Highly Filled Water Based Polymer/Clay Hybrid
Latexes

by
Eddson Zengeni

Dissertation presented for the degredbaictor of
Philosophy inPolymer Science ithe Faculty of Science .
Stellenbosch University

Promoter Prof. Harald Pasch
Co-Promoter: Dr. Patrice C. Hartmann

December 2012



Declaration

Declaration
[, the undersigned, hereby declare that the work contained in this thesis is my own work and

that | have not previously in its entirety or in part submitted it at any univéositydegree.

Eddson Zengeni December 2012




Abstract

Abstract
The use of cesonication (aeminiemulsion) polymerisation for the preparation of highly filled
polymer/clay hybrid latexeis described. Laponite (Lap) content levels in the eawfgld 50
wt% were effectively encapsulated in both polystyrene (PS) and polystyodneyl acrylate
nanoparticles (PSBA). The latex and film morphological features of these highly filled hybrid
materials were evaluated using both transmission elegticnoscopy (TEM) and small angle
X-ray scattering (SAXS). PS/Lap latexes exhibited mixed particle morphologies from
armoured patrticles at low clay content (10 wt%) to encapsulated particles at high clay content
(50 wt%). However, PSBA/Lap hybrid latexeshéited predominantly crumpled particle
morphologies through the clay content studied. The resultant polymer/clay nanocomposites
(PCNs) of PS/Lap and PSBA/Lap exhibited either partially or fully exfoliated structures. It
was found that generally these PCabhibited superior properties than the neat polymers
except for thermal stability properties. As much as 5000% storage modulus improvement was
observed for both PS/Lap and PSBA/Lap relative to the neat polymers.,ohé&®$BA/Lap
showed a 14 °C shift tawds higher temperature. Rheology tests showed that the resultant
PCNs exhibited solilike viscoelastic behaviouiThe encapsulation of montmorilonite clay
(MMT) using the aeminiemulsion procedure was found to be ineffective. The MMT platelets
remained dhered onto the polymer particles surfaces. Ineffective encapsulation of MMT
platelets was attributed to their dimensions which were either large or equal to those of the
polymer particles. Despite the ineffective encapsulation, the MMT platelets werdebelgnp
exfoliated within the final PCNs as shown by both SAXS and TEM.

Overall, the aeéminiemulsion was found to be an effective method for the preparation of
highly filled water based polymer/clay hybrid latexes. However, the clay encapsulation in
polyme particles and the extent of clay exfoliation were found to be dependent on clay
dimensions relative to the polymer particles, monomer/clay compatibility and clay modifier
reactivity. It was found that clay dimensions and use of clay modifier that improve
monomer/clay compatibility enhances encapsulation. On the other hand, the modifier
reactivity influenced the extent of clay exfoliation in the final PCN, irrespective of clay
encapsulation in the polymer particles. These findings were based on compstadies
conducted on the use of Lap versus MMT and-reactive modifier versus reactive modifier

during adminiemulsion polymerisation.




Opsomming

Opsomming
Die gebruik van medesonikasiglad-miniemulsie) polimerisasie vir die voorbereiding van die
hoogsgevulde polimeer/klei hibriedlatekse word beskryf. Laponiet (Lap) vlakke in
hoeveelhede van 180 gew% is effektief génkapsuleer in beide polistireen (PS) en
polistireenko-butielakrilaat nanopartikels (PSBA). Die morfologiese eienskappe van die
latekse en films van hierdie hoogsgevulde hibried materiale is geévalueer deur beide
transmissieslektronmikroskopie (TEM) en kleihoek X-straalverstrooiing (SAXS). PS/Lap
latekse het gemengde pkel morfologieé getoon, bv. vanaf gepantserde partikels by lae
kleihoeveelhede (10 gew%) tot -g&kapsuleerde partikels by hoé kleihoeveelhede (50
gewd%) . Daarteenoor het PSBA/ Lap hi briedl
partikelmorfologie getoon vir dieeeks kleihoeveelhede wat bestudeer is. Die gevolglike
polimeer/klei nanokomposiete (PKNs) van PS/Lap en PSBA/Lap het, 6f gedeeltelike, 6of ten
volle geéksfolieerde sikture getoon. Oor die algemeen is bevind dat hierdie PKNs beter
eienskappe as die suirnygolimere getoon het, behalwe vir die termiese stabiliteit eienskappe.
Verbeteringe van soveel as 5000% in die stoormodulus is waargeneem vir beide PS/Lap en
PSBA/Lap met betrekking tot die suiwer polimere. DigvTan PSBA/ Lap het ‘
ver s kui whoérdgempeatuubé getoon. Reologiese toetse het getoon dat die gevolglike
PKNs vastestofagtige viskelastiese gedrag getoon heDie inkapsulering van
montmorilonietklei (MMT), deur middel van die axiniemulsieproses, was ondoeltreffend.
Die MMT plaatjies het agtergebly op die opperviaktes van die polimeerpartikel. Oneffektiewe
inkapsulering van MMT plaatjies is toegeskryf aan hul grootte, wat 6f groter, 6f gelyk was
aan dié van die polimeerpartikels. Ten spyte van die oneffektiewe inkapsulering wes al d
MMT plaatjies in die finale PKNs geéksfolieer soos deur beide SAXS en TEM aangedui.

Oor die algemeenis bevinddatad ni emul si e 6én effektiewe metc
van hoogsgevulde waterbasis polimeer/klei hibriedlatekse. Daar is legterd dat klei
inkapsulering in polimeerpartikels asook die omvang van klei eksfoliéring, afhanklik is van

die klei afmetings in verhouding tot die polimeerpartikels, monomeer/klei verenigbaarheid en

die reaktiwiteit van die kleiwysiger. Daar is bevind da klei afmetings en die gebruik van

on kl eiwysiger wat die monomeer/ kil ei vereni g
die ander kant het die reaktiwiteit van die kleiwysiger die omvang van klei eksfoliéring in die

finale PKNs beinvloed, ongeagan klei inkapsulering in die polimeerpartikels. Hierdie
bevindings is gebaseer op vergelykende studies van die gebruik van Lap teenoor MMT en

nie-reaktiewe wysiger teenoor reaktiewe wysiger gedurendrinigmulsiepolimerisasie
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Chapter 1

Introduction and Objectives

1.1 Introduction

Organic/inorganic hybrid materials, blends of organic polymeric materials and inorganic
particles, have received substantial attention in recent years due to their wide applications
resulting from the properties imparted to the hybrid material by the inorganic particles. One

of the reasons for the inclusion of nanoparticles in polymersistoeranp ol ymer s 6 ph
properties such as chemical resistance, thermal stability, barrier properties and mechanical
properties. Some of the nanoparticles studied to date include nanofibres;siliaajum

dioxide? graphité and clay®. The incorporation of clay platelets in polymers vyields

polymer/clay nanocomposites (PCNS).

PCNs were discovered in the early 1990s and they have become an area of both academic and
industrial interest to daté®* PCNs are produced by finely dispersing clay platelets in the
polymer matrix. They have been found to exhibit improved properties when compared to
their parent neat polymers due to the strong interaction between the polymer matrix and clay
platelets. Howeer, the clay platelets being hydrophilic in nature cannot be easily dispersed in
most polymers, which are usually hydrophobic in nature. There is need to modify the clay to
enhance compatibility between the clay platelets and the polymer chains. Methbdsssu

ion exchangé>?® adsorptioA** and sonicatioff have been used to achieve this goal. PCNs
have been found to exhibit superior properties compared to their corresponding neat polymers
even at very low clay content, such as 1 wt%. As such, the majority of thessbndRCNS to

date have been focused mainly on low clay content PCNs, typically below 10 wt%. Only a
limited number of reports on PCNs with more than 10 wt% clay can be found in the open

literature.

Water based organic/inorganic hybrid materials have becdhe focal point of
nanocomposite research in recent times due to their environmental friendliness. As such
heterogeneous polymerisation methods (e.g. emulsion and miniemulsion) have become the
main choice for hybrid materials preparation. Most inorggradicles used for polymer
reinforcement, including clay, are hydrophilic in nature, making it challenging to successfully
encapsulate them into nqolar polymer particles. The encapsulation of inorganic particles
in polymer particles via heterogeneous lypterisation methods is currently under

1
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investigation by various research grodp$® Latex instability and viscosity increase limit

the amount of clay platelets that can be incorporated in the polymer particlegmnsitsgon

and miniemulsion polymerisation. Effective encapsulation has been reported with less than
10 wt% clay content. To date, highly filled PCNs whose clay is not necessarily encapsulated
have been reported® on the other hand, successful encapsulation has been limited to low
clay contets, typically well below 10 wt%8®3® There remains therefore a challenge to

prepare water based PCNs encapsulating high clay contents, typically abo®é.10 wt

A similar challenge was experienced with other nanoparticles such as magnetite, silica, and
even carbon black but has been overcome by theniagmulsion (cesonication)
polymerisation method developed in the group of Landfést&f° The method is based on

the separate preparation of the monomer and the naiotgalispersions. The two are then
mixed and cesonicated to yield a hybrid miniemulsion, generated by merging dislike
particles upon collision. These hybrid particles then produce inorganic/organic hybrid
material upon polymerisation. Using such a methbdth carbon black and magnetite
particles of up to 40 wt% weight fraction have been successfully encapsulated in polymer
particles. The work presented in this dissertation involves the encapsulation of high contents
of clay platelets in polymer particlasing adminiemulsion to prepare highly filled water
based PCNs.

1.2 Aims and objectives

The main aim of the current study was to prepare highly filled water based PCNs using the
ad-miniemulsion polymerisation method. Montmorillonite (MMT) and Laponite (Lap) clays
were chosen for the study with polystyrene and styrene/butyl acrylate copolyaegsthe
polymers of choice.

The objectives of this study were to:

a) Synthesise water based polymer/clay hybrid materials with as high as 50 wt% clay
weight fraction using the achiniemulsion polymerisation method and then:
1 Determine the characteristic gperties of the hybrid materials in terms of
monomerto-polymer conversion, particle sizes of the latex.

1 Establish the latex and film morphological properties of the hybrid materials.
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1 Evaluate and compare the use of different clays (lamged vs smalized)
and different clay modifiers (reactive vs nactive) on the encapsulation of
high clay content (> 30 wt%) and the physical properties of the resultant
hybrids.
b) Study the physical properties of the hybrid materials and evaluate how the
incorporatia of high clay content and dispersion impacts:
1 Thermal stability
1 Thermomechanical properties, i.e. damping factor and storage modulus
1 Melt-state linear viscoelastic properties
1

Water vapour sorption properties

1.3 Thesis layout

A short introductiorand the objectives of the study are described in Chapter 1.

The theoretical background to this work is presented in Chapter 2. It includes a brief
definition of PCNSs, their preparation and characterisation. The chapter also gives a
background on miniemulsn and aeminiemulsion polymerisation methods. Lastly it
encompasses what has been reported in literature as far as encapsulation of clay platelets is

concerned.

Chapter 3 focuses on the preparation of aqueous organolaponite dispersions which are the
prerequisite for the adniniemulsion polymerisation. Here the effect of stabilising surfactant,
sodium dodecyl sulphate (SDS), sonication and total solids content, on the particle sizes of
organolaponite dispersions are discussed. The particle sizes of gpersthns were
monitored using DLS to establish conditions (SDS concentration and sonication time) which

give the smallest particle size.

Chapter 4 describes the synthesis and characterisation of polystyrene/Laponite (PS/Lap) and
poly(styreneco-butyl acylate)/Laponite (PSBA/Lap) based hybrid latexes with different Lap
contents up to 50 wt%. Syntheses were carried out uskmgiradmulsion polymerisation.

The morphological characteristics of these PCNs were confirmed by small angle X
scattering (SAXSand transmission electron microscopy (TEM). Other characteristics of the
hybrid materials such as copolymer composition, particle size, conversion and molecular

weight were also investigated.
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The physical properties of the PCNs obtained from the latdgssribed in Chapter 4 are
described in Chapter 5. This chapter describes properties such as thermal stability, thermo

mechanical properties and the rrgtiite linear viscoelastic properties of hybrid materials.

Chapter 6 describes polystyrene/montmoritler(PS/MMT) based hybrid latexes prepared
using adminiemulsion polymerisation method. The chapter details the feasibility and
limitation associated with encapsulation of MMT using-naidiemulsion. Furthermore,

thermemechanical and thermal stability pespies of the PS/MMT PCNs are included.

The influence of clay platelet dimensions and clay modifiers (reactive oreaative) on
encapsulation of high clay contents in polystyrene using thmiaigmulsion polymerisation

is described in Chapter 7. Resutlescribed in this chapter focused on highly filled hybrid
materials (3050 wt% clay) obtained using Lap and MMT. The chapter mainly focuses on
comparisons made on latex morphology and physical properties of materials obtained by the

use of the two diffieent clays and the two different clay modifiers.

Finally, Chapter 8 summarises the main conclusions of this study, and suggestions for future

research are given.
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Historical Background

2.1 Hybrid nanoparticles

2.1.1 Polymer/inorganic hybrid nanomaterials

Polymer/inorganic hybrid nanomaterials also known as organic/inorganic hybrid
nanomaterials are polymers incorporating inorganic materials. Many inorganic particles have
been incorporated into polymeric materials and such particles include Sfliciganium
dioxide? graphite* magnetite particles’ carbon black® and clay platelet®*? The reasons

for the incorporation of inorganic materials in polymers include; protecting the encapsulated
material, protecting the environment from the encapsulated material and improving the
pol ymersd physical properties. Hybrid mater
properties have a wide range of applications, including packaging, biomedigialeenng,

and pharmaceutical. Thapplications are mainly dependemt the properties imparted to the
polymer by the inorganic material used. For example, magnetite filled polymers have
potential biomedical applications due to their superparamagnetic bavubmpatibility
properties: Clay filled polymers are used for packaging applications due to the ability of
clay platelets to reduce gas permeation through polymers. The main reason for the
incorporaion of clay in polymers is to improve the properties of the polymers. As such,
polymer/clay nanocomposites (PCNs) have been extensively studied in the last two decades.

2.1.2 Polymer/clay nanocomposites

PCNs are polymeric materials that are reinforcedh wiay platelets, hence they fall in the
category of filled polymeric materials. They are termed nanocomposites because the
reinforcing clays used have dimensions in the nanometer level. Clay naturally exists as sheets
stacked together, known as tactoigdd)ose dimensions are in the micron level. Polymer
chains can penetrate into the interlayer spaces between the clay tactoids leaving clay platelets
finely dispersed in the polymer matrix, to yield PCNs. However, these tactoids may not be
fully separated andhis results in the formation of microcomposites. As such PCNs are
normally classified into three general groups, i.e. microcomposites, intercalated
nanocomposites and exfoliated nanocomposites depending on the extent of tactoid

exfoliation.




Chapter 2 Historical Background

PCNs have bee found to exhibit enhanced physical properties as compared to their
corresponding neat polymer counterparts, as well as to conventional microcomposites. Since
PCNsd discoveryPinwas found teana dmgll fracBod 6fthese nano
platelets (as low as 1 wt%) can cause significant improvement in physical properties. Because
of these observesnhanced physical properties, PCNs have found wide applications,
replacing both neat polymers and polymers filled with mfdlers. Some of the applications

of PCNs include packaging filisdue to their excellent barrier properties, flame retasian

due to their high thermal stabilif§#® and engineering plastics because they have enhanced
mechanical properties, e.g. high storage moduli and tensile stréftifiey can also be
produced as water based latex via heterogeneous polymerisation nfétfibesice they can

be used in coatings applications.

2.2 Clay platelets nanofillers

2.2.1 Chemistry of clay

Clays generally fall into two families, the 2:1 phyllosilicates (swellable clay) and the 1:1
phyllosilicate (norswellable clay). Fig. 2.1 shows the general structure of the swellable

clays!+?®

0ALFeMpLi
i

L11)
#Li, Na Rb, (%

2:1 phyllosilicate General formula

T Montmorillonite M, (AlyMa,) SigOs (OH)
Hectorite M, (Mg Li) Si50s (OH) 4
Saponite M [Mg ] (51 5.xAl )00 (OH) 4

General chemical formula of three different clays

Chemical structure of clay

Laponite

Clay tactoids

Fig. 2.1: General structure and chemistry of swellable clays (MMT and Laponite).

In their natural state the clay platelets exist in stacks being held by electrostatic forces
existing between adjacent plates. Each platelet is composkrkeefsheets, a central sheet of

magnesium atoms octahedral coordinated with oxygen atoms and hydroxyl groups

8
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sandwiched between two tetrahedral silica sheets. Isomorphic substitution of some of the
magnesium atoms with lithium atoms in the central sheétthe presence of vacant positions
results in a partial negative charge to the platelet surfaces. This negative charge is counter
balanced by sodium cations adsorbed at the surfaces. Furthermore, the sodium cations are
responsible for the electrostatior€es holding adjacent plates together because they are

shared between adjacent platelets.

Clays used in the preparation of PCNs belong to the swellable family and tissvalbable

clays are not as equally important. This is mainly due to the relatwedk forces holding

the tactoids together allowing the clays to easily swell in solvents like water. The swellable
clay family comprises of smectites, vermiculites and mica clays and the smectite group
consists of clays such as montmorillonite, saponité leectorite. Of all the smectite clays,

the use of montmorillonite for PCNs preparation exceeds all the other clays in the group.
Bentonite and saponite are other naturally occurring clays that have been used in polymer
clay nanocomposites. Besides theunalty occurring clays, there are commercially available
organically modified clays such as Cloisite. These commercial clays do not require pre
modification like the natural clays. Moreover synthetic clays such as Laponite are also
available.

Laponite (La) platelets are disc shaped measuring 25 nm in length and 0.92 nm in thickness,

as shown in Fig. 2.1 with cationic exchange capacity ©5550nmol/100d¢."3? Unlike natural

clay, Lap has a narrow platelet size distribution and smaller particle sizes. Lap fully disperses

in water to produce clear dispersions at low concentrationgatiypbelow 2 wt%. At high
concentrations, above 2 wt%, Lap forms a highly viscous gel due to edge/surface electrostatic
interactions of the Lap platelets arranging
formation can be eliminated by the use gfegptising agent, e.g. tetrasodium pyrophosphate,
allowing to inverse the positive charge of

hence inhibiting the edgm®-face electrostatic interaction.

2.2.2 Clay modification

Clay can be used to reinfarcpolymers in their natural state but commonly they are

incorporated in polymers after modification. The modification process involves the grafting

of organic molecules onto the clay platelets so as to improve compatibility between the clay

and polymer chas. In its natural state, swellable clay is generally hydrophilic making it

incompatible with hydrophobic polymers. Secondly, in its natural state, the interlayer
9
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distance between the clay platelets is too small to allow penetration of polymer chains
between clay platelets. Thirdly, when employing-situ intercalation polymerisation
techniques, the hydrophilic nature of clay limits the wettability of clay platelets by the
hydrophobic organic monomer. These drawbacks make it necessary to modify the clay
platelets prior to using them in preparing PCNs. This modification process promotes strong
interactions between the clay platelets and the polymer chains of the PCN. The modification
of clay is generally done by either the substitution of inorganic catimsept on the clay
surfaces or by functionalization of the hydroxyl groups found on the edges. The modification
of clays therefore targets either the edges (edge modification) or the surfaces (surface
modification) of the clay platelets. The resultant nfiedi clay, sometimes referred to as
organosilicate or organoclay, can be used in the preparation of PCNs irrespective of the

40

method of preparatior;™ although unmoified clays can also be used in PCN

preparationé’

2.2.2.1 Edge modification

This method involves modification of clay platelets using compounds that can covalently
react with the hydroxyl groups found on the edges of the platelets and the commonly used
compounds are silanes and titandté$** Armoured particles, where the clay teleets are

not encapsulated in the polymer particles but found at the particle/continuous phase interface,

were reportedly prepared with clay modified using this meffiaborn et al*®

using the

edge modification process, obtained encapsulated polystyrene/Lap latexesffedtive
encapsulation of the Lap in the polymer particldswever, within the same latex different
particle morphologies were reported, ranging from spherical through to snowman
morphologies and the amount of Lap encapsulated remained relativelyhbiws telow 5

wt% relative to the polymer.

2.2.2.2 Surface modification

Surface modification can be achieved via cationic exchange or adsorption. lon exchange
surface modification involves cationic organic compounds (often cationic surfactants) which
are able to substitute the inorganic cationic ions in the clay interlayer spaces, such as
quaternary alkyl ammoniufhand alkyl phosphonium cationic compourfddhese cationic
surfactants facilitate the expansion of the interlssgaces and promote intercalation of the
polymer chains in the clay galleries. In this study, surfactantfose&lay modification will

be referred to as modifiers, in order to differentiate them from the surfactants used for

10
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miniemulsion stabilisationAlthough the use of short chain cationic modifiers is not popular,

|.39

Tong et al” reported the usef short reactive cationic modifier (surfmer) to obtain

nanocomposites with high clay content encapsulated in the polymer particles. Reactive

557,38
b

modifiers can take part in the polyrigation process as initiators (inisurfsf*® monomeric

modifiers (surfmers§>%4%47

or transfer agents (transurfs). Conventional modifiers that do not
take part in the polymerisation process are consequently classified-asactive modifiers

as they only serve to render the clay gietis surface more hydrophobic. The advantage of
reactive modifiers over nereactive modifiers is that by taking part in the polymerisation

process the reactive modifiers can enhance clay digpein the polymer and promote

interaction between the polynand clay platelets.

On the other hand, surface modification by adsorption involves the use of molecules that can
adsorb on the clay surfaces, e.@@ylamide2-methy}1-propanesulfonic acid (AMPS§*

>2 without necessarily exchanging the inorganic cations. This method involves interactions

such & hydrogen bonding and Van der Waals forces between the clay platelets and the
modifiers. This method led to PCNs with as high as 20 wt% clay ccfit8nt.

Surface modification and edge modification can be used simultaneously nmothication

of clay, and this method can be termed dual modification, combined modification or double
modification. Dual modification has been reported before, where the dual modified clay was
melt blended with poly(tlactide)®® The extent of exfoliation was reported to be enhanced
when the double modified clay was used, as a result of increased epoxy groups. The epoxy
groups were part of the silane molecule used for edge modification. €hali>>* and
Effenbergeret al>> modified montmorillonite (MMT) with dual modificationsing a silane
molecule and an amino acid. The dual modified MMT was used -gitunemulsion
polymerisation with polymethyl methacrylate (PMMA) and polyglycidyl methyl
methacrylate (PGMA) to yield PCNs with up to 20 wt% clay.

2.3 Preparation and characterisation of PCNs

2.3.1 Methods of PCNs preparation

Different methods can be employed in the synthesis of PCNs ranging dlending of
polymer chains and clay platelets tesitu intercalative polymerisation, where monomers are
polymerised in the presence of the clay. Synthetic methods for PCNs include melt blending,

solution blending, intercalation by sonication, andito intercalation.

11
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2.3.1.1 Melt blending

This is one of the oldest techniques used in the preparation of PCNs. Melt intercalation is
particularly popular in industry as it is compatible with industrial processes such as injection,
blow moulding andextrusion. In this method the polymer in its molten state is blended with
unmodified or premodified clay. This is usually done under high shear in order to promote
penetration of polymeric chains inside the clay galleries. However this method often yields
microcomposites rather than nanocomposites because it is difficult for the polymer chains to
penetrate the confined clay galleries and the modifier used for clay modification may
decompose under the applied heat causing the clay gallery distance toaiggitiecrease

during the process. Despite these draw backs, this method has been used in many instances

for preparation of PCN¥.%? and has been utilised industrially more than any other method.

2.3.1.2 Solution blending

The silicate layers are swollen in a compatible solvent. The resulting dispersion is then mixed
with the polymer or a prepolymer and the polymer diffuses into ileate galleries
displacing the solvent. PCNs can only be formed when the solvent molecules in the galleries
are successfully substituted by the polymer molec{iletere a negative ®bs free energy
difference between the solvent intercalated platelets and the polymer matrix is required. For
the polymer chains in solution to adsorb into the galleries, the driving force comes from the
entropy gained by desorption of the solvent moleswlich compensates for the decreased
entropy of the confined chains. The major disadvantage of this method is the use of harsh

solvents which are usually not environmentally friendly.

2.3.1.3 Intercalation by sonication

Although not popular, this methadilises the energy provided by the sonicator to overcome
the forces holding the platelets together. The sonicator provides sufficiently high ultrasound
energy and there is a negative pressure in the liquid as iPt&ans. energy breaks down the
tactoids, allowing the polymer chains to intercalate inside the clay galleries sanhe time

heat energy is produced which can be used to thermally initiate polymerisation unwillingly.

2.3.1.4 Insitu intercalation polymerisation

In-situ intercalation refers to the intercalation of polymer chains inside the clay galleries
during polymerisation of monomer. Unlike with other techniques such as solution blending
and melt intercalation, where the polymer is synthesised separately before it is blended with

clay, with the insitu intercalation technique the monomers are firstly intercalaside clay

12
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galleries, from where polymerisation is initiated. This results in polymer chains growing from
inside the clay galleries, thus expanding the galleries and facilitating the exfoliation of the
clay tactoids. This technique has received conduderattention in the academic research of
PCNs because it allows in depth study of the PCN synthesis, e.g. the study on polymerisation
parameter3, it is applicable to most fymerisation processes which are utilised in academic
research. Irsitu intercalation also allows easier manipulation of the resulting PCN as
compared to the other preparation methods. Although exfoliated structures can be obtained
using other preparatiamethods the manipulation of PCN morphology using these methods is
difficult. Since insitu intercalation polymerisation is compatible with heterogeneous
polymerisation processes such as emulsion, suspension and miniemulsion polymerisation, it
is possible @ control and manipulate the latex morphologies as well. As such different
morphological features have been reported with this method ranging from highly exfoliated
morphology for PCN films to sophisticated latex structures such as armoured p&tficles,

clay encapsulating polymer particte® and cellular arranged particle/clayustures®

2.3.2 Characterisation of PCNs

2.3.2.1 Polymer chain analysis

The molecular weight oiny polymeric material plays an important role on its overall
physical properties hence the need to evaluate molecular weight characteristics of different
PCNs. The use of size exclusion chromatography (SEC) remains the routine form of analysis
for moleculr weights of the materials. In PCNs the presence of clay platelets can affect both
the molecular weight and the molecular weight distribution of the polymer chains. However,
the presence of clay platelets may complicate the measurements of molecularusiigh

SEC.

2.3.2.2 PCN latex characterisation

For PCNs prepared via heterogeneous polymerisation methods, the evaluation of the latex
particle size is important because the particle size and the morphology of the latex play an
important role in the apiglation of the latex. The presence of clay platelets has been found to
affect particle sizes and size distributions of the PCN &&xThe common methods for
particle size analysis are dynamic light scattering (DLS) and TEM, with TEM being equally
important whe it comes to the morphological characterisation of these latex paftitles.

However, it is difficult to quantify the amount of clayaptlets encapsulated in the polymer

13
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particles using these techniques. Field flow fractionation (FFF) is another interesting method

that has the ability to fractionate particles according to’&Ze.

2.3.2.3 PCN morphological property characterisation

Morphological properties are generally described by the way in which clay platelets are
dispersed in the polymer matrix. When using-situ intercalation heterogeneous
polymerisation methods the location of the clay platelets relative to the polymer particles is
also considered as morphological feature of the PCNs. These morphological properties play
an important role in the observed enhanaeine physical properties of the resultant PCN
material. Techniques such asray diffraction (XRD) and transmission electron microscopy
(TEM) are commonly used to evaluate the morphological features of PCNs. TEM provides a
pictorial view of the PCN film platex. Fig. 2.2 shows a typical TEM image of a microtomed
poly(acrylonitrileco-methyl acrylate) nanocomposite film containing 7 wt% montmorillonite
clay.”? The clay platelets are viewed as dark stripes while the polymer material is viewed as
clear areas. The contrast between the clay platelets and the polymer particles provides a
visual clue that the PCN has a partially exfoliated morpholbigyvever, TEM suffers from a

major drawback that the sample used in the analysis is not truly representative of the whole
sample. Despite this drawback TEM still remains one of the most commonly used techniques
to evaluate the morphological structure &N%s mainly as a complementary technique to
XRD studies. Although TEM has been successfully used in analysing PCN films and latexes
with armoured and cellular structured particle morphologies, it @yimited when
analysing latexes with encapsulated motpgies. This is because polymer particles cannot
transmit light. This problem has been overcome by the use of high resolution TEM (HRTEM)
or cryoTEM.

XRD on the other hand is used to assess the extent of exfoliation of the clay tactoids by
analysing theBragg diffraction peaks of the clays before and after incorporation in the
pol ymer matri x. Use of t he Braggb6s l aw all

distance between platelets.

-7 Wo.p 2.1
Where: n is the orderaf nt er f er enc e, & | sraytdhissthewntenagel e n gt h
di stance and d is the measured diffraction a
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Arbitrary Intensity

3.14nm

3.39nm

2
Fig. 2.2: (a) TEM image of partially exfoliated poly(AMo-MA)/7 wt% clay nanocomposite and (b)
SAXS diffracbgrams of: (a) neat poly(acrylonitrileo-methyl acrylate), (b) poly(acrylonitrileo-
methyl acrylate)/1 wt% clay, (c) poly(acrylonitriieo-methyl acrylate)/3 wt% clay, (d)
poly(acrylonitrile-co-methyl acrylate)/5 wt% clay, (e) poly(acrylonitrileo-methyt acrylate)/7 wt%
clay, (f) pristine clay.

XRD analysis is commonly employed on PCN films and powders, with both wide angle
(WAXS) and small angle Xay scattering (SAXS) being conventionally used. Fig. 2.2(b)
shows typical SAXS diffractograms of poly(stonitrile-co-methyl acrylate)/clay
nanocomposite¥.

The shift in the Bragg peak from higher to lower angles is attributed to the exfolxitibe
clay tactoids and calculations using the Bragg law showed that the interlayer distance
increased in the PCNs relative to the pri s

information about the location of clay platelets relative to polymer pesticl

2.3.2.4 PCN physical properties characterisation

Thermo-mechanical properties

These are obtained from the material 6s r es|
temperature as measured by dynamic mechanical analysis (DMA). Molecular motions and
relaxations taking place during the analysis are measured and results such as storage modulus
and glass transition temperaturey)(hre obtained. The theramechanical properties are

closely related to the processing and end use of PCNs. The incorpafatiay has been

reported to enhance thermuechanical properties of PCNs relative to their respective neat

polymers, such enhancements including the increased storage modulug.'ard 1"
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These are caused by the strong interactions taking place between clay @attlptdymer
chains. This means that the thermechanical properties are affected by the clay dispersion

in the polymer matrix.

Rheological properties

These properties give information on the time dependent shear behaviour of materials.
Oscillatory testsare done at varying strain frequency whilst the strain amplitude is kept
constant so that the long term shear behaviour is simulated by the slow movements at low
frequency and the short term behaviour is simulated by the rapid movements at high
frequencyFig. 2.3 shows the angular frequency of poly(acrylonirdemethyl acrylate) and

its PCNs'?
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Fig. 2.3: Storagemodulus of poly(acrylonitrileco-methyl acrylate) and its PCNs as a function of

angular frequency.

Because these analyses are done in the molten state of the material, rheological properties can
be directly related to the processability of the materigjuiestion. Lottiet al”® evaluatedhe

elastic properties of polyethylene nanocomposites in relation to the processes such as blow
moulding and extrusion. When compared to their respective neat polymer, PCNs exhibit
different melt properties, e.g. early shear thinffihgnhanced elastic modulisand higher

shear viscosity® The ability of clay to align towards the direction of shear has been found to
play an important rolin the rheological properties of PCNsFurthermore, the molten state
rheological properties can be correlated to the microstructure of PCNs and a comprehensive

study on the relationship between rheological properties andetipee of exfoliation was
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conducted by Wagenet al” who reported a strong correlation between morphology and

dynamic rheological properties.

Thermal stability

The ability of a material to resist thermal degradation is of paramount importance if the
material is to be used in applications such as fire retardants. Thermal stability of PCNs is
generally evaluated using thermogravimetric analysis. The decomposition profile is
monitored from low temperatures to high temperatures, typically from room temgeto

600°C. The thermal stability can be deduced by monitoring parameters such as the onset of
decomposition whereby a delayed decomposition is considered as an improvement in thermal
stability. Generally PCNs exhibit improved thermal stabilities asnpared to their
corresponding neat polymels©8%82 ajthough there are reportshare no improvement has

been observed. The improvement in thermal stability is attributed to the ability of clay char

to act as an insulator between the polymer chains and the decomposition site, as well as the
restricted polymer chain mobility due to interactions with the surface of therskspelay
platelets®

2.4 Use of miniemulsion polymerisation to encapsulate inorganic particles

2.4.1 Miniemulsion polymerisation

A miniemulsionis a nanometric heterogeneous dispersion containing water, oil, surfactant
and cestabiliser, and prepared under high shear. The high shear, which can be provided by a
homogenizer or a sonicator, breaks down the monomer droplets to a size rangegDoh&0

The costabiliser, usually a highly water insoluble low molecular weight molecule e.g.
hexadecane or cetyl alcohol, helps to retard Oswald ripening. Miniemulsion polymerisation,
first reported in the 1970s by Ugelstadvas developed from the conventional emulsion
polymerisation (CEP). Therefore, it resembles the CEP in that they both start with monomer
droplets and end up with polymer particles but the mechaoifigralymerisation of these two
methods is different. During emulsion polymerisation, larger monomer droplets (monomer
reservoirs) feed the micelles with monomerptigh diffusion across the continuous aqueous
media, which eventually become the polymertipkes in emulsion. On the contrary,
miniemulsion polymerisation takes place in the monomer droplets so that the droplets are
converted into polymer particles hence no monomer diffusion is present in miniemulsion.

The surfactant concentration used duringuksion polymerisation is always above the
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critical micelle concentration (CMC), whereas for miniemulsion the surfactant concentration

used is carefully set to a value for which no free micelles exist in the continuous phase.

The polymerisation loci in eotsion polymerisation are the micelles whereas for
miniemulsion polymerisation the loci are the monomer droplets. The small size and high
specific surface area of monomer droplets in miniemulsion allows the droplets to compete
with any remaining micelles of radicals. Furthermore, in a properly formulated
miniemulsion, all surfactant molecules are utilized in stabilising the monomer dffplets.
Consequently droplet nucleation becomes the dominating nucleation mechanism in
miniemulsion polymerisation contrary to homogeneous and micellar nodeatchanisms

of CEP®® Since monomer droplets are converted into polymer particles, it is theoretically
possible to achieve a omeone copy of monomer droplets to polymer particles with
miniemulsion polymerisatioff. Because of this, miniemulsion polymerisation has become
increasingly popular in the preparation of organiarganic hybrids:>#2%2438398794 gnce

the inorgait particle is dispersed in the monomer, it will be incorporated inside polymer

particle during polymerisation.

2.4.2 Encapsulation of inorganic particles using miniemulsion polymerisation

Encapsulation entails the inclusion of one componentanther. For hybrid materials such

as those produced by miniemulsion, the inorganic material is generally incorporated into the
organic polymer particle. The encapsulation of materials such as liquids and inorganic
particles into polymeric particles hasufad a wide range of applications such as in controlled
drug targeting® coatings’® tissue engineering as well as in mechanical and electrical
devices’’ These interesting applications have led to a major focus on the study on these
encapsulated matais. Miniemulsion polymerisation has become one of the most useful
methods in the preparation of these hybrid materials due to its advantages over the other
heterogeneous polymerisation methods. Using miniemulsion polymerisation, homogeneous
distribution d the encapsulated component can be achieved relatively-2asso using ad
miniemulsion technique, which is a modified miniemulsion polym&dsamethod, it is
possible to encapsulate high contents of inorganic particles in polymeric particles, an
achievement that is difficult to attain with the other heterogeneous polymerisation techniques.
Although organic pigments and liquids can be encapsdlin polymeric shelfS, these
materials will not be discussed the current study, which focuses on the encapsulation of

inorganic nanoparticles, in particular clay platelets. Many inorganic nanoparticles used to
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date for the preparation of hybrid nanoparticles include carbon blattica! magnetite’ "%

gold nanoparticles, nanorddsind clay platelet&>**** Using miniemulsion polymerisation,

two preparation routes can be followed, one that involvesctdminiemulsion and another

method that involves esonication, also known as-&iniemulsion polymerisation.

2.4.2.1 Direct miniemulsion polymerisation

Particles to be encapsulated are dispersed in the monomer phase prior to emulsification. This

requires that the particles be hydrophobic in order to be compatible with the hydrophobic

monomer. Therefore hydrophilic particles such as clay platelets, silica or magnetite particles

should be prenodified using organic modifiers which will help to stabilise particle in the

hydrophobic monomer as well as to facilitate the wetting of these particles by the méhomer.

A co-stabiliser, which will help to prevent Oswald ripening, is also added to the monomer

dispersion containing particles. This dispersion in the monomer phase is then added into an

agueous surfactant solutiomnic or nonionic, to form a heterogeneous system. The

surfactant helps to stabilise the monomer droplets in the aqueous media against flocculation.

The resultant dispersion is emulsified before being exposed to ultrasonication (US) for

emulsification. Ageneral procedural example is shown in Fig. 2.4. This method has been

used extensively in encapsulatioof various inorganic particl

e?§,39,87,91,94,100102 Its

limitations include the heterogeneous distribution of the encapsulated particles in the polymer

particles, ineffective inomnic particle encapsulation and inability to encapsulate high levels

of inorganic particles in the polymer particles.
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Fig. 2.4: Outlined procedure for the encapsulation by direct miniemulsification

When this method is udeto prepare PCNs the amount déy that can be incorporated

remains very low, typically below 5 wt%. This is due to the high viscosity of the

monomer/ clay dispersion for

high

overcome by Tong and Detigwho utilised a small reactive molecule to modify thayc

cl ay

19

cont



Chapter 2 Historical Background

surfaces and used a small sized clay platelet thus managed to incorporate up to 30 wt% clay

in the polymer.

2.4.2.2 Adminiemulsion (Co-sonication) polymerisation

This method was developed by Landfesteral®® with the desire to produce highly filled
polymer particles as well as polymer particles with homogeneously distributed inorganic
fillers, goals which could be achieved by neither conventional emutgtymerisation nor

direct miniemulsion polymerisation. In general this method involves the preparation of two
separate dispersions, a monomer miniemulsion and an inorganic particle dispersion. The two
dispersions are then added andsoaicated forming dybrid miniemulsion which is then
polymerised. In order to achieve the required final miniemulsion 2 or 3 steps may be

|68

followed as shown by Landfesteral.”” in sefarate studies.

The first miniemulsion- the monomer miniemulsion is prepared in the conventional
miniemulsion method, i.e. adding monomersstabiliser and surfactant in an aqueous media
followed by sonication after the pemulsification process. In ¢hsecond miniemulsion it is
desired that the inorganic nanoparticles be stabilised in the aqueous phase. This is achieved
through the use of surfactant that can interact on the Avetteganic particle interface, thus
stabilising the particle in the aqueoywhase. However with hydrophilic particles, two
surfactants may be used. The first surfactant (the modifier) renders the particle surface
hydrophobic while the second surfactant stabilises the modified particle in the aqueous phase
by preventing flocculan or coagulation of the particles. It is understood that upon the
addition of these two miniemulsions and the subsequent sonication, the fission and fusion
process brought by the sonication process will cause the formation of hybrid droplets which
are mae stable than the aggregates and the liquid droplets. A typical 3 stagriachulsion
procedure used by Landfeseatral® is outlined in Fig. 2.5.

Using adminiemulsion polymerisation Ramiregt al® and Zhenget al’ successfully
prepared polymer nanospheres with 40 wt% magnetite cortkeir aim was to prodec
aqueous ferrofluids consisting of uniform and stable magnetite polystyrene nanopatrticles. In a
three stage process, the oleic acid coated magnetite particles were first dispersed in octane
and the obtained octane/magnetite dispersion was combined wathuaous SDS solution.

This mixture was then emulsified and heated to evaporate octane leading to an aqueous

ferrofluid consisting of SDS encapsulated magnetite particles. In the final stage the magnetite
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dispersion and the styrene miniemulsion weresaacated and then polymerised yielding

highly filled PS nanospheres with uniform encapsulation.
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Fig. 2.5: Encapsulation of magnetite particles using-sonication proceduré.

Tiarks et al® co-sonicated carbon black (CB) and styrene miniemulsions to produce carbon
black encapsulated nanopatrticles. This method allowed them to prepare nanoparticles with up
to 40 wt% encapsulated CB. In the first steplfophobic CB was dispersed in water using a
surfactant, and then a monomer miniemulsion was prepared separately and added to the CB
dispersion before this mixture was-sonicated, thus obtaining full encapsulation of the CB

in the final polymer particleswhich contained up to 40 wt% CB. The controlled
fission/fusion process during sonication breaks down the aggregates and liquid droplets so

that only hybrid particles composed of CB and monomer remain due to their high stability.

Kim et al®? used different methods to encapsulate yttrium oxysulfide and found that mini
emulsification was the most effective method, yielding different morphological structures

when the monomer polarity and the sonication time were varied.

Despite the encapsulation success reported so far usimgnamulsion polymerisation, no
reports have been found, to the best of our knowledge, where it has been used to encapsulate
clay platlets. In the current study the-adniemulsion will be utilised in an effort to prepare

polymer nanoparticles with clay content as high as 50 wt% relative to the monomer/polymer.
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The resultant materials have potential applications in areas such as saatithgfilm

packaging.

2.5 Highly filled and encapsulated PCNs

2.5.1 Highly filled PCNs

During the early days of PCN discovery significant improvements of material properties were
observed even with fairly low clay content, as compared to conventmoi@b-sized
dispersed fillers. Typically, properties such as storage modulus, barrier, and thermal
resistance were improved with the addition of as low as 2 wt% clay content to the neat
polymertt161924103104 pa\vever, interest in the effects of increased clay content grew and
endeavours to prepare PCNs with large clay contents increased and to date reports of PCNs
with as high as 50 wt%lay content can be found in literature. PCNs containing as high as
70 wt% clay have been prepared via melt blending using organophilit’t&however the
current study is focused on PCNs prepared via water based polymerisation techniques. Using
soap free emulsion polymerisatioBhoi et al*®*° prepared PCNs of polyacrylonitrile and
poly(methyl methacrylate) containing up to 20 wt% montmorillonite clay using AMPS as
compatibiliser. These studies however did not characténsdatex morphology of these
nanocomposites so that no information on encapsulation could be extracted from these
reports. Soap free emulsion was used in the preparation of PCNs of poly(methyl axrylate
methyl methacrylate) containing up to 20 wt% MMANIthough the clay was homogeneously
distributed within the resultant films, it was reported that the growing polymer particles
adhered to the clay surfac®8™° Polystyrene/Lap PCNs with a clay content of 20 wt% were
prepared using emulsion polymerisatidhThe Lap was first stirred in peptising agent and
cationic modifier solution. To promote attachment of Lap to polystyrene, the macromonomer
poly(ethylene oxide) monomethyl ether methacrylate with a molecular weight of 2000 g/mol
was added and the functionalised Lap, monomer and initiator were added into a reactor and
allowed to polymerise. TEM images showed that the Lap clay platelets were bound on the
polymer surfaces resulting in films with cellular structures. The use of thidsmen
technique also led to polystyrene/Lap PCNs with up to 50 wt% clay content still exhibiting
the cellular structure as a result of Lap adhering to the polymer particle sdtfates.

Despite the recent successes enjoyed on the preparation of highly filled nanocomposites via
heterogeneous polymerisation methods, encapsulation of highcolatent in polymer

particles remains a challenge. To date, reports on highly filled PCNs prepared by
22
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heterogeneous methods such as emulsion and miniemulsion have either neglected specifying
the location of clay platelets in the latex or have reportetelpta being on the polymer

particle/water interface.

2.5.2 Encapsulated PCNs

Organic/inorganic hybrids materials have shown potentially crucial applications in areas such
as coatings, adhesives, cosmetics, medical diagnosis and treatment, additpagsefoand
textiles. Reports on effective encapsulation of clay platelets can be found in the open
literature, however contrary to high inorganic content encapsulation obtained by spherical
particles, the encapsulation of clay platelets is still limitecklatively low clay content with

respect to the monomer.

Although Diaconu and eworkers'* managed to synthesise poly(methyl methacrytate

butyl acrylate)/clay PCNs with up to 30 % total solids content via miniemulsion
polymerisation usingCloisite 15A and Cloisite 30Rlays, the clay content in the actual
composite did not exceed 5 wt%. Using conventional emulsion and miniemulsion, utilising
both the batch and the semi batch processes, they were also able to prepare polymer clay
nanocomposes with solids content as high as 45 wt% but the clay content remained as low
as 3 wt%. Their work utilised MMT and Cloisite 30B and it was established that the semi
batch process afforded PCNs with higher solids content compared to the batch process in
both polymerisation processts.

Bouananiet al?? encapsulated up to 5 wt% MMT clay in poly(trifluoropropylmethyl)siloxane
using miniemulsion polymerisation technique. In a typical procedure, clay and cationic/non
ionic surfactant mixture were dispersed in water and afteraigo emulsification the
monomer was added followed by sonication to obtain the miniemulsion. Inhomogeneous

dispersion and partial encapsulation of clay was observed using this method.

The use of covalently modified Lap and MMT clay platelets in emulsodyngerisation and
the preparation of poly(methyl methacrylate) PCNs led to the effective encapsulation of the
platelets exhibiting both dumbbell and snowman particle morphdfodythough they
reported up to 75% encapsulation efficiency the total clay encapsulated remained below 5

wt% relative to the monomer content.

Polystyrene/Lap encapsulated hybrid system was developed via miniemulsion polymerisation

|.88

by Sunet al® containing up to 5 wt% clay content modified by cationic excharsjyegu
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alkyl quaternary ammonium modifiers. They followed the direct miniemulsion procedure
where the modified Lap was dispersed in organic phase prior to sonication and eventually
polymerisation. The fact that the Lap was dispersed in the organic phael lie amount

of clay content that could be dispersed or encapsulated in the monomer due to excessive
viscosity increase at clay content beyond 5 wt%. Therefore the resultant encapsulated clay

was not found to be different from that obtained using comwaaitemulsion polymerisation.

Previous work done in our group led to encapsulation of only up to 5 wt% MMT as well. The
MMT was modified through cationic exchange using cationic RAFT agents. Using direct
miniemulsion polymerisation, the RAFTodified MMT clay was encapsulated but again the
clay content could not be increased beyond 5 wt% due to the instability of the resultant
miniemulsion®® Again, the limitation with regard to the amount of clay encapsulated can be

attributed to the viscositycreases beyond 5 wt% clay content.

|.39

Tong et al* reported a series of studies done on the encapsulation of saponite of different

sizes using a direct miniemulsion polymerisation procedure similar to the one reported by

Sunet al®®

where the modified clays are dispersed in the organic phase befsoaication.

The miniemision polymerisation process was carried out using hexadecanestabdiser,

Triton 405 as surfactant and an oil soluble initiator. It was also reported that although
modification using long chain cationic modifiers, e.g. CTAB, allowed clay to be well
dispersed in the organic phase, the resultant viscosity increased rapidly so that only up to 4%
clay content a stable miniemulsion was obt:
reported that the particle size, particle size distribution and the sysfaperties of the
nanoplatelets play synergistic roles in encapsulation, exfoliation and stability of
miniemulsion. With MMT (400 nm average particle size) encapsulation was unsuccessful due
to the large size of the platelets as opposed to the monomdetdrdpence could not be
encapsulated. This finding is however contrary to other reports were MMT was successfully
encapsulated despite its large size. When saponitei 3206m) was use¥?’ a stable
dispersion was obtained but the clay adhered onto the polymer latex particles rather than
being encapsulated. Using smaller saponite clay platelets (50 nm) and a short reactive
cationic modifier to modifyhe clay, they managed to encapsulate up to 30 wt% saponite.
Besides the role played by platelet sizes, it was also found that the modifier chain length also

plays a role on encapsulation efficiency.
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Moraeset al**® summarised the possible particle morphologieseban literature reports, of

different PCNs using different clay types, Fig. 2.6. The summarised morphologies were in

agreement
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Fig. 2.6: Possible particle morphologies (a) Platelets encapsulated inside the Ya{ex, platelets

adsorbed on the latex surfac&(c) dumbbell or snowman like morpholody(d) Polymer particles

adsorbed on large clay platelets and (e) large platelets encapsulation resulting in colloidal

instability.®’

Recently Leizaet al*'® modelled the equilibrium morphology maps of nanodroplets in the

presence of nanofillers, taking intmonsideration both spherical and platelet nanofillers.

cl

Using Monte Carlo simulations it was found that in the case of high aspect ratio nanofillers,

the compatibility of nanofiller with monomer and aqueous phases, the aspect ratio and the

monomer dropletidmeter play a crucial role in controlling the polymer particle morphology

using miniemulsion polymerisation.

Successful encapsulation of clay is mainly limited to contents not exceeding 5 wt% due to

viscosity increase. On the other hand clay nanocongsosintaining up to 50 wt% clay

content have been produced without necessarily encapsulating the clay platelets inside the

polymer particles. To the best of our knowledge only very few reports can be found in the

open literature on highly filled encapsddt PCN latexes. The current study aims to
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encapsulate high clay contents in polymer patrticles, in the rangé 50 1% clay content,

relative to monomer. The current effort utilisesrathiemulsion polymerisation, a technique

that has been used succebgfto encapsulate other inorganic nanoparticles, such as carbon

black and magnetit&®® when conventional emulsion and direct miniemulsion encapsulation

were unsuccessfat.
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Chapter 3
Stabilisation of Organolaponite inAgqueous Media Using Anionic

Surfactant and Ultrasonication

3.1 Introduction

Clay is one of the many inorganic nanoparticles that are used for the reinforcement of
polymers. As such studies on polymer/clay nanocomposites (PCNs) have been a prime area
in the last decadé™ Due to its naturally hydrophilic nate clay may require pre
modification using organic molecules to improve its compatibility with hydrophobic
polymers and monomers. This modification process can be done through different methods
such as ion exchange surface modification or edge modificatising ion exchange method

the inorganic cations that act as counter ions at the clay surfaces are exchanged with
organocations such as quaternary alkylammonium compounds. The edge modification
involves the use of reactive compounds such as silanesatés to covalently bond with

the hydroxyl groups found on the platelets ed§&sAdsorption surface modification makes

use of compounds which can adsorb onto the clay surface via interactions such as hydrogen
bonding without necessarily substituting the inorganic counter?fgfisThe modification
process renders the clay platelets more organophilic and limits its dispersability in aqueous
media. These organlays are used for the preparation of PCNs using techniques such as melt
intercalation, solution polymerisation andsiu intercalation polymerisation. Using the in

situ intercalation process, the organoclay is dispersed in the monomer prior to

polymerisation?>2

During the modification process, the amount of clay modifier required for complete surface
modification using ion exchange modification is equivalent to the available exchangeable
sites. The excess modifier molecules can facilitatdispersion of the organoclay in agueous
media through the formation of a surfactant double layer (admicellengUs
cetyltrimethylammonium chloride (CTAC), Nakamura and Thdthatudied the surfactant
double layers formed on Lap clay surfaces ugipigeneflourescence and concluded that the
modified Laponite (Lap) relisperses in exass CTAC concentration due to teottail
interactions of modifier molecules. A similar phenomenon, where Lap first flocculates and
then redisperses in water with increasing CTAC concentration, was reported by Beghimi
al.® This was also attributed to the excess CTAC modifier molecules interacting with
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molecules grafted on the clay surfaces to form a surfactant bilayer known as an admicelle.
This admicelle layer brings aboueetrostatic stability to the modified clay in water despite

the individual platelets being hydrophobic. The use of a second surfactant, different from the
clay modifier, has also been reported to facilitatelispersion of flocculated organoclays.
This results in the formation of a cationic/anionic admicelle layer on the clay surface.
Capovilla et al,* utilised cationic/anionic admicelles using cetylpyridium and sodium
dodecyl sulphate (SDS) to-tisperse modified Lap clay platelets in water. Also Bralemi

al.®! utilised the cationic/anionic sadtant combination to +éisperse Lap and proved the

formation of admicelles using pyrene fluorescence. Yatgal®?

stabilised organo
montmorillonite (MMT) in water bySDS and sonication prior to emulsion polymerisation.

The MMT platelets were first modified with neeactive or reactive cationic modifiers.
Besides clay platelets, the same concept has been reported for other nanoparticles surfaces.

Meguro et al

showed that multiple layers of cationic/anionic surfactants can adsorb on
sur f ac-BeO; and TiQUas a result of thedmicelle layer formation (taio-tail
interactions) and hea-head interactions. This shows that stable aqueous organolaponite
aqueous dispersions and other nanoparticles can be prepared following the formation of
admicelles on their surfaces. Howewviie particle sizes of these stabilised dispersions were

not reported hence it remained an area of investigation.

BourgeatLami and ceworkers* were the first to investigate the particle sizes of modified
clays when they monitored the particlees of edgenodified Lap as a function of stirring
time. Their study involved preparation of aqueous organolaponite dispersions for use in the
emulsion polymerisation. The Lap was modified by covalent modification of the Lap edges
using mone and trifunctonalised silane molecules. Although the organolaponite obtained
from modification with trifunctionalised silane molecules did not effectively disperse in
water, the one obtained from modification with monofunctionalised silane molecules was
successfully dipersed in water giving particle sizes ofi B0 nm. In a separate study
organolaponite particles modified with cationic initiator-aZbbis(2methylpropionamidine)
(AIBA) were dispersed in water and stabilised with SDS prior to emulsion polymeridation.
They reported a decrease in the particles sizes of these organolaponite particles with
increasing string time. The extent of modification reportedly played an important role in the
particle sizes obtained with 50% CEC giving 50 nm particles within 1 day while 200% CEC
giving a minimum value of 200 nm after 5 days of agitation. This shows that the fully
modified clay platelets strongly interacted with each other so that stirring alone required a
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long time in order to break the aggregates. Sonication is usually employed during the
preparation of conventional miniemulsions. Sonication time is well knowaffext the
droplet and polymer particle sizes with a general decrease in droplet or particle size being
observed with increasing sonication tifié’

The current study aims to prepare aqueous organolaponite dispersions for use in the ad
miniemulsion polymerisation of polymer/Lap hybrid latexes. The appr@adb use the
admicelle concept to stabilise the hydrophobic organoclays using an anionic surfactant and to
break down the organolaponite aggregates using sonication process. The objective of the
current study was to establish the conditions (sonicatime tand SDS concentration)
required to achieve the aggregate sizes (average particle size) comparable to miniemulsion

monomer droplets, i.e. 5600 nm.

3.2 Experimental

3.2.1 Materials

Laponite RD (Lap), with 25 nm x 0.92 nm dimensions and CEC 6%& 10° mol/g was
supplied by Rockwood Additives Limited, U.K. Cetyltrimetylammonium bromide (CTAB),
4-vinylbenzyl chloride (99%), N,N dimethyldodecylamine (99%), sodium dodecyl sulphate
(SDS) and silver nitrate (AgN§pwere supplied by Sigma Aldrich ancere used as received.
VBDAC was synthesised using a method reported elsewhanel was confirmed byH

NMR (See Appendix 1)

3.2.2 lon exchange surface modification of Lap clay

Lap (1 wt% relative to water) was dispersed in 1 g/L aqueous solution of sodium
pyrophosphate at room temperature and the dispersion wasl gorr@ hr until a clear
dispersion was obtained. Modifier (CTAB or VBDAC), equivalent to 100% CEC of the Lap
was dissolve in water at room temperature. The resultant agueous modifier solution was
added drojpwise to Lap dispersion and the mixture was etirfor a further 24 hr at room
temperature. The obtained white precipitate was recovered by centrifugation at 2900 RCF for
60 min. Several washings were done on the obtained precipitate until no free modifier was
detectable using silver nitrate (AghQeg (i.e. precipitate was observed upon the addition of

a few drops of 0.1 mol silver nitrate to the supernat&®uyvder samples used to evaluate the
extent of modifier grafting onto clay platelets were obtained by drying the organolaponite at

45 °C under acuum.
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Fourier transform infrared spectroscopy (FTIRjeasurements were conducted on the
vacuum dried Lap/BDA using a 1650 Fourier transform infrared spectrophotometer,
(Perkin Elmer, U.S.A). Thirty two scans were recorded for each sample. This wasodone

gualitatively evaluate the efficiency of the cationic exchange.

Thermograms of the dry sample powder were recorded using Q500 TGA 7
thermogravimetric analyser (Perkin Elmer, U.S.A). The experiments were carried out under a
nitrogen atmosphere, at a floate of 5 mL/min. The temperature was increased fron25

to 590 C, at a heating rate of 15 °C/min.

3.2.3 Preparation of agueous organolaponite dispersions

In the preparation of agueous organolaponite dispersions, the organolaporH@T@ ap
Lap-VBDA) paste was used as recovered from the centrifugation process, without prior
drying. The amount of the clay in the paste was 15% in bothCJap and LapVBDA

pastes, as determined by TGA and gravimetric methods. In a typical exampleT Aafii

10 wt% reléive to water) was dispersed in aqueous SDS solution of predetermined
concentration (060 mM). The dispersion was then agitated for 2 hr in order-thsperse

the LapCTA. This was followed by sonicating the dispersion forgegermined time (160

min). Studies were conducted to establish how SDS concentration, sonication time and
organolaponite content affect the average particle size of the aqueous organolaponite

dispersions. The particle sizes were analysed using dynamic light scattering.

A Zetasize ZS 90 (Malvern Instruments, U.Kgquipped with a 4 mW HBe laser,
operating at a wavelength of 633.0 nvas used for DLS analysis of the dispersiofise
scattered light was detected at an angle of 90°. The final average particle size was obtained
from three measurements, each comprisingl50subruns. The average particle size was
calculated using a CONTIN analysiior to the analyses the dispersions were first diluted at

a ratio of 15 drops of deionised water per every drop of dispersion.

3.3 Resllts and Discussion

3.3.1 Laponite modification

The modification of Lap was studied using FTIR and TGA. Fig. 3.1 shows the infrared
spectra of Lap, the cationic modifiers and the modified organolaponite. The encircled bands

are those that were observednganolaponite and could be traced to either the modifier or to
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unmodified Lap. Asymmetrical and symmetrical vibrationg ©H,i of the alkyl chains of
CTAB® at 2929 crit and 2852 cni appear in the spectra of both LEFA and CTAB.
Shifting asymmetric CH vibrations of the CH N* from 1485 crif in CTAB to 1477 critin

Lap-CTA suggest the attached CTAB to tHaycsurfaces via its headgroffpOn the other
hand the broad band between 3000'@nd 3600 cri, 1637 cni* and 980 crit could be

easily traced to Lap.

For LapVBDA the bands at 2926 ch 2854 crit and 1475 cif can all be traced to the
spectra of VBDAC, while those at 3696 ¢ml637 cni, and 980 cii can be traced to the
Lap spectrum indicating thatBDAC was also successfully grafted onto the Lap surface in a

similar way as CTAB does.

Laponite

Transmittance (a.u)
Transmittance (a.u)

*
Wiy
Seatey ) .
. g M""a @:‘:
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Fig. 3.1: FTIR spectra of; (a) CTAB, Lap modified with CTAB and unmodified Lap and (b)
VBDAC, Lap modified withvBDAC and unmodified Lap.

Thermogravimetric analysis was used to quantify the amount of surfactant grafted onto the
Lap surface. Fig. 3.2 shows the TGA thermograms of modifiers (inserts), neat Lap and
organolaponite modified at 100% CEC. The unmodified L#ermogram is also
characterised by one weight loss step between 70 °C and 150 °C which is due to the loss of
water molecules adsorbed on clay platel&t?*? The TGA thermogram of CTAB shown in

Fig 3.2(a) (insert) is characterised by one weight loss step between 200 °C and 300 °C with a
residual mass of 0.003% at 660 which is due to the bulk CTAB decompositidrnThe

VBDA thermogram, shown in Fig. 3.2(b) (insert), is characterizedway decomposition

stes, first between 150800 °C due to the decomposition of VBDAC and secondly afi 350

500 °C which was attributed to the decomposition of products of thermally induced auto

polymerisation of VBDAC.
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Fig. 3.2: TGA thermograms of cationic modifiers, neat Lap and organolaponite.

Organolaponite thermograms were characterised by two weight loss steps. The first step,
below 100 °C, was due to loss of adsorbed water molecules. The second step, observed
between 250 °C and 450 °C, was attributed to the decomposition of grafted modifeers
residual weight differences between 2and 600°C were used to calculate the amount of

modifiergrafted on the Lap surfaces using Equation'3.1,

i ,
T T 5 ~ —_— A1 e
AT T T R HHITHIHHH H R . 31

where Wooeoo is the weight loss between 20Q and 600°C, Wy, is the weight loss of
unmodified Lap between 20C and 60CFC and M is the molecular weight of modifier.

The calculated amounts of CTAnd VBDA' in the organolaponites were found to be
equivalent to 0.050 mol/100g and 0.048 mol/100g respectively, whabuats for 90% and

83% exchange of the available exchangeable sites, respectively.

3.3.2 Organolaponite aqueous dispersions

Unmodified Lap dispersed well in water and after 30 min of stirring a clear dispersion was
obtained. However upon addition of thationic modifier solution a white precipitate was
observed. This was attributed to fetoeface flocculation of clay platelets via tad-tail
interaction of modifier molecules attached onto the platelets suffa@eganolaponite
obtained after washing off the unattached modifiers could not disperseater.
Sedimentation was observed as shown for sample SDOO in Fig. 3.3(a). Since the same
dispersion characteristics were observed for both@&A and LapVBDA, only Lap-CTA
dispersions are described in this section. Dispersions sonicated in theeabS&iaS re

flocculated within 2 hr of standing.
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Fig. 3.3: (a) Photographs of organolaponite aqueous dispersion at constant sonication and varying
SDS concentration, before sonication and SDS addition (SD00), and afterication in 5 mM
SDS solution (SD05), 10 mM SDS solution (SD10), 20 mM SDS solution (SD20), 30 mM SDS
solution (SD30) and (b) The evolution of the particle size distribution of Lap at each step towards
stabilisation with SDS; (A) unmodified Lap, (B)LagTA, (C) LapCTA in 10 mM SDS solution

before sonication, (D) LagCTA in 10 mM SDS solution after 10 min ultrasonication.

On the other hand, dispersions prepared in SDS without sonication were fairly stable,
showing little sedimentation depending on theetimf stirring and SDS concentration.
However, dispersions prepared in SDS solutions followed by sonication did not show any
sedimentation and were stable for a month. The photographs of these dispersions are shown

in Fig. 3.3(a). Below 10 mM highly visceuand opaque dispersion were obtained. Upon
increasing the SDS concentration at constan
clarity increased. This was attributed to the formation of small aggregates as a result of
sonication on which SDS moleculemdsorbed forming cationic/anionic admicelle by

interacting with the tails of CTAmolecules grafted onto the clay platelet surf&8&s.

Similar observations wer found when the sonication time was varied at constant SDS
concentration. Upon increasing the sonication time fromfi6Q0min at constant SDS
concentration, the clarity increased significantly with increasing sonication time. Besides the
improved transparey, no sedimentation was observed in all sonicated dispersions. These
observations were attributed to the effectiveness of sonication in breaking down the modified
clay aggregates into smallzes and the ability of SDS to swtb at the clay surfaces thus

bringing about electrostatic stabilisation as illustrated in Fig. 3.4.

39



Chapter 3 Stabilisation of Organolaponite in Aqueous Media
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Fig. 3.4: Schematic presentation of the evolution of Lap platelets (1) unmodified Lap, (2) modified
Lap, (3) sonicatedorganolaponite dispersion in SDS solution, (4) Fully exfoligtanodified clay
platelet stabilised with SDS.

3.3.3 Particle size and particle size distributions of organolaponite dispersions

The results obtained so far suggest a decrease in average particle size of the organolaponite
aggregates aa resultof sonicaing these aggregates in aqueous SDS solution. DLS was
therefore used to establish the effect of SDS concentration, sonication time and

organolaponite content on average particle size.

3.3.3.1 Particle size evolution

Firstly the average particle size tife dispersions were evaluated from unmodified Lap
dispersion through to the stabilised organolaponite dispersions. The particle size distributions
of each step of the process are shown in Fig. 3.3(b). This general particle size distribution
evolution behaiour was observed for all SDS concentrations studied, the only difference
being the particle sizes achieved at each stage after dispersing in SDS solution. Results
obtained for Lap/BDA dispersions showed similar trends to E@PA dispersions, the only
difference being the sizes of the particles at each stage especially after the modification of

Lap (Table 3.1) and again in this section only{GPpA dispersions are discussed.
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Before modification, Lap dispersion showed a broad patrticle size distributigmgaftom
approximately 15 nm to 110 nm, c.f. peéAk Fig. 3.3(b), with an average patrticle size
diameter of 38 nm. Although there still remains a debate on the morphology of Lap in the
agueous phase, it is generally accepted that individual plateleexsdinnough to oligomers

exist in the aqueous Lap dispersion thus contributing to the broad particle distrfBtition.

Table 3.1: Particle size evolution of LaBTA and LapVBDA aqueous dispersions

Stage Lap-CTA Lap-VBDA
Lap before modification 38 nm 38 nm
Unsonicateddrganolaponite dispersion 5000 nm 5000 nm
After mechanical stirring 1000 nm 900 nm
After sonication 221 nm 359 nm

After modification with CTAB the unsonicatemtrganolaponite dispersion showed a narrow
particle size distribution (PSD), peak B of Fig. 3.3(b), with an average patrticle size diameter
of ~5 um, due to facéo-face aggregation, however reproducibility of this result was poor.
Upon dispersing Lay&€TA in 10 mM SDS solution the particle size distribution shifted
significantly towards lower values with an average patrticle size of approximately 1 um, after
2 hr of mechanical stirring. This was attributed to the formation of a surfactant bilayer on the
clay surface (admicelle). An admicelle is a surfactant bilayer on inorganic surfaces with the
head groups of the lower layer being adsorbed onto the surface and thgrdwgasd of the
upper layer pointing towards the aqueous ptfdSéllustrated in Fig. 3.44). Admicelle
formation on clay surfaces is a wkhown mechanism causing-déspersion of organoclays

in aqueous mediand this can be facilitated by the addition of excess cationic modiff&Y,

or addition of anionic surfactant to cationic modifier bearing partfé&s.

In the current study it was observed that the particle sizes of these dispersions were relatively
large, average particle size was approximately 1 pum after 2 hr of mechanical agitation and
their digribution is shown by peak, Fig. 3.3(b). However, sedimentation was observed for
this sample after standing for 24 hr. Flocculation decreased with increasing SDS
concentration but the average particle size of the unsonicated dispersions remained fairly
large compared to the sonicateample. This indicates that although the second surfactant,
SDS, managed to interact with the cationic modifier, CTAB, on the clay surface, it only

brought temporary stabilisation to the EGJ A aggregates and was ineffective in breaking
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down the aggreges to small sizes. The combination of this cationic/anionic admicelle effect
and sonication produced stabilised particles with an average sk afm peakD. Broad
particle size distribution was also observed for the sonicated dispersions. This @eeld h
resulted from different aggregates containing different numbers of platelets. The particle size
distribution of sonicated dispersion overlapped with the upper region of the unmodified Lap
distribution. This suggested that the process was unable tiiwdfg break down the Lap

CTA aggregates to yield fully exfoliated individual modified clay platelets.

3.3.3.2 Effect of SDS concentration on particle size at constant sonication time and solids
content

Initially aqueous organolaponite dispersions withwi% organolaponite were used to
evaluate the effect of SDS concentration on average particle size. F@TlAapispersions

the average particle size showed a systematic decrease with increasing SDS concentration.
Fig. 3.5(a) shows the average particlesiz LapCTA at different constant sonication times.

The tendency of average particle size to decrease with increasing surfactant concentration

7
.3

was also reported by Abismait al.;”’ using a nofionic surfactant.

The average particle size decreased with increasingc®B&ntration as seen in Fig. 3.5(a),
reaching a constant value from concentrations of 20 mM and higher. For example, the
average particle size of LAPTA prepared at 10 min sonication decreased from 221 nm in 10
mM SDS solution to 140 nm in 30 mM. No foer decrease was observed with further
increasing in SDS concentration beyond 30 mM. The decrease in average particle sizes with
increasing SDS concentration was attributed to the ability of SDS molecules to adsorb on the
modified clay surfaces through Valer Waals attraction with the CTAnolecules attached

on the clay surfac®>¥*34° The higher the quantity of SDS molecules available to cover the
larger surface area produced by sonication, the lower the average particle sizes of the
resulting LapCTA dispersion. Folower SDS concentrations, below 10 mM, the interface is
not completely covered, therefore, the clay platelets partially aggregate thus giving higher
particle sizeS’ On the contrary, the average particle size of -UBDA dispersions
decreased until 20 mM befomgcreasing again with further increase in SDS concentration, as
shown in Fig. 3.5(b).
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Fig. 3.5: (a) The particle size of LapCTA dispersions, (b) The particle size of LMBDA.

The result suggests thdiere is a threshold SDS concentration beyond which there is a
negative effect on reducing the average particle size of theCl@paggregates. Although
the cause of such behaviour could not be conclusively established, it was suggested to be due

to formatbn of clusters of clay aggregates as was reported for carbon nariStubes.

The critical SDS concentration required to achieve the minimum average panhess
taken to be ~20 mM for both LapTA and LapVBDA. This estimation method was used
after pyrene fluorescence method could not establish the amount of SDS molecules required

for admicelle formation.

3.3.3.3 Effect of sonication time at constant SD&ncentration and solids content

Fig. 3.6 shows the average particle sizes of the different dispersions as a function of
sonication time at different constant SDS concentrations. The average particle size of Lap
CTA decreased with increasing sonicationdirat low SDS concentrations. However, at
higher SDS concentrations the average particle size remained unaffected by the sonication
time. The decrease in average patrticle size due to increased sonication time was attributed to
two factors: (i) increased eryy exerted on the dispersions with increasing sonication time.
The average energy increased from 30 kJ for 10 min sonication to 180 kJ for 60 min
sonication; (ii) the volume of the dispersion that passes through the ultrasound region
increases with incresang sonication time. The sonifier geometry only allows a small region

of the dispersion to be directly affected by the ultrasound waves from the sonication hence
more time is required to allow all the vessel volume to pass though the ultrasoundtegion.

Similar decrease in particle sizes with increasing sonication time has been reported in
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emulsification processes using sonication although the reports focused on liquid/liquid

dispersion¥** rather than solid/liquid dispersions discussed in the current study.
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Fig. 3.6: The particle sizes of (a) LagCTA dispersons, (b) LapVBDA dispersions, of different

SDS concentration, as a function of sonication time.

Lap-VBDA dispersions with < 30 mM SDS exhibited a sharp particle size decrease with
increasing sonication time. Dispersions prepared in higher SDS concensatio( O 30 mM)
remain unaffected by sonication time. Although the particle sizes remained constant at each
SDS concentration throughout the sonication time range, the average particle size increased
with increasing SDS concentration, possibly due to clugjeeffect, as noted in Section

3.3.3.2.

3.3.3.4 Effect of total solids at constant SDS concentration and sonication time

Results reported so far were based on dispersions with 1 wt% organolaponite content relative
to water. In order to understand the role of solids content on the particle sizes of the
dispersions, the organolaponite content was varied. Fig. 3.7 showsetteoéfolids content

on average patrticle size under various constant SDS concentrations and sonicatidhgimes.
3.7(a) shows the variation of particle sizes of 4GPA dispersions, prepared with different

SDS concentrations, as a function of solidg#&oolaponite) content. LaPTA dispersions
showed a linear increase in particle size with increasing solids content at all the SDS
concentrations studiedThe particle sizes of La@TA increased with increasing solids

content at all sonication times used.

On the other hand, LagBDA show a change in behaviour from concave behaviour at lower

SDS concentration towards negative linear behaviour at higher SDS concentration as shown
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in Fig. 3.7(b).The concave behaviour observed at low SDS concentrations wigasing

solids could be due to a combination of two effects. The first is the clustering effect brought

about by the excess SDS molecules (micelles) at low solid content. The second is the
aggregation of clay platelets with increasing solids content loe§amt% LapVBDA due to

lack of SDS molecules to stabilise the aggregates. At higher concentrations the aggregation
effect is gradually eliminated with increasing the SDS concentration, hence the change in

particle behaviour towards linear negative behawio
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Fig. 3.7: Effect of total solids content on particle sizes of; (a) E&FA dispersions and (b) Lap
VBDA dispersions using different SDS concentrains at constant sonication time of 20 min and
effect of total solids content on particle sizes of (c) E@pA dispersions and (d) LayBDA

dispersions, in 30 mM SDS concentrations at different sonication times

To further understand the effect of organolaite content, the effect of organolaponite
content at various constant sonication times were studied. All the dispersions used in this
particular study were prepared using an SDS concentration of 30 mM. The average particle

sizes resulting for Lf£TA andLap-VBDA dispersions as a function of sonication time are
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shown in Fig. 3.7(c) and 3.7(d), respectively. The average particle sizes aETlap
dispersions showed a systematic increase with increasing solids content at all sonication
times studied. LajyBDA again showed surprising and interesting results; at shorter
sonication time, i.e. 10 min, the particle sizes decreased with increasing solids content. At
higher sonication times, the average particle size exhibited a concave behaviour, where the
particlesize showed an initial decrease until around 5 wt% solids content. Further increase in
solids content beyond 5 wt% was characterised by an increase in average particle size. This
was attributed to the conflicting clustering effect and the lack of SDScoleketo stabilise

the small particles.

3.4 Conclusion

It was shown that sonication and admicelle formation worked synergistically to break down
organolaponite aggregates yielding stable aqueous organolaponite dispersions. The sonication
process provides the required energy to break down the clay aggredaties.same time,

SDS molecules provided the electrostatic stabilisation to the newly formed patrticles through
interacting with clay modifier thus forming admicelles on the clay surface. Average patrticle
sizes studies using DLS showed that sonication tand, organoclay content all affect the
average particle size of the resultant organolaponite dispersions. At constant sonication time
and amplitude, the average particle size decreases exponentially with increasing SDS
concentration. A similar decrease imesage particle size was observed with increasing
sonication time at constant SDS concentration. This was ascribed to an increasing amount of
energy being exerted to the dispersion to facilitate the aggregate breakdown. Increasing the
Lap-CTA content linedy led to an increase of the average particle size. The average particle
sizes as a function of solids content were found to be strongly depended on SDS
concentration and sonication time. Although sonication and SDS effectively stabilised
organolaponite rad reduced the aggregate size, the type of cationic organic surface modifier
was also found to affect the average particle size behaviour. Because efforts to quantify the
optimum amount required for admicelle formation were unsuccessful, using the catiacentr

at minimum average particle size was chosen for further studies. The sonication time of 20

min was chosen for further studies in order to avoid overheating prior to polymerisation.
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Chapter 4
Polymer/Laponite Hybrid Latexes Prepared Using Adminiemulsion

Polymerisation Technique

4.1 Introduction

Polymer/clay nanocompositesGRs) have attracted considerable attention over the past two
decades. This is mainly due to significant property improvement achieved by the
incorporation of clay nandllers in the polymer. Most of the PCNs reported to date contain
low clay contents; ogla limited number of reports can be found in literature dealing with
highly filled PCNs, irrespective of the preparation technique or polymerisation method
used™™ Contributing factors to ik include the problem of high viscosity associated with the
incorporation ofargequantities of clay in monomer precursors. Another reason is that only a
small amount of clay is generally sufficient to achieve significant property improvement.
Choi and o-workers® reported PCNs with clay content as high as 20 wt% when they
prepared PCNs of polyacrylonitrile and poly(methyl acrylaaeacrylonitrile) via soagree
emulsion polymerisation using montmorillonite (MMT) clay modified wathcrylamide2-
methyt1-propanesulfonic acid (AMPS). Sc#@iige emulsion polymerisation was also used by
Leeet al” to prepare PCNs of poly(methyl methacrylatemethyl acrylate)/MMT with up

to 20 wt% clay content. Despite the successful preparation of highly filled PCNs, the studie
focused mainly on the physical properties of the resultant PCNs without including detailed
analysis of the latex morphology. In a series of studies, Boutgeait and ceworkers™?
reported highly filled PCNs with up to 50 wt% Laponite (Lap) clay content prepared via
emulsion polymerisation. The Lap clay platelets were modified with aramamomer,
poly(ethylene oxide) monomethylether methacrylate with a molar mass of 1000 g/mol. The
macromonomer was incorporated to enhance the attachment of Lap clay platelets on the
polymer particles to afford PCNs with cellular structured morphology.

The encapsulation of inorganic nafilbers into organic materials to produce inorganic
organic hybrid nanomaterials has attracted considerable interest in recent years. In order to
prepare these materials, heterogeneous polymerisation techniques havedusamntly used
including dispersion polymerisation,emulsion polymerisatidi*® and miniemulsion
polymerisatior"*"?? To date encapsulation of clay has been successfully achieved with low
clay content (typically < 10 wit% clay§*?#** In general, ineffective encapsulation of clay
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platelets beyond 5 wt% can be attributed to the high viscosity associated with dispersing the

clay platelets in the monomer phase and instability of the resultant latex.

Tong and Deng>*® however reported the encapsulation of up to 30 wt% clay in polystyrene
(PS). In a series of studies they highlighted the importance of parameters such as clay platelet
dimensions and the type of modifier when considering encapsulation of clay platelets in
polymeic latex particles. When MMT with an average size of 400 nm was used,
encapsulation was unsuccessful. However this is contrary to other literature reports, where
MMT was effectively encapsulated despite its large $1Z¢’ When saponite with an
average particle size of 20800 nm was used stable latexes were obtained, but the clay
platelets were adhered onto the particle surfaces. Usimgl-sized saponite platelets
(average size 50 nm), effective encapsulation was obtained with up to 30 wt% clay.
Moreover, when a longhain alkyl quaternary ammonium cation such as
cetyltrimetylammonium bromide (CTAB) was used to modify the clay, theltaegu
organoclay had poor dispersability in monomers such as styrene. High viscosity characterised
the monomer/clay dispersion, thus limiting the amount of clay that could be encapsulated to
very low contentsj.e. < 5 wt%. However, the use of short reeeticationic modifiers
improved the amount of clay that could be encapsulated because clay platelets could be

dispersed in the organic phase at high concentrations while keeping the viscosity low.

Two miniemulsion polymerisation methods have been reponediterature for the
preparation of hybrid nanomaterials, i.e. conventional miniemulsion polymeriSatiG°

and adminiemulsion polymerisatiol:***? The conventional miniemulsion polymerisation
method involves the preparation of a monomer/inorganic particle suspension by dispersing
the inorganic patrticle in the organic phase (monomestabiliser and initiator), which is

then dispersed in an aqueosarfactant solution to form the hybrid miniemulsion by
ultrasonicatiorf>?43® Once the inorganic particles are incorporated in the organic phase they
are expected to be effectively encapsulated during polymerisation. The method has been used
for encapsulation of a wide range of inorganic nfilkers, e.g. silicd® magnetite

particles®*2** titanium dioxide®>>®

and clay platelet§?>?%3" However, it has been widely
reported that the method is inettive for encapsulation of high contents of inorganic nano
fillers. For clay platelets, the amount that can be encapsulated has mainly been limited to <

10 wt% due to increased viscosity of the-gigpersed organic phase beyond this clay content
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and dueo latex instability’??*3® Only Tong and Deng have reported the encapsulation of up

to 30 wt% clay using direct miniemulsion polymerisatidn.

On the other hand, the -@@nication method (achiniemulsion) involves separate preparation

of the two dispersions, i.e. the monomer miniemulsion and the micrdapersion. The two
dispersions are then mixed together andaoicated to produce the final miniemulsion as a
result of the fission and fusion processes taking place durisgrication step. The method

was developed by Landfester andworkers inan attempt to overcome the limitations of
direct miniemulsion in as far as encapsulation of high #idleo content in polymer particles

is concerned’**** Using this method, Landfester andworkers sucessfully encapsulated

up to 40 wt% carbon blatkand up to 40 wt% magnetite partictes PS, an achievement

that was not met using direct miniemulsion polyrsation. To the best of our knowledge,

this method has not been used to encapsulate clay plateletsalLi® however, utilised an
indirect miniemulsion method that e¥ables aeminiemulsion to encapsulate MMT clay in

PS. They reported that modified MMT clay platelets were dispersed in SDS solution before
the monomer was added to this dispersion. After the addition of the monomer, the mixture
was sonicated and polymernseMMT was modified with a neneactive cationic modifier,
trimethyloctadecyl ammonium chloride. The latex morphology showed particles with clay
platelets adhering strongly on the polymer particle surfaces, but not encapsulated. The clay

content used in thstudy was 5 wt%.

The aim of the current study was to prepare highly filled polymer/clay hybrid latexes. The
targeted clay content was in the range df5Dwt% clay relative to the polymer material. As
such, the agniniemulsion was chosen as the metbbg@reparation. Lap clay was chosen for
this study due to its small size and narrow particle size distribution. Prior to the
polymerisation step, the clay platelets were first modified with
vinylbenzyldodecylammonium chloride (VBDAC), a reactive cationiodifier with a
polymerisable moiety. The particle size, monoiteepolymer conversion and morphological
features of the hybrid latex and the films obtained from the latex were studied.

4.2 Experimental

4.2.1 Materials
Styrene (99%) and -hutyl acrylate (99%) monomers were supplied by Siddaaich.

Styrene was washed with a 0.3 M potassium hydroxide (KOH) aqueous solution and then
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with distilled water. The washed styrene was then distilled &€4fhder reduced pressuio
remove inhibitor. FButyl acrylate was passed through a column supplied by Sijdrach,
packed with hygroquinone and monomethyl ether hydroquinone (MEHQ) inhibitor remover.
Azobisisobutyronitrile (AIBN) was supplied by Sigma Aldrich and purified e
crystallisation from methanol. Laponite RD (Lap), with 25 nm x 0.92 nm dimensions and
CEC of 5.05.5 x 10° mol/g was supplied by Rockwood Additives Limited, U.K. Sodium
dodecyl sulphate (SDS, 99%);vihylbenzyl chloride (99%), N,N dimethyldodecylamine
(99%), hexadecane (HD, 99%) and silver nitrate were supplied by Sigma Aldrich and used as
received. Vinylbenzyldodecyldimethylammonium chloride (VBDAC) was synthesised using
a method reported elsewh&and its structure was confirmed Hy NMR (see Appendix 1).
VBDAC was chosen for this study due to its ability to copolymerise with polystiterel

its compatibility with polystyrene monomét.

4.2.2 Modification of Laponite RD

The modification of Lap is detailed in Section 3.2.2 and the grafting of the cationic modifier
onto the clay platelet surfaces was confirmed by FTIR and TGA as described iom Sect
3.3.1.

4.2.3 Preparation of polystyrene/Laponite hybrid latexes

4.2.3.1 Aqueoud ap-VBDA dispersion

In a typical procedure, predetermined amount of ndvied LapVBDA paste was dispersed

in 20 mM aqueous SDS solution and agitated for 2 hr. Thetirgswispersion was then
exposed to sonication for 20 min at 90% amplitude (exerting 65 + 5 kJ of energy) using a
Vibra Cell Autotune series 750VCX high intensity ultrasonic processor (Sonics, U.S.A.).
Formulations used to prepare PS/Lap PCNs hybrid lataseegiven in Appendix 2.

4.2.3.2 Monomer miniemulsion

The monomer miniemulsion was prepared by dispersing monomer (styrene or stirggie/n
acrylate for PS/Lap and PSBA/Lap hybrids, respectively), AIBN (2 wt% relative to
monomer) and hexadecane (4 wtétative to monomer) in a 10 mM aqueous SDS solution.
For PSBA, a 50:50 molar ratio was used between styrene-batylmacrylate. The monomer
to-water ratio in the monomer miniemulsion was maintained at 3:5 but the volume of this
miniemulsion was varieth an effort to maintain the overall solids content of the latex at 20%

and 15% for PS/Lap and PSBA/Lap hybrids, respectively. The dispersion was then agitated

53



Chapter 4 Polymer/Laponite Hybrid Latexes Prepared by Atniemulsion

for 30 min in an ice bath followed by sonication for 2 min in an ice bath at 50% amplitude

without the use of pulse. Energy exerted on the solution was 4 kJ.

4.2.3.3 Cesonication and polymerisation

The LapVBDA dispersion and the monomer miniemulsion were mixed together under
vigorous agitation for 30 min followed by sonication for 4 min in an be¢h at 50%
amplitude, exerting 10 £ 2 kJ of energy. The resultant hybrid miniemulsion was transferred
into a three neck round bottom flask connected to a condenser and a nitrogen inlet. The
miniemulsion was bubbled with nitrogen for 30 min. After risihng temperature to 7%,

polymerisation was initiated and allowed to run for 6 hr.

4.2.4 Analyses

4.2.4.1 Transmission electron microscopy

To determine | atexod6s particle size and mor ph
at a ratio of 5 dropef water per every drop of latex. A 3 pL aliquot of the diluted latex was
transferred by micropipette onto a 3@@sh copper grid. In order to establish the extent of
clay delamination in the PCNs, dried latex samples were embedded in epoxy resin dnd cure
at 60 °C for 24 hr. The embedded samples were thermitratomed with a diamond knife
using a Reichert Ultracut S ultraicrotome (Leica, Switzerland) at room temperature, thus
yielding film sections of about 100 nm thick. In both analybeght fiddd TEM images were
recorded at 200 kV with a TecnafZ® high resolution TEM (FEI, Netherlands) equipped
with LaBs filament and a Gatan GIF Tridiem pasilumn energy filter. During analyses, the
image contrast was enhanced by inserting an energy fil&h e¥/ in the electron beam path

in order to filter out inelastically scattered electrons, which contribute towards background

noise in the digitally recorded images.

4.2.4.2Dynamic light scattering

A Zetasizer ZS 90 (Malvern Instruments, U.kejuippedwith a 4 mW HeNe laser,
operating at a wavelength of 633.0 mmas used for DLS analysis of the PCN latex samples.
The scattered light was detected at an angle of 90°. The final average particle size was
obtained from three measurements, each comprisin@518ubruns. The average particle

size was calculated using a CONTIN analyBisor to the analyses the hybrid latex samples

were first diluted at a ratio of 15 drops of deionised water per every drop of latex.
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4.2.4.3 Thermogravimetric analysis

Thermogams of the dry powder samples were recorded using Q500 TGA 7
thermogravimetric analyser (Perkin Elmer, U.S.A). The dry PCN powder samples were
obtained by precipitating the hybrid latexes in methanol followed by vacuum drying at 45 °C.
The TGA experimentsvere carried out under a nitrogen atmosphere, at a flow rate of 5

mL/min. The temperature was increased fromQ@%o0 590 C, at a heating rate of 15 °C/min.

4.2.4.4 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIReasurements were conducted on the
vacuum dried La%¥BDA using a 1650 Fourier transform infrared spectrophotometer,
(Perkin Elmer, U.S.A). Thirty two scans were recorded for each sample. This was done to

gualitatively evaluate the efficiency of the clayfase modification by cationic exchange.

4.2.4.5 Small angle Xay scattering

The dispersion of the clay platelets was analysed using small afrghe sCattering (SAXS).

SAXS experiments were performed with arhmouse setup of the Laboratoire Charles

Coul omb, AR®seau X et gamma o, Universit® Mo
power X% ray tube, coupled with aspheric multilayer optic (GéfiXrom Xenocs) was
employed. It delivers an ultralow divergent beam (0.5 mrad). Scatterless slits wdreous

give a clean 0.8 mm beam diameter (35 Mphotons/s) at the sample. Using a transmission
configuration, the scattered intensity was measured by a Schneider 2D image plate detector
prototype, at a distance of 1.9 m from the sample for SAXS configuratibimtensities

were corrected by transmission and the empty cell contribution was subtracted.

4.3 Results and Discussion

4.3.1 Preparation of hybrid latexes

4.3.1.1 Prepolymerisation stage

The prepolymerisation stage involved the preparation of itla@-VBDA dispersion, the
monomer miniemulsion and then the hybrid miniemulsion. During this stage the particle sizes
of the LapVBDA dispersion, monomer miniemulsion and the hybrid miniemulsion were
monitored using DLS. Fig. 4.1 shows the average paricies of LapvVBDA dispersions

and the hybrid miniemulsion as a function of the targeted clay content in the final hybrid
latex. The LapvBDA content in the aqueous LABDA dispersions were in the range of
2.912 wtte and 2.08.8 wt% relativeto water for PS/Lap and PSBA/Lap, respectively. The
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average patrticle size of the L-&BDA dispersion was found to increase with increasing clay
content. The monomer droplet size remained fairly constant (not shown in Fig. 4.1), because
all parameters were&kept constant, i.e. SDS concentration, monomer/water ratio and
sonication time. The average particle size of the hybrid miniemulsion was significantly
affected by the average patrticle size of the -WBDA dispersion. Despite the average
monomer droplet ge between the monomer miniemulsions used to prepare hybrids of
different clay content being fairly constant, the average particle size of the hybrid
miniemulsion increases with increasing clay content. The average particle size increase
observed for the ybrid miniemulsion followed a fairly similar trend to that of the Lap
VBDA dispersions.
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Fig. 4.1: Particle sizes of Laj¥BDA and hybrid miniemulsions used of (a) PS/Lap hybrid latexes
and (b) PSBA/Laphybrid latexes, as a function of targeted clay content in the final hybrid latexes.

4.3.2.2 Polymerisation stage

During polymerisation, the average particle size and the monrtmapeiymer conversion

were monitored at prdetermined time intervals. Figh.2 shows the time dependency of

average particle size and monor@polymer conversion of PS/Lap and PSBA/Lap hybrid

|l atexes. Al sampl esd6 average particle sizes:s
size decreased during the initial stagégolymerisation, i.e. below 1 hr of polymerisation,

after which it remained constant through the polymerisation period. This could be due to
secondary nucleation or instability of the hybrid dropte8mall particles where observed in

all samples by TEM indicaig a possibility of secondary nucleation. However, it was also

found that the decrease in the average particle size during initial stages of polymerisation was

strongly depended on the amount of clay incorporated. The drop decreased with increasing in
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clay content. Such changes suggest that the observed drop in average particle size could be

due changes in density from the monomer droplets to polymer particles.
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Fig. 4.2: Average particle sizes of (a) PS/Lap hybrid latexes (b) PSBA/Lap hybrid latexes, as a
function of polymerisation time, and monomeéo-polymer conversion of (c) PS/Lap hybrid latexes

and (d) PSBA/Lap hybrid latexes, asfanction of polymerisation time.

The drop in average patrticle size during the initial stages of polymerisation could also be due
to differences in aggregation between the hybrid monomer droplets and polymer hybrid
particles during sample preparation piieoranalysis. There was a general increase in average
particle size at each interval with increasing clay content throughout the polymerisation stage
showing that the presence of clay content influenced significantly the average particle size of
the hybridlatex. The monometo-polymer conversion was monitored gravimetrically during
polymerisation and Figs. 4.2 (c) and (d) show the mondopolymer conversion profile of
different latexes as a function of time. All samples, in both polymer systems, edHhigher

conversions irrespective of the clay content indicating that the clay content had limited
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negative effect on conversion. Only up to 5% decrease in conversion, relative to neat
polystyrene, was observed at the highest clay content, i.e. 50 wt%obégnt. The results

are in agreement with other researcherso fi
conversion with incorporation of cld§**** However, this is camary to other reports where

the incorporation of clay either decreased significafti/**° or increased the conversith.
Decrease in conversion with increasing cl ay
trandational diffusion as local viscosity increases with increasing conversion in the presence

of clay plateletd’ In the present study, such effect could have been limited by the
compatibility between LajyBDA and the monomers. As such, the monomers weee pr
intercalated in the platelets interspaces before polymerisation thus promoting radical
compartmentalisation at higher clay content hence higher conversions. In case of low clay
content PS/Lap PCNSs, with clay platelets adhered onto the polymer panidbeses, higher
conversions are due to compartmentalisation inherent to miniemulsion polymerisation

technique.

4.3.2.3 Post polymerisation

After polymerisation the final average particle size of the hybrid latexes was determined by
DLS and TEM and the sellts are shown in Fig. 4.3. From DLS results the average patrticle
sizes of both PS/Lap and PSBA/Lap hybrid latexes increased with increasing clay content.
This could be a result of the following factors: the encapsulation of clay in polymer particles
which result in increased average particle size; or aggregated particles which, by DLS, are
measured as one particle; or increased particle density as a result of clay encapsulation. DLS
measurements are based on correlation measurements related to BrowiiaanInoweasing

the particle density reduces particle motion hence the analysis may interpret the increased
density as an increase in particle size. The particle aggregation and possibly the effect of
density were confirmed by TEM results. TEM showed #i#tough the average individual
particle size remained fairly constant 80 nm), the particles were aggregated, and
aggregation increased with increasing clay content. Average particle size values obtained
from TEM were number average particle diametdrg5 100 particles. It is worth noting

that at higher clay content, i.e. > 30 wt%, the spherical shape of PS/Lap hybrid particles was
distorted by the presence of clay. On the other hand, it was difficult to determine the average
particle size for PSBA/La hybrid latexes using TEM images due to poor resolution,

aggregation of the particles and loss of spherical shape of the hybrid particles.
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Fig. 4.3: Final average particle sizes determined by DLS (red)d TEM (black) and final
conversion (blue) of (a) PS/Lap hybrid latexes and (b) PSBA/Lap hybrid latexes as a function of
clay content.

However, DLS measurements showed a general increase in average particle size with
increasing clay content. The increage average particle size observed from DLS
measurements as a function of increasing clay content, in both systems, was therefore
attributed to increased particles density and particle aggregation which were both enhanced
by the presence of clay. Particlggaegation was evident from TEM images (see Fig. 4.4).

4.3.3 Morphological properties

4.3.3.1 Latexmorphology

TEM was used to study the morphological structures of the hybrid latexes. Fig. 4.4 shows
TEM images of PS/Lap and PSBA/Lap hybrid latexes. Thenimemulsion technique
produced stable PS/Lap and PSBA/Lap latexes at 20% and 15% solids content, respectively
Both hybrid latex systems showed only very limited coagulation, not exceeding 5%, even for
the highly filled hybrid latexes. TEM is conventionally used to explore the morphology of
PCN latexes as the difference in contrast between the polymer and afielgtpl giving an
indication on both the location and extent of dispersion of the clay platelets in the latex. The
particles of neat PS latexes were found to be spherical in shape, as shown in Bigwith(a

an average particle size of ~80 nm (estimdtech TEM images). Upon incorporation of 10
wt% clay, mixed patrticle sizes were observed with smaller particles being dominant (see Fig
4.4(g)). It is also worthwhile to note that the PS10 sample had a multimodal distribution

(according to the estimatiofi®m TEM images).
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Fig. 4.4: TEM latex images of (8 neat PS and its hybrid latexes [aPS/10 wt% Lap, (g PS/20
wt% Lap, (a) PS/50 wt% Lap]; and () neat PSBA and its hybrid latexes HoPSBA/10 wt% Lap,
(bs) PSBA/20 wt% Lap(bs) PS/50 wt% Lap].
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