing an expended
structure with several individual clay platelets present. HoweVedhe layers can be fully

exfoliated the property improvement can be maximized.
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1.2.3 Polymer/clay nanocomposites preparation methods

Polymer layered silicate nanocomposites have been studied in ialjwstedemic, and
government laboratories for nearly 50 years. The role of procelsssames more important in
nanocomposite production affecting the resulting structure. Enhantemmaterial properties
are directly related to the extent of dispersion of the claielpts in the polymer matrix and
extent of interactions between clay and polymer. Much of the pressetarch in clay
nanocomposites is focused on overcoming the difficulties in sepaeatthgvenly dispersing the
clay layers in the polymer matrix through different processmeghods while still maintaining
the high aspect ratio of the clay layers. Separating thelayays will allow for a higher surface
area to be available for better polymer — clay interactioméctwin turn contribute to
enhancements in polymer/clay nanocomposite properties.

Although nano - clays have been successfully intercalated aliag®tl in many different
industrially important polar polymers such as polyamfded and epoxide&® * dispersing clay
in systems with non - polar polymers such as polystyrene, polyprappnd polyethylene has
proven to be much more challenginy*> The most common strategies for processing
nanocomposites fall into one of three categori@s:situ polymerization, mechanical
compounding/melt mixing and solution blending.

In-situ polymerization was the first used to prepare polymer/clay nanuoesites by
Kojima et al. in a polyamide 6/MMT systerf. In this method the nano - clay is swollen in
monomer and the reaction is initiated by increasing the textyser by the addition of a curing
agent or peroxide. In-situ polymerization has been shown to give a wide range of dispersion
levels with a variety of different property enhancements depgndim the polymerization

scheme used. The best property improvements were obtained fromethanmg to the surface
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of the clay or to the modifier during the polymerization processfarm a bridge connecting the
confined polymer to the rest of the polymer matrix. For instanaehKamoorti and co-workers
have recently used nitrox oxide mediat@éusitu polymerization to prepare exfoliated
polystyrene/clay nanocomposites resulting from polymer chain9q6vt%) tethering to the clay
modifier which showed substantial improvements in properties over punagofy Although
exfoliation may be attainable)-situ polymerization is complex, expensive, system specific, and
can only be utilized at the time of polymer polymerization wHiahits its applicability in
industrial applications’’

The melt intercalation process was first reported by Vada@-workers in 1993 when
they prepared polystyrene/clay nanocomposftesn this technique a molten thermoplastic is
annealed along with an organo - clay at a temperature above $serglasition temperature of
the polymer. In this method the polymer chains undergo center oftraasport in between the
clay layers even though the unperturbed radius of gyration of thepolys roughly an order of
magnitude greater than the inter - gallery spacing of thg. cldhe polymer losses its
conformational entropy during the intercalation and the proposed driviog f®ithe enthalpic
contribution of the polymer/clay interactions during annealfigMechanical compounding is
advantageous due to the short processing times, the absencevesftssobnd the ease of
incorporation into industrial applications, although it has been met wiiked success when
additives are not used ** “°Although this method can be successful in several systems, in
most industrially important polymers, high temperatures must betaggdmote chain diffusion
into galleries in order to minimize processing time. Howetese temperatures can also have a
detrimental effect on clay spacing by degrading the organic freodind causing platelet

collapse** The collapse leads to a negative effect on nanocomposite pesprice the inter-
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gallery spacing is reduced and fewer polymer chains can penetrate it.sTRissisnost prevalent
for high molecular weight polymers, which have the most demanding pnogeemperature
requirements. Increasing sheer rate can help to introduce enougly e¢oeassist in clay
delamination, yet it also causes a decrease in platelettasggc ** To overcome these
dispersion limitations, researches have employed polar compaibiliand co-polymers to
increase the inter - gallery spacing and make the local envernmore organophilic enabling
dispersion upon application of shér® Scaling theory has recently been used to show that
functionalized polymers are necessary to obtain exfoliated sysirem melt compoundiny.
Recently, Kawasumi et al. demonstrated the utility of polyprogyhaaleic anhydride as a polar
compatibilizers to create well dispersed polypropylene nanocomgbsifeunctionalized
polymers however are a relatively expensive solution to dispeasidmeed to be tailored to
maximize polymer - compatibilizers and compatibilizers - clateractions. Furthermore,
compatibilizers generally have low molecular weight and tarsltave a negative effect on the
nanocomposite properties.

In the solution blending technique first the nano - clay is swolleminrganic solvent.
The polymer which is also pre-dissolved in a solvent is added to aksalvent solution and
intercalation of polymer between the clay layers occurs. Thmigee requires copious amount
of organic solvents which later needs to removed, making thisn@noemental unfriendly
method. Although it is simple in its approach, has generally pravbea telatively ineffective at
producing good clay dispersiotf: 3 “®*Wide spread exfoliation is not seen in these systems due
to thermodynamic barriers present. Clay intercalation inesepslymer confinement, which is
entropically unfavorable. To overcome such a barrier requires goadadtt@s between the

polymer and clay which may not occur due to competition betweegpolgmer and solvent for
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clay modifier interaction? **> However, Zhao et ahave demonstrated that sonication assisted
solution blending may introduce enough energy to disperse the clens lay a polystyrene
matrix*’

There is a high demand for alternative methods for producing wsjpedied
nanocomposites that can easily be applied to the industrial hoaleyer such methods are in
short supply. In general, supercritical fluids, SCFs, are moreosmentally friendly and offer
mass transfer advantages over conventional organic solvents. Theyghadike” diffusivity
and surface tension, and liquid-like density and low visc8¥$/Supercritical C@ (scCQ) has
recently been gaining more popularity in research and industry asvaonenentally friendly
solvent and blowing agent in a wide range of applications including pakatien, polymer
purification and fractionation, coating applications, and powder formatfor:>* Moreover,
scCQ has many desirable attributes such as low cost, abundancepxmityt and readily
accessible supercritical conditions (critical temperafliye, 31.1°C, critical pressurel. = 7.38
MPa, critical densityp. = 0.472 g/mL). When CQis raised above its critical point, its
physicochemical properties can be continuously tuned between vapantkiquid-like limits
by varying the system pressure and/or temperature. Moreoliag een shown that a variety of
polymers exhibit solubility in SCFs and that the extent of sotyhilepends on the molecular
weight of the polymers and the processing conditidhBor example, silicones and fluorinated
hydrocarbons exhibit miscibility at pressures well below alkasfecomparable chain length in
CO,. * *®In addition, scC®has been successfully used by Zkaaal along with an extruder to
produce an intercalated natural sodium montmorillonite/poly-ethylenéde oxPEQO)
nanocomposites’ Manke, Gulari, Kannan and Ford researchers have developed a noves proces

for dispersion of organically modified montmorillonite with or without dnganic phase present
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and utilizing scC@for the production of polymer/clay nanocomposités>® In this method the
nano - clay or clay/polymer system is contacted with @@l pressurized above its critical point
and mixed to allow efficient diffusion of GOnto the space between platelets. After certain
processing time the system is depressurized nearly instantnéoustmospheric pressure,
causing the C@to escape from the nano - clay inner - gallery spacing.rbtbod relies on the
drastic volumetric expansion of scg&Between aggregated particles upon depressurization that
pushes the sheets/platelets apart, effectively disordering and/or dispeesmdVhen the CQOs
completely removed a good portion of the nano - clay platelets remamased or in the case
where polymer is present the organic material remains between the tapensy the surfaces of
the layers, thus preventing most of the reformation of the ldysracture. The average particle
size is also reduced after sudden depressurization, althougbpihet aatio is still maintained
unlike other methods where the aspect ratio may be reducegmiteissing. Although, a large
number of tactoids are still found in particle form, the number abids per particle and the
tightness of packing are reduced following seG@ocessing. The individual tactoids are
delaminated from each other and lose their parallel redesingng large spaces for polymer to
penetrate. Furthermore, the average tactoid size is reduced cuptaimonly a few platelets.
This expended flexible structure of the sg(®ocess particle exposes a larger surface area and
this should be easier to disperse into a polymer matrix tharatheeteived” particle. Recently,
this method has demonstrated the ability to disperse commeraialliable nano - clays in a
polydimethylsiloxane (PDMS) matrix, with the resultant nanocomessexhibiting marked
rheological improvement over the neat polynidioreover, it was also shown that some clay
(modifier dependent) can be dispersed and/or disordered without any pphgsent by soaking

in scCQ followed by catastrophic depressurizatioft. ®© The unique ability of this novel
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technique to disperse clay by itself is the only currently puldishethod demonstrating this
property. The pre-dispersed/disordered clay can then be co-extritigtievpolymer of interest
or it can be processed again with the polymer in the presenc€Gf st the manufacturing
facilities to improve the properties of the resulting products.

However, there is a need for gaining a better understanding antisd morphology of
the nano - clay is after scG@rocessing. Furthermore, a better understanding on the effatts t
different factors such as processing conditions (temperature, @eskpressurization rate,
processing time, co-solvent), clay modifiers and different polgnteave on the resulting nano-
clay morphology and nanocomposite properties in order to optimizeugiexcsitical carbon
dioxide processing technique for the desired results. Reseaiateeusing several methods for
characterizing nano - clay and polymer/nano - clay nanocompaoslteding wide and small
angle X-ray diffraction (WAXD and SAXD), scanning and trarmssion electron microscopy
(SEM and TEM), thermogravimetric analysis (TGA), differensahnning calorimetry (DSC),
permeability and mechanical testing, rheology and many otherse\oweach of the above
mentioned characterization techniques have their own advantagesngatdns. Therefore, a
combination of several techniques need to be used in order to obtane @amplete picture on
the effects of above mention factors on the nano - clay morphologyasadomposite structure
and properties. WAXD is one of the most widely used tools by msea for structural
characterization of nano —c lays in nanocomposites. However, thes \piailre cannot be
obtained if WAXD is used by itself since it has a few drawbad®lthough, it can give
information about the intercalation state of the nanocomposite,nibtisensitive to an inter-
gallery spacing larger than 5 nm, therefore it is relatiredgnsitive to exfoliated platelets and to

disordered platelets. Hence, X-ray diffraction cannot provide a whdlere of the nano - clay
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morphology if used as a standalone tool. Electron microscopy is sed tachnique to
complement X-ray diffraction data in order to better visualmespatial dispersion state of the
nano - clay in the nanocomposites. With the sub-nanometer resolutibnot the TEM,
individual platelets and platelet stacks can be directly visubfinel a better understating of the
nano - clay morphology can be obtained when both TEM and X - raydtiifinaare used
together. However, TEM only gives information on the local levedesionly a small part of the
sample is used. Rheology is a more sensitive tool to the degidespefsion and it can also give
information about polymer - clay interactions. Testing the nanocompuesiteeability can also
give an insight on the degree of clay dispersion since incoiggersion leads to a reduction in
permeability. TGA and tensile testing are also used to congplethe other characterization
tools to have a more complete picture about the nano - clay d@pessatus in the
nanocomposites. Therefore, to really gain a more complete understadingw different
processing methods and variables affect the nano - clay dispgrsigmer - clay interactions,
processability, transport properties and reinforcement of a polymedrix, a verity of
characterization techniques are used. As a result, a bettestatiogr of the scCOprocessing
technique can be achieved on different polymer - clay systems lagitea ability of predicting
the results on other systems can be acquired.

In Chapter 2 the ability of the scG@rocess to dispersed and/or disorder nano - clay is
investigated using “as received” Cloisite 10A from Southern €laglucts. The ability of scGO
to dispersed nano-clay was initially demonstrated by Horsel. €Cloisite 93A and partially
Nanocor 1.30P)*°, however no investigation was done on understanding what is the final
structure of the nano - clay following scg&f@rocessing. Also, no analysis on how the processing

parameters (processing time and multiple processing) affecésbing nano - clay structure. In
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this chapter the above mention processing parameters are expluleX-ray diffraction,
scanning electron microscopy and volume change are used asaliwaton techniques to gain

a better understating on what is going on during sc@©cessing and what is the nano - clay
morphology after scCOprocessing. In addition, the pre-dispersed/disordered nano - clay is
reprocessed using scg@chnique in the presence of polystyrene in an attempt to nzximi
nano - clay dispersion and evaluate its effect on the final pamuusite properties (see Chapter
3).

Although the scC® process has been proven to be effective on polymer melts, no
research has been done on its applicability to polymer solutions. Aartent benefit of
processing polymer in solution is that it allows for relativiely temperatures to be used in
comparison to those required for melt blending. Lower processing tatapeminimizes clay
modifier degradation, maximizes the rate of Qf@nsity change, and improves £Qpolymer
miscibility. Additionally, the reduced temperature and viscositg ipolymer - solvent system
can allow for longer processing times, giving the chains tondhoroughly penetrate the clay
layers.

The research in Chapter 3 focuses on the use of a co-solvent alibngc®Q to
maximize nano - clay dispersion and produce dispersed low and higbutaoleeight PS/clay
nanocomposites with enhanced properties (rheological, mass transpadnieamal). The aim is
to gain a better understating of the seq@ocessing method which should allow optimizing it
for the desired dispersion and/or properties. To achieve thisteaole of scC@processing
parameters in promoting polymer - clay interaction, in dispersing naslay, in enhancing
polymer thermal degradation, in enhancing viscoelastic propertiesn aaducing oxygen and

water vapor permeability in polystyrene nanocomposites is ine¢stig Furthermore, in this
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work, the effects of varying clay organic modifier on the resilhano - clay dispersion and
properties of polystyrene - clay hanocomposites dispersed with,so€thod are investigated.
The role of polymer - clay interactions on nano - clay disperand reinforcement has been the
topic of many publications: *" ®* ®In most of the common processing methods, the extent of
dispersion is often strongly related to how favorably the g@arinteracts with the polymer
matrix. This effect has been exhibited both experimentally ansimulation by researchers
where it has been observed that the stronger the polymer - clegctidaas are the higher the
intercalation level is since there is sufficient enthalpicvidg force to surpass the entopic
penalty of polymer confinement.** ®*Pandey and coworkét demonstrated through molecular
simulation that if there is a repulsive polymer - clay inteoacpresent in the nanocomposite, the
clay layers prefer to disperse and if the polymer masriatiractive, clay platelets intercalate.
Ammala et al. showed in a poly(m-xylene adipamide)-montmorillorii@sed clays
nanocomposites that the barrier properties strongly depend onahemadifier used. The
favorably interacting Cloisite 10A showed a considerable reduatidhel oxygen transmission
rates (66% reduction) while Cloisite 93A showed a small incré&eincrease)?’ In another
study, Rohlmann at af* showed that in a polypropylene/clay system prepared bymieing
using a barbender plastograph, although Cloisite 15A and 93A nanocompbsiesd similar
dispersion, the nanocomposite made using 15A displayed superior rheolpmgpairties.
Studying the scC@processing parameters effects on the nano - clay morphologyogtual,
transport and thermal properties in seC@rocessed nanocomposites will help to better
understand the parameters needed to produce nanocomposites with dppnogerties.To
accomplish this goalslow (5,000 g/mol) and high (280,000 g/mol) molecular weight

polystyrene, styrene and “as received” Cloisite 10A, 93A, 15A and Nanocoai8Bed in this
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study and processed using s¢gGiDd solution blending processing techniques. To gain a better
understanding of how processing parameters affect nano - dgyhatogy and the resulting
polymer properties a series of samples at different progessonditions are created and
characterized using viscoelastic measurements, permeabdiiygieTEM, WAXD and TGA.

The properties of the scG@rocessed nanocomposites will be compared with those made
through other techniques used in the literature.

In Chapter 4, the role of polymer - clay interactions and fillspelision on the linear
viscoelastic response of sceProcessed polymer - clay nanocomposites in the melt state is
investigated. In the previous chapter emphasis is put on the usembkavent to aid in
improving nano - clay dispersion in the case of low and high moleadight PS and to aid in
processing high molecular weight PS. In this chapter polyvinyitedtier (PVME) is chosen as
the host matrix for natural montmorillonite and two organophilic nalaysqCloisite 30B and
Nanocor 130.P). Natural montmorillonite is chosen as a referentieef@trength of the polymer
- filler interactions because it has weak interactions withhii& polymer. PVME is highly
swellable in scC@even at a molecular weight of 90,000 g/mol. Also, PVME is hydrmpéiid
may facilitate processing of even natural clay which cannatdme using PS. Poly(ethylene
oxide) (PEO) is also used as the host matrix for natural moriomte to compare the extent of
PEO - filler interactions with that of PVME - filler in@etions. The rheological response of
scCQ processed PEO/Cloisite Nes compared to that of scGQrocessed PVME/ Cloisite Na
to understand the role of polymer — clay interactions in the two parnmesites and demonstrate
that in the case of PVME/Nasystem there are weak interactions present. Furthermore, the
organophilic clays used in this study may have varying degrees cddttms with the host

matrix, in addition to having different a different degree of cthgpersion upon scCGO
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processing. Specifically, Cloisite 30B (methyl tallow bisyZhtoxyethyl ammonium salt) may
form a hydrogen bond between the host matrix and the surfaatdniaaomer 1.30P (trimethyl
hydrogenated tallow ammonium salt) has a moderate loading dfgalkyps, thereby altering
the extent of the polymer - clay interactions in each systetre $cCQ processed
nanocomposites are contrasted with a highly dispersed (disorderedE/BlWisite N&
nanocomposite produced from a solution cast/freeze drying method, with watslasm. As a
result of the selected processing conditions, the nanocomposites procuteel scC®method
had intercalated or disordered intercalated morphologies. To tanathe role of clay structure
on the linear viscoelasticity of “weakly-interacting” polynodsly nanocomposites the
rheological response of the partially exfoliated PVME/Cloigite8® nanocomposite and the
intercalated PVME/Cloisite N&anocomposite are compared. Furthermore, to determine the
impact of specific polymer - clay interactions have on the rhemdbgroperties the two
intercalated organophilic clay - PVME nanocomposites are compartbeé tweakly-interacting
systems” (PVME/Cloisite Na.
1.3. Supercritical carbon dioxide (scCQ) process

Three strategies are employed to produce polymer/clay nanoceoesposing the scGO
processing technique. In the first approach the nano - clay iegwramder the appropriate
conditions by itself without the presence of a polymer matrix. ré€salting nano - clay can be
melt-mixed, compounded with an appropriate polymer to create a maposite. Alternatively,
it can also be reprocessed in s¢g@Qain in the presence of a polymer to make a nanocomposite
with improved properties. To our knowledge, this is the only processentlyripublished with
the unique ability to disperse clay by itself. The second methaovew blending the as

received nano - clay with a G@hilic polymer and processing the resulting mixture in sc@0O
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third method, similar to the second one involves the use of a solvent albniipevpolymer and
nano-clay to assist in processing. This method is employed when grslymith a high glass
transition temperatur€Ty) are used to increase polymer solubility. Also, due to the kimite
thermal stability of the clay modifiers, processing at higbugh temperatures and for long
enough times to make processing polymers with figfeasible would cause platelet gallery
collapse. To address these issues, a concentrated solution of palysobreint is used in place
of pure polymer to allow processing temperatures to be lowerethelRmore, to optimize the
clay disorder upon depressurization, it is preferential to haventis¢ dramatic C®density
change possible. The density change decreases the fadheithe critical temperature the
material is processed at.

The scCQ processing method is displayed in Figure 5. It involves contacting tiee-na
clays, the polymer/clay mixtures and the polymer/solvent/clagumas with bone dry scGO
The layered nano - clays or the polymer/clay mixtures @addd and they are contacted with
CQO; in a high pressure vessel (Figure 5A). The system is Hisadrto the desired temperature
and pressure, above the critical point of ,Q = 31.°C, P.= 7.38 MPa). Following a desired
processing time where the mixture is allowed to soak in s¢EiQure 5B) the system is rapidly
depressurized to atmospheric pressure (Figure 5C). In the dege & solvent is used the
process is very similar. The only difference is that the palyamel solvent are loaded in the
reactor and hand mixed until the mixture is homogeneous, after Wigctano - clay is added to
the mixture and again is hand mixed to make sure the there alaynohunks in the system.
From here on the process is the same to the above steps A, B @hd @blymer viscosity can
be reduced significantly depending on the polymer solubility in sc® to the solvation effect

which helps in polymer processing. Furthermore, by carefully choo$iegptessure and
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temperature of the system, the density and solubility paranoétecCQ can be adjusted
effectively allowing great control over these solvation and expansion effects

The proposed hypothesis for the mechanism is that during the soaqnm ghe case
where polymer or polymer/solvent is present, the high diffusivitylewdviscosity of the CQ
philic polymer in the mixture enable clay layer penetrationhéndase where only G@nd clay
are present the GQdiffuses into the C@philic clay gallery. During depressurization, the
outward force due to expansion of the se@®Btween the layers pushes them apart resulting in
dispersed nanocomposites or dispersed nano - clays. When this C@npletely removed a
good portion of the nano - clay platelets remain separated or @askevhere polymer is present
the organic material remains between the layers, coating ufaces of the layers, thus
preventing most of the reformation of the layered structure. dblvent is used it is initially
removed under high vacuum and room temperatures and then elevapeslatenes and low
vacuum to make sure that no residual solvent is left in the nanocomposite.

The processing vessel used is a 256 mL stainless steel THa#g®revith sapphire
windows and is capable of handling pressures up to 69 MPa @@ #8thout and 41 MPa with
the magnetic agitator installed (Figure 4). The reactoutfitted with a series of valves, which
control the depressurization rate. The,G©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 —/d®7. mL
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Figure 4. scCQ processing reactor, controller and high pressurem

Polymer + Clay +
scCO;
depressurization

Polymer + Clay Polymer + Clay +

scCO,

Figure 5. Supercritical fluid processing.

1.4 Significance of research

Existing techniques for achieving significant nano - clay digpessith or without the
presence of a polymer matrix are limited. Supercritica} @@cessing has the potential to create
nanocomposites that display significant dispersion in a wide rafgpolymer matrices.
Supercritical CQ offers several advantages: it can generate better egfblitdpersed systems
(leading to enhanced properties), it eliminates the need fensive specially modified clay,

and it eliminates the use of hazardous and expensive organic solvents althougtllitbeansed
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in the presence of a co-solvent if needed. Furthermore, it haspakential for easily
implementation into existing industrial process unlike solution castargl in-situ
polymerization. Moreover, with only a small amount of dispersed natay (0.5 — 5 wt %) the
mass transport, mechanical and thermal properties of polymer caigridcantly improved
using the scC®processing technique. The significance of this work covers both qalaahd
fundamental aspects. There is a need for a better understandiigabis the final morphology
of the nano - clay and for a method to benchmark the extent of dspéoiowing scCQ
processing. Further research in providing a better picture ohdahe - clay structure after
processing may enable a better understanding on the potential piagadyement that it can
provide when mixed with the desired polymers. Moreover, there is afoeedderstanding the
effects of different processing parameters on the final morphalogficicture of nano - clay in
nanocomposites produced utilizing scCfProcessing technique. Due to the wide range of
morphologies that can result from the variety of specific and nonfisp@ateractions possible,
understanding the role that processing variables and differentiaigafgday on the nano - clay
structure and its effect on the resulting nanocomposite propertissoglastic, transport
properties (Q and water vapor permeability) and thermal properties) is arifar process
development and optimization. Further research into the structure +tm@spelation in these
nanocomposites and how to get the most out of the process will helgkéotineamethod more
effective and scientifically viable. Utilizing the resultstbé above mentioned studies it can be
attempted to create a better picture of the physical mooésnano - clay delamination
(dispersion) following scCgprocess with or without the presence of an organic phase and how

to maximize scC@nanocomposite properties processed produced using the sxDdique.
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CHAPTER 2

Supercritical CO, processing of Cloisite 10A

The ability of scC@to dispersed nano - clay was initially demonstrated by Hagsch
al. (Cloisite 93A and partially Nanocor 1.30PY. It was also shown that dispersion can be
controlled by tuning the pressure and temperature. The disappeardheedpf peak in X-ray
diffraction was correlated to nano - clay dispersion/exfoliafidfurthermore, no investigation
was performed on how multiple processings affect the resulting nalay structure. In this
chapter the effect of repeated scC@ocessing is explored and X-ray diffraction, scanning
electron microscopy and volume change are used as chardierieahniques to gain a better
understating on what is the nano - clay morphology subsequent to, sg@Cessing.
Furthermore, the percent volume change can also be used to detetrathervor not there is
any significant change between multiple sgC@ocessings and may also be used as a
benchmark to nano - clay dispersion. To aid in this explanation, shésérom Chapter 3 will
also be used where pre-dispersed nano - clay was reprocessed inmnstt@@resence of styrene
and polystyrene.

2.1 Materials
The nano - clay used in this investigation is Cloisite 10A. laislimetyl, benzyl
hydrogenated tallow quaternary ammonium salt with an interrgaipacing of ~ 0.92 nm

(Table 1).It was purchased from Southern Clay Products, Inc.
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Table 1.Physical data of Cloisite 10A. HT = hydrogenataibiv (~ 65% C18; ~ 30% C16; ~ 5% C14. (Data

provided by Southern Clay Inc.)

Name Organic Modifier &1 Spacing (nm) CEC (meq/100g
Cloisite 10A C‘H3 1.92 125
HT— "‘F’CHz@
CH;

2.2 Methods of Characterization
2.2.1 Wide angle X-ray diffraction (WAXD)

A Rigaku Rotaflex Powder Diffractometer with a Ca K-ray sourceX = 1.54 A) and
an accelerating voltage of 40 kV at a current of 120 mA was oseetérmine the inter-gallery
spacing of the “as-received” and scLC@rocessed clay. WAXD is widely used as a tool for
characterizing the morphology of clay in nanocomposites. Dueeto lighly ordered platelet
structure, an X-ray diffraction peak that is characteristic of thargpaetween clay platelets can
be obtained. Any increase or decrease in average platpltasen will result in a shift in
diffraction angle, while loss of platelet parallel regis{re. disorder) can be detectable by
reduction in peak intensity.

To perform the required scans the samples were placed in a cushol® zero-
background quartz sample holder that is 0.9 mm in depth. Severalvgesn®btained from
different locations in the sample and verified to be reproducible wliffraction patterns are
superimposed on one another. The ghgle can determined using the JADE software that
accompanies the diffractometer and tlyg spacing for the clays was calculated using Braggs’
Law of diffraction:

n*xA=2xd=+siné Q)
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wheren is an integer determined by the order givens the wavelength of X-raysl is the
spacing between the planes in the atomic latéias,the angle between the incident ray and the
scattering planes). The inter-gallery spacing was then foynsubtracting 0.96 nm (platelet
thickness) from thegd: spacing. A broadening and flattening of the peaks may irdp=atial
exfoliation and a disappearance of the basal spacing peak masgténthe layers are either
exfoliated or disordered].

2.2.2 Scanning electron microscopy (SEM)

Scanning electron microscopy was used to gain a better understantinghe
morphology of nano - clay before and after sgQ@ocessing. This method is used in
conjunction with X-ray diffraction to obtain a more complete picturetlom nano - clay
morphology both before and after scCfrocessing. Several images were collected using a
Hitachi S-2400 scanning electron microscope with an electron potehtél kV. The samples
were sputter coated with gold and several (15-20) images weezxtedl for all samples to
ensure accurate representation of the clay morphology.

2.2.3 Thermogravimetric analysis (TGA)

Perkin Elmer Pyris 1 TGA was used to measure the theratalitst of the “as received”
and scCQ@ process nano - clay to verify whether or not following sg@@cessing any of the
modifier is coming out with C@during processing and/or during depressurization. Temperature
ramp measurements were conducted under inert atmosphesdroh\25 °C to 650 °C at 10 °C

min . Before starting the test, samples were equilibrated at 25 °C for 10 minutes.
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2.2.4 Volume/density change determination

Centrifuge tubes (10 ml) were used to measure the volume of naag fotlbwing
scCQ process to determine the extent of volume change that the claygoeseafter
processing. The measurement was done by measuring thet nass to fill 5 cmi of sample.
The tubes were repeatedly taped and clay was added until no fcindrege was seen upon
tapping. After the mass was obtained the density was calc@atethe volume change was
calculated by using 1 g of sample and the obtained density.
2.3 Nano-clay preparation

The scCQ ability to dispersed “as received” Cloisite 10A without a polynmatrix
present was investigated by processing it &C8and, 13.79 in the presence of supercritical
carbon dioxide for 0.5, 1, 2, 4, 8 and 24 hours under constant stirring fdlloywastantaneous
depressurization. Moreover, the nano — clay was processed threetinsecutively to study the
effect of multiple processings/depressurizations on the finglnstaphology. The pre-dispersed
Cloisite 10A can be used to investigate the role of clay dispersin the resulting
nanocomposite by reprocessing it in the presence of polymeugdest in more detail in section
Chapter 3).
2.4 Nano-clay characterization
2.4.1 Thermogravimetric analysis

To verify whether or not following scGQrocessing any of the modifier is coming out
with CO, during processing or during depressurization thermogravimetalysas on both “as
received” and scC{processed nanocomposite was obtained (Figure 6). Both clays shitav sim
thermal behavior across the temperature range tested witle@@ process 10A having less

than 0.5% less residual mass at €5€han unprocessed 10A which is within the analyzer error.
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This suggests that the scgt@chnique does not remove the organic modifier present in-between
the clay layers. Furthermore, the derivative TGA curves of réagived” Cloisite 10A and
scCQ processed Cloisite 10A display no change in the maximum degradat®r(MRD)
between the two providing further evidence tba€Q processing and/or depressurization does

not remove the organic modifier

100 g o 1 100
i 90 - § 62| ——— 10A s 190
E 85- S R o | 85
§ 80 %0 610 620 63 o0 s | 80
E 75 - Temperature (°C) 75
5 70/ -=-=- 10A 70
g 65 - —— 10A-scCQ 65

601 160

54 |55

0 50 100 150 200 250 300 350 400 450 500 550 600 650
Temperature (°C)

Figure 6. TGA analysis of “as received” Cloisite 10A and sgQ@ocessed “as received” 10A. The final weight
present does not change significantly following ®@e@rocessing and/or during depressurization indiggtthat the

scCQ processing technique does not remove the naray-ochanic modifier.
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Figure 7. Derivative TGA curves for “as received” CloisiteA@nd scCQ processed Cloisite 10A. There is no

change in the maximum degradation rate (MRD) betvtbe two providing further evidence that sg@des not

remove the organic modifier.

2.4.2 Wide angle X-ray diffraction

In order to determine if the ordered spacing of the clay platetas disturbed upon
processing, WAXD of both pure 10A and the s¢GQocessed 10A was collected (Figure 8).
The diffraction peak of “as received” Cloisite 10A can be obsemted = 4.7 which
corresponding to its’ equilibrium inner-gallery spacing of 0.92 nme lak of a peak for the
scCQ processed clay was thought to indicate exfoliation. However, €,spre-processed
clay was reprocessed in scg£On the presence of polystyrene/styrene and when the
nanocomposite was analyzed there waso@ peak in X-ray diffraction. This result was
surprising at the beginning since the clay was exfoliated tarde was no peak before

reprocessing. It is believe that a lack gfipeak rather indicates that wide spread disturbance of
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the clay parallel registry has occurred and a range of morpbslégm disordered intercalated

to exfoliated could be present.
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Figure 8. WAXD of as received Cloisite 10A and sc&f@rocessed 10A. The disappearance of thepeak

following scCQ processing is a good indication that the claylieen dispersed and/or disordered.

2.4.3 Scanning electron microscopy

To better visualize the effects sc&fas had on the structure of the clay particles and
tactoids, SEM was employed to directly image the clay pestibefore and after processing. A
zoomed out SEM of several “as received” particles is showngur&i9. Images of a typical “as
received” 10A particles are shown in Figure 10. From the concemdaimage of an “as
received” Cloisite 10A particle (Figure 11) it can be seenttt@particle is composed of several
tactoids which in turn contained many staked platelets. The unpedceks/ is composed of
particles ranging from 5-2(dm consisting of a large number of tightly bound tactoids with an

average diameter of 1jln (white circles displayed in Figure 10). The tactoids contaianaber
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of highly ordered stacked platelets held together by weak van dats\Vibrces. SEM images
illustrate that tactoids are closely bound in particles and no thdilviplatelets exist in the “as
received” 10A. In contrast, the images of seGocessed 10A display a diverse morphology
(Figure 12 and Figure 13). Although a large fraction of tact@idsili found in particle form, the
number of tactoids per particle and the tightness of packing duee@. The individual tactoids
have delaminated from each other and lost their parallel regisatying large spaces into the
center of the particles for polymer to penetrate. Measuhagsize of tactoids across multiple
images of each material (a few of which are indicated byewtircles in the figures) it was
found that although the average particle size has been reducgfitangly (1 - 6 um), the
tactoid aspect ratio has been preserved. Upon depressurizatidoeliéved that a fraction of the
outer most layers is completely delaminated from the tacthideag CQ expansion while the
much less mobile inner layers just lose the coherent paraliedtry that is probed by X-ray
diffraction. This system can be qualified as being disorden¢ercalated. The same clay
morphology is depicted in a conceptualized image of a sqZaressed particle (Figure 15).
Utilizing the SEM images alone we cannot confirm the existenacbBspersed single layers due
to the difficulty in differentiating individual platelets from inglual tactoids in SEM images.
The expanded flexible structure of the segQiPocessed particles/tactoids exposes more of the
available surface area and the platelets should be easiaptrsdi into a polymer matrix than
the “as received” clay. The pre-dispersed clay could possibly peodood dispersion in
extrusion compounding since the kinetic limitation of clay dispersionmodonger be an issue
in the short times required for melt compounding. In Chapter 3, thprpcessed Cloisite 10A
was added to polystyrene/styrene solution and reprocess the compttsgeCQ in an attempt

to maximize dispersion. The pre-dispersed clay will be usedudy sthe effect that pre-
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dispersing the clay has on the polystyrene/clay nanocomposites nogylampared to “as

received” clay.

Figure 9. SEM image of “as received” Cloisite 10A particles.
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Figure 10.SEM images of an “as received” Cloisite 10A paeticl

Tactoid containing
ordered clay platelets

Particle composed —
of tactoids

Figure 11.lllustration of “as received” Cloisite 10A particle
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Figure 12.SEM image of scC&XCloisite 10A particles processed 1 time for 24 kour

Figure 13.SEM image of a scC{processed Cloisite 10A particle processed 1 ton@4 hours.
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Figure 14.SEM images of a scG{loisite 10A particle processed 1 time for 24 Isour

—_—

Individual platelets

Tactoid containing
disordered platelets

Particle containing
disordered tactoids

Individual tactoids L/

Figure 15. lllustration of scCQ@ processed Cloisite 10A particle
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2.4.4 Volume change measurements

To determine the effect of multiple scg@rocessings on Cloisite 10A structure the clay
was processed three consecutive times using the,so€Mod. Since there was no discernable
peak in X-ray diffraction and SEM doesn’'t show any further ghaon the particle structure,
another method is needed to study the effects of multiple processings on nano +plaglogy.
Volume change after each processing was measured and it veamided that after one
processing there is approximately 15% increase in volume, an appteky 5% further increase
after the second processing and 5% more after the third progréssa total of approximately
25 % increase in volume following 3 consecutive processings (Figure 16).

After the first processing it appears that nano - clayigies are expended from their
condense “egg shape” structure to more “open cabbage” structure the @D expansion
during depressurization and that most of the particles have beenddadusiee as seen from
SEM. Further scC@processing results in a smaller change in volume and thidenbgcause
CO, now has a pathway to escape from the clay inner-gallerpgldepressurization since the
structure has been already expended. Although it might stillecadditional expansion and
delamination of more outer layers, it seems the biggest changes altzing the first processing.
The result from the third processing where the additional volume eharapout 5% provides
further evidence of this reasoning. Furthermore, this result comptsrtiee conclusion obtained
from X-ray and SEM study of the scG@rocessed 10A that upon depressurization, it appears
that a fraction of the outermost layers are delaminated fromatheids during C@expansion
while the much less mobile inner layers just lose the cohereallgdaegistry. To determine
what effect the scCQOprocessing time has on the final structure the percent volumgehas

also measured on Cloisite 10 samples that were processed éoemtifamount of time (15 min,
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0.5,1 ,2, 4,8 and 24 hours) (Figure 17). It appears that 15 minutes is emmoedh tause a big
change in volume of Cloisite 10A since the volume change afteiiriiies of scCQprocessing
is similar to that after 2 or even 24 hours. In an industridingetthe nano - clay can be
processed repeatedly for a short time 15 minutes or 0.5 hours xionizea the structure

expansion in a relatively short time.

30 25% increse after
3¢ scCQ, processing
25 1 20% increse after
2" scCQ, processing
20 1 15% increse after

1% scCQ, processing

15 A

10 -

10A-scCQO-1 10A-scCQ;-2 10A-scCQ-3

Volume chaage compared to "as received" 10A(%)

Figure 16.Percent volume change of Cloisite 10A after muitipt CQ processings.
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Figure 17.Percent volume change of Cloisite 10A after sg@Ocessing.

2.5 Conclusions

The supercritical carbon dioxide process was successfully usesomleti Cloisite 10A
upon depressurization without the presence of an organic phase (polwtnied.nThe lack of
doo1 peak in WAXD and disturbance of the tactoids from a tightly bound marghab a much
more loosely associated structure (SEM images) are evidenwanof- clay dispersion. Some
fraction of the pre-dispersed clay regained its parallettggafter it was added to polystyrene-
styrene solution as evident by the re-appearance of a defimag diffraction peak. Although,
several consecutive scGProcessings led to further dispersion and/or disordering of naag - cl
the biggest effect was observed following the first processing when tidepsize was reduced.
Moreover, it is believed that a fraction of the outer most laigecompletely delaminated from

the tactoids during CQexpansion while the much less mobile inner layers just loseotierent
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parallel registry. Processing the clay for & and & time led only to a smaller volume
expansion and no further reduction in particle size, indicating thatitiineer increase in volume
change may be due to an increase in the number of individual tdapeésent. It was also
observed that processing the clay for 15 minutes led to similatses processing for 4, 12 or

even 24 hours.
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CHAPTER 3

Supercritical Carbon Dioxide - Processed Dispersedolystyrene — Clay
Nanocomposites: Investigation of Processing Paranest Effects on the
Nanocomposites Morphology and Properties

The research in Chapter 2 focused on understanding and optimizing ndag - c
dispersion using the supercritical carbon dioxide process withouprdsence of an organic
phase. In this chapter the aim is to maximize nano - clay dispan the presence of an organic
phase (polystyrene) and produce dispersed low and high molecular wekigfdtay
nanocomposites with enhanced properties (rheological, transport and jheFhmalaim in
Chapter 3 is to gain a better understanding of the s@@dé2essing method which should allow
optimizing it for the desired clay dispersion and/or nanocompositesrpespeTo achieve this
goal, the role of scCOprocessing parameters in promoting polymer - clay interaction, in
dispersing nano - clay, in enhancing polymer thermal degradatiomhineing viscoelastic
properties, and in reducing oxygen and water vapor permeability ystp@ne nanocomposites
is investigatedTo accomplish this goal®w (5,000 g/mol) and high (280,000 g/mol) molecular
weight polystyrene, styrene and “as received” Cloisite 10A, 93A, a®@ Nanocor I30P are
used in this study and processed using sc@@ solution blending processing techniques at
various conditions. To gain a better understanding of how processingepararaffect nano-
clay morphology and the resulting polymer properties a seriesraples at different weight
fraction are created and characterized using viscoelasticpgrmeability testing, TEM, WAXD

and TGA.
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3.1 Materials
3.1.1 Nano-clays

The nano - clays used in this investigation were Cloisite 10A, 98A,and Nanocor
1.30P. Cloisite 10A is a dimethyl, benzyl hydrogenated tallow quateamamonium salt with
an inter-gallery spacing of ~ 0.92 nm (Table 2). Cloisite 93A isthyh dihydrogenated tallow
ternary ammonium. Cloisite 15A is a dimethyl dihydrogenated tatiaaternary ammonium.
Nanocor 1.30P is a trimethyl hydrogenated tallow quaternam@mum salt. The Cloisite series
was purchased from Southern Clay Products, Inc. and the I.30P was donated by Nanocor.
3.1.2 Polymers, solvent and gas

High and low molecular weight polystyrene (PS) were used irsthdy. Carbon dioxide
in the form of compressed gas was supplied by Airgas Inc. The laecalar weight PS was
obtained from Polysciences, Inc. and has a molecular weight of 5,0000'gamd a glass
transition temperatureJg, of 70°C. The high molecular weight PS was purchased from
Scientific Polymer Products, Inc. and has a molecular weigg8@f000 g mot, aTg of 104°C
and a polydispersity of 4. The inhibited styrene and toluene used istticig was purchased

from Sigma Aldrich. The physical properties of the polymers are list€dbie 3.
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Table 2 Physical data of Cloisite 93A, 15A, 10A and Namok30P. HT = hydrogenated tallow (~ 65% C18;

30% C16; ~ 5% C14. (Data provided by Southern Giay)

Name Organic Modifier &1 Spacing (nm) CEC (meq/100g
Cloisite 93A T 2.36 90
HT— r\|l+—<:H3
HT
Cloisite 15A C|H3 3.13 125
HT— l\ll*—CH3
HT
Cloisite 10A C‘Hs 1.92 125
HT— "‘F’CHz@
CH3
[.30P C|H3 2.25 145
HT— l\|l+—CH3
CH,
Table 3.Polymer properties
Polymer Mw (g/mol) ~T(°C) ~ # of entanglements gfhm)
PS 5,000 70 0 1.89
PS 280,000 104 16 14
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3.2 Methods of characterization
3.2.1 Wide angle X-ray diffraction

The intergallery spacing of the clays and clay/polymer nanocoteposas determined
using a Rigaku SmartLab Diffractometer with a Cu Ka X-ray @®yKa = 1.54 A) and an
accelerating voltage of 40 kV at a current of 40 mA. Diffactscans were collected from 0.1°
to 10° 2-theta at a scan rate of 3.0 degrees/min and a stepf §I2°. The Braggs' Law of
diffraction was used to calculate th@spacing for the nano-clays and their intergallery spacing
was determined by subtracting the platelet thickness (1 nm) fromggthepécing.
3.2.2 Transmission electron microscopy (TEM)

Samples for ultramicrotomy were prepared by melt pressing oampmsite granules in a
mold at 180 °C. A Reichert-Jung Ultracut E Microtome was used to cut nanocompositenthin f
of about 80-100 nm. The films were collected on a 200 mesh copper gdidsdon coated
before being examined with a JEOL Fast EM 2010 HR TEM ope&dt280 kV. To assure an
accurate representation of the nano - clay morphology in the yeyst matrix numerous (15—
20) images were collected for all of the nanocomposites.
3.2.3 Thermogravimetric analysis

Perkin—Elmer Pyris 1 TGA was used to validate that no resityr@ne remained in the
nanocomposites after drying and to measure the residual masayobeparated from the
processed nanocomposites to verify if polystyrene chains areinethe the clay surface or not
during processing. Also, TGA was used to study the changes rimahelecomposition of
polystyrene due to solution blended and supercritical carbon dioxide pngceasguced

dispersion of nano - clay in the corresponding nanocomposites. Tempeaatpreneasurements
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were conducted under inert atmosphere pfrdim 25 to 650 °C at a rate of 10 °C/min. For the
clay-tethering study, samples of each nanocomposite were dissoleadess toluene to make
dilute solutions of clay and polymer in solvent. These samples Wweredentrifuged at high
speed (15000 RPM) and the supernatant removed. The residual mdtehal ottom was
resuspended in solvent and the procedure repeated three times iengnt &it wash any non-
bonded organic materials off of the clay.
3.2.4 Permeability measurements

OX-TRAN model 2/10 was used to measure oxygen transmission rates andTARADNA
model 1 was used to measure the water vapor transmissiorfb@iesrom MOCON). For the
oxygen permeability testing ASTM F-2622 method was used wherextygen and nitrogen
flow rates were at 10 ctmin and the relative humidity was kept at 25%. In the case @&rwat
vapor, 100% the relative humidity on the wet side and 15% relativedityron the dry side
were used for the duration of the test. Both machines were tatlbuging films that were in
compliance with the National Institute of Standard and Technologpr Ry performing
permeability testing samples were prepared by melt ipgedems at 180°C between Kapton
plates. The polystyrene film thickness varied from sample tpleafrom 0.1 mm to 0.4 mm.
The transmission rates were multiplied by the film thickegsds find the oxygen or water vapor
permeability rates. At least 5 films for each sample were testeduie agatistical viability.
3.2.5 Rheology

The structure characterization of polymer/clay nanocomposites has typically
established using WAXD and TEM. However, another tool used to stualycomposite is
oscillatory shear rheology. It can be used to gain a bettghtnsito the clay structure and

nanocomposite morphology due to its sensitivity to the microscale/oadsastructure of the
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nano-clay in the host polymer matrix. More specifically, higimiercalated systems would
exhibit a cross frequency shift when compared to the pure matrixnpolyif the crossover
frequencies are similar however, it indicates that a higiregeof dispersion may exist or a
conventional composite may exist. To differentiate between difer@anocomposite
morphologies, the enhancement of material properties (G’ and &) forther elucidate the
structural hierarchy. In highly dispersed systems, the dynamic moduli weadasmuch higher
degree of improvement than would exist in a conventional or interdadgstem due to the large
available surface area in dispersed systems.

In this study a Rheometric Scientific RSA 1l rheometéieés sandwich geometry 15.98
mm x 12.7 mm x 0.55 mm) was used to perform melt rheologicalsunements under
oscillatory shear. The dynamic oscillatory shear measemes were performed by applying a
time dependent oscillatory straift) = yo.Sin (®t), and measuring the resulting shear steggs=
1oG’ sin (ot) + y,G’cos (t). The dynamic moduli were then plotted on a log-log plot versus
frequency. Many polymer systems obey the William-LandelyFéWLF) equation for time
temperature superposition. This relationship allows measurementatddifferent temperatures
to be superposed on a single plot, thereby, expanding the range of irdarbetond the actual
mechanical range employed. In addition, homo-polymers typically giseminal flow
behavior (i.e. G'c ®® and G” « ®). Such rheological behavior may not be observed in
nanocomposite systems where strong interactions between matrimgoahyaterial and clay
occur. Prior to performing viscoelastic measurements the 280kP Sesamwgyke prepared by melt
pressing into a mold at 180°C and 5k PS at 120°C between Teflon pla¢ematerials were
loaded and allowed to equilibrate for 1 h at the desired temperdfig@surements were

collected between 140°C - 240°C in 20 °C increments for all 280k PS saamglat 120°C and
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150°C for 5k PS. Strain sweeps were performed to ensure that theidymeduli are
independent of the strains utilized and the linear viscoelasticune@asnts were made at low
strains ¢, < 0.05) to prevent the alignment of the clay platelets and to n@@imicrostructure
destruction. The frequency range used was 8.01> 100 rad & and the property of time-
temperature superposition was used to create master curves vafarence temperature of
140°C for 280k PS and 120°C for 5k PS.
3.3 Nanocomposites preparation

Three 5k PS were made to compare the results from four pmogdsshniques. One
sample was prepared using the melt blending method under vacuum atdrz®@@ours while
it was periodically hand-mixed, (5kPS-10A-melt). Another sample was gepamg the scCO
method at 120°C, 13.79 MPa for 24 hours under constant stirring (5kPS-104}setd@nother
sample was prepared using s¢Gfethod with a co-solvent (toluene), at 120°C, 13.79 MPa for
24 hours under constant stirring (5kPS-10Asol-s§C@n additional sample (5kPS-10A-sol)
was prepared using the solution blended technique at 120°C for 24hrsonstant stirring as a
benchmark to the solvent assisted sgG@mple (Table 4). In the case of 280k polystyrene
several samples were prepared using the scs&yent assisted processing method and one
where the “as received” 10A was co-extruded with PS (PS-5%%0Aeed) in a lab-scale
Haake 3/4-inch extruder with metering pump, temperature-cordrélla extrusion head and
chilled casting roll. An approximately 30% polystyrene in stynamndure was first loaded in the
reactor and hand mixed until it is homogeneous. Then Xg of clay fximass of clay required
for each desired final weight fraction based on polystyrene)addsd to the polymer solution
and hand-mixed until homogeneous. The mixture was then processe@QOn fec a certain

amount of time at a specific temperature (below 100°C) and pressdes vigorous stirring.
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Styrene was used to lower the viscosity of polystyrene, tiatailg better mixing and allowing
processing below the glass transition temperature of polystyréhe. low processing
temperature minimizes clay modifier degradation, maximihesrate of C@ density change,
and improves C® polystyrene miscibility. Additionally, the reduced temperature @ascosity
can allow for longer processing times, giving the polymer chaiose time to thoroughly
penetrate the clay layers. To investigate the role ofwkaght fractions three samples 2, 5 and
10 wt% by clay (PS-2%10A-scGOPS-5%10A-scC® and PS-10%10A-scCP were made
using “as received” Cloisite 10A in the presence of sc&®@0°C, 13.79 MPa for 24 hourgo
compared the effect of the sce&@rocess to solution blending method, three benchmark
composites of 2, 5 and 10 wt% clay (PS-2%10A-sol, PS-5%10A-sol and PS-16886)0¥ere
also prepared in the same vessel without the presence ot s¢@D°C for 24 hours. These
benchmark samples are also used so the role of thermal annewlisglation blending might
play in the results can be eliminated (Tables 5 and 6).

Two 5wt% 10A samples were prepared which were slowly depresdudt a rate of
approximately 0.045 MPa/min for PS-5%10Asd-sgCénd at 0.115 MPa/min for PS-
5%10A5md-scC@to investigate the role of scG@epressurization on the clay dispersion in the
resulting nanocomposite (Table 6). Compared to the later two saP$ie8010A-scCOwas
depressurized instantaneously at a rate of approximately 300 MPaltowing for the
investigation of role that the rate of depressurization has on thghology of the resulting
nanocomposite. The scGPre-processed clay was utilized to prepare two 5wt% 10A samples:
one re-processed again in scO®S-5%10Ape-scC£ and another in solution (PS-5%10Ape-
sol) to study the role of clay dispersion on the morphology of thetiresybolymer/clay

nanocomposite. “As received” Cloisite 93A (PS-5%93A-sgCPS-5%93A-sol), 15A (PS-
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5%15A-scCQ, PS-5%15A-sol) and Nanocor I30P (PS-5%I130P-sc¥5-5%I130P-sol) were
used to study the effect of nano - clay morphology on the nanocompghstersion and
properties following scC&and solution blending processing (Table 6).

The effects of processing time (PS-5%10A-se@®D 24 hours, PS-5%10A.5-scGr
0.5 hours, PS-5%10A4-scGOr 4 hours and PS-5%10A12-sc&for 12 hours) and pressure
(PS-5%10A-scCe¥or 13.79MPa, PS-5%10Ay-scG@r 10.34 MPa and PS-5%10Az-sc&for
27.58 MPa) were also investigated by preparing 5 wt% samplefisit€ 10A/PS in scC®
(Table 7).

A summary of the nanocomposite compositions, processing conditions aplé sames
is given in Table 5. After processing, the samples were drieabat temperature for 48 hours
followed by 160°C under vacuum for 6 hours. Literature has shown thadexgeéemperatures
of 105°C or more for long periods of time can cause the degradation afiongnodifier bonded
to the clay surface, causing gallery collapse comparable toothabntmorillonite. However,
this effect is minimal if the temperature does not exceed 260%6e clay is not kept for long

periods of time at a raised temperatdre’®

Table 4. 5k Polystyrene/Cloisite 10A nanocomposites sampieposition and nomenclature

Processing Variables (120°C, 24 hours and for
Sample Name Clay wt% scCO, 13.79 MPa were used for all samples
unless specified)

5kPS 0% none

5kPS-10A-melt 5% melt compounded
5kPS-10A-sol 5% solvent

5kPS-10A- scCQ 5% scCQ + fast depressurized

5kPS-10Asol- scC® 5% solvent + scCO+ fast depressurized
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Table 5.Polystyrene/Cloisite 93A, 15A, Nanocor 1.30P nanmoposites sample composition and nomenclature

sample Name | Claywiso | (o0 370 MPa for s6Cp
PS-2%93A-scCQ 2% solvent + scC@+ fast depressurized
PS-5%93A-sol 5% solvent

PS-5%93A-scCQ 5% solvent + scC@+ fast depressurized
PS-10%93A-scC® 10% solvent + scC@+ fast depressurized
PS-5%15A-sol 5% solvent

PS-5%15A-scCQ 5% solvent + scC@+ fast depressurized
PS-5%I30P-sol 5% solvent

PS-5%I30P-scCo 5% solvent + scC@+ fast depressurized
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Table 6.Polystyrene/Cloisite 10A nanocomposites sample amitipns and nomenclature

Processing Variables (80°C and 24 hours were

0,

Sample Name Clay wt% used for all samples, 13.79 MPa for scC{p
PS-5%10A-extruded 5% melt compounded (200°C, 15 minutes,90 rpm)
PS-5%10A-sol 5% solvent
PS-5%10Ape-sol 5% solvent + pre-processed clay

=0 i 0 solvent + scC® + slow depressurized
PS-5%10Asd-scCPO 5% (~0.045MPa/min)

o i 0 solvent + scC® + medium depressurized
PS-5%10Amd-scC® 5% (~0.115MPa/min)

5o i 0 solvent + scC@ + fast depressurized
PS-5%10A-scC® 5% (~300MPa/min)
PS-5%10Ape-scCO 5% solvent + scC@ + fast depressurized + pre-

P processed clay

PS-2%10A-sol 2% solvent
PS-2%10A-scCQ 2% solvent + scCO+ fast depressurized
PS-10%10A-sol 10% solvent
PS-10%10A-scC® 10% solvent + scCOr fast depressurized
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Table 7.Polystyrene/Cloisite 10A nanocomposites sample amitipn and nomenclature

Processing Variables (80°C, 24 hours and 13.79
Sample Name Clay wt% e

MPa were used for all samples unless specified)
PS-50610A-5cCQ 504 solvent + sc(?@ + fast depressurized -

polymer/solvent first
PS-50%10Aa-scCO 50 fSi?sl\t/ent + scC@+ fast depressurized — clay/solvent
PS-5%10A.5-scC® 5% solvent + scCO+ fast depressurized — 0.5 hours
PS-5%10A4-scC® 5% solvent + scCO+ fast depressurized — 4 hours
PS-5%10A12-scCO 5% solvent + scCO+ fast depressurized — 12 hours
PS-5%10A-scC® 5% solvent + scCO+ fast depressurized — 24 hours
PS-5%10Ay-scC® 5% solvent + scCO+ fast depressurized — 10.34 MPa
PS-5%10A-scC® 5% solvent + scCO+ fast depressurized — 13.79 MPa
PS-5%10Az-scC® 5% solvent + scCO+ fast depressurized — 27.58 MPa

To determine if any clay degradation occurs during solvent remadviéd drying (6 hrs.
@ 160C under vacuum), TGA was performed on Cloisite 10A before anddxfterg (Figure
18). Notably, after 6 hours of 18D in a vacuum, the clay shows very little loss in the way of
organic content. WAXD was also performed on clay samples baidrafeer annealing with no
discernable shift in @1 spacing found (Figure 18). Similar results were obtainedlfoclays
tested here. The “as received” and dried clays sampledsrdsuin TGA and WAXD are
summarized in Table 8. Based on TGA and WAXD data, the relatsiatyt time that the
samples spend at a moderate temperature to remove residu&s@atot enough to cause any

appreciable effect on the clay modifier.
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Figure 18. TGA (left) and WAXD (right) of “as received” Cldte 10A and 10A after drying in the vacuum oven at

160°C for 6 hours.

Table 8. Summary of TGA and WAXD for “as received” and drigdy at 160°C for 6 hrs. TGA data was taken as

weight percent that remained as char at 650°C.

Clay TGA WAXD
Weight % dooz(nm)
“as received” Dried “as received” | Dried
Cloisite 10A 63.16 63.05 1.92 191
Cloisite 93A 65.94 65.31 2.36 2.34
Cloisite 15A 57.75 57.02 3.13 3.10
Nanocor [.30P 68.38 67.54 2.25 2.24
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3.4 Low molecular weight 5k PS/clay nanocomposites characterizatio(WAXD and
rheology)
3.4.1 Wide angle X-ray diffraction

In this section low molecular weight 5k PS/10A nanocomposites wegan@md using
four different techniques to investigate the effect of PS prowpssiethods on nano - clay
dispersion and rheological properties. The aim is to maximize nahay -dispersion and to
compare the scCQOprocessing technique to conventional melt processing and solution blended
method. X-ray diffraction and rheology were used as charadienz#&ools to study the
morphology of the resulting nanocomposites by probing changes invieofeclay dispersion.
We were able to disperse/intercalate Cloisite 10 A in low cutde weight PS no matter what
method was employed. Interestingly, all samples regarding girtdeessing method, displayed
the same final g; of 4.12 nm. Compared to “as received” Cloisite 10A which hag1l1.92
nm, the inner-gallery spacing was increased by 2.20 nm (FiglréMd®eover, the presence of
the do, peak along with agd; peak indicates a highly ordered intercalated nanocomposite was
present. The second peak was definitelyna diffraction peak since it occurs at twice the value
of 2 theta of ghs peak. This was surprising at first since a different levetlispersion was
expected between the nanocomposites. However, Giannelis and Vaiprbaweisly modeled
intercalation behavior of clay in a polymer matrix and determthatithere are several factors
that contribute to the level of clay dispersion that is attainabke system. The authors also
performed corresponding experiments on several PS/clay hybrids targidie the simulation
results.®  Their findings show that there is an entropic balance betweasiapenodifier that
wants to have as much conformational freedom as possible, and thepuobtmer that does not

want to be confined between the clay platelets. The entropic gsatiated with the organic
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modifier from increasing the clay basal spacing only occurs tin&imodifier chains become
fully extended (h), after which there is no gain or penalty to increased platpktire.
However, there is still an entropic penalty to increased spatiagcomes from polymer
confinement until the clay spacing is greater than the aveeaiyjesrof gyration of the matrix
material. In order for the platelet spacing to extend fartherlthavould require strong polymer-
clay interactions to overcome the entropic barrier. The inteergakkpacing at full chain
extension (R) can be expressed in terms of the number of carbon atoms in pheatiali
backbone (n’) by:

h=("-1)0.127+A+B 2
where A and B represent the size of a methyl and an ammonaietymespectively®’ The
fully extended C-18 chains of Cloisite 10A correlate to a caledlapacing of approximately 2.8
nm which compares acceptably with the experimentally measntedgallery spacing of 3.32
nm (4.32 nm — 1 nm platelet thickness) keeping in mind the low radiugratian of 5k PS
(2.89 nm) and the positive interactions between the phenol moiety on ynaadi#fier and PS.
The 3.32 nm spacing is bigger than the radius of gyration of 5 k PS aralahg with favorable
interaction between clay surfactant and PS, the entropic bafrielap separation can be
overcame resulting in further gallery expansion compared tostiaated equilibrium spacing.
This can be a possible explanation why all samples regardirtheoprocessing technique
displayed the same X-ray diffraction peak. Furthermore, usirgyXiffraction does not probe
individual platelets since a significant level of order in aayaining tactoids of even a well
dispersed sample will result in a large X-ray peak. Itdes previously demonstrated that due
to the complex morphologies possible in a clay nanocomposite X-ragatiién should not be

used as a standalone tool for determining dispersion.
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Figure 19. X-ray diffractogram of “as received” Cloisite 10#nd 5k PS/10A nanocomposite prepared using the
melt blending technique. The nanocomposite shoslsifato higher gy; spacing (1.92 to 4.32 nm) due to polymer

confinement into the inner gallery spacing of taaarclay.

3.4.2 Rheological measurements

However, X-ray diffraction can be used along with other techniques &s rheology, to
get a more complete picture into the nano - clay morphology oh#ém®composite. Clay
dispersion along with strong polymer — clay interaction was disgplayeheology due to its
extreme sensitivity to dispersion and interactions in filled potymaterials. Therefore, despite
all samples showing similar intercalation peak, rheological nneagents were telling a different
story. The intercalated melt and solution blended nanocomposites showsatest low
frequency enhancement in modulus (less than one order of magnituidehevvidence of the
onset of a low frequency plateau (Figure 20). This was du®dd mteraction between the

polymer and clay due to the good compatibility between polymer aydsarfactant®, and the
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large amount of polymer confined between platelets. These twooraposites prepared using
traditional processing methods were expected to be intercalat®acomposites, because in
these methods exfoliation does not occur due to entropic and enthalpis faickng the
platelets together. Therefore the only morphologies that should benpr@® intercalated or
conversely collapsed tactoid structures unless compatibilizersifispdy modified clays or
high shear forces, are used that can further increase thépgnglaan or decrease the entropic
penalty. However, the scGOnelt processed nanocomposite displayed an order of magnitude
higher low frequency plateau in storage modulus compared to meltsalution blended
composites indicating solid-like behavior. Moreover, when a litilsavent (toluene) was used,
the rheological behavior was drastically different than therabeples. There was a further
increase in storage modulus of more than an order of magnitude eairtpathe melt scCO
processed nanocomposite and an increase in storage moduli at aldregj@ea more 3 orders
of magnitude enhancement at low frequencies compared to neat PSre3iiis strongly
suggested that the solvent assisted sc@€thod significantly improved clay dispersion leading
to an increase in surface area available for polymer-clayaictions and an increase in the
amount of polymer chains that have diffused in-between the cidgigtis compared to the other
three samples. Furthermore, in the solvent assisted ,sp@f@essed sample the improved
dispersion caused the formation of a percolated network of clagigiat It was previously
demonstrated that the strengths of polymer - clay interacti@ysgpbigger role in enhancing
rheological properties when the percolation network has been fully dofth€herefore, in the
case of the solvent assisted seQ@ocessed sample due to the strong interactions present
between PS and 10A organic clay modifier, the creation of a pexdatatwork led to superior

rheological improvement.
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The results from this study demonstrated the flexibility of HwQ processing
techniqgue where the PS/clay can be processed with or withoutsalvemt present which
resulted in nanocomposites with significantly improved viscoelastipgpties due to improved
nano - clay dispersion compared to traditionally processed compoliieswas the first time
where a co-solvent was used along with the sg@@@cess in an attempt to maximize nano - clay
dispersion leading to an increase in the surface area aeaflablnano - clay interactions.
Furthermore, the use of a co-solvent along with sc@@ to superior clay dispersion which
further led to enhanced rheological properties.

When the results from 5K PS nanocomposites were compared witbstiies from high
molecular weight 280K PS (Chapter 3), the final X-ray diffoacspacing is depended on the
polystyrene molecular weight. The nanocomposites prepared with &kdPBA showed a final
doo1 Spacing of 4.32 nm, while the ones prepared with 280k PS and 10A displayddspdtiag
of 3.85 nm. It is believed that the reason behind this is the increasmethtiof PS chains that
have penetrated the inner-gallery spacing of the clay in th®%kcompared to 280k PS
nanocomposites, leading to a further increase in ghesplacing. The smaller radius of gyration
of the 5k PS (1.89 nm) compared to 280k PS (14 nm) along with favoradractnins between
the polystyrene and clay surfactant may have allowed for R8rehains to diffuse inside the
clay gallery spacing casing the platelets to be pushed fugitherthen their equilibrium spacing.
Moreover, the rheological response of the 5k PS/10A sample pdepsing the solvent assisted
scCQ (5kPS-10Asol-scCg was compared with that from the nanocomposite prepared using
280k PS/10A with the same processing technique (PS-5%10A.scU@ two nanocomposites
displayed the same low frequency plateau in storage modulus at aBodyrEJcni. This

interesting result further suggested that more 5k PS chainscbated the clay surface or have
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interacted with the clay modifier than in the case of 280k PS probalkelyo their reduced size
and higher mobility. The results from X-ray diffraction had alseauggested that in 5k PS
nanocomposite more chains were confined between the clay inneygadbing due to their
smaller size (smaller radius of gyration) and higher mgbdibmpared to 280k PS chains.
Therefore, it is believed that the similar rheological tsshétween the two despite the 280k PS
higher molecular weight can be explained by the higher amount of polymains that are closer

to the clay surface or modifier and have reduced mobility compaitdte bulk polymer

chains in 5k PS nanocomposites.
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Figure 20.Storage modulus of 5k PS and 5k PS/10A nanocong3osit
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3.5 High molecular weight 280k PS/clay nanocomposites characterizai (WAXD, TEM,
rheology, permeability and TGA)
3.5.1 Effect of organic clay modifier on nanocomposites morphology and properties

In the previous section low molecular weight polystyrene was used in an attempt to
maximize nano - clay dispersion and polystyrene properties. However, high moleeiglair RS
has more industrial applications. In the following section high molecular w@8at000 g/mol)
PS was used along with Cloisite 10A, 15A, 93A and Nanocor 1.30P organically moddysd @l
to study the effects of nano - clay organic modifier on the clay structure matloeomposites
and on the nanocomposites properties. A detailed explanation on the samples jgrocessin
conditions and nomenclature was given in section 4.2 and Table 4.

In Table 2 the structure of all the “as received” clay in this study caedre The
presence of short hydrocarbon (C18 tallow) chains in the galleries aftéiaaibon makes the
clay much more organophilic than natural montmorillonite, which is naturally hydimpihe
clays used in this study were chosen due to their different organic matifietures which
allows for a thorough study of modifier effects on sg@©® the final nano - clay morphology in
the resulting nanocomposites. Acidic and polar molecules can be bettergoiva@ than
nonpolar ones, therefore the acid 93A modifier and slightly non-polar 10A modifier should
theoretically be more compatible with sc©&hile the low polarity of 15A and [.30P modifiers
should make them less susceptiffli.is anticipated that investigating composites of these
different clays will allow some insight into interaction effects and tt@ntribution to overall
reinforcement and dispersion in scO@Wocessed nanocomposites. The clays were used “as
received” and underwent no additional processing, chemical modification, or gimifipaor to

nanocomposite formation.
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Effect of extrusion on polystyrene/clay nanocomposites — wide anglg dHfraction and
rheology

In order to process high molecular weight PS a higher tempertdtare5 K PS is
required to improve polymer mobility and facilitate proper mgxiduring processing. To
accomplish this 280k PS was processed along with “as receivedit€l@DA in a lab-scale
Haake 3/4-inch at 200°C for 20 minutes. There was a shift to highealues of the g, peak
indicating that a collapse of the clay inner-gallery spacirsgdtaurred due to organic modifier
degradation (Figure 21). This sample showed only a small improvemestoriage modulus
compared to pure PS (Figure 22). The same phenomenon was obsgrvadooe and co-
workers when they processed different molecular weights @ndS.0A clay in a co-extruder at
200°C. % ** They observed no improvement in rheological properties due to clayfienodi
degradation that caused the clay platelets to collapse. Prockggingiolecular weight PS has
proven to be a more challenging task than 5k PS since it hassatdasition temperature of
104°C and it requires processing at 200°C or higher even when processe@4imwbath has
some solvation effect on it. However, as seen in the extrudeplesamost of the available
organic clay modifier begins to decompose at temperatures lmeti6€C - 250°C. At 200°C
and above the decomposition is accelerated especially wherhkeptidr prolog period of time
causing gallery collapse comparable to that of montmorillonigu(gi6é and Figure 21)* The
decomposition results in the burning (release) of the organic modhl@ns, leading to the
collapse of inner-gallery spacing. Furthermore, if enough of thg crganic modifier is
decomposed the nano - clay reverts to its’ naturally hydrophditire (pure Cloisite Nj

making the nano - clay organo-phobic.
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Figure 21. X-ray diffractogram of “as received” Cloisite 104 280k PS/10A nanocomposite prepared using the

melt blending technique.
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Figure 22.Storage modulus of 280k PS and 280k PS/10A nanoasitegprepared using the melt blending

technique.

Effect of solution blended and sc@g®@ocessing
To overcome this problem a little solvent was added te @@ich could help here.

Adding some solvent to the system allowed us to minimize praogepssmperatures and
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maximize polymer interaction with the clay due to improved mgbiityrene was used to lower
the viscosity of polystyrene, facilitating better mixing anidwaing processing below the glass
transition temperature of high molecular weight polystyrene (104¥G¢ low processing
temperature had several advantages including minimizing thexanic modifier degradation,
maximizing the rate of COdensity change, and improving the £@olystyrene miscibility.
Additionally, the reduced temperature and viscosity allowed for lomgeessing times without
worrying that clay will degrade, giving the polymer chains ntone to thoroughly penetrate the
clay layers.

In order to benchmark the solvent assisted sc@@cessing method, solution blending
samples of polystyrene with each of the clays (15A, 10A, 93A and \86f) created. Table 1
displays the chemical structure of each of the above organicierediiAs mentioned earlier the
presence of short hydrocarbon chains (C18 tallow) in the galbftezsmodification renders the
clay much more organophilic when compared to natural clay. The ocafjgmuoodified clays
were chosen for their varied modifier structures which allowHerstudy of modifier effects on
nanocomposite morphology after scO@ocessing. Carbon dioxide tends to solvate acidic and
polar molecules better than nonpolar ones. It is expected that 93A edritains an acidic Has
part of the modifier and 10A which contains a slightly polar medsghould be reasonably
compatible with scC& while the compatibility of 15A and 1.30P which contain low polarity
modifiers should be led4.In order to achieve intercalation and/or exfoliation the energy released
must compensate the entropy loss during nanocomposite formation. Wipehyraer is
intercalated between the clay platelets there is a lossnformational entropy that needs to be
balanced by the conformational gain of the nano - clay surfagtagtsnic modifiers) and by the

polymer-clay surface and polymer-clay surfactant interactibh8hether or not the organic
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modifier is polar or non-polar along with the polymer polarity hagféect on the outcome of
the nanocomposite morphology. Also, the number of tallow groups on the orgadhfcemhas
been shown to be one of the major determining factors for polynatay- compatibility.
Furthermore, the charge density also plays a key role in nding the compatibility between
the surfactant and the clay. In the case where the interaetieralready favorable like in the
case of non-polar surfactant with non-polar polymer having a hightcgant density might
facilitate better polymer penetration in between clay lay@anversely, if there is a polar
surfactant and non-polar polymer, a higher surfactant density prexent and even repel
polymer confinement? Giannelis et al. demonstrated both theoretically and experiryeinta
series of studies that the entropy gained associated with flaetant layer separation may not
always be able to balance the entropy loss associated with the confinempotyoher melt and
consequently the entropy penalty to the confined polymer inhibit tineatmn of intercalated
and or/exfoliated productd. > Moreover, the formation of an intercalated system was
dominated by the energetic factors which included the pair ottens of silicate
surface/polymer, silicate surface/surfactant and surfactant/polying: "
3.5.1a Wide angle X-ray diffraction

“As received” Cloisite 15A and 93A display X-ray diffraction peaksresponding to
3.13 nm and 2.44 nm spacing respectively (Table 1). The differeniceiirequilibrium spacing
comes from the slight variation in modifier chemistry mentioned.has been previously
theorized that both dimethyl dehydrogenated tallow (2M2HT) and rin@géimydrogenated tallow
(M2HT) (15A and 93A respectively) type modifiers arrange inltadt paraffinic monolayer
structure, however due to the higher affinity of M2HT to the slaiface the arrangement may

be more compact. This, along with the lower density of modifiemshain the surface of 93A,
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results in a reduced interlayer spacing. Based on the numbellaé constituents both clays
should show similar compatibility with PS. However 93A contains aermpotar surfactant, due
to the presence of the acidic hydrogen, compared to 15A andxpécted to interact less with
PS compared to 154> ™ Cloisite 10A and Nanocor 1.30P display X-ray diffraction peaks
corresponding to 1.92 nm and 2.25 ngg &pacing respectively (Table 1). The small interlayer
distance in Cloisite 10A suggests a lateral bi-layer arraege of the intercalant while 1.30P’s
basal spacing puts it in a range that is most likely a pseuldydyi-approaching monolayer-like
organization’> ® Both clays contain one tallow tail; however 10A contains mslar moiety
while 1.30P contains one non-polar tallow part of the organic modifieadngh density making
I.30P a good candidate for producing good dispersion in a non-polar polymeslikéowever,
Cloisite 10A has a phenyl ring as part of the organic modifiertiaisdype of functional group
has previously been shown to be optimal for maximizing miscibityr polystyrene based
polymers, therefore it is expected that 10A will show reasonable interagtiother matrix.

X-ray diffraction was used to study the morphology of the reguhignocomposites by
probing changes in the level of clay dispersion. Furthermore, WA&B also used as a tool to
gain some insight on the strength of polymer - clay interactidms relative amount of polymer
that is in contact with the clay surface or interacts with dihganic clay modifier can be
gualitatively determined by analyzing the location of thg'slaharacteristic X-ray peaks which
represents the average clay platelet spacing. X-ray diffraat low angles was measured on
solution-blended and scG@rocessed nanocomposites made with the four different clays
(Figure 23). It is pertinent to note at this point that both th®s@dd solution-blended samples
were processed in solution with styrene and then dried under vachengnly difference

between the two being the addition of supercriticab @0Oring processing followed by a fast
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depressurization (~300 MPa/min) protocol before removing the solvenisit€110A, Cloisite
15A, Nanocor 1.30P and Cloisite 93A solution blended and sq@@Qcessed nanocomposites
display peak locations at®2of 2.29°, 2.32°, 2.54° and 3.07° degrees respectively (Table 9).
These values correspond to an average platelet inner-gallemygpé8.85, 3.80, 3.47, and 2.87
nm. The final @y; values correspond to an increase in the inner-gallery spacing ofirh.98r
10A, 0.67 nm for 15A, 0.49 nm for 93A and 1.34 nm for 1.30P. Cloisite 10A shdweedighest
shift in the do; pacing and the highest final spacing followed by 15A, 1.30P and 938l ®a
and Figure 23). The X-ray diffractogram showed that wheth&oba sample was processed
with scCQ, the diffraction peak shape and position did not significantly chagalfthe clays.
This behavior is most likely due to the solvent present in both sani@esllowed the clay-
polymer system to adopt a preferred thermodynamically staiBgaration for platelets and
tactoids that are in close proximity after their respeqtieeessing. A significant level of order
in any remaining tactoids of even a well dispersed sampleesgllt in a large X-ray peak. It
has been previously demonstrated that due to the complex morphologiesepossabktlay
nanocomposite X-ray diffraction should not be used as a standalone todetEamining
dispersion.” However, X-ray diffraction can be used along with other techniguels as TEM,
rheology, TGA and permeation testing to get a more complete pictiorethe nano - clay
morphology of the nanocomposite. Furthermore, X-ray diffractiongoa some insight into
the level of polymer - clay interactions present in the nanocompadsitelarger the final @
spacing the more polymer has penetrated in between the ctag.ldjoreover, the presence of
the do2 peak along with a tall o¢h peak indicated that highly ordered intercalated
nanocomposites are present. The second peak is definitefy, aiffraction peak since it

occurred at twice the value of 2 times the 2 theta ¢gf mkak. Vaia and co-workers have
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demonstrated to be thermodynamically feasible to have large-gafiery spacing if the

enthalpic interactions between the polymer and nano - clay argy®nough?® As a result, it is

anticipated that the strength of polymer - clay interactiondirectly correlated to the final

gallery spacing at least in the PS/clay prepared with dhéien blended and solvent assisted

scCQ processing methods. Therefore, in the Cloisite 10A nanocomposiesyasted from its

phenol moiety as part of the organic modifier, the polymer - icleyactions are the strongest,

closely followed by 15A, than by .30P and 93A.

Table 9. X-ray diffraction data summary. The initial anddl 2 theta andg; spacing are shown for all the “as

received” nano-clays and PS/clay hanocomposites.

10A 15A 93A I30P
X-ray
diffraction angle doo1 angle doo1 angle doo1 angle doo1
(20) (nm) (20) (nm) (20) (nm) (20) (nm)
Pure 4.6 1.92 2.82 3.13 3.74 2.36 3.92 2.25
PS-scCQO
and
solution 2.29 3.85 2.32 3.8 3.16 2.85 2.46 3.59
difference -2.31 1.93 -0.5 0.67 -0.58 0.49 -1.46 1.34
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Figure 23. X-ray diffractograms of PS/10A, PS/15A, PS/93A &8/1.30P nanocomposites. Solution blended
samples are shown as open symbols while scsa@ples are displayed as filled symbols. The gham spacing of
each clay from its equilibrium “as received” spario the final spacing in the PS/clay nanocompsesieshown

below the graph.

3.5.1b Transmission electron microscopy

WAXD was inconclusive in elucidating the nanocomposites morphology toluiés
insensitivity to even large scale dispersion when there aredadtmt still contain a high level
of ordered platelets. Transmission electron microscopy, rheology and péityean be used to
provide a better picture into the morphological changes in the paystynanocomposite.
Therefore, TEM was used as a technique to complement X-ifagatibn data in order to better
visualize the spatial dispersion state of the nano - clak@nnanocomposites. With the sub-

nanometer resolution limit of the TEM, individual platelets and |[g@atgacks can be directly
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visualized and a better picture into the nano - clay structutbeimnanocomposites can be
obtained.

Images of solution-blended and scQO@ocessed Cloisite 10A, 15A and 93A at low and
high magnification display a significant reduction in averageoidcsize when a sample is
processed with scG@ersus solution blending (Figure 24 - Figure 29). Additionally, an increase
in the number of individual platelets, and double or triple platedekstis visible in some of the
high magnification images. The size of 50 representative tactoas each sample over
multiple images was studied. The average tactoid thickness in lhsiteC 10A scCQ
nanocomposites (PS-5%10A-sc§@ 31 nm while the average in solution (PS-5%10A-sol) is
143 nm. Utilizing the gh; spacing (see Appendix A) the average platelets per taci@ds
calculated to be approximately 9 and 37 platelets for the ss@@ple and solution blended
sample respectively. The average number of platelets peandscivas calculated to be
approximately 6 and 21 platelets for the sgGRS-5%15A-scC¢g) and solution blended (PS-
5%10A-sol) Cloisite 15A sample respectively. And for the 93 A sasrplend 16 for the scGO
(PS-5%93A-scCg¢) and solution blended composites (PS-5%93A-sol). Tactoid size
measurement for each sample indicates that sq@2@ressing of a nanocomposite produced
platelet stacks that were approximately 4 times smaller Waen the sample was produced
without scCQ (Table 10). This significant increase in dispersion has been teddoze caused
by the dramatic expansion of Getween clay platelets during depressurization causing
significant dispersion. Care was taken to not include in the tasin& measurements any
individual platelets observed because they were only easily obssrvedy high magnifications
while tactoid sizes were better measured at moderate ficagons. Additionally, imaging of

individual platelets was only possible on the thinnest TEM films astl ibeages; therefore it
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was not possible to get a representative population measuremeit dbrthe samples. The
result wa that the average tactoid size reported in the spfo@essed samples is actually larger
than it would be if individual platelets were also counted. Thergfoespective of the WAXD
peaks for the solution-blended and s¢@@cessed samples being similar, the dispersion in the
scCQ-processed samples is significantly better. The averagedaite reduction appears to be

independent of clay modifier chemistry as well as the clay spacing foundAXDWTable 10).

Table 10.Average tactoid sizes measured from TEM and thebeurof platelets per tactoid was calculated froe th

doo1 Spacing found with WAXD (Appendix A).

Tactoid size  Platelets per Percent reductior

Sample (nm) tactoid in tactoid size (%
PS-5%210A-sol 143 37
PS-5%10A-scCQ 31 9 75.68
PS-5%15A-sol 75.5 21
PS-5%15A-scCQ 18.81 6 71.43
PS-5%93A-sol 44.6 16
PS-5%93A-scC® 10.4 4 75

A better level of dispersion was found for both se@@d solution blended Cloisite 93A
nanocomposites compared to the reset of nanocomposites when comparingytheeir
processing method. It has been anticipated and subsequently shditeraiture that clays
exhibiting strong interaction with the polymer matrix should be nddffecult to disperse than
similar clays with less preferential interacti6fi.”® When a polymer matrix has a strong affinity
for the organic modifier on the clay surface the tendency ishiorclay to form intercalated
structures. Intercalation of the polymer into the gallery ine®#se g spacing, however due
to favorable interaction with the modifier it is believed thahé&n may act as a barrier to further

platelet separation. This is the case in Cloisite 10A and 15A nanostde® when there is a



71

strong affinity of polymer to the clay or organic modifier. Cosedy, with poorly interacting
matrices the attractive force between polymer and clajagrroodifier is reduced and therefore

dispersion in weakly interacting clay like 93A may be more readily attaine

Figure 25.TEM micrograph of 5 wt % 10A scG@rocessed with polystyrene at 30K and 200K maggtifons.
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Figure 26. TEM micrograph of 5 wt % 15A solution blended wgtblystyrene at 30K and 200K magnifications.

Figure 28.TEM micrograph of 5 wt % 93A solution blended wgblystyrene at 30K and 200K magnifications.
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Figure 29. TEM micrograph of 5 wt % 93A scG@rocessed with polystyrene at 30K and 200K maggtifons.

3.5.1¢c Rheology

Despite the lack of differentiation between the nanocomposites morproingiéAXD,
TEM gave a deeper insight into the morphological changes that opoar scCQ processing.
The scCQ processing produces a more complex morphology when compared to solution
blending. However, another more sensitive tool needs to be employedintoa gdeeper
understanding into the nanocomposites morphology and that also helps imentidterg
between all the samples employed in this study. Rheology isyasgasitive tool for detecting
even small changes in nano - clay dispersion and polymer -nteractions in nanocomposites.
Measuring the viscoelastic response helped in elucidatingfdet ef organic clay modifiers on
polymer - clay interactions and clay dispersion. The frequencgndigmce at 140°C of the
storage modulus (G’) for 10A, 15A, 93A and [.30P solution blended and ,sp@fgess
nanocomposites (Figure 30 and Figure 30 respectively) showed disffaotrties between the
pure PS and the PS/clay nanocomposites, especially at the lowrfoeegl The storage modulus
and loss moduli for PS-5%10A-scg®igure 32A), PS-5%10A-sol (Figure 32B), PS-5%15A-

scCQ (Figure 32C), PS-5%15A-sol (Figure 32D), PS-5%I.30P-sc(gure 32E), PS-



74

5%I1.30P-sol (Figure 32F), PS-5%93A-scC@igure 32G), PS-5%93A-sol (Figure 32H) are
shown along with 280k PS for easy comparison of results. There madexate increase in the
low frequency elastic modulus in the solution blended 15A and 10A conmgpBBe5%15A-sol
and PS-5%10A-sol) with the onset of a low frequency plateau. When esanf@t have
undergone the same solution blending protocol were processed with the paieéss, the
resulting nanocomposites (PS-5%15A-s¢@@d PS-5%10A-scCL showed significant solid-
like behavior evidenced by a well-defined low-frequency plateaureMaas more than an order
of magnitude increase in the low frequency plateau modulus over th&osoblended
composites and the scg@@omposites showed a reduction in frequency dependence of the
storage modulus. This significant improvement in modulus is mosy likelirect result of the
increased dispersion seen in TEM images. The nearly 4-foldtredun average tactoid size
along with the significant increase in dispersed single ptat@gleduced a clay-clay network
with more interaction sites and an increase surface arealaedibr polymer-clay and polymer-
clay modifier interactions, than in the more poorly dispersed solution composite lakchm

In stark contrast, nanocomposites formed with 5 wt% 93A showed itteychange in
rheology after scCOprocessing despite the similar magnitude of reduction in aveaatmd
size that was seen in 15A and 10A nanocomposites. The solution blended §281pP693A-
sol) displayed a deviation of the low frequency storage modulus fstopea terminal value of 2
indicating reduced polymer mobility upon the addition of clay. Aftecessing with scCfthe
nanocomposite (PS-5%93A-sc@@heology showed very little change compared to the solution
blended benchmark. The only change between the two was the evidencerdahef a plateau
at the lowest frequencies, an effect of the significantlgrowed dispersion observed in TEM

images.
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When comparing the storage modulus of the all nanocomposites producesl stutlyi
the result was somewhat surprising. All of the samples pdpay solution blending have
similar tactoid sizes and similar rheology, implying tlaaty differences in polymer - clay
interactions were not contributing significantly to the rheologieaponse. Once the samples
were processed in scG@he tactoids undergo further (comparable for all clays) remluati size
by a factor of 4. Yet the PS-5%93A-sc&i@anocomposite showed almost no improvement in
rheology compared to PS-5%93A-sdhile the PS-5%15A-scC{hanocomposite improves by
as much as 2 orders of magnitude compared to its solution blended catiRE$pa%15A-sol).
Percolation threshold values shown in Table 11 were calculated batesleuation previously

proposed by Ren et. &f.

_ 4 WsiI . perporg Rh
M per = (1 _ ) h_
3¢per WsiI . perporg + WsiI .per psil sil (3)

wherenper is the average number of platelets per tactdid, ~ 0.3 (percolation for spherical
domain), Wsiiper IS the weight fraction of silicate at the percolation thresh&¥,is the
hydrodynamic radius (radius of platelety, is the density of the host polymeg; is the density

of the silicate andi is the thickness of a platelet.

Table 11.Theoretical percolation threshold for all the simintblended and scG@rocessed PS/5wt% 10A, 15A,

93A and 1.30P nanocomposites.

Theoretical percolation

Sample threshold (wt%)
PS-10A (sol) 3.1

PS-10A (scCQ 12.2

PS-15A (sol) 2.1

PS-15A (scCQ 7.1

PS-93A (sol) 1.4

PS-93A (scCQ 5.6
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The published average value of 112.5 for the aspect ratio of the wks/ used along
with the tactoid sizes obtained from TEM in the calculations. #s wound that for
nanocomposites made with either clay at 5 wt% loading, the pseuctagt®n threshold is
reached only after scGQprocessing (Table 11). Based on these results, it appearsnitet
percolation has occurred, the strength of polymer - clay gtterais the main factor dictating
the magnitude of the solid-like response at low frequencies. Oke&owhen dispersion is
improved further, polymer - clay interactions would have even stronger effect.

To explain this phenomenon, the factors affecting the appeararecéonf frequency
plateau in the storage modulus need to be evaluated. This plateaatimo® frequencies is
indicative of clay - clay or clay — polymer - clay struetdfiormation.® When a sufficient
fraction of high aspect ratio particles are dispersed in a golymatrix, their proximity is within
a distance that they can “feel” each others’ presence throtighl particle - particle contact or
through transferred stress from particle to polymer to parti€ee to the lack of viscoelastic
relaxation of the clay particle, this network or pseudo-network adgdsn@onent of stress under
shear that does not relax with time (at least in the fram@e measured), resulting in reduced
time/frequency dependence of viscoelastic properties. Only indealized case will the
dispersion be perfectly uniform and each clay platelet comdsent contact with at least one
other clay platelet once percolation has occurred. In more tieatsses, the clay - clay
interaction will occur equally often through clay - polymelay network formation. This will
only be true at or near the percolation threshold, i.e. if a lqugatity of clay is loaded into a
polymer, the rheological effects will largely come from jgdat - particle contact rather than
particle — polymer - particle stress transfer. When a nanocotagas a fraction of clay that

has not yet reached the theoretical percolation threshold, the gmidr@ not in close enough
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proximity to interact with each other, leaving their rheologefédcts to be minimal to moderate.
Whether or not there is significant polymer-clay interactioh miake some difference, but it
will be small compared to that produced by network formation. When the clagiggtsenough
for a network effect to be produced, the strength of interaction betweemfilenatrix becomes
an important factor in reinforcement. The better the interactianpal is, the more effectively
stress will be transferred between clay platelets through the polyndarme

The rheology of these nanocomposites correlates well with tie¢ fiasal spacing
observed in WAXD. The larger the final equilibrium spacing obtainedtititeer the resulting G’
is, especially at lower frequencies, reinforcing the eaoleservation that clay spacing is a good
indicator of interaction strength. The result follows for the smhdublended and scCO
processed composites. This behavior was also observed by Rohimann aodkers- in
polypropylene/clay nanocomposit&s. Interestingly, there is a significant difference in the
rheology between the solution-blended samples and the,sc@®@composites made with the
same clay despite similar WAXD peak location and height. iff@ication is that X-ray
diffraction of nanocomposites of different clays may be a good atatidor polymer - clay
interaction strength and potential for reinforcement, but a poor indicator forgi@pstate.

A three order of magnitude improvement in low frequency storage neduthe scC®
processed 10A and 15A nanocomposites is significant in polystyreng nafcomposites.
Melt processing and solution blending have been shown to give poor improvenaantsimes
in the past. Tanoue and co-workers have melt blended high moleceightwPS with
organically modified clay and obtained no improvement in dispersion due tofienodi
degradation at elevated temperatufeldowever when a clay containing organic modifier with

short polystyrene chains was melt blended with PS, Hoffman anddess only obtained an
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order of magnitude improvement in storage modulus low frequency plateaio goer clay
dispersior’? Qi et al. used specially modified clay that was suspendegrgns monomer and
polystyrene was polymerized-situ in between the clay galleries. Despite this large level of
complexity, the low frequency improvement was not as substavia when twice the weight
fraction of clay was used since they were not able to produgedicant dispersion in the
nanocomposite$’
3.5.1d Thermogravimetric analysis

With such significant increases in rheological behavior upon processing nanoitespos
in scCQ, there was question as to whether the clay modifier was edifelciring processing or if
the matrix polymer could possibly had become attached to the wuigcs. To address this
possibility, the clay was separated from the polymer by cegatfon of a dilute solution of
nanocomposite in toluene. The separated clay was then heatdwrmaltgravimetric analyzer
where the weight loss that occurs upon degradation of any orgamcbe measured. If the
polymer chains were attached to the clay, we would find thatetidual mass of clay after
degradation would be significantly less than what was found in the layréecause the weight
fraction of organic material would be much higher. Although, there wasadl difference in
percent mass loss at 650°C (char content), the difference betiveeest@Q processed and
solution blended nanocomposites was even smaller, evidence that nacangrémount of
material was bonded or removed from the clay surface during;sp€@essing or solution
blending of the nanocomposites (Table 12). This reinforced the ekplarthat the role of
scCQ in this system was to be a nano - clay dispersant and th@s 85 not stripping the clay
modifier, or induced any ionic or covalent interactions betweencthg modifier and the

polymer. More evidence of the similarities between sg@@@l solution blended nanocomposites
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can be observed in the TGA curves and TGA derivative curvessofetzived” clays and the
corresponding nanocomposites (Figure 33 for 10A, Figure 34 for 154eRBp for 93A and
Figure 36 for 1.30P). From the TGA curves it can be seerthlibaOA and 15A nanocomposites
and to a much lesser extend 93A and 1.30P composites showed a laaghh between 50°C
and 150°C. This may be attributed to residual solvent that was lefinother sample. It was not
expected that the loss in weight below 150°C to be caused by mdeéifjexdation since the 10A
modifier only starts to degrade at 160°C when kept for a prolong pefribche. Furthermore,
Xie et. al showed that quaternary ammonium ions only start toaegfter 150°C3* Also, the
organic modifier in 10A is the least stable of all the claythis study. In the previous section
(Figure 18) it was shown that no loss on clay modifier occurrest dfying the clay under
vacuum for 6 hours. The sample spends much less time at 160°C to hagHeahyn the
degradation kinetics. Several interesting differences between réaeived” clays and
nanocomposites were: the disappearance of the peak in derivative befgieen 200°C and
350°C in the 93A, 15A and 1.30P samples, the shift in the derivative waghktfrom 200°C to
275°C and from 375°C to 425°C in the 10A sample and the increase or slight gief 400°C
peak in the 93A, 15A and 1.30P samples. This changes were more ewidEsd and 10A
samples which contain excess modifier and less evident in 93A30% $amples which do not
contain excess modifier. The scg&énd styrene might have acted as carriers of excess arodifi
in the clay inner-gallery and closer to the clay surface @hewas shielded from degradation
until higher temperatures. A similar phenomenon was demonstratedtivnelay was washed
with ethanol and the excess modifier was more mobile and moved thsidéay inner-gallery.
This in turned increased its thermal stability in a simidgeshion to what was observed in this

study.®*
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Table 12. Residual mass (char %) for “as received” clays separated clays from solution blended and scCO

processed nanocomposites.

% residual mass
Sample @ 650°C (%)
"As received" 10A 63.16
separated 10A from PS-5%10A-sol 61.51
separated 10A from PS-5%10A-sc£0O 62.29
"As received" 15A 57.75
separated 15A from PS-5%15A-sol 59.15
separated 15A from PS-5%15A-sc£0O 59.42
"As received"” 93A 64.72
separated 93A from PS-5%93A-sol 62.06
separated 93A from PS-5%93A-sc£O 63.42
"As received" I.30P 66.38
separated 1.30P from PS-5%I.30P-sol 66.23
separated 1.30P from PS-5&1.30P-scCO 65.76
1007 110 o eee 10A from PS-5%10A-scCQ o0
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Figure 33. TGA curves and Derivative TGA curves for “as reeei 10A and separated 10A from PS-5%10A-sol

and PS-5%10A-scCO
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Figure 34. TGA curves and Derivative TGA curves for “as reeei” 15A and separated 15A from PS-5%15A-sol

and PS-5%15A-scCO
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Figure 35.TGA curves and Derivative TGA curves for “as reeel” 10A and separated 93A from PS-5%93A-sol

and PS-5%93A-scCO
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Figure 36. TGA curves and Derivative TGA curves for “as reeel’ 1.30P and separated 1.30P from PS-5% 1.30P-

sol and PS-5% 1.30P-scGO

TGA was also performed on the scgE@ocessed and solution-blended 5 wt %
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nanocomposites as well as the “as-received” polymer (PS280) tondeteany change in the
thermal decomposition due to scEfrocessing. Decomposition effects have been observed in
many publications on nanocomposites and have mostly been attribygelyriwer confinement
between clay platelets which can alter the Hoffman eliminafibrf? Table 13 contains the
summary of all the TGA results for the 280k PS and the entire aanpusites prepared in this
study. Weight-loss curves of all 5 wt % scg&@ocessed and solution-blended nanocomposites
display a shift in thermal decomposition to a higher temperaturg@am@oh the pure polymer.
However, the 10 A nanocomposites (Figure 37) show the lowest inaeapie showing the
highest final o1 WAXD spacing of 3.92 nm (Figure 23) and the largest number of plapedets
tactoid compared to the rest of the nanocomposites studied (TahleAllOthe other
nanocomposites showed similar improvements in thermal decomposibompaced to
polystyrene despite having different fingjodspacing and tactoid sizes. This was surprising
since it was expected that the 10A nanocomposites will show theshighovement based on
the polymer confinement theory since the higher gagespacing and the higher the tactoid size
the more polymer was trapped in-between and shielded from ndegeddation. Therefore, it
seems that there might be other factors that can also goverpolyh@mer nanocomposites
decomposition effects. However, all the seC@anocomposites performed worse than the
solution blended counterparts for all the clay which are expectesl lesb dispersed. At least if
the clays are kept constant the confinement theory holds trueg Wieless dispersed solution
blended composites show 4 to 5°C (2°C for 10A) (Table 13) improvemeriteirthermal
decomposition temperature compared to sc@&cessed nanocomposites. One possible
explanation to the unexpected result is that organic modifier oisi€@l 10A starts to degrade

much sooner (~160°C - Figure 33) than the rest of the organic mod#i@@0 - 250°C Figure
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34 - Figure 36). Although the excess modifier might be shielded fioltpacCQ processing as

it was shown in the separated clay TGA curves (Figure 38ur&i36), this effect was least
prevalent in 10A as it was the only one that still showed a degradation peak at 3009 3B)gur
All the other clays only show a peak at around 400°C or higher. Theréfoould be possible
that the reason we see such a small improvement in 10A nanocompiodiiesto the clay
organic modifier degrading much sooner that the rest of the claysngpgmiroom for more
polymer to be exposed to degradation at a lower temperature. Theolf @A received” clays
and clays that gave been separated from solution blended and sa@fles showed that the
residual char was similar, indicating that after se@&@cessing there was no polymer tethered
to the clay surface. The percent residual mass of the nanocompesgéaka similar conclusion
since the scC®and solution blended nanocomposites have similar residual weighinperce

(Table 13).

Table 13.TGA Summary: Temperature at 10 and 50 wt %Weiglsis|.daximum Rate of Decompositions (MRD),

Change in MRD Compared to PS (°C) and Percent Cbsidual mass fraction at 650°C).

Change in
MRD % residual
MRD Comparedto mass @ 650°C

Sample T1(°C) T (°C)  (°C) PS (°C) (%)
PS280 395 418 422 N/A 0.41
PS-10A (sol) 396 423 425 3 5.53
PS-10A (scCQ) 398 424 423 1 5.55
PS-15A (sol) 382 430 432 10 5.12
PS-15A (scCQ) 397 421 427 5 6.04
PS-93A (sol) 383 428 432 10 4.95
PS-93A (scCQ 397 427 428 6 5.69
PS-1.30P (sol) 401 434 436 14 5.84
PS-1.30P (scCg) 405 428 428 6 6.01
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Figure 37. TGA curves and Derivative TGA curves for “as reeel” PS280 and PS-5% 10A-sol and PS-5% 10A-

scCQ
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Figure 38. TGA curves and Derivative TGA curves for “as reeel” PS280 and PS-5% 15A-sol and PS-5% 15A-

scCQ
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Figure 39. TGA curves and Derivative TGA curves for “as reeel” PS280 and PS-5% 93A-sol and PS-5% 93A-

scCQ
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Figure 40.TGA curves and Derivative TGA curves for “as reegiVPS280 and PS-5% 1.30P-sol and PS-5% I.30P-

scCQ

3.5.1e Permeability

A major advantage of the polymer/layered nano - clay nanocotepasitheir ability to
enhance barrier properties. It was reported that gas and wader garmeability through
polymer films can be significantly reduced with small nanoaylloadings (1-5 wt%). Most
research on polymer/clay nanocomposite barrier properties is doneygangxarbon dioxide
and nitrogen barrier films for packaging food industry. Other appmitsitthat show increase

interests are gas tanks and coatifiys.



Figure 41. Tortuosity path in a polymer/clay nanocompositehPa displays the path a gas molecule will take to
permeate through a neat polymer. Paths B-E aréhp@gmths that a gas molecule can take in polyfited with

layered clay of different width (W), length (L) andentation relative to the diffusion direction.

The mechanism behind the mass transport of gasses permeatingnarfayered clay
nanocomposite is similar to that in a semi-crystalline polymierThe nanocomposite is
considered to consist of two phases: a permeable phase (polymie avadr a second phase
consisting of dispersed nano - clay platelets that are nonepbienThe gas-permeability of a
polymer/clay nanocomposite is influenced by three main fadtoeszolume fraction of the nano
— platelets, the platelets orientation relative to the diffusioection and the nano - clay platelet
aspect ratio. It is commonly accepted that Frick’s law gm/¢he transport mechanism within
the polymer matrix. Also, the polymer matrix in a nanocomposémtains the same properties
and characteristics as the neat polymer. The permeability gendent on solubility and
diffusivity of permeate in the nanocomposite. Since the volume thabtiimer matrix occupies
is reduced due to presence of layered nano - clay, a decretigesoiubility may occur in the
nanocomposite, as well as a decrease in diffusion due to a ontureus path for the diffusing

molecules. However, if the volume fraction of nano platelets is(l@ually less than 5%) and
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the reduction of the matrix volume relatively small and itxpeeted that the reduction of the
diffusion coefficient will be higher than that of the solubiltyefficient. Therefore, tortuosity is
anticipated to be the major factor in determining the nanocorepguesiimeability. The tortuosity
is determined by the length and width of the filler materialthedefore a function of the aspect
ratio of the layered clay tactoids (many platelets stacketbp of each other — shown in Figure

41), the degree of dispersion of the nano — clay and the tactoids aretplateentation. The
tortuosity factor can be defined by the following equation:

dr L 2 1

where d’ is the distance that a penetrant must travel to theeshdistance d that it would travel

in the absence of barriers. It is expressed in terms of the length L, widiteYW,dlume fraction
_ls and S represents the order parameter to take in consideration thedsaeiwi platelets

orientation and it's defined as:
S = % * (3 % cos?(0 — 1)) (5)

wheref represents the angle between the direction of preferred oientetiich is parallel to
the direction of permeate and the sheet normal unit vectors. tacga from 1 when the nano -
clay platelets and/or tactoids are oriented parallel to chrecif the permeate (wheh= 0) to -
1/2 when the nano - clay is oriented perpendicular to the permieattion ¢ = #/2), and a
value of 0, when the nano - clay sheets are randomly oriented. 8 merd to be averaged over

all the platelets and tactoids. The effect of tortuosity on permeabikhthe@xpressed by:

Pn _ (1-¢y)
Pp o T

(6)
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where Pn and Pp represent the permeability of the nanocomposite and pure polymer,
respectively. Bharadwaj et. al have performed molecular modelinghenpolymer/clay
nanocomposites based on different parameBfierent nano - platelets orientations relative to
the diffusion direction and several tactoids widths used in the mlatemodeling by Bharadwaj

are shown in Figure 42. As expected the gas permeability in omposites decreased as the
tactoids width (W) decreases, as the nano-platelet length seckeand as the nano - platelets
orientation approached perpendicular orientation relative to the diffdsiettion (Figure 43)%*
Therefore, to obtain the biggest reduction in permeability, prefetakl dispersion should be

maximized where the width is minimized and the platelets shoulafieeted perpendicular to

the diffusion direction.
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Figure 42.Values of the order parameter for three orientatiohthe platelets (top§* Influence of the degree of
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The transport properties of PS, solution blended and sc@Ocessed 5 wt%
nanocomposites were tested in this study to measure the, se@i@ed dispersion and clay
organic modifier effect on oxygen and water vapor permeability.pfésence of dispersed nano
- clay particles increases the tortuous path that a molecudes te take to diffuse through the
polymer matrix. The permeability was expected to reduce rasrthe extent of dispersion
increased. Therefore, it is anticipated that the sg@@Gcessed nanocomposites, having enhanced
nano - clay dispersion over to the solution blended benchmarks, shoulayedsphe highest
reduction in permeability between the two processing methods. The PSdéld#on blended
nanocomposite showed a 9% reduction in oxygen permeability and 33% oadurctivater
vapor permeability over the neat PS. As anticipated, the sp@@essed 10A (PS-5%10A-
scCQ) nanocomposites displayed a 35% further reduction in oxygen permeatéitysolution
blended benchmark for a total reduction of 45% over neat PS (Ridumad Table 14f° Also,
the scCQ@ processed 10A nanocomposit displayed a further reduction in water vapor
permeability over the solution blended benchmark for a total of 39%sction over neat PS
(Figure 45 and Table 15§° In contrast, the scGOL10A nanocomposite made with pre -
dispersed clay (PS-5%10Ape-sc§f@howed no improvement in oxygen permeability over the
scCQ 10A nanocomposite made with “as received” 10A (PS-5%10A-scGwever, it did
show a modest further reduction of water vapor permeability of Bigfure 45). This was
unexpected since this sample had enhanced nano - clay dispersionthevescCQ
nanocomposite made with “as received” 10A. The enhanced dispersi@ntiagated to have a
similar effect in improving transport properties like it had in improving theldggcal properties
due the presence of more individual platelets. However, it seemsclélye dispersion

improvement in this sample did not play a significant role in towgethe permeability or the
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improvement was not significant enough to have an effect on tranppmperties. The
nanocomposites made with 5 wt% Cloisite 15A also showed a reduntibath oxygen and
water vapor permeability over the pure PS (Figure 46 and FigureMbfeover, the 15A
nanocomposite prepared using the sg@f@cessing method also displayed a further reduction in
both G (by 40%) and water vapor permeability (10%) over the solution bleinelechmark for

a total of 60% and 29% reduction over PS respectively. In contrast, nbeamaposites made
with Cloisite 93A which had the best dispersion compared to the oty @OA and 15A) only
showed a modest 6% reduction ia g&rmeability. However, the solution blended 93A sample
(PS-5%93A-sol) displayed an 18% increase in oxygen permealiigure 48), although it
showed a reduction in water vapor permeability by 29% (Figure 4B¢ ihcrease in
permeability of the solution blended and the modest reduction of the, ss&dple in 93A
nanocomposites was unexpected since it is known that permeabdépesdent on nano - clay
dispersion and as dispersion increases the permeability shouldséscréhis phenomenon was
not only shown experimental§f,®” but also by modeling® % 8 However, sometimes the
nanocomposites permeability can be affected by the existenctedacial regions between the
matrix and the inorganic particles. These areas may affectgas and vapor diffusion
coefficient. The interfaces are caused either by the sarfiattiat is used for the modification of
the particles or/and are due to the formation of voids between tleeediffphase®: # % The
positive interaction between the clay organic modifier and polynarixnmay cause a region
around the clay particles that is denser than the bulk polymerxmalis higher interphase
polymer layer near the inorganic has different properties thabulkematrix and may cause
further reduction in barrier propertigslt is also suggested that the strong interfacial interaction

may also cause a reduction in free volume like it has been foustgrene—butadiene rubber-
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' The same

montmorillonite nanocomposites, therefore reducing the gas or vaporgislitye’
effect was observed in poly (e-caprolactam) clay nanocompositese, based on a theoretical
model, a reduction of 14% in free volume fraction was reported théhaddition of 2 wt%
modified clay. ® Ammala et al. showed in poly(m-xylene adipamide)-montmorillonite
nanocomposites that the favorably interacting Cloisite 10A showedsideoable reduction in
the oxygen transmission rates of nanocomposites (66% reduction) udiseéeC93A showed a
small increase (4% increasé). Since both 93A and 10A nanocomposites showed similar
dispersion, the authors were looking for an alternative explanatiothéodifferent barrier
properties obtained in the two nanocomposites. Therefore, thdyutdttithis increase in oxygen
transmission rate in 93A due to due to the steric effect due tprédsence of two long non -
polar chains compared to one in 10A, preventing the close approach tdythgacicles to the
polyamide chains’® Although steric hindrance might play a role, it does not sednme the main
cause since both Cloisite 15A solution blended and sg@2@ressed nanocomposites showed
much larger permeability reduction compared to 93A and even comigal€d in the case of
oxygen permeability even though 10A only has one C18 non - polar chamtre probable
that the main cause is the reduced polymer-clay interaction inr@®&composites that are
responsible for the poor barrier properties in 93A, similar to whad wbserved in poor
rheological properties in 93A nanocomposites compared to 10A and 15A naus@E® (see
Figure 31). WAXD also showed the same trend where the langak djp; spacing can be
attributed to increase polymer-clay interactions in 10A and 154uf€ 23). Therefore, it is
probable that the strong interfacial polymer - clay interactioag nause a reduction of free
volume in the case of 10A and 15A leading to a decrease in barriert@ep€onversely, the

weak polymer clay interaction between the organic modifier in 93AR&dmay cause only a
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small decrease or even an increase in a free volume in the ngusites that can be
responsible for the slight increase ipg2rmeability in the 93A solution blended nanocomposite.
% However, all nanocomposites including both 93A nanocomposites showed aomdtudtie
water vapor permeability compared to the neat PS (Table 1. r&duced water vapor
permeability was expected even in both 93A nanocomposites due taditoplngbic nano - clay
nature due to the presence of the organic modifiers. Sorremtthocaworkers have found that
the permeability of water was reduced whereas the dichloromeefiermeability was increases
due to due to the specific properties of the interface region, whichin are determined by the
nature of the polymer and of the nano - filler. In the case of afimimethane, due to these
specific properties the formation of preferential pathways iptberimity of the clay surface led
to increase in permeabilit$?

Therefore, as expected, all of the sgG@nocomposites containing a higher amount of
dispersed nano - clay compared to the solution blended benchmar&dshahlier reduction in
both oxygen and water vapor permeability. Moreover, the results obtam@adpermeability
studies further demonstrate the ability of seC@ethod to produced highly dispersed
nanocomposites with enhanced properties. Furthermore, choosing the rigmepaelyclay
system that can provide both good dispersion and good polymer - clagtiotgsas imperative
in obtaining the desired end property improvements. Two examples ofirgdpdios right system
are the 10A and 15A scGhanocomposites where the oxygen permeability was reduced
compared to neat PS by 45% and 60% respectively. The mosicsighifeduction in oxygen
permeability in polymer/clay nanocomposites come from those mgdesing thein-situ
polymerization method with custom made organic modifter€: 8" % *Nazarenko et al. used

clay that was modified with specialty organic modifiers that supposed to interact well with
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PS to prepare nanocomposites usingrkgtu polymerization method. They were able to reduce
the oxygen permeability between 10 and 30% compared to neat R&lidgpen what clay they

used at 5wt% clay loadin&’
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Figure 44.0xygen permeability of 280k PS, solution blended stlCQ processed Cloisite 10A nanocomposites.
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Figure 45. Water vapor permeability of 280k PS, solution bliethand scCOprocessed Cloisite 10A

nanocomposites.
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Figure 46.0xygen permeability of 280k PS, solution blended scCQ processed Cloisite 15A nanocomposites.
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Table 14.Average and standard deviation data for oxygen pehitity of 280k PS, solution blended and sgCO

100

processed Cloisite 10A, 93A, 15A and Nanocor |.8@Rocomposites. The table includes percent reduatic®,

permeability relative to neat 280k PS and to c@oesging benchmarks of solution blended nanocompasit

Sample Q Permeability (ccmm)/(m?*day)
Reduction relative
to
Standard | Reduction relative sol. blended
Average | Deviation to 280PS (%) benchmark (%)
280PS 209.66  125.17
PS-5t%10A-sol 227.78 110.95 -8.98
PS-5%10A-scCQ 140.19 69.71 -43.97 -38.44
PS-5%10Ape-scCO 139.23 46.07 -44.35 -38.86
PS-5t%93A-sol 295.40 136.61 18.06
PS-5%93A-scCQ 236.00 7.07 -5.68 -20.11
PS-5t%15A-sol 200.98 60.89 -19.69
PS-5%15A-scC® 99.20 21.75 -60.35 -50.63

Table 15.Water vapor permeability of 280k PS, solution bieth and scC@Oprocessed Cloisite 10A, 93A, 15A and

Nanocor [.30P nanocomposites. The table includesepé reduction irwater vapor permeability relative to neat

280k PS and to corresponding benchmark solutiomdelé nanocomposite.

Sample Water Vapor Permeability (g * mm) / (m? - day )
Standard | Reduction relative | Reduction relative to sol.
Average | Deviation to 280PS (%) blended benchmark (%)
280PS 3.57 0.11
PS-5t%10A-sol 2.38 0.20 -33.42
PS-5%10A-scCQ 2.16 0.26 -39.40 -8.99
PS-5%10Ape-scCO 2.01 0.28 -43.63 -15.33
PS-5t%93A-sol 2.52 0.23 -29.32
PS-5%93A-scCQ 1.97 0.22 -44.86 -21.99
PS-5t%15A-sol 2.78 0.11 -22.04
PS-5%15A-scCQ 2.52 0.18 -29.41 -9.46
PS-5t%I.30P-sol 3.20 0.47 -10.36
PS-5%I.30P-scCO 3.24 0.52 -9.15 1.35

3.5.2 Effect of scCQ processing parameters on nanocomposite morphology and properties
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Gaining a better understanding on the effects that different procgssmmgeters have on
the nanocomposite morphology and properties is of great importance.efofaera better
representation can be developed of the physical representationbidgsevhat is occurring
during CQ processing that can lead to improve nano - clay dispersion. Moyemnee the
effects that the parameters have on the resulting nanocompasfaaiogy and properties are
better understood, a better optimization of the sc@@cess can be performed in order to obtain
the desired results. The effect of sgQf@pressurization rate, scg&®oaking, nano - clay pre-
dispersion, nano - clay weight fraction, and nanocomposites procé¢issengnd pressure were
studied.

To study the effect of clay weight fraction on nanocompositepnotegy and properties
six samples (2, 5 and 10 wt% clay) were made using “asvezt’eCloisite 10A and 93A using
the scCQ process (PS-2%10A-scGOPS-5%10A-scC® PS-10%10A-scC® PS-2%93A-
scCQ, PS-5%93A-scC@ PS-10%93A-scCg). Two 5 wt% 10A sample were also prepared
which were depressurized at different rates compared to PS-5%¢10@-(~300MPa/min) to
investigate the role of scG@oaking and depressurization rate on the resulting nanocomposite
morphology and properties. The first nanocomposite PS-5%10Amd,sea¥alepressurized at
~0.115MPa/min and the second (PS-5%10Asd-s¢Cfas depressurized even slower at
~0.045MPa/min. Another 5wt% 10A sample was made using clay thapmegsrocessed in
scCQ (PS-5%10A-scCg@) to investigate the role of clay dispersion on the resulting
polymer/clay nanocomposite properties. To eliminate the role oh#dileannealing and solution
blending, benchmark composites of 2, 5 and 10 wt% by clay (PS-2%10RS&%10A-sol
PS-10%10A-s0PS-2%93A-s0lPS-5%93A-s0PS-10%93A-sol) were made in the same vessel

without the presence of scG@t 80 °C for 24 hours. WAXD of PS/10A nanocomposites is
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displayed in Figure 51, Figure 53 and Figure 55 for PS/93A nanocongositierestingly, all
samples showed a large diffraction peaktat2.29° regardless of weight fraction, processing
conditions, or rheological enhancement for PS/10A nanocomposites. Thia shétdo, peak
from 4.6° for pristine 10A to 2.29° corresponds to a tripling of platphatisg from 0.92 nm to
2.85 nm, and implies that polymer has been intercalated into theyalleyies. Moreover, the
presence of theggh peak along with a tall o¢h peak indicates a highly ordered intercalated
nanocomposite is present. Giannelis and Vaia have previously modeledlatten behavior of
clay in a polymer matrix and determined that there are sefa@tals that contribute to the level
of clay dispersion that is attainable in system. The authors @@sformed corresponding
experiments on several PS/clay hybrids to substantiate the simulatitis.fés™ Their findings
show that there is an entropic balance between the clay madtifiewants to have as much
conformational freedom as possible, and the matrix polymer thatnddesant to be confined
between the clay platelets. The entropic gain associated witlorganic modifier from
increasing the clay basal spacing only occurs until the modifiains become fully extended
(h,,), after which there is no gain or penalty to increased plapating. However, there is still
an entropic penalty to increased spacing that comes from polyonénement until the clay
spacing is greater than the average radius of gyration of th& msdterial. In order for the
platelet spacing to extend farther thap Wwould require strong polymer-clay interactions to
overcome the entropic barrier. The inter-gallery spacinglbathain extension can be expressed
in terms of the number of carbon atoms in the aliphatic backbone by equation 2 in Chapter 2.
The polystyrene/styrene/10A system was processed in a good stivetite clay
modifier and it follows that the aliphatic chains will want todseextended as possible, which

would correlate to a spacing of approximately 2.4 nm. This comp@erably with the
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experimentally measured inter-gallery spacing of 2.85 nm for 188wever, since there was
also polymer in solution, the barrier to exfoliation of the orderettles may be too great to
overcome leading to an ordered highly intercalated composite.
3.5.2a Effect of depressurization rate on nanocomposite morphology and properties

The current understanding about what is happening during deprasisuriis that when
the scCQ is leaving the nano - clay inner-gallery spacing during elsurization it pulls the
platelets apart due to the sudden expansion (increase in volume). Hongesardies have been
done in understating the effect of the rate of depressurization @trtloture and properties of
the resulting nanocomposite. Moreover, is the presence 9f{CQ soaking) enough to cause
improvements in dispersion and/or properties? In other words, if the esasngepressurized
very slowly will the improvements be better than the solutiond#d and/or will they even be
similar to the sample that is suddenly depressurized.

To achieve this task three 5 wt% 10A s¢Cfamples were also prepared which were
depressurized at different rates PS-5%10A-sc@D~300MPa/min, PS-5%10Amd-sce@t
~0.115MPa/min and PS-5%10Asd-scCGit ~0.045MPa/min. All samples that were

depressurized at significantly different rates showed simjiasplacing (Figure 51).
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Figure 51 X-ray diffractograms of “as received” Cloisite 1@#d solution blended, and sc£O

PS/10Ananocomposites processed and depressurizvadais rates prepared.

Despite the lack of differentiation between the nanocomposites morploingi¢AXD,
rheological studies revealed significant differences betweesdmples after scG@rocessing
and depressurizing at different rates. Sample PS-5%10Asd,gt@0Owas depressurized very
slowly over a period of 5 hours at a rate of ~ 0.045MPa/min showeth@iovement in the
storage modulus low frequency plateau of almost an order of magnitude compared toithe solut
blended benchmark sample (Figure 52). This result demonstratesvtra if the sample is
depressurized slowly, the rate of £6xpansion is fasters than the £@iffusion out of the
inner-galley spacing and the €@ still causing nano - clay dispersion by pushing the platelets
apart as it leaves. However, when a similar sample wasskgpized 2.5 times as fast at
~0.115MPa/min over a 2 hour period (PS-5%10Amd-sg@Q@lisplayed a further improvement
in storage modulus due to improved dispersion. Moreover, when a sampbieprassurized
nearly instantaneously at ~300MPa/min (PS-5%10A-s¢@@howed an even more significant

enhancement in storage modulus at all frequencies. This study dersmh$tea need for fast
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CO, depressurization not just GQoaking in order to maximize nano - clay dispersion during
depressurization. Although, GGsoaking aids in clay dispersion, it is significantly more
important to depressurize as fast as possible in order to pusharnbe clay platelets apart and
maximize the surface area that can be available for polymer - cdagation. This reinforces the
assertion that the rate at which sgGcapes does in fact have a drastic effect on the ngsulti
nanocomposite structure. When the system was depressurized mespastg, the scC£which
diffused in between clay layers during processing, underwent a drasgc change in density
and effectively pushed the platelets apart. This phenomenon was noteobaten the system
was slowly depressurized since s¢@d a much longer time to diffuse out of the clay galleries
without significantly affecting their structure. Although the sampg peak was seen for both
samples, the viscoelastic results suggest that there is a highesfldisgersed single platelets in

PS-5%10A-scC@compared to PS-5%10Asd-sc&ahd PS-5%10Amf-scCO
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Figure 52.Storage modulus of 280k PS and solution blendetlsa@Q PS/10A nanocomposites processed and

depressurized at various rates prepared.
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3.5.2b Effect of nano - clay scCGOpre - dispersion on nanocomposite morphology and
properties

An interesting phenomenon was the behavior of the pre - dispersetvioén it was
reprocessed in a polymer solution using either the sgdzessing technique or the traditional
solution blending method. Even though the clay itself was sqZ@ressed and determined to
have no measurable order as evident by the disappearance gf; ekl in WAXD (Figure 8),
upon addition to polymer solution it seemed to regain its parafjedtre (Figure 53). It has been
shown previously that disordered intercalated systems will notagivk-ray peak even if the
platelets are still quite close togeth&rlf the platelets in the clay have not been exfoliated, and
instead have lost their ordered spacing, it is possible thatallvens allows the dynamic
reorganization of platelets to a more ordered thermodynamitallyrable morphology. The
most entropically favorable state in 10A is when the platelets &a inter-gallery spacing of 2.4
nm. It is then expected that if disordered intercalatedwhksyadded into the styrene/polystyrene
solution, the platelets will revert to their thermodynamicallgble orientations. This would
result in a composite that looks like all of the other compositéédAXD, but has a higher level

of dispersed platelets and smaller tactoids as it was evident in TEM and rheology
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Figure 53. X-ray diffractograms of “as received” Cloisite 10#d PS/10A nanocomposites prepared with “as
received” and pre-dispersed 10A to determine tliecef nano-clay pre-dispersion of the final namoposite

morphology and rheological properties.

Again, despite the lack of differentiation between the nanocompositgthohogies in
WAXD, TEM gave a deeper insight into the morphological changesotta@atrred upon scGO
processing. As previously shown, the se@@ocessing produced a more complex morphology
when compared to solution blending. The storage modulus, G’, of the 5 wt% 10A
nanocomposites (scG@nd solution blended) processed with “as received” and s@@O-
processed 10A is displayed in Figure 54. The solution blended bencbamapke (PS-5%10A-
sol) exhibited similar improvements in the viscoelastic resptmg®eviously publish data on
solution blended hybrid$> ' The morphology of the solution blended sample is believed to be
purely intercalated as was supported by WAXD and TEM and in gooéragré with recent
publications which illustrated that polystyrene/clay nanocomposiesle using solution
blending alone resulted only in an intercalated morpholdyy® The scCQ pre - dispersed

Cloisite 10A was reprocessed in the presence of polystyteresis solution using the solution
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blended technique (sample PS-5%10Ape-sol) and in s¢€anple PS-5%10Ape-scG)an an
attempt to improve the clay dispersion in the resulting nanocompoHEitestorage modulus of
the sample PS-5%10Ape-sol and PS-5%10Ape-scG@mple exhibited a reasonable
enhancement (a half an order of magnitude) over the PS-5%10A-sol &%d 0@ -scCQeven
though all samples exhibit a similagodpeak (Figure 54). Pre - dispersing the clay increases the
surface area that is available for interaction with polymertduke decrease in tactoid size and
increase in disorder that clay undergoes during sc@©cessing and depressurization. The
fraction of individual platelets that has been delaminated (aersed by SEM - Figure 54)
should account for a reasonable increase in available surfacéoareteraction. The samples
prepared with pre - dispersed clay should have richer morphologgcdount for the
improvement observed in the rheological properties. Therefore, inSHa 0Ape-sol and PS-
5%10Ape-scC@® nanocomposites there a larger number of individual platelets prasent
tactoids contain a smaller amount of platelets compared t@thesponding PS-5%10A-sol and

PS-5%10A-scC@samples.
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Figure 54.Storage moduli of 280RS and PS/10A nanocomposites prepared with “as/est’eand pr-dispersed

10A. SEM pictures ofds received” 10A (bottom) and |-dispersed 10A (top).

3.5.2c Effect of nano €lay weightfraction on nanocomposite morphology and proper

The clay weight fraction effect on nanocompositesrphology wasalso studied by
preparing 2, 5 and 10 wt¥%ano— clay hanocomposites using scZO0A and 93A)and solution
blending methods(only for 10A. As expected, all 10A nanomposite and 93A
nanocomposites (Figure 55howed the same intercalation peak in WAXD regardless |laf
content. The gh; peak for all of the PS/Cloisite 10A samples shiftieel same amount from 1.
nm (Cloisite 10A) td.85 nm, wiich implies that the level of intercalation of 1@Apolystyrene
was independent of weight fraction. This correspormsn increase in the equilibrium ir-

gallery spacing of 1.93 nm for the Cloisite 10A aeompositesFigure 55. The lack of platele

35, 97

spacing dependence on weight fractis in good agreement with published c. In

contrast, the Cloisite 93A nanocomposites firgp; Spacing was only 2.85 n(kigure 55). The
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smaller final spacing in 93A, as previously discussed, was due torpotaeactions between
93As’ organic modifier and PS compared to organic modifier in 10AP&tkading to a smaller

amount of PS chains to penetrate the inner - gallery spacing of the nano — clay in 93A.
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Figure 55. X-ray diffractograms of “as received” Cloisite 1@hd 93A and PS/10A and PS/93A nanocomposites

with varying nano-clay weight fractions.

Even at weight fractions as low as 2 wt% clay, the sc@©cessed samples, PS-
2%10A-scCQ (Figure 56) and PS-2%93A-sce@Figure 57) displayed a low frequency
reinforcement in G’ which was not observed with the benchmark analgqgeséPS-2%10A-sol)
(Figure 56) indicating that the sc@@rocessed sample has a higher level of clay dispersion.
Though WAXD can only confirm the existence of intercalated dlaythe samples, this
improvement at such low weight fraction reinforces theelbehat there is a fraction of clay
platelets present that are well dispersed. As would be exp&ciedthe higher level of
intercalation and matrix interaction of the PS-2%10A-s£Gl@e low frequency plateau displays
half an order of magnitude increase over the PS-2%93A-scG@posite. The rheology data
for all 2% samples overlay for most of the frequency spectrumplying that though low

frequency enhancement may exist, the dynamics of the chaues ritd been significantly
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altered. PS-2%10A-sshowed no change at all over the pure polystyrene even though X-ra
diffraction showed that the composite is intercalated. Thisalgasobserved by Zhao et al. in a
solvent blended nanocomposite with similar clay loadifigs.n the same paper, it was shown
that their sonication technique gave well exfoliated composites, ancesllts for a 2.5 wt%
composite were comparable to our PS-2%10A-sc€inposite further substantiating the fact
that in the scC®processed sample the level of dispersion is significantly hitjiaer in the
solution blended benchmark.

At 5 wt% (PS-5%10A-scC8 G’ further increased signifying that a richer morpholagy i
present in the 5 wt% scGOsample where a percolation of clay platelets has occurred.
Furthermore, the G’ of the 5 wt% scg€ample even becomes larger than the 10 wt% solution
blended sample (PS-10%10A-sol) at low frequencies despite havingfhiddé clay content
(Figure 56). This further demonstrates that there has to bénerldigpersion level in the scGO
processed samples compared to the solution blended samples to obtaimguo/ements.
Also, there is a reasonable 40% increase in both PS-5%10A:scddS-5%93A-scCbver
pure polystyrene across the frequency range that continues untit Bad/8 where PS-5%10A-
scCQ begins to dominate. These reinforce the conclusion that,s@80and 10A samples are
at least semi-dispersed and that interaction with the PSxnadibws the 10A sample to give
superior reinforcement.

The viscoelastic properties of the nanocomposites with 10 wt%RE&,0%10A-scCQ
and PS-10%93A-scCGOboth showed significant improvement over the 5 wt% sc&nples
and the neat polymer across the entire frequency range dertingsthat the scC@sample
must have a high level of clay dispersion in order to achieve thiokingprovements. In the 10

wt% nanocomposites the nano — clay may form a more developed percatedk (not only a
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pseudo - network like in the 5 wt% nanocomposites) where there begtiay - clay network
not just clay-polymer-clay network where the stress can be efficeently transferred from clay
to clay platelets and/or tactoids. Noteworthy is the differdrateeen the composites prepared
with scCQ and the solution blended benchmark samples. As discussed earlier, bstiC@e
processed and the benchmark composites containing 10A showed thkegahof intercalation
in X-ray diffraction (Figure 23), and all of the 10A composites gtha higher level than the
93A. Though this is true, both of the 10 wt% composites processed in sh@@ed an increase
of 60% in G’ over the benchmark at high frequencies and more thandan of magnitude
increase in the low frequency plateau range. The s@@dgess for dispersing nano - clays has
been previously shown to give a high level of delamination in both @di&§A (Chapter 2§
and 93A&? and that some fraction of the clay has been well dispersedimbtregister in X-
ray diffraction as a shift or a peak. Therefore, the enhancemerddoelastic response for PS-
10%10A-scCQ and PS-10%93A-scCGxould be attributed to a large fraction of the clay being
dispersed during the GQlepressurization. The morphology of the non-sgc@f@cessed PS-
10%10A-sol is assumed to be purely intercalated, and the enhancer®&il08610A-sol over
the pure PS280 is theorized to result from the good interaction oflayemodifier with
polystyrene. This result seems to be in good agreement witfit igoek by Xu et af® and Han
et al®® who have shown that solution blending alone in polystyrene composites seajive
only intercalated morphologies, and work by Cho et al. that showethéha0A modifier should
interact well with styrene based polyméfs.

There is a lack of rheological difference between the 10A @A 10wt% scCQ
processed nanocomposites even though there is a reasonable diffardre clay intercalation

between the two according to X-ray and between their 2 and 5 wt% ngmosites. If both
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systems have reached a true percolated network it is podsbMe are effectively probing the
clay stiffness and the difference in clay-matrix intagactnay no longer be resolvable with this
measurement method.

Recent works in solution blending show similar results to the benchroarnkosites at
various clay loadings’® *® Sohn and coworkers saw no improvement at low clay loadings but
they obtain an order of magnitude increase in an intercalateda®arnocomposite. The scgO
processed 2% composite (PS-5%2A-sgCdisplays a viscoelastic improvement comparable to
their 10% sample in storage moduli at low frequencies. The claghwéaction study further
substantiates the conclusion that seC@ocessing of polymer nanocomposites leads to

improved clay dispersion.
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Figure 57.Storage modulus of 280k PS and PS/93A sc@®cessed hanocomposites.

TGA was performed on the 10 wt% scgénd solution blended nanocomposites 10A
and scCQ@ 93A nanocomposites to determine the change in the thermal decooipositi
temperature when the weight percent of clay is doubled compared3ont¥% samples (Figure
58). The TGA derivative is useful for determining the temperadtikghich the maximum rate
of decomposition (MRD) occurs (Figure 59). An increase in MR@mfr422°C for pure
polystyrene to 435°C, 433 °C and 439 °C for PS-10%10A-5d3310%93A-scC@and PS-
10%10A-solas observed (Table 16). The lower MRD for PS-10%10A-sc0@pared to PS-
10%10A-solcan be attributed to a higher level of platelet dispersion, andfdhera reduced
amount of polymer intercalated between platelets. The PS-10%10A-s0@dPS-10%10A-sol
samples displayed a 12 °C and 14 °C respectively improvement MRBecompared to PS-

5%10A-scCQ and PS-5%10A-solThe PS-10%93A-scCOnanocomposites only showed an
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improvement of 5C over PS-5%93A-scCOComparing the 10 wt% results with those from the

5 wt% samples it can be concluded that the higher the amount of polymer confined thehkigher t
higher the decomposition improvement for the same clay. This resnlgood agreement with
Morgan and co-workers who showed that reducing the amount of polyresraliated between
platelets also reduces the amount of relative decomposition improveiribe clay is kept
constanf? Moreover, using the TGA it was confirmed that the actual ldaging was in fact 10

wt% and that scC£does not remove any modifier during processing and/or depressurization.

Table 16. TGA Summary: Temperature at 10%, 50% Weight Losaximum Rate of Decompositions, and the

percent residual mass at 600°C (amount of chainl¢ifite nanocomposite).

Change in MRD % residual
Comparedto PS mass @

T:°C) Ts(°C) MRD (°C) (°C) 650°C (%)
PS280 395 418 422 0.4
PS-10%10A-scCQ 395 433 435 13.0 9.85
PS-10%10A-so0l 394 433 439 17 9.62

PS-10%93A-scCQ 396 435 433 11 10.01
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Figure 58. TGA of 10wt% PS/Cloisite 10A and 93A nanocomposites
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Figure 59.TGA derivative curves for 10wt% PS/Cloisite 10A &@%A nanocomposites detailing the improvement

in the maximum rate of decomposition of polymer ttueano-clay addition.
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3.5.2d Effect of scC@processing pressure and processing time on the morphology and
properties of the resulting nanocomposites
Effect of processing time

The effect of scC@ processing pressure and processing time was investigateud in a
attempt to gain a better understating on the sg@@@cessing method. The aim is to optimize the
process in order to maximize nano — clay dispersion and/or nanoccenpagierties. The X-ray
diffraction again did not show any significant differences letwany of the seven samples
probed (figure not shown - however Figure 53 shows the figalsgacing for the 24 hour and
13.79 MPa nanocomposites which is the same as all the other samppleamples displayed
the same increase in the inner - gallery spacing from 0.92 ri8%onm. However, there is a
47% improvement in low frequency storage modulus between the sample processed for 0.5 hours
(PS-5%10A.5-scC® to those professed for 4 (PS-5%10A4-sglCOand 12 hours (PS-
5%10A12-scCQ). Moreover, the sample that was processed for 24 hours (PS-5%10A4)scCO
showed a 130% improvement in low frequency storage modulus compared santipde
processed for 0.5 hours (Figure 60). Using WAXD it was not possibieake a conclusion
regarding the “true” dispersion state on the nanocomposites siideniot show any differences
between samples when the same nano - clay was used. In thupregction the results from
the rheological properties were use to investigate the nanocompwositphology and/or the
polymer-clay interactions. The higher the storage modulus was, dherthe level of nano -
clay dispersion in that particulate nanocomposite if the same nclay was used. Therefore,
the sample that was processed for 0.5 hours it is expected to hawerdevel of dispersion
compared to the other nanocomposites as evident by the lower lewrap@ivement in the

storage modulus compare to PS. However, the dispersion in the 4, 12 and 2prboessed
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nanocomposites is expected to be similar since all showed compedrablegical properties.
The results from the processing time study illustrated tiafptocessing time does not play a

significant role in improving the morphology of the nanocomposites and viscoelastictigpe

107 E =
g i, -

106 1|

16 | i

PS280

104 + v PS-5%10A-0.5 hrs.-scCQ

G' (dyn/cm?)

i = PS-5%10A-4 hrs.-scCQ
108 - / » PS-5%10A-12 hrs.-scCQ

i “o - PS-5%10A-24 hrs.-scCQ
102 F 3

B e L L " "' Lo L L

10 10° 104 10® 102 10! 10° 10t 1%
a;o(rad/s)(T, =140C)

ref

Figure 60. Storage modulus of 280k PS and PS/10A sc@&hocomposites processed at various 0.5, 4, 124nd

hours.

Effect of processing temperature and pressure

The effect that the scGOprocessing pressure has on the resulting nanocomposites
morphology has been investigated by processing three nanocompadsit@soas pressures
(10.34MPa (PS-5%10Ay-scG 13.79MPa (PS-5%10A-scGPand 27.58MPa (PS-5%10Az-
scCQ)) at 80°C for 24 hours. The density of £8s a function of temperature at various
pressures (diagram in Figure 61) shows that the d&Dsity can be increased by increasing the
processing pressure and lowering the processing temperatureWAKP did not show any

differences between the three sg@@ocessed samples with all displayingoeg; ¢heak at 3.85
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nm. However, rheological measurements did show some differeneesebethe three samples.
The nanocomposite that was processed at 10.34 MPa showed a 2.5 ordernifidmag
improvement in the low frequency storage modulus compared to pufédee(62) indicating
that even when the sample is processed at the lowest pregpufasmt improvement in
dispersion can be achieved. Moreover, when the processing pressuirest@ad increased to
13.79 MPa the nanocomposites showed a further improvement in the stardgkisnat all
frequencies indicating that the polymer dynamics have beeredlt@ore, possible due to
improved nano - clay dispersion in the PS-5%10A-sc@&ocomposite compared to the PS-
5%10Ay-scCQ nanocomposite. If the processing pressure was doubled to 27.58 MPa, the
nanocomposite (PS-5%10Az-scg@isplayed a further improvement in rheological properties
compared to the nanocomposites processed at 13.79 MPa (PS-5%10A-sthi® study
revealed that the processing pressure does play a role in the resultingmaositmmorphology

as evident by the differences in the rheological measurerbettgen the three nanocomposites
studied. In the 5 wt% the 10A scg@e “pseudo” percolation threshold was attained and that
the polymer - clay interaction play a key role in obtaining impaoteological measurements.
Horsch et al. showed that as the processing pressure issedrége nano - clay (no polymer
matrix present) displayed improved dispersiSrs the processing pressure was increased from
10.34 to 27.58 MPa the tactoid size decreased and the number of individektplthat are
present in the nanocomposite increased, creating a largeresart that can be available for
polymer - clay interactions. The increase in the surfacéhatecan be available for polymer -

clay interactions led to improvements in the nanocomposite viscoelastic papertie
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Moreover, the processing temperature is supposed to have a biggepef@Q density
change than the pressure since the, @énsity increases more as the process temperature
decreases than when the pressure increases (Figure 61). Howeter temperature decreases
so does the polymer solubility in G@nd/or solvent. The complete effect that temperature plays
on the scC@processing of the PS/clay hanocomposites cannot be entirely pdedidwever,
the effect of temperature was not studied because at a tomperlround 100°C styrene
inhibitor becomes less effective and the possibility of polymeoizas increased. Furthermore,
when a low temperature is used the viscosity of the styreneAp@gsiclay mixture would be
higher than at 80°C (the temperature that was used throughout theeatddn case of styrene
polymerization the risk of the stirrer mechanism being damaltyed to higher viscosity is
increased (the motor that controls the stirring). Thereforeetteet of temperature was not
investigated in this study. A different study where the systdhbe in the melt state should be
performed where the effect of temperature on the nanocomposite nogpleain be studied
more effectively (Chapter 5).

3.6 Conclusions

A series of dispersed polystyrene/clay nanocomposites wecessfully created using a
novel scCQ@ process. The effects of several processing parameters weestigated
(depressurization, scG@ontact, filler concentration, nano - clay dispersion, processess e
and time) on the resulting nanocomposites morphology and properties watigateel by
several characterization methods in an attempt to gain a hettkerstanding on the scgO
processing technique.

It was shown that scCGprocessing of polymer - clay hanocomposites in the presence of

a solvent significantly improved the dispersion state of the clathe polymer matrix to a
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magnitude that was relatively modifier independent. When thiagsled with favorable clay
-polymer interactions, significant property enhancements occukeda result of scCO
processing, nearly a 4-fold reduction in average tactoid size asigndicant increase in
dispersed single platelets leading to the formation of claly eetworks and an increased
surface area available for polymer - clay and polymer - wlaglifier interactions was obtained.
Despite Cloisite 93A’s lower interaction strength with the polymatrix, the scC@ process
produced similar magnitude reduction in average tactoid size compaf@ebtably interacting
Cloisite 15A and 10A. It was also shown that significant dispersithput strong polymer-
clay interactions (as in the case of PS/93A nanocompositesyavasifficient for significant
property improvement. Conversely, strong interactions without signifidispersion also could
not provide high levels of enhancements. To maximize the viscoedastitransport properties,
a polymer - clay system with not only good clay dispersion but gdsal interactions and a
processing technique, that produces high levels of dispeesigrs¢CQ processing) needs to be
used. Improvements as high as 3 orders of magnitude in the low rfoygst®rage modulus
were observed in nanocomposites processed with s¢#D had favorable polymer - clay
interactions (5wt% 10A and 15A) and only an order of magnitude when poacinber were
present (5wt% 93A). Moreover, a significant reduction in oxygen periitgabas observed
when good polymer - clay interaction were present 45% (5wt% 10Ap@#d(5wt% 15A) and
when poor interaction were present the reduction was only 6% (888). The scCQ
processed 5 wt% nanocomposites showed a reduction in oxygen proper2@stof50%
compared to solution blended benchmark due to enhanced dispersion presense@Ghe

processed nanocomposites.
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Replacing “as received” clay with pre — dispersed clay led tbfferent, more richer
morphology. Although, there were still platelets in tactoids foh@m &amount of individual
platelets has increased leading to an increase in the suréecéoa polymer - clay interaction.
This in turn led to a further improvement in rheological propertnes ance again emphasized
the positive effect clay dispersion has on the material properties of polystyrene

The presence of scG@lone during processing improved the polymer transport to the
clay surface as evident in the enhancement in rheological neeasuis. However, when the
polystyrene/10A system was rapidly depressurized, it led tonproved clay dispersion and
further reinforcement of the matrix compared to slow depressonzaimplying that clay
platelets are effectively being dispersed by the dramd&liceXpansion. The scG@rocessing
time did play a small role in enhancing nanocomposite morphology and ricablpgperties.
However, there was only a small improvement from processing fémous to 24 hours. As the
processing pressure was increased from 10.34 to 27.58 MPa, nanodisglassion was also
increased. The increased surface area available for polymday- interactions led to

improvements in the nanocomposite viscoelastic properties.
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CHAPTER 4

Role of Polymer-Clay Interactions and Nano-clay Disersion on the
Viscoelastic Response of Supercritical C{Dispersed Polyvinylmethylether
(PVME)-Clay Nanocomposites

Over the past decade, considerable effort has been put forthaostamdl the structure-
property relationships of polymer/clay nanocomposites. In partjcthar linear viscoelastic
response of polymer-clay nanocomposites has been extensively studieter to understand
the mechanical and rheological properties of these systemslaidate how these properties
relate to the type of microstructure/mesostructure fornféd’® 19292 |n general, these
investigations revealed that the principle of time-temperauperposition is obeyed with the
temperature dependence of the frequency shift factpb@ng independent of silicate loading
and dispersion. Moreover, the mesoscale dispersion strongly impactwhéequency
viscoelastic behavior of the dynamic moduli and the low sheawistesity. Good dispersion
typically results in a low frequency plateau in the storage misdi@’) and diverging complex
viscosity at low shear rates. The pseudo solid-like behaviobdws attributed to a “so-called”
percolated structuré® However, as Krishnamoorti and Giannelis demonstrated for egampl
sufficient active interactions between the polymer (soft phase)ttze clay (hard phase) is a
necessary component for pseudo solid-like rheological behavior to bdepte¥® In some of
their nanocomposites, the matrix polymers utilized were only ljigahtangled yet a low
frequency plateau was observed in G’ suggesting that entanglenmanta necessity for pseudo
solid-like behavior to exist. We have recently reported the rhae@bgesponse of dispersed
PDMS/clay and PS/clay nanocomposites prepared by a novetcstipgl CO, (scCQ)
processing method. In these nanocomposites the pseudo solid-likieebpyency response

appeared dependent on the “effective” molecular weight of the poRfmérour results suggest
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that low molecular weight polymer chains may preferentialimgport to the nano-clay surface
because of their increased solubility in seC8s a result, the polymer chains interacting with
the nano-clay surface are too short to form a network with the bulkmpolor other clay
structures and liquid-like behavior is observed even when the nanasdlahly dispersed. We
have also seen pseudo solid-like behavior in PS based nanocompbaitesave good
interactions between the PS matrix and the nano-clay suffat€In the case of the PS based
nanocomposites the molecular weight of the polymer was 5000 g/mdl, belw the
entanglement molecular weight of PS, and as such the chamesnet capable of forming a
network between chains on the clay surface and the host matrpefdriee it appears that in the
absence of good interactions, high molecular weight polymers nilalyestible to help sustain
the mesoscale structure. In cases where good polymer-ciradtibons exist, entanglement
between chains on the clay surface and in the bulk may not be aangagssaponent to sustain
the structure.

In this chapter, the role of polymer-clay interactions andr fdispersion on the linear
viscoelastic response aofcCQ processedpolymer clay nanocomposites is investigated.
Polyvinylmethylether (PVME) was chosen as the host matnxnatural montmorillonite and
three organophilic nano-clays. PVME appears to be highly sweliablecCQ even at a
molecular weight of 90,000 g/mol. In contrast to other se8&kllable polymers, such as PDMS
and PS, PVME is hydrophilic, and may enable processing of even Inalaya Natural
montmorillonite was chosen as a reference for the strength gbdlyener-filler interactions
because it has weak interactions with PVME. Poly(ethylendepXPEO) was also used as the
host matrix for natural montmorillonite to compare the extefE®D-filler interactions with that

of PVME-filler interactions. In contrast, the organophilic claged in this study may have
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varying degrees of interactions with the host matrix, in addition tongadifferent clay
dispersions upon scG@rocessing. Specifically, Cloisite 30B (methyl tallow bikygiroxyethyl
ammonium salt) may form a hydrogen bond between the host mattixhansurfactant, and
Nanomer 1.30P (trimethyl hydrogenated tallow ammonium saltphasderate loading of alkyl
groups, thereby altering the extent of the polymer-clay inerecin each system. TleeCQ
processednanocomposites were contrasted with a highly dispersed (disord€tetjte
Na'/PVME nanocomposite produced from a solution cast/freeze drying metfibdyater as a
solvent. As a result of the selected processing conditions, tteearaposites produced via the
scCQ methodhad intercalated or disordered intercalated morphologies.

The rheological response of the partially exfoliated CloN#&PVME nanocomposite is
compared with the response of the intercalated CloisitéPN&E nanocomposite to understand
the role of clay structure on the linear viscoelasticity wkdkly-interacting” polymer/clay
nanocomposites. The rheological response of CloisitéPE® was compared to that of Cloisite
Na'/PVME to understand the role of polymer — clay interactions invtieenanocomposites and
demonstrate that in the case of PVME/Ngstem there are weak interactions present. And, the
viscoelastic response of intercalated organophilic clay-PVMibe@mmposites is compared to
the intercalated “weakly-interacting system” to determime impact of specific polymer-clay
interactions. The molecular weight of the polydispersed PVME usdHis study is 90,000
g/mol, which has ~ 13 entanglements per chain and should be of stfticaém length to create
a network between polymer chains near the clay surfacdyulkepolymer, and the mesoscale
structure (PVME has an entanglement molecular weight of 6456l ¢/ In addition, all the
nanocomposites had a nano-clay loading of 15 wt% to ensure that aafeztcsitucture could

form even if the nanocomposites were intercalated. The existdn@é'so-called" percolated
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structure allows probing the role of polymer-clay interactionsherability to sustain this nano-

clay network under deformation.

4.1 Materials

In this study Cloisite 30B and Raand Nanocor I.30P nano-clays were used. The
composition and physical properties of the clays are summarized in Table IFVWiteused in
this research was purchased from Scientific Polymer Product hecpolydispersed PVME used
had a weight average molecular weight of 90,000 g/mol (density of Inisag20C) and was
shipped in water. Before nanocomposite preparation, the PVME was coe8i@ and placed
in a freeze dryer for 4 days to remove the water. The polyrastten dissolved in toluene and
filtered to remove any impurities. The toluene was removed in @waoven operated at 8D
for 2 weeks. The PEO used in this study had a molecular weightOgdQID g/mol and was

purchased from Scientific Polymer Product Inc.
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Table 17.Nano-clay surfactant composition, basal spacingd,datelet density, as reported by supplier. T is

Tallow (~65% C18; ~30% C16; ~5% C14) and HT-Hydmated Tallow (~65wt% C18; ~30wt% C16;

~5wt% C14).
Nanoclay Name Organic Modifier odd Spacing (nm) Density (g/ml)
Cloisite N& None 1.2 2.86
CH,CH,OH
Cloisite 30B T — N'—CH, 1.85 1.98
CH,CH,OH
CH,
1.30P HT— +*—CH3 2.25 1.71
CH,

4.2 Methods of characterization
4.2.1 Wide-angle X-ray diffraction

WAXD was used to determine the inter-gallery spacing ohta clay and the clay in the
polymer-clay nanocomposites. Thgodspacing was determined using the JADE software
accompanying the diffractometer. The inter-gallery spacing eadculated by subtracting 1 nm
(platelet thickness) from theodd spacing. All data were collected using a Rigaku Rotaflex
Powder Diffractometer with a CukX-ray source 7(=1.54Z\) and an accelerating voltage of 40
kV at a current of 150 mA. To perform scans, samples were placadcustom made zero
background quartz sample-holder that is 0.9 mm in depth. Diffracéitanvaas collected from 1
to 10 degrees 2 theta at a step size of 0.03 degrees andeabfl0& degrees/minute. XRD was
collected before and after performing melt rheological mmegsents to assure that that no

changes are taking place during rheological measurements.
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4.2.2 Rheology

Melt rheological measurements were performed under oscillahear using an RSA I
rheometer (shear sandwich geometry 15.98 x 12.7 x 0.5%.vleasurements were carried out
at temperatures of 30, 55, and@dor PVME and 80°C and 100°C for PEO; and the data were
time-temperature superimposed by using a frequency shift fégjorThe experimental shear
frequency range was 0.04 o < 100 rad 8 for all samples. The samples were loaded,
compressed and allowed to equilibrate for 1 hr at the desirguetatare. Linear viscoelastic
measurements were made at low straygs<(0.07) and strain sweeps were performed to ensure
the dynamic moduli were independent of the strains utilized. Eathok rheological
measurements took about 10 hours and after the first set was @ampletecond set of
measurements were carried out the following day to check results repratucibil
4.2.3 Thermogravimetric analysis

TGA of the nanocomposites was performed on a Perkin-Elmer Ryrnisstrument.
Measurements were done in a nitrogen atmosphere and at a hagging t6C min* over a
temperature range of %D to 550C. The sample was loaded af@0and raised to 5C over a
period of 10 minutes. The sample was allowed to equilibrate for an additional 10 nainbi®s
prior to starting the temperature ramp test.
4.3 Nanocomposite formation

The scCQ processing method exposes the polymer nano-clay mixturestm@dhigh

pressure vessel; the system is then raised above the qoiicdlfor CQ and the material is
allowed to soak for an appropriate time; the system is theidly depressurized to atmospheric
pressure. A preliminary hypothesis for the mechanism is: duringpidie step, under the selected

processing conditions, the mixture of the Gd polymer diffuses between the clay layers. The
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high diffusivity and low viscosity of the G&philic polymer in the mixture enable clay layer
penetration. During depressurization, expansion of the st@@veen the layers pushes them
apart resulting in delaminated or intercalated nanocomposites. WhetiGhes completely
removed the organic material remains between the layers, cahaéngurfaces of the layers,
exposing the host matrix to the large available surface area of the agaocl” 1%
4.3.1 Nanocomposite formation using the scGrocessing technique
Three PVME/clay nanocomposites were formed via scOcessing: 15 wt% Cloisite

Na" (15-NA), 15 wit% Cloisite 30B (15-30B), and 15 wt% 1.30P (15-1.30P). Alst5 avt%
Cloisite N&/PEO nanocomposite was processed via sc@@©cessing. The nanocomposites
were formed by mechanically mixing the nano-clay with PVMEPEO and then processing the
mixture in scCQ, under quiescent conditions, for 24 hrs at a temperature’Gfartd a pressure
of 13.78 MPa. The system was then rapidly depressurized to atmosplesstire. The high
loadings of nano-clay were to insure a percolated structure poasible even if the
nanocomposite was intercalated rather than exfoliated.
4.3.2 Nanocomposite Formation using the solution cast freeze drying method

A natural montmorillonite/PVME nanocomposite (15NA-S) was formganixing 1 g of
Cloisite Nd with 500 ml of distilled water in a sealed container. The méxafrclay andvater
were vigorously mixed for 96 hrs at which time 5.7 g of PVYME wadded. The mixture was
stirred for an additional 48 hrs, rapidly frozen with liquid nitrogen ket in a freezer at -8G
for 12 hrs. The frozen mixture was placed in a freeze dryet4odays to remove the water.
Immobilizing the exfoliated nano-clay platelets in a polymetrixwavia freezing the mixture
prevented the nano-clay platelets from re-organizing into tictduring the removal of the

solvent.
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4.4. Nanocomposite characterization
4.4.1 Determination of clay mass fraction in organophilic nano-clays

The organophilic nano-clays consist of platelets and organicallyfieddammonium
salts. In determining the percolation threshold for the nano-claynecessary to know the mass
fraction of clay because only the clay plays a role in theingethe percolated network. In order
to determine the mass fraction for a particular nano-clayy agalysis was performed. Analysis
was performed on all the organophilic nano-clays and sodium montmdelldime natural clay
was tested to ensure that the clay itself did not decompose andtiskeesults of the TGA
analysis. Further, the testing was performed in the absence of ggotgnguarantee that the
weight loss was only due to the ammonium salt modifier on thescidgce. Cloisite Na 30B,
and Nanocor I.30P retained 94%, 76% and 68% of their total mass neslygétigure 63). The
actual loading of clay in 15-30B, and 15-1.30P samples is 11.4 wt%, 10%3%espectively, and
the loading for samples 15-NA and 15NA-S is 14.1 wt%. The 6% reductiaright of the
Cloisite Nd was attributed to evaporation of water and the weight lossdseinrganophilic
clays was attributed entirely to loss of organic modifier. Tbtiah weight fraction of clay
ranged from 10.35 — 14.1 wt%, which is still well above the theoreegarted value of 4 — 7
wt% (1.4 — 2.7 vol% - depending on the clay used and its density) nemdpédréolation to
occur.®' Assuming that the inorganic clay layers have the density of thedified nano-clay
matter (2.86 g/crhfor Cloisite series and 2.6 g/érfor) both Cloisite 30B and Nanocor 1.30P
nanocomposites contain 4vol% of inorganic matter. Cloisite Naocomposites contain 5
vol% of inorganic matter. The percolation threshold depends on the morphafldgg clay
(aggregates, self-assembly, interlaced, exfoliated, or any natin of these) and it can occur

above or below the theoretical value. However, in this study aheples are well above the
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theoretical threshold and it is reasonable to assume that the agadial/e formed a “so-called”

percolated network.
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Figure 63. TGA analysis of pure nano-clays, Cloisite'N@&loisite 30B and Nanocor 1.30P, The 6% reduction

weight of Cloisite Nais attributed to the evaporation of water.

4.4.2 Role of substantial nano-clay dispersion with ‘weak’ polymer-clay intections

In this section, the role dadubstantialnano-clay dispersion on the linear viscoelastic
response in systems where only “weak polymer-clay interactemespresent was investigated.
In order to achieve this goal we have prepared two PVME/Cldikitenanocomposites. In one
of the samples Cloisite Navasintercalatedwith PVME viascCQ processingsample 15-NA)
and the other was highly dispersed in PVME via a solution casterdrying method using

water as a solvent (sample 15NA-S). The nano-clay, Cloisitess chosen for two reasons:
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(2) it swells and disperses in water (the use of a high coatentwater-PVME-clay solution,
and the subsequent freeze drying is expected to largely préagmeaggregation), and (2) there
are no oligomeric modifiers to form solvent/solute interactions, dgalr bonds, or any other
specific interactions with the host PVME. Therefore, these twipks are used to clarify the
role of dispersion on the linear viscoelasticity‘wkakly interacting” polymer clay systems as
well as providing a reference point for the polymer-filler iat¢ions. Also, we have prepared an
intercalatedCloisite Na/PEO nanocomposite using scEt@chnique to attempt to compare the
extent of polymer/clay interactions in the seG®ocessed Cloisite Nd&PVME.

PVME versus PEO:

WAXD was used to determine the nano-clay morphology in the host P&MEPEO
polymer (Figure 20 and Figure 65). In contrast to the organomialis (to be discussed later in
section 3.1) the Cloisite NlPVME sample (15-NA) displayed a low intensity, poorly-defined
dooz diffraction peak and an absence of higher order peaks. Tacteidaiid not be determined
for this sample using the Scherrer equation because the ddfrgotiak did not resemble a
Gaussian distribution and the intensity was too low. The diffractiomerpad for this
nanocomposite was collected again with at a slower rate 0.1 degreein an attempt to obtain
a better peak, but no significant changes in the diffracticienpatvere observed. One possible
explanation for the low intensity peak is that the inter-galkpscing of the Cloisite Nan
sample 15-NA achieved a similar equilibrium spacing as the o#gfaitio nano-clays resulting
in weak parallel registry of the clay platelets. If thetqdlets are not parallel and one side/end is
more open than the opposite, the inter-gallery spacigng) (cbuldn’'t be determined since the
spacing varies from one end to the other and WAXD is not sensitiestonorphology. This

expansion correlates to more than an order of magnitude incredseimetr-gallery spacing of
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Cloisite Nd (~ 0.2 nm to ~ 2.6 nm). Since the clay platelets are held togafhean der Waals
forces, Lennard - Jones potential is often used to model such fordethea attractive force
scales inversely with the distance between attractivecjgartio the 8 power.? Therefore, the
attractive forces decrease exponentially as the platal@inde increases. Further, in the case of
Cloisite Nd, there are no oligomeric modifiers on the surface that cast assitabilizing the
parallel registry of the platelets at large distances.

A distinctive difference between the scC@rocessed N&PEO nanocomposite and the
scCQ processed N&PVME nanocomposite is the smaller final inter-gallery sgacihl.9 nm
for the PEO sample compared to 2.6 nm for the PVME sample (15AApugh, both scC®
nanocomposites are intercalated, the smaller final spacingndiggtes that a smaller amount of
polymer may have penetrated the inter-gallery spacing of lthisit€ Na/PEO nanocomposite.
There might be some polymer that has been intercalated initrdesgiacing of the clay layers;
however this could be the possibility in all the nanocomposites andalieved that it does not

play a big role in the final results.
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Despite showing a much smaller final inter-gallery sppciompared to 15wt% Cloisite
Na'/PVME nanocomposite, the 15wt% Cloisite 'RREO nanocomposite shows an
approximately 2500% improvement in G’ at low frequencies over puf@ &&ng with a low
frequency plateau (Figure 67). In contrast, the Cloisité/M&VE only shows a 100%
improvement in G’ at low frequencies and does not display a logudrecy plateau in the
frequency range tested. Since the extent of dispersion isrhighthe Cloisite N¥PVME
nanocomposite (based on WAXD), the lack of a substantial improvem#m iow-frequency
moduli (compared to PEO system), suggests that the extent raiciives between Cloisite Ka
and PVME is ‘weak’, at least relative to that of PEO. Furtitee, the intercalated Cloisite
Na'/PEO nanocomposite shows 'comparable’ improvements in G’ at low fregsecompared
with the “highly dispersed” 15-NA-S sample, further supporting taéncthat the level of
interactions between PEO and Cloisite” Nae stronger than in the case of PVME and. Na
Pandey and Farmer showed that in the presence of repulsive pohatter clay layers exfoliate
and in the presence of attractive polymer matrix, clay platéteercalate’®. Their findings
further support our WAXD and rheological observations. StrawheckeMands indicated that
there are strong specific interactions between the ether oxggdribe sodium interlayer cations
between PEO and Cloisite N¥° PVME is a water-soluble polymer, with a sub-ambient glass
transitions temperatures and very similar solubility paraméiterdPEO with one ether linkage
per repeating unit. While PVME is unable to crystallize &)Pcan, these polymers are
otherwise quite similar. Therefore, it is expected that PMiEhave some interactions with the
sodium ions present in-between the layers of Cloisife Nawever, in NYPVME sample these
interactions are very weak compared to’/REO sample as evident from the significant

differences in the rheological behavior between the two nanocomp@agese 66 and Figure
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67), despite a larger inter-gallery spacing in the PVME nanocateposmpared to the PEO
sample (Figure 64 and Figure 65). Therefore, we will refehé Cloisite NSPVME samples as
“weakly interacting” as a basis of comparing them to othgamcally modified clay/PVME

samples which can exhibit other more favorable interactions.
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Figure 66.Storage and loss moduli for PEO and PEO/15wt% (@oléa” nanocomposite with a reference

temperature of 80°C.
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temperature of 80°C for comparison with the PEGConamposites.

PVME — highly dispersed versus scGProcessed

A key difference between tlseCQ processedamples and the freeze dried sample is the
absence of a coherent diffraction peak for freeze-didaple 15NA-S (Figure 64). The lack of a
doo1 diffraction peak in this sample is indicative of a “highly dispdfsnanocomposite. This is
expected because Cloisite Nawells and dissociates in water. The presence of the polynaer i
viscous water solution, and the subsequent lyophilization would be expeateduce the re-
aggregation of some of the clay platelets that is usually sesalution blending. Although a
disappearance of the peak in XRD does not alone indicate exfolidi®m)ay loading in the
sample is high enough (3 times higher than that needed to produce a cohegatiodiffreak) to
ensure that WAXD provides an adequate representation of the clapotmyy. Morgaret. al
showed at silicate loadings of less than 5 wt%, coherent diiragi@atterns were not always

present® The absence of a diffraction peak was further corroborated by icexddit
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measurements on different regions of the sample which reagrmosed onto the reported
diffraction data. Therefore, we fully expect that sample 15NAsSa highly dispersed
nanocomposite. It is worth noting that WAXD data collected from mdiffe regions of the
intercalated Cloisite Nabased nanocomposite (15-NA) and other similar samples, not otherwise
discussed in this paper, always resulted in a small but percediffbdetion peak. This suggests
that at these filler loadings it is unlikely that a significant decreaaparallel registry alone could
account for the lack of a diffraction peak from sample 15NA-Srhtiter the platelets are
separated beyond the small angle limit of WAXD.

Linear viscoelastic measurements of theercalated “weakly-interacting” scC@
processed nanocomposite (sample 15-NA) show a 100% increase @aiGhe plateau region
and the terminal region (Figure 68). The frequency dependence afrthemic moduli is similar
to that of pure PVME. The crossover frequency (Figure 70) of tkecalated scCOprocessed
sample is factor of 2 lower than that of pure PVME. Even thoughigha filled system, with a
spectrum of relaxation times, the small change in the matrix chassover frequency suggests
that the chain relaxation may not have been significant alteretthebglay. This could be a

consequence of weaker polymer-clay interactions and relatively poor dispersi
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Conversely, the frequency dependence of the highly dispersed “wed&hacting”
nanocomposite (sample 15NA-S) is distinctly different from thahefhost matrix (Figure 69).
The dynamic moduli for the highly dispersed nanocomposite do not exdmitngl relaxation
behavior like the host matrix or the intercalated nanocomposite. GGarate more than an
order of magnitude higher, at low frequencies, than the neat malfe 15NA-S
nanocomposites exhibits non-terminal behavior witt@°® and G”a %’ rather than Ga v?
and G”a o which may be due to the pseudo-solid network form by the presetioe ditpersed
nano-clay. The cross-over frequency for the highly dispersed nanoctenigaaiso significantly
decreased relative to the host matrix (~ factor of 7). Whehking at a log-log plot of the
dynamic moduli vs. frequency, the G’ and G” curves of the partiedfpliated “weakly-
interacting” hybrid display an extended region where theireshbre very close, which makes it
difficult to see the cross-over frequency. In order to clarifydfuss-over frequency shifts, the
dynamic moduli for the neat polymer and the hybrids are plotted og-bnkar graph, which
clearly reveals the cross-over points of the two nanocompositgweeio the neat PVME. The
temperature dependence of the frequency shift factgyddaintercalated “weakly-interacting”
and partially exfoliated “weakly-interacting” hybrids appearltgmad by the silicate loading and
the degree of dispersion suggesting that the temperature dependerntsg relaxation
dynamics are unaffected by the presence of the silicat¢ f@ttiér plots can be seen as inlays in
the plots of dynamic moduli). This behavior has been well documefdedmany
nanocomposites and is attributed to the small percentage of pollaies ¢that are constrained
by the silicate surfac. Interestingly, the global relaxation dynamics of the polycieins
appear to be sensitive to the degree of silicate dispersion e mpthe significant change in

characteristic relaxation time (~n/&y) of the nanocomposites relative to the polymer. The
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characteristic relaxation time of the intercalated nanocompissitel6 sec compared with ~ 8
sec for the neat polymer matrix. The partially exfoliatedotamposite has a characteristic
relaxation time of ~ 52 sec. Chain dynamics of polymer confingeddibpersed nano-clay
platelets may deviate significantly from that in their one-compbmeelt. Polymer-clay and
clay-clay interactions add further complexity by introducing radaile relaxation processes.
For example, when clay dispersion is significant, there can heagbple interactions between
the clay and the polymer, thereby contribution slower relaxation madesh lower the
‘overall’ terminal relaxation times. In contrast, when therpder dispersion, the polymer-clay
contacts are diminished, with the matrix polymer relaxatiomiypainaltered. In our system, the
differences in the cross-over frequency may provide insights intodduygee of silicate
dispersion. The cross-over frequency of the partially exfoliatedatanposite is much lower
than that of the intercalated nanocomposite, most likely the @shiljher exposed surface area
in the case of the partially exfoliated sample, slowing downrtieah terminal relaxation’ of the

polymer chains.
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Figure 70.Log-linear plot of dynamic moduli vs. reduced fueqcy to more clearly show the cross-over frequency

of the neat PVME, 15NA and 15NA-S.

In addition to changes in G’ and G”, the complex viscosity also eghsignificantly
different behavior as a function of dispersion (Figure 71). The in&ecasample (15-NA) has ~
150% increase in “complex” zero-shear viscosity and displays dwéavi-like behavior at low
frequencies like the neat polymer. At the lowest frequenciesurad the highly dispersed
sample (15NA-S) has ~ 1000% increase in viscosity relative toostematrix and exhibits shear
thinning behavior at all shear rates measured. Although, G’ and @&ieohighly dispersed
sample never becomes independent of frequency, and the zero-sheatyvik@ssnot diverge,
it is clear that dispersion still plays a key role in the viscoelassigonse of “weakly-interacting”

polymer silicate nanocomposites.
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Figure 71.Complex viscosity of the neat PVME, 15NA and 15SA-

4.4.3 Role of polymer-clay interactions with comparable levels of intercalation

In the previous section the impact of nano - clay dispersion on tlterimeelogical
properties of nanocomposites when “weakly-interatiRy ME-clay hanocomposites are either
‘highly dispersed’ or ‘intercalated’ was described. In thistisa the role of polymer-clay
interactions on the viscoelastic response of a series of PUYiyho-clay nanocomposites using
three intercalated organophilic clay/PVME nanocomposites mdpdaia scCQ processing
[Cloisite 30B (sample 15-30B), and I.30P (sample 15-1.30P)], is iigatst. The extent of
polymer-clay interactions could vary with each of the organicalygified clays. Cloisite 30B is
expected to form hydrogen bonds with PVME. All the nanocomposites descursthis section
were made via thecCQ processand as a result of the selected processing conditions are

intercalated.
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The presence of hydrogen bonds in sample 15-30B was studied usingg€ttiRoscopy
(Figure 72). IR spectroscopy of Cloisite 30B shows a smals@®étching peak at 3650 ¢hiNo
OH stretching peak is present in the pure PVME or clay). Tdmceomposite displays two
distinct peaks in the region for OH stretching, the one at 3650acenfree hydroxyl groups and
the peak at 3350 cfare hydroxyl groups which have formed weak hydrogen bonds with the
PVME (Figure 72c). The proposed hydrogen bond may be betweenrtaetant and the PVYME
(Figure 72d) not directly with the surface of the nano-claysathe case with polyamide-6
nanocomposites. The hydrogen bonds are considered weak because thmevadng inumber
relative to the wave number of the free hydroxyl group istless 500 crit. The FTIR spectra
of the other polymer-clay systems did not show the presence @dalityonal peaks other than
these from PVME and clay. It is difficult to quantify hydrogen bondimgractions in these
complex systems. The detailed characterization is beyond the etdhe manuscript. The
difference in the FTIR spectral signatures between thereliffeclays, may be indicative of

hydrogen bonding, as used before by oth8fs'®
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spectroscopy of PVME shows the absence of an imeular hydrogen bond peak (3350 BYm(c) FTIR
spectroscopy of sample 15-30B has an intermoletyidrogen bond peak (3350 ¢jn(d) Proposed hydrogen bond

between surfactant and PVME.

The inter-gallery spacing of [.30P (sample 15-1.30P) and Cloisite 30B (sample 15330B) i
PVME was determined to be 2.7 and 2.4 nm respectively (Figure 73 ané F#). These inter-
gallery spaces represent an increase of 1.2 nm for [.30P and 1.55 @ioikite 30B. This
increasing in spacing may be a strong indication that polymepdrastrated the space between
the clay platelets. In addition to a decrease in the Bragg,aimglicated by the increase in the
basal spacing, diffraction patterns from the nanocomposites fornoea the organically
modified clays (samples 15-30B, and 15-1.30P) exhibited changes irppeaé& compared with

the “as-received” clay. Specifically, the peak breadth atwidth half maximum “B” decreased
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in the nanocomposites relative to their corresponding as-received lagndrbe decrease in
peak breadth is expected with intercalated nano-clays because thellelagsgaxpand, resulting
in an increase in the overall tactoid size (height). Previoesirels shows that small crystal sizes
give broad diffraction patterns and larger crystals have narmparns-° The shape and width
of the diffraction patterns were analyzed to provide a rough appatiwimof the tactoid size.
Because the diffraction patterns produced by the organo-philic naposags were Gaussian in

nature we employed the Scherrer Equation to determine the average tackmeshi

Table 18 The first entry in each column refers to the namagosite and the second, in parenthesis,
refers to the as-received nano-clay correspondirgy garticular nanocomposite. n/a appears where no

diffraction pattern was observed or the patternrdiiresemble a Gaussian distribution.

Name B (rad) | ¢bi(nm) | # platelets /tactoid 20z (deg)
15-30B (30B) 0.022 (0.025) 3.4 (1.8H) 3(4) 2.59 (4.78)
15-NA (Na+) n/a 3.6 (1.2) n/a 2.45 (7.1)
15-1.30P (1.30P) | 0.011(0.034) | 3.7 (2.5 5 (3) 2.5 (3.5)
15NA-S (Na+t) n/a n/a (1.2) n/a n/a (7.1)
Cloisite Na+/PEO | 0.024 (0.035) | 1.9 (1.2 3(3) 4.69 (7.1)

. A
B-co9pg

From the average tactoid thickness we determined the averadgemomplatelets per

tactoid using the following equation:
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t-10
doo1

+1

n =

Where t is the tactoid thickness determined frora 8cherrer equation, 10 is the
thickness of a platelet in angstromgg:ds the basal spacing of the nano-clay, an$ the
number of platelets rounded to the next integee (gstification in appendix A). The Scherrer
equation predicted the minimum average number afefdts per tactoid as 3-5 for the "Na
nanocomposites (Table 18). The values obtained theScherrer equation are underestimated
since the correction for equipment broadening isused in the calculations. Also, the shape of
the clay particles is not truly spherical and tlehe3rer equation can only provided a rough
estimate of the tactoid size. The presence of fBadtion peaks in some of the samples further
supports the existence of larger structures bectarse of plates are needed to obtain well
defined higher order diffraction patterns The values calculated via the Scherrer equation

agree well with literature®
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Even though the WAXD measured d-spacing in 1.30Rd &80B intercalated
nanocomposites are somewhat similar they have ahee syolume fraction of inorganic nano-
clay (4vol%) which is important when comparing thecoelastic properties of nanocomposites,
rheology shows significant difference. The dynammaduli for the samples are compared in
three regions: below the cross-over frequency (tahregion), above the cross-over frequency
(plateau region), and at the cross-over frequency.

PVME-30B nanocomposite

G’ of the hydrogen bonded nanocomposite (sampl80By- was increased by 150% in
the plateau region and more than an order of madmiin the terminal region (Figure 75). At
low frequencies, sample 15-30B displays distinnty-terminal behavior with Gi ©®>*and G”

o 0. This non-terminal behavior is also apparent endbmplex viscosity, which exhibits shear
thinning behavior over the entire frequency rang @& trend toward diverging viscosity at the
lowest shear rates measured (Figure 76). The ovestrequency of sample 15-30B is reduced
by ~ a factor of 4 relative to the host matrix. Verify that the change in cross-over frequency
was indeed the result of changes in relaxation am& not a manifestation of time temperature
superposition, the frequency shift factors of trenectomposite and the neat matrix were
compared. The frequency shift factors for the nanguosite are nearly identical to that of pure
PVME. This suggests that local (segmental) chaimadyics of the intercalated nanocomposite
are unaltered, at least within the sensitivity leg theasurement and that the polymer chains do
not form hydrogen bonds directly with the silicsteface as is the case in many polyamide-6
nanocomposite$? Furthermore, it shows that the global chain dymarhiave been impacted by

the presences of the nano-clay in the PVME.
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PVME-1.30P nanocomposite

The storage modulus of sc&frocessed 15-1.30P sample increases by ~ 100%ein t

plateau region. Furthermore, 15-1.30P exhibitsatminal behavior (Gi ©’*and G”a »%) and
is nearly 2 orders of magnitude larger than the PAME in the terminal region (Figure 77).
The cross-over frequency shifts by an order of ntadae relative to the neat PVME and the
characteristic relaxation time increases from ~® s 78 s. The frequency shift factors for
sample 15-1.30P are nearly identical to the nebtnper suggesting that the change in cross-over
frequency was indeed the result of changes in agilax time. The pseudo solid-like behavior
seen in G’ of sample 15-1.30P is also observethéncomplex viscosity at low shear rates where
the viscosity diverges with shear thinning behayoevalent thought the whole frequency
spectrum (Figure 78). The cross-over frequencit shisample 15-1.30P is much greater than
that of sample 15-NA, suggesting that the relaxatdgnamics of the polymer chain may be
significantly impacted by the strength of the poérralay interactions. In addition, longer
relaxation events are also affected by the streafithe polymer-clay interactions as evident by
the non-terminal behavior in sample 15-1.30P amdt¢éhminal behavior seen in sample 15-NA.

Samples 15-30B and 15-1.30P displayed qualitatisgtyilar rheological behavior with
15-1.30P nanocomposite showing more low-frequemtyaacement than that of sample 15-30B.
The viscosity of sample 15-1.30P increases by d&rs of magnitude and that of sample 15-
30B increases by ~ 1.5 orders of magnitude. Thengxdf intercalation is expected to be similar
between these samples because the inter-gallecingpa similar in each of the nano-clays with
both reaching a new equilibrium spacing within 268&ach other. Therefore, both samples are
expected to be highly intercalated. The reasohieidarge disparity in cross-over frequencies of

the two samples is not clear. This may be the redw slightly higher degree of intercalation in
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sample 15-1.30P but is more likely the result ofwhthe polymer interacts with the clay.
Nanocor 1.30P has an average higher aspect rat8Bb@f(Nanocor) while Cloisite 30B has an
average aspect ratio of 110 (Southern Clay Profuafgh 4vol% and 350 average aspect ratio,
Nanocor 1.30P nanocomposite there are ~ 416 pltaiee’ which leads to a maximum nano-
clay surface area of ~ 81 m2/cm?3 of nanocomposit¢he case of Cloisite 30B the 4vol% and
110 average aspect ratio there are ~ 4346 pldfetetsvhich leads to a maximum nano-clay
surface area of ~ 84 m?/cms3 of nanocomposite. T¢welastic response depends strongly on the
volume fraction of inorganic platelets, the dispansstate, and the level of interactions between
polymer and clay and also between the clay pla¢hlesmselves. The clay platelets interaction is
in the form of clay platelet edge-to-face interacs and it results in the formation of a so-called
“house of cards” structure, which is generally gpuaed to be the primarily culprit for the
increase in G’ at low shear rates (the structueaks up at higher shear rates). However since
both samples contains the same volume fractionafjanic matte, we believe that the clay-clay
interactions should play a big role in the rhedtad)i differences between the two
nanocomposites. Both samples have the same vohacteh of inorganic nano-clay and similar
maximum surface areas available for polymer-clagractions; however the Nanocor 1.30P
nanocomposite shows improved rheological propertiesmpared to Cloisite 30B
nanocomposites. This suggests that PVME can irtteriélc and coat Nanocor 130P to a greater
extent compared to Cloisite 30B, which we belieaeyrhe responsible for the differences in the
viscoelastic properties between 15-1.30P and 15-208b, since the 1.30P average aspect ratio
is higher than 30B could be another explanationwbfy 15-1.30P nanocomposite shows
improvements in viscoelastic properties over 15-8@Bocomposite. Higher aspect ratio platelet

results in a more effective load transfer and iseoled to give greater increases in G’. This
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phenomenon was also observed in fiber compositeheifcritical fiber length in short'
Sample 15-30B still displays significant improvernen viscoelastic properties over the
polymer matrix which suggests that hydrogen bompdetween the ammonium salt and the
PVME (Figure 72d) may play role in the overall wstastic response of sample 15-30B.
Comparison of samples 15-1.30P and 15-30B with $arip-NA, strongly suggests that the
extent of interactions between the clay and thgmet plays a key role in the linear viscoelastic
response of these nanocomposites. Another plauskdanation for the differences in the
viscoelastic response between these system isL&&tA contains slightly higher volume of
inorganic mater (5vol%) compared to 15-30B and .BBR (4vol%) which can increase the
parallel stacking of the layers and / or aggloneerfarmation. The increase in the parallel
stacking disfavor edge-to-face interactions becatsge is physically no room for such
interactions to occur and more faces become inaitdedo the layer edges. This, in turn, would
be expected to suppress the formation of a stromgdyacting filler network, which can be a
plausible explanation for the less improvement initGthe (higher inorganic content) Na
system vs. the (lower inorganic content) 30B al®@R. systems. However, the differences in
volume loading of inorganic matter are small and kbedieve that it doesn’t impact the
rheological response to a great extent. Furthern®l@site Nd contains no organic modifier
while 30B and 1.30B both do and the interactionsveen PVME and the organically modified
clay are expected to be stronger then PVME-Nateractions. Previously, Shét. al
demonstrated that interactions between the alkginshof the ammonium salt and the polymer
matrix were weak and had a small impact on thefesiement properties (tensile strength) of
the nanocomposite relative to the host matrix. Thegcluded that polymer chains binding

(adsorbed) directly to the clay surface were resiide for the majority of the enhancemehits
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Therefore, it appears that the adsorption of PVMioahe clay surface is at least partially

governed by the type of organic modifier presert #yat the modifier may significantly improve

the adsorption.
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Figure 77.Storage and loss moduli for PVME and 15-130P namgumsite (frequency shift factors shown as an

inlay).
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Figure 78.Complex viscosity vs. reduced frequency for sanipié.30P displays a diverging viscosity at low

frequencies.

4.5 Conclusions

In this chapter the impact of nano - clay dispersiad polymer - clay interactions on the
viscoelastic response of PVME/clay and PEO/clayonamposites with varying degrees of
dispersion and polymer-clay interactions was ingastd. The use of water-soluble PVME and
water-soluble natural clay provided a benchmark donighly dispersed sample. The use of
scCQ processing produced intercalated nanocompositds semewhat similar final WAXD
patterns, yet the rheological properties were figantly different. Even though the extent and
the nature of dispersion and interactions in thesmaplex systems are tough to quantify,
rheology offers valuable insights into the mesascaitucture and interactions. The viscoelastic
response of polymer-clay nhanocomposites is seaditithe extent of dispersion and the degree

of interaction. Comparison of scG@rocessed (intercalated) and water-processed Ifhigh
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dispersed) Cloisite Na/PVME nanocomposites with “weak polymer-filler énactions”
(suggested that high level clay dispersion redtiltenon-terminal behavior (& »%® and G"a
%’ and a factor of 8 decrease in the cross-oeguiency, and an order of magnitude increase
in the low-frequency storage moduli; while intestan resulted in a filler effect with the
relaxation behavior of the bulk polymer virtuallpaltered by the presence of the nano-clay. In
contrast, for intercalated systems with "strongetymer-clay interactions (PVME/I.30P), there
was a low-frequency plateau, an order of magnitlelerease in the crossover frequency, and
more than two orders of magnitude increase in leegtiency storage moduli. Furthermore,
PVME/I.30P sample displayed enhanced rheologiagbgnties compared to PVME/30B sample
despite having similar dispersion, same inorgamicime fraction and same maximum surface
area indicated the presence of stronger polymerddiractions. These results suggesed that
rheology can offer valuable insights into these plax systems. When ‘strong’ polymer-clay
interactions were present, even an intercalatedctsite can produce significant property
improvements (even more than highly dispersed systeHence, the combination of WAXD
and rheology can provide insights into the extdmigpersion and compatibility of the nano-clay

with the chosen polymer matrix.
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CHAPTER 5

Future Work

5.1 Surface modification of “as received” Cloisite N&a

The commonly used organo-modification agents ang lwarbon-chain alkyl ammonium
salts. Although these modification agents have bgaming significant success in the
preparation of polymer/MMT nanocomposites, theimomon shortcoming is the poor thermal
stability. Xie et al. have studied the thermal 8iigbof MMT modified by long carbon-chain
alkyl quaternary ammonium ions and found that timeset decomposition temperature was
approximately180°C.% Vaia and co-workers have shown that at tempermxeeeding 200°C
after 2 hours degradation of organic modifier bahtke the clay surface occurs which causes
gallery collapse comparable to that of montmoritlerd®. Unfortunately, the preparation and
processing of most of the polymer/clay nanocompesigquire a temperature much higher than
this value, and the thermal decomposition of thgyloarbon-chain alkyl quaternary ammonium
salts is inevitable. Tanoue et al. saw that theouhposition of the organic modifier led to a
collapse of the clay inter-gallery layer which résd in poor rheological enhancements for the
PS/Cloisite 10A nanocomposites prepared at 208°Delozier et al. also observed that during
the preparation of polyimide/clay nanocomposites,decomposition of the organic modifier led
to the collapse of the clay particles into larggglamerates’* The degradation of organic
modifier may pose significant effect on the morggotal structure, the preparation,
performance, application and service life of namogosites.

Introducing a solvent can lower the processing ttmm$ but the solvent needs to be
removed following processing which posses as arbapathe environment. Furthermore, some

polymers require very potent solvents which areo ads health hazard on top of being
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environmentally benign. To mediate this problesesrchers have started to modifier they own
clays by using organic modifiers that are morelstabhigher temperatures. Also, the modifiers
can be tailored toward a certain polymer and polyrr®ay interactions can be improvéd.®*
3483 Montmorillonite will be modified with a surface miifier that has the potential of
interacting with polystyrene. Following the mod#dton of MMT, the resulting clay will be
processed in scCGand WAXD and SEM will be used to investigate thgpdrsion level. Also,
polystyrene/clay nanocomposites will be made in phnesence of scCOas well as melt
intercalation benchmark samples. The ultimate gbdhis research is to understand how clay
modification impacts the properties of the resgltmanocomposites and to develop clays that
can be exfoliated/dispersed in an industrially imat polymer matrix and have the potential of
being processed at high temperatures without degyakle clay surface modifier.
5.1.1 Preliminary results

As a preliminary results “as received” montmoriitlenwas modified with two surface
modifier in an attempt to make a more stable dheat ts favorable to interact with polystyrene.
Before the ion-exchange reaction, one of the omyarodifiers needed to be synthesized. The
first organic modifier was 1-hexadecyl amine andg \warchased from Sigma Aldrich (modifier
A) and the second one N-[4-(40-aminophenoxy)] phe@mhalimide (modifier B) (Figure 79)

was synthesized following the synthesis similathtat previously reported by Liang et Hf
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1-hexadecylamine
NH

N-[4-(4'-AMINOPHENOXY)]JPHENYL PHTALAMIDE

7

\

o

Figure 79: 1-hexadecyl amine (left) and N-[4-(40-aminophendxyyjenyl phthalimide (right).

The two organically modified MMTs, MMT-A and MMT-Bwere prepared via ion
exchange reaction in water using modifiers A andoBowing the reaction similar to that
previously reported by Liang et a*®> The compatibility between N-[4-(40-aminophenoxy)]
phenyl phthalimide MMT (MMT-B) and PS may be velglhdie to the presence three phenol in
the organic modifier (B). Cloisite 10A which comtad only one phenol ring as part of its
organic modifier resulted in enhanced dispersibeplogy and permeability compared to neat
PS and other nano - clays. If this is the casetistive interaction between PS and MMT-B
may lead to even higher improvements in disperaiwhproperties compared to 10A.

Fourier transform infrared spectroscopy (FTIR) aW&XD were used to verify the
organic modifiers and the corresponding modified-MMays that were prepared. Na-MMT
showed the characteristic absorption band at 1106 (Eigure 80- a). MMT-A showed the
characteristic bands of C — H stretching betweed038nd 2800 cth (Figure 80 — b) while
MMT-B displayed the characteristic absorption banfi@romatic imide between 1800 - 1700
and 1385 cil and of C—-O—C unsymmetrical stretching at 1246 ¢Rigure 80- b). The FTIR
MMT — A (Figure 80 - c) and MMT — B (Figure 80 —&)ows that the clays contained modifiers
A and B respectively. However, using FTIR you cartieti whether or not the organic moodier

entered the inner-gallery spacing.
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Figure 80.FTIR of Na+ (A), the organic modifieflshexadecyl amine (B) and N-[4-(40-aminophenoxyigpy!
phthalimide (D) and of the organically modified NMMT-1-hexadecyl amine (MMT-A) (C) and (and N-[46-

aminophenoxy)] phenyl phthalimide (MMT-B) (E).

Therefore, WAXD was used to determine if the madifictually entered the clay layers.
Pure MMT-Nd showed a g; = 1.2 nm corresponding to an inner-gallery spach@.2 nm
(Figure 81). MMT-A displayed apgh= 1.92 nm which corresponds to a spacing of 0.92 nm
similar to Cloisite 10A. In contrast MMT-B showedd peaks one equal to 1.58 nm and the
other 2.45 nm, corresponding to an inner-gallecsm 0.58 nm and 1.45 nm respectively. In
MMT-B one smaller diffraction peak is shifted evaore to the left (smaller 2 theta) indicating
a higher inner-gallery spacing. However, the bigdjifraction peak in MMT-B is at a higher 2

theta indicating a smaller inner-gallery spacingipared to MMT-A (Figure 81). The presence
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of two peaks in MMT-B may be due to the reactioreveha byproduct could have been formed
and essentially there are two different modifidratthave different thermodynamically stable
equilibrium spacing. The reaction needs to be apt@ohwhere the product is only modifier-B
where no other by-products are present. Despitetwioedifferent clay spacing populations,
MMT-B clay was very thermally stable. When kep280°C for 24 hours, it only lost about 2%
of its modifiers after 24 hours. In contrast, MMTH#st 9% of its modifier after 10 hours and 11
after 24 hours. Also, Cloisite 93A and 30B whicle awo of the most stable commercially
available clays form Southern Clay lost 4.5% andr8%pectively after 10 hours and 6% and 9%
respectively after 24 hours. MMT-B is stable at ZD@or a long period of time only losing 2%
of its modifier after 24 hours (Figure 82). It cdubffer a possible offer a solution for melt
compounding with the polymer of choice at 200°Chaiit worrying about clay degradation (like
it was previously shown where 10A showed platetdlapse even when it was compounded at
180°C for 15 minutes in the presence of PS — Ch&)te

However, in the reaction where N-[4-(40-aminophanpphenyl phthalimide (modifier-
B) was made needs to be optimized to produced thielylesired product in order maximize the
inner-gallery spacing. Once the reaction schenopisnized, the modified nano — clay (MMT-
B) can processed using the s¢@€chnique with and without a polymer presentgeki wwhether
or not it can be dispersed. Moreover, this se@@cessed modified nano - clay should be
compounded with PS and other industrially importaoltymers like high density polyethylene
and polypropylene which typically need higher pssieg temperatures. Due to its high thermal
stability it should allow for processing of thesenncomposites using melt extrusion and the

resulting nanocomposites it’s anticipated to hawproved dispersion and properties.
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Figure 82. TGA at 200°C for 24 hours for MMT-A, MMT-B, Cloigt93A and 30B.

5.2 Styrene-butadiene-styrene (SBS)/clay nanocomposites
The styrene—butadiene—styrene triblock copolym&S)Sis of the most commercially

used thermoplastic elastomers (TPE) which exhibischaracteristics of plastic (polystyrene)
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and rubber (butadiene) with rubber like propertidsile still retaining significant stiffness
without the need of chemical crosslinkiH§. Researchers have been preparing SBS/clay

9

nanocomposites using solution blendéd ™ melt compounding™*® **°

and in-situ
polymerization'?* methods using various clays with various succesdispersing the clay and
obtaining enhancements in rheological, mechanicatsport and thermal properties. Due to the
immiscibility of PS and PB in SBS the two organire different microdomains. SBS also
exhibits and Order-Disorder Transition (ODT) tengtere below witch due to the microdomains
organization researchers has found that it is Hesige to obtained rheological improvements in
SBS/clay nanocomposite¥? *2Using rheological measurements whether or not BB®ove
or below the ODT at the temperature tested canebermined. If SBS is below the ODT at the
temperature tested there should be a slope lowaer2hin the storage modulus terminal regime.
122 Moreover, before TEM the SBS/clay nanocompositessfcan be stained with osmium
tetraoxide (Os@) which stains the PB chains and the TEM imagesreanal the microphase
type.

However, the applicability of the scG@rocess on the SBS/clay nanocomposites has not
yet been studied. To study the sgCg@rocessing effects several nanocomposites shoaild b
prepared using several nano - clays including @&is0A, 15A and 20A at different weight
fractions. Cloisite 10A and 15A has already beeowshto produce highly dispersed PS/clay
nanocomposites with enhanced rheological and tHepmoperties and reduced permeability
(Chapter 3)°% 7" %“Cloisite 10A, 20A and 15A have been used by othsearchers to produce
SBS/clay nanocomposites with various restifts'*®*?! In SBS, clays tend to interact with PS
more than polybutadiene (PB) which is already ttikées of the two, therefore the resulting

nanocomposites exhibit only small improvements tiopprties. In an attempt to address this
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issue, SBS nanocomposites using two clays shouldéd, one that likes polystyrene more and
another that likes PB more in an attempt to testlikelihood that some of the clay will go into
PB and the resulting properties may be enhanceehctBnark nanocomposites should also be
prepared using the solution blended technique inete and using the melt compounding
method to compare the results with those obtair@dguthe scC@ processing technique.
WAXD, rheology, TEM, permeability measurements, hweucal properties and thermal
properties should be measured on the resultingaoemposites to determine the ability of sgCO
to produce dispersed SBS/clay nanocomposites wlihreeed properties.
5.2.1 Preliminary results

As preliminary results, four SBS/5wt% clay nanopasites were prepared with Cloisite
10A and 20A (which is the same as 15A but has a GE@5 meq) using solution blended and
scCQ processing techniques. The SBS used in this stualy a molecular weight of
100,000g/mol and contains 30% PS content. The isaldilended samples were prepared in
toluene at 80°C for 24 hours. The sc@ocessed samples were made using the same protocol
as the solution blended; the only difference wasghesence of scGat 13.79 MPa. WAXD
was collected using the same procedure as in Qh&pt¥-ray diffraction revealed that the
polymer were successfully intercalated in-betwdes nano - clay particles as evident by the
shift of the do; peak to lower 2 theta values for the nanocomp®sitenpared to “as received”
clay. Cloisite 20A nanocomposites prepared usidgtism blended and the scG@rocessed
method both displayed the same fingd;&pacing of 3.84 nm corresponding to an inner-galle
spacing increase of 1.42 nm (Figure 83). The twoonamposites having the same final is due
processing in a solvent and the modifier havingharmodynamically stable state. This

phenomenon was also observed in PS/clay nanocotepasiChapter 3 that were also processed
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in a solvent. Furthermore, the presence ¢g$, @hos and even g, diffraction peaks indicate the
presence of highly ordered nanocomposites.

However, in the nanocomposites prepared using M&Hois0A there was a small
difference in the final g; spacing between the solution blendeghi(& 4.2 nm) and scCO
processed nanocompositeso{d= 4.4 nm). However, TEM does not show any diffeeen
between the scCprocess and solution blended nanocomposites. igteemewhat surprising
since scC® nanocomposite is supposed to have improved digperglowever, prior to
collecting TEM images thin film needed to be cuingsan cryo-ultramicrotome at -80°C and
obtaining thin films was a great challenge. Themefsince the films were not thin enough, TEM
images did not have good enough quality to obsédrilee tactoid size has been reduced or
whether or not there are some individual platgheesent in the scGQprocess nanocomposite.
Therefore, TEM images are only used to give a broad of the dispersion state (Figure 85).
The 0.2 nm increase in the sc€@anocomposites compared to the solution blendegghtntie
due to the presence of @@uring processing which may further expand thesinngallery
spacing allowing for more polymer chains to penetthe clay spacing and get closer to the
clay. If this is true the scCample should display improved rheological prapsrtompared to
solution blended due to improved polymer - clagiattions similar to what was observed in the

PS/clay nanocomposites (Chapter 3).
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Figure 83. WAXD of 10A and SBS/10A nanocomposites prepareasigusiolution blended and scg@rocessing

methods

The SBS/20A nanocomposites displayed similar riggoéd properties between the
solution blended and scG(processed nanocomposites (Figure 84) (rheology sedscted
using the same procedure as in Chapter 3 at 8A@0REC and a reference temperature of 100°C
was used to construct the TTS curve). Howeverstt& processed SBS/10A nanocomposite
shows an additional 100% improvement in low frequestorage modulus over the solution
blended benchmark suggesting that there must berouag@ dispersion in the scGO
nanocomposite to account for the improvement inagi® modus (Figure 84). The reason that
10A/SBS scC@ nanocomposite showed an improvement over theisolilended benchmark
sample and the 20A/SBS did not may be due to thkeehipolymer - clay interactions present
between the 10A-SBS then between 20A-SBS as shgwhebhigher final gb; spacing in the
10A nanocomposites. This was also observed in P®composites where the higher clay -

polymer interactions resulted in highgpdspacing and higher rheological and barrier progert



168

Rheology of the pure SBS confirmed that the sangpleelow the ODT since the slope in the
storage modulus low frequency regime is about'6?3.

The tensile properties were collected on SBS fiatha rate of 500% per minute until
break. Young's Modulus was calculated from the slopthe linear portion of the stress strain
curve at low strains using an Instron 3366 in esitam mode. Prior to performing mechanical
measurements SBS 1” by 6” films were made by pngssiem between Teflon sheets at 125°C
in a Carver hydraulic press. Both scand solution blended 5wt% 10A nanocomposites
showed an increase in Young's modulus of 270% dfi¥@Band a modest increase in strain at
break of 2% and 8% compared to SBS respectivebu(Ei86). However, both nanocomposites
showed a similar decrease in tensile strength. Mane despite showing a 100% increase in low
frequency storage modulus and higher fingh 8pacing, the scCQprocessed 5wt% 10A/SBS
sample only showed a small increase in tensile magdover the solution blended benchmark.
This small increase was unexpected as scQiOcess nanocomposites was expected to have
improved dispersion over the solution blended berask which results in increased surface area
available for polymer - clay interactions. Thisnease should have lead to improved mechanical
properties. The reason for this small increasetsavell understood and TEM could not provide
a good dispersion picture to be able to concludéherdifference in clay dispersion between the
two samples. Also, the two nanocomposites showaeceease in tensile strength of about 45%
compared to SBS. This result was also unexpectaeésesarches usually report no change or
slight increase (about 10%) in tensile strengtofeing clay addition.*** **>A more detailed
study is proposed to gain a better understandintherffects of scCOprocession of SBS/clay

on mechanical properties.
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Figure 85.TEM images of SBS/5wt%10A scG@rocessed nanocomposite (30k magnification (AQk10
magnification (B)) and images of SBS/5wt%10A sauatblended sample (30k magnification (C), 100k
magnification (D)).

To gain a better understanding on effects that sc@@cessing of SBS/clay
nanocomposite has on dispersion, rheological, nmchlaand transport properties a more
detailed study needs to be performed as descnibdeiproposed research for SBS. Moreover, a
better TEM analysis needs to be performed where&s#® should be stained with Os@here
the placement/orientation of PB chains can be beitserved. This along with better image
quality may allow for a better picture on the nanday dispersion. Moreover, if several clay

weight fractions are used a better understandintheraffect of nano - clay dispersion on the

tensile properties can be obtained. Also, barriepgrties should also be collected as they are
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more sensitive to nano - clay dispersion and thecebf scCQ on nano - clay dispersion in SBS
can be better evaluated. Furthermore, the use of than one clay a time, as proposed in the
beginning of this section may also allow for thedewrstanding of the effect of dispersion on
mechanical properties as one clay may prefer P®Brmore and create a more effective
dispersion. Performing this study may allow foriopzing the property improvements by using
the optimum clay combination which may also allaww fmaximizing clay dispersion in both

polymers leading to improved surface area for pelynclay interactions.
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Figure 86. Tensile modulus, tensile strengths and stain aakbfer the SBS and SBS/10A scg&@nd solution

blended nanocomposites.
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5.3 High density polyethylene (HDPE)/clay hanocomposites
The polyethylene is of the most widely used polymedhe world and it is primarily used

in the packaging industry”® Researchers have been preparing HDPE/clay nanasites main

127129 However, the

using melt compounding processing technique usiagous clays.
applicability of the scC®process on the HDPE/clay nanocomposites has mdiegn studied.
To study the scCOprocessing effects several nhanocomposites shaufmtdpared using several
nano - clays including Cloisite 10A, 15A and 20Ad#tferent weight fractions. Cloisite 10A,
20A and 15A have been used by other researchgmotiuce HDPE/clay nanocomposites with
various results?® *2°Prior to processing the polymer can clay togettrer,nano - clay should
be pre-dispersed using the scG@ethod. Pre-dispersing the clay opens up thegaddgries and
it may minimize the time that clay and polymer re¢d spend in the extruded in order to
prevent any clay modifier degradation. The se@€-processed clay can be co-extruded with
HDPE with and without the presence of HDPE-MA (maleanhydride). Benchmark
nanocomposites should also be prepared using ‘@svesl” clay. WAXD, rheology, TEM,
permeability measurements, mechanical propertiéstiaermal properties should be measured
on the resulting nanocomposites.
5.3.1 Preliminary results

As preliminary results two HDPE/5wt% Cloisite 18Ry nanocomposites (one with “as
received” 15A and another with scg@re-processed 15A) were prepared using a lab-scale
Haake 3/4-inch at 180°C for 10 minutes. The HDPé&dus this study has a melt flow index of
2.2. The scC@processed nano - clay was prepared using the samtecpl as discussed in
Chapter 2. WAXD was collected using the same proceds in Chapter 3. X-ray diffraction

revealed that the polymer were successfully intated in-between the nano - clay particles as

evident by the shift of theygh peak to lower 2 theta values for the nanocompesitenpared to
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neat HDPE. Nanocomposites prepared using “as redeand scCQ pre-processed clay both
displayed the same finalp@d spacing of 3.80 nm corresponding to an inner-gafpacing
increase of 3.13 nm (Figure 87). The similggadpacing in the two nanocomposites is due to the
organic modifier having a thermodynamically stastate that is close to the finalpgdspacing
obtained in the nanocomposites. This phenomenonalgasobserved in SBS/clay and PS/clay

nanocomposites in Section 5.2 and Chapter 3 ragphct

175000
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Figure 87.WAXD of “as received”15A and HDPE/5 wt%15A nanocarsjies.

Rheology was collected using the same procedurén aShapter 3 at 150°C. The
nanocomposite prepared using “as received” 15A skowo improvement in rheological
properties over pure HDPE. However, the nanocongpgsepared using scG@re-processed
15A shows an order of magnitude improvement in fosgquency storage modulus over the
HDPE suggesting the presence of higher dispersionthe scCQ pre-dispersed clay

nanocomposite compared to the one made using “esivesl” clay (Figure 88). The



improvement in the storage modulus obtained from mlanocomposite prepared with pre-
dispersed clay is more than what Joshi et. al nbtawhen using 10% specifically modified
clay. **° However, Swain et. al obtained more than 2 orddrsnagnitude improvement in
storage modulus when ultrasonication was used att%0clay. **! The permeability testing was
done in the same manner as in Chapter 3. The naypmsite prepared using pre-dispersed 15A
reduced the oxygen permeability by 44% while thega made with “as received” clay reduced

it by 34% (Table 19). In contrast, Swain et. alan¢d even a smaller reduction on O
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permeability even at 10 wt% clay loadirfd)
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Figure 88. Storage modulus of HDPE and HDPE/5 wt%15A nano@sitgs.
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Table 19.0xygen permeability of HDPE and HDPE/5 wt%15A nzomaposites.

O, Permeability Reduction
cc * mm/nt- day %
64.00
HDPE
42.52 -34.2
HDPE/5wt%15A as received
36.14 -44.4
HDPE/5wt% 15A scC®pre - processed

Although the improvements in rheological propert@esl reduction in permeability are
close to what other researchers have obtainedmigatiion of the processing conditions is
necessary in order to attempt to further improwegioperties of HDPE. Many researchers have
shown that the polar clay and non - polar HDPE dbmix well unless compatibilizers like
maleic anhydride, is introduced to promote bettengatibility between them. Moreover, it has
been shown that with careful optimization of théresion condition (screw speed, temperature
and extrusion time) as well as with an optimum \wei§action of compatibilizer is used
property improvement can also be maximiZéd = 2 A more careful study should be
performed where the extruder parameters can bel tinebtained better dispersion and mixing.
Moreover, several HDPE maleic anhydride weighttfoas and different clays (Cloisite 10A,
15A and 93A) should be used to study their effetcttioe nanocomposites end properties.
Permeability, tensile and rheological measuremafdag with WAXD and TEM should be
performed to gain a better understanding on thityabi scCG pre-dispersed clay to enhance

HDPE mechanical, transport and rheological properti
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Appendix A

A [y
~ 10 angstroms

\i

dyo¢ SPacing

t 'y
(angstroms)

d,o, Spacing

t=dy x(n-1)+ 10
Figure 89.Tactoid thickness calculation diagram.

From the drawing it can be seen that the thickésstactoid can be represented by the
equation above where (n-1) is the number of clayepts in the tactoid minus 1 and is equal to
the number of inter-gallery spacing that needsdaabtcounted for. Multiplying (n-1) with the
doo1 Spacing gives the height of the stack shy theii@ss of one plate. The 10 on the right hand
side of the equation, at the end, represents thte fhickness and has units of angstroms. The
Scherrer equation can be used to determine thknéss “t” from the FWHM value of theys]

diffraction peak. From there, the equation abowlised for n.
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Effective dispersion of the fillers in a polymer tm@ and improvement of polymer - clay
interactions are two key challenges in the fielchahocomposites. A novel processing method
that utilizes the unique properties of supercritezbon dioxide (scC£) to disperse nano - clay
and prepare a series of polymer/clay nanocompositesenhanced properties was explored.

Significant dispersion was achieved using the sc@©cess with Cloisite 10A without
the presence of an organic phase as evident gbtdence of the diffraction peak in WAXD and
the presence of individual tactoids that lost tipairallel registry. The expanded flexible structure
of the scCQ processed clay exposes more of the available caurdaea allowing for more
contact between the polymer and clay surface, haglatelets should be easier to disperse into
a polymer matrix than the “as received” clay.

Enhanced nano - clay dispersion and improved ptiegewere achieved in the scg€O
processed polystyrene/clay nanocomposites comptredhelt compounding and solution

blended benchmarks. There was a three-fold remtua@ti the number of tactoids in the scCO
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samples compared to solution blended benchmarkgindependent of the clay modifier used
leading to an increase in the surface area availfdul polymer-clay interactions. Significant
dispersion, without strong polymer-clay interacipnwas not sufficient for significant
nanocomposites property improvement. Also, favargilymer-clay interaction without clay
dispersion was also not enough to obtain the maximroperty enhancement. Improvements as
high as 3 orders of magnitude in the low frequemstgrage modulus were observed in
nanocomposites processed with 5wt% 10A and 15A sd@iar had favorable polymer-clay
interactions. Supercritical carbon dioxide procdssanocomposite showed a reduction of 45%
(5wt% 10A) and 60% (5wt% 15A) in oxygen permeapildompared to PS. Moreover, the
scCQ processed nanocomposites reduced the oxygen gdatityely 20 to 50% compared to
solution blended benchmark samples depending oolélyeused. Replacing “as received” clay
with pre-dispersed clay increased the surface aredlable for polymer-clay interactions,
resulting in a significant doubling of G’ at lowefjuencies over the standard seQ@cessed
sample. The scC{samples showed solid-like behavior at loadinglwasat 2 wt%, and elastic
modulus improvements as high as 3.5 orders of magdmiin the 10 wt% nanocomposites over
the pure polymer.

Comparison of scCg@processed and water-processed Cloisite © N&®VME
nanocomposites with “weak polymer-filler interacts suggested that high level clay dispersion
resulted in non-terminal while intercalation resdlin a filler effect with the relaxation behavior
of the bulk polymer virtually unaltered by the pease of the nano-clay. In contrast, for
intercalated systems with "stronger" polymer-clateractions (PVME/I.30P), there was more

than two orders of magnitude increase in low-freqyestorage moduli. Similarly to what was
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observed in PS, in PVME systems, when ‘strong’ pay - clay interactions were present

coupled with significant nano - clay dispersiondgwoed significant property improvements.
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