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Summary

The objectives of work presented in this thesistarnenderstand droplet and particle formulation
processes in order to make useful polymer-polynyérits in aqueous dispersions and use our
fundamental understanding of these processes to:

1. Improve monomer conversion as much as possible.
2. Understand impact of these processes on hyibmdfoperties.

Specific case studies of interest under commeyciathsible conditions (i.e. solids content of
50wt %) were done based on two systems namely akyyglic and polyurethane-acrylic.
Miniemulsification, miniemulsion polymerisation astiaracterisation of hybrid latex, chemical
incorporation of alkyd and polyurethane to acryionomers were studied in detail. We have
been able to successfully synthesise and charsethgibrid latex of about 100nm in particle
diameter and high solids content (50wt %) to belusecoating and adhesive applications.

Résumeé

Les objectifs du travail présenté ici sont de cangdre les procédés de formulation des
gouttelettes et des particules afin de faire deBritigs polymere-polymere de qualité en
dispersions aqueuses et d'utiliser notre compréberisndamentale de ces procédés pour :

1. Augmenter le taux de conversion de(s) monomeagsint que possible.
2. Comprendre I'impact de ces procédés sur lesigtép des films hybrides.

Des cas particuliers ont été étudiés dans des tommslicommercialement viables (taux de solide
de 50% en masse) basés sur deux systemes appgids-atryliques et polyuréthane-acrylique.
La préparation des miniémulsions, la polymérisagonminiémulsion et la caractérisation des
latex hybrides, l'incorporation chimique d'alkyde de polyuréthane dans les monomeres
acryliqgues ont été étudiés en détails. Nous sonpaegenus a synthétiser et caractériser des
latex hybrides avec de haut taux de solides (50¥ha&sse) composes de particules de 100nm de
diametre utilisables dans des applications de eevént et d’adhésifs.



ABBREVIATIONS & SYMBOLS

As specific surface area ¢jn

AA acrylic acid

AFM atomic force microscopy

AIBN azobisisobutyronitrile

BA butyl acrylate

BPA bisphenol a

CMC critical micellar concentration
CTA chain transfer agent

Dy droplet diameter

Dp particle diameter

DG degree of grafting

DLS dynamic light scattering

DSC differential scanning colorimetry
FTIR Fourier transmission infra red spectroscopy
GC gas chromatography

GPC gel permeation chromatography
HEMA hydroxy ethyl methacrylate

KPS potassium persulphate

LPO dilauryl peroxide

MMA methyl methacrylate

MBS sodium bi sulphite

Ng number of droplets



NCO

NMR

ODA

Pl

PU

PBA

PMMA

SFS

TBHP

THF

TEM

TSC

number of polymer particles

iSO cyanate

nuclear magnetic reference spectroscopy
octadecyl acrylate

polydispersity index

polyurethane

poly butyl acrylate

poly methyl methacrylate

sodium formaldehyde sulfoxylate
glass transition temperature
tertiary butyl hydroperoxide

tetra hydrofuran

transmission electron microscopy

total solid content
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I ntroduction

I ntroduction

A kinetically stable emulsion of very small droges, for historical reasons, called a
miniemulsion. A miniemulsion is similar to a conWemal emulsion polymerisation
system in the sense that one can use similar maspsw@afactants and initiators to make
a dispersion of particles of the size 50-500nmiameter. The major difference between
the two systems lies in the nucleation procesa tonventional emulsion, droplets are
quite large relative to micelles and particles. Sehdroplets are in the range of 1-10pm
diameter and are dispersed in an aqueous solutfosudactant, typically at a
concentration that exceeds the critical micelle cemtration (CMC). Since monomer
droplets are relatively large (1-10 um) comparedttie size of monomer-swollen
micelles (10-20nm), the surface area of the misaBeorders of magnitude greater than
that of the monomer droplets in a conventional soal As a result, the probability of a
radical entering into the monomer droplets is Mery, and most particles are formed by
either homogenous (precipitation of chains forméal polymerisation in the aqueous
phase) or heterogeneous nucleation (micellar ntictéa On the other hand, in a
miniemulsion the droplets are generated in suchag that they are small enough to
effectively capture free radicals and thereby bexothe principle locus of
polymerisation. However, for this to happen, thespnce of free surfactant in the
aqgueous phase of a miniemulsion needs to be bdélevCMC (if micelles are present,
they will be the favoured locus of polymerisationce they would have a much higher

surface area).

Conventional emulsion polymerisation is extensivemployed as an industrial process
to manufacture various products such as paintsesidds, impact modifiers and
numerous other products. The diffusion of monomemf monomer swollen droplets to
the polymerisation site through the aqueous phasaniessential feature of emulsion
polymerisation and hence this process is limitedn@nomers which are hydrophilic
enough to diffuse through the aqueous phase. VWindsenting certain advantages such
as rapid reaction rates, this particular featureratilsion polymerisation makes it very
challenging to incorporate other materials in t&/mer phase in the reactor. Therefore

other polymerisation techniques such as solutiobutk polymerisation must be used to
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synthesise commercially important, hydrophobic poonds like alkyd resins. The
emission of volatile organic compounds (VOCs) hasdme a major environmental

concern, thus making this last route less desirtdiale water-based processes.

Different methods of incorporating these hydropkbobompounds in environmental
friendly acrylic latexes have been studied, forregke the formulation of physical blends
of alkyds or polyurethanes with acrylic latekeslowever the major problem of these
physical blends is their poor properties such &y et non-uniform films which can in
large part be attributed to the incompatibility tbe two polymer types. Miniemulsion
polymerisation provides an attractive solution tdstproblem since these highly
hydrophobic compounds can be incorporated into mm@mo droplets during the
miniemulsification procedsThis means that they can be mixed with the fpmymer in
molecular level and if they possess unsaturatedisyoimey can be chemically reacted

with the growing polymer chains during polymerisati

Latex particles containing two or more polymers eatled hybrid polymer particlds
The idea of hybrid materials is to combine the prtips of materials (polymers, fillers,
additives etc) with complementary characterisMater-borne, environmentally friendly
hybrid polymers that synergistically combine thesigige properties of materials can be
synthesised by miniemulsion polymerisation and tipiocess is called hybrid
miniemulsion polymerisatidn A comparative overview of emulsion and miniemonsi

polymerisation is presented in Chapter 1.

Researchers have been investigating the use ofdhgiiniemulsion polymerisation to
produce various industrially important chemicallstige materials such as alkyd resins,
polyurethanes (PU), epoxy resins and silicfilef one considers alkyd-acrylic hybrid
systems, these systems have been studied withctegpdalifferent aspects such as
limitng monomer conversion and hybrid particle plwlogy. The chemical
incorporation of PU in acrylic polymers and the ptwlogy of these hybrid systems
have also been studiedviost of these systems have been studied for ataqairposes
and the industrial application of these systemsaigly discussed. Developing hybrid

systems which can be applied in industrial scala imain goal of the current study.
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The objective of the work presented in this thési® synthesise and characterise hybrid
latexes with high solids (50%) and low particle esig~=100nm) by miniemulsion
polymerisation for coating and adhesive applicaiosince the required particle size is
as low as 100nm (diameter) for a hybrid system @ 5solids, the miniemulsification
procedure plays an important role in our systenffef2nt miniemulsification techniques
were studied to achieve a particle size of 100nm &osystem of 50% solids. A
comprehensive discussion on the miniemulsificabbmonomer-resin hybrid system is

presented in Chapter 2.

An alkyd resin with unsaturated double bonds (ieacilkyd resin) was used in Chapter
3 for the synthesis of a hybrid latex for coatingplecations. A polyurethane (PU) with
NCO functional groups (reactive PU) has been usdtle synthesis of hybrid latexes for
adhesive applications. We sought to understanditgeseasons for limiting monomer
conversion in alkyd-acrylic hybrid systems anddri® increase the final monomer
conversion without creating new particles. The etioh of the droplet to particle
mapping (WNg) in the presence of varying amounts of alkyd viesefore an important
parameter in our study. We correlated the evolutbrihis quantity with the droplet
stability and the individual monomer conversions ¢rder to account for their different

reactivities). A discussion on the alkyd-acrylidohng system is presented in Chapter 3.

Since the objective behind the use of reactive RId o incorporate it efficiently in the

organic phase in order to obtain desirable adhgsigducts, the NCO functional groups
were studied quantitatively and qualitatively. TREO functional groups were reacted
with 2-hydroxyethylmethacrylate (HEMA) and thereBY segments were incorporated
into the acrylic polymer chains chemically. The orance of use of free NCO functions
in hydrophobic chain extension reactions with hyth@bic chain extenders such as
bisphenol A and thereby the increase of hydroplhiybmf hybrid particles was also

studied. A detailed study of these chemical reastiand their effect on properties,

particularly adhesive properties, are presenteéchapter 4.

The following figures (Figure 1 and Figure 2) ilitege the key differences between

conventional emulsion polymerisation and minienarigbolymerisation.
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Chapter 1: Bibliographic Review

CHAPTER 1
Bibliographic Review
1-1The basic concepts of emulsion and miniemulsiogrpetisation.
1-2Miniemulsification process.
1-3Alkyd-acrylic hybrid miniemulsion polymerisation.
1-4Polyurethane-acrylic hybrid miniemulsion polymetisa.
1-5Summary and conclusions.

1.1 The basic concepts of emulsion and miniemulsion polymerisation.

Before discussing the concepts of hybrid systenashaorid miniemulsion polymerisation, it is
useful to briefly review the fundamental concegtemulsion and miniemulsion polymerisation

techniques. We will briefly discuss the basic cqus®f two techniques in this section.

1.1.1 Emulsion Polymerisation

An emulsion is defined as a stable dispersion ofewansoluble or partly water soluble
monomer(s) (the organic phase) in an aqueous phiaish consists of surface active material.
The essential components of an emulsion polymeisatecipe are water, monomer(s),
surfactants and initiator(s). The surfactants oulsifier molecules are composed of hydrophilic
and hydrophobic moieties which facilitate the hoerepus dispersion of the organic phase in
the aqueous phase. The initiator decomposes iadgheous phase to produce free radicals which
initiate the polymerisation reaction. If the conzation of surfactant is above the critical micelle
concentration (CMC), micelles are formed, and thgpeally become the main loci of reaction

during the early stage of the polymerisation.

The classical emulsion polymerisation was firstodegd by Harkin®*2 It is an extremely
simplified description of what is now accepted ® d& more complex series of events, but it

nevertheless remains useful to illustrate the migatures of emulsion polymerisation. For a
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more detailed treatment see the studies on emulsiymerisatiof™” ' According to the

Harkins model, a batch emulsion polymerisation lwanlivided into three intervals.
Interval 1:

This is the particle formation or nucleation staghis stage begins with the initiation of the
polymerisation by free radicals generated in theeags phase. According to this model,
particles form when a free radical enters a micsll®llen with monomer, thus beginning the
polymerisation. This interval is characterised loyiacreasing polymerisation rate due to an
increase in the number of particles with time. Timterval ends with the disappearance of

micelles. Harkins considered that micellar nucteais the only means of particle formation.
Interval 2:

During this stage the number of particles is assuntee remain constant if there is no
coagulation, and the reactor contains growing pelymarticles, dispersed monomer droplets
which act as monomer reservoirs for the growingigas, surfactants dissolved in aqueous
phase and adsorbed on the surface of the orgaagephDue to their small size (<<lpm) it is
impossible to swell the particles beyond a cerpmmt. Thus the concentration of monomer in
the particles is constant at the saturation comagon. The rate of polymerisation can therefore
be considered to constant under these conditidms disappearance of monomer droplets marks

the end of this interval.
Interval 3:

The number of particles is once again assumed aondiut the concentration of monomer in

particles decreases since there are no longer amommer droplets to act as a monomer
reservoir. However the rate of polymerisation cé#hee decrease due to decreasing monomer
concentration or increase due to an accumulatioadi€tals inside the particles. This increase of
rate of polymerisation is referred to as gel ormisdorff effect, brought on by an increase in the
local viscosity. In addition, if the increase iretlocal viscosity is strong enough it can provoke a
decrease in the mobility of small molecules, thgredusing radical desorption from the particles

to diminish. This latter phenomenon is known asdlass effect, can also lead to a decrease in
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the rate of polymerisation if the monomer moleswannot diffuse to the growing ends of the

polymer chains.

1.1.2 Nucleation

Particle nucleation is one of the most critical rége in emulsion and miniemulsion
polymerisation since the formation and stabiligatiof particles is the key to continue
polymerisation process. Although Harkifi&* considered micellar nucleation as the only means
of nucleation, Priest showed for the first time that homogeneous nuideatould be
predominant under surfactant free conditions esgfigciin the presence of hydrophilic
monomers. Ugelstad et'@lwere the first to demonstrate that under conditiom which the
droplet size is small enough, droplet nucleationld¢de a significant factor. Accordingly three
major mechanisms for particle formation in latexodurction have been proposed: micellar,

homogeneous and droplet nucleation.

1.1.2.1 Micellar Nucleation

When the surfactant is present above the CMC iratheous phase, micelles are formed. When
monomer is dispersed in this surfactant solutioanoemer droplets stabilised by surfactant are
formed and some of the monomer swells the miceBaxe the monomer-swollen micelles (10-
20nm in diameter) are significantly smaller in side@n the monomer droplets (1-10pm in
diameter), the surface area of the micelles is reradé magnitude greater than that of the
monomer droplets. When the initiator decomposefotm free radicals, these react with the
monomer dissolved in the aqueous phase to formt stieain oligoradicals. As these
oligoradicals continue to add chain units via resctvith the aqueous phase monomer they
become more hydrophobic and after they reach aindength “z” they are hydrophobic enough
that they become “surface active” and the hydroph@bortion of the molecule can enter the
organic phasé *® Since the surface area of monomer swollen misétlegreater than that of
monomer droplets, most of the oligoradicals aretwrad by micelles. After the nucleation of
monomer swollen micelles, they become monomer swgdarticles and continuously grow by
propagation, with the monomer droplets acting asomomer reservoir. The disappearance of

monomer swollen micelles marks the end of micellaleation. Micellar nucleation is typically
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complete in a batch reactor at low monomer comwer@-10%). That this point most of the
monomer is located in the monomer droplets. Thaggelmonomer droplets disappear at around

40-60% overall monomer conversion.

1.1.2.2 Homogeneous Nucleation

The idea of homogeneous nucleation was first puvded by Priest and a quantitative
mechanism was proposed by Fitch and *fsaid further developed by Hansen and UgefStad
At surfactant concentrations below the CMC, monodissolved in the aqueous phase will still
react in the presence of a free radical initiatdowever in the absence of micelles, the
oligoradicals continue to grow beyond the value tritil they reach a length " at which
point the chain becomes coiled in conformation, aodsequently insoluble in the agueous
phase, forming a primary partiéle This particle at this stage consists of not ahbyoligomeric
radical but also small molecules such as mondmehese primary particlesn be stabilised by
dissolved surfactant molecules or by charges caare initiators. If sufficiently stabilised, these
particles continue to grow by adsorbing monomeenwtise they coagulate with other particles.
The effectiveness of the stabilisation system amal distribution of surface charges in the
primary and growing particles determine the sizet mumber of particles nucleated this Wa§*
Coagulative nucleation is a derivative of homogesemucleation. This mechanism was
proposed by Lichti et & and according to this theory the primary particdeagulate either with
each other to form more stable particles or thelf aaagulate with particles that are already

present and thereby maintain a sufficient dendigharges for their stabilisation.

1.1.2.3 Droplet Nucleation

Ugelstad et at’ showed that under conditions in which the droplee is small enough i.e. the
specific surface area is large enough, dropleteaticin could be a viable means of particle
nucleation. Due to the large diameter (1-10pm)smndll number (~1% versus 18 micelles) of
droplets, nucleation of monomer droplets has tyyicdbbeen neglected in emulsion
polymerisatiof®. However the existence of droplet nucleation fier émulsion polymerisation of

vinyl chloride stabilised with a combination of anic surfactants and fatty alcohols had been
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suggested by Ugelstad et?al.The key requirement for droplet nucleation is phesence and
maintained stability of small droplets. In factdlis the basis of miniemulsion polymerisation in
which small droplets (50-500nm) are created medadiyiand kept stable in the presence of a
hydrophobe (This is discussed in more detail inftilewing section). One of the distinguishing
features of droplet nucleation as opposed to naiceit homogeneous nucleation is the nature of
the particles at “birttf®. Droplets, which are nucleated into particles, ibbegs nearly 100%
monomer. Particles created by conventional emulpiolymerisation can eventually swell to
volume fractions of monomer from about 0.3 to l&hHe presence of monomer droplets. It is
therefore to be expected that one could observéfereht polymer quality according to the

method of nucleation.

1.1.3 Miniemulsion Polymerisation

Miniemulsion polymerisation involves the use of effective surfactant/hydrophobe system,
typically coupled with a mechanical energy sou@roduce very small (50-500nm) monomer
droplets. In the first successful example of minision polymerisation by Ugelstad et'%l|
they stirred 1-hexadecanol (cetyl alcohol; CA) withter and sodium dodecyl sulfate (SDS) at
60 C and then styrene was added under stirring. Itfaasd that the miniemulsions they created
were stable for 2 weeks. The monomer miniemulsiwese polymerised at 60 and it was
found that a large fraction of polymer particlesrevdormed by droplet nucleation when a
relatively modest amount of surfactant was usederAthis first example of miniemulsion
polymerisation, our understanding of the technidues been advanced through numerous
experimental studié§®2 It was found that with ordinary stirring equipneraddition of
hexadecane did not give the rapid emulsificaticat tould be obtained with 1-hexadecahol
The need for a more efficient homogenisation systwse. When hexadecane-containing
emulsions were homogenised with a Manton-Gaulirh hpgessure laboratory homogeniser,
extremely stable monomer miniemulsions were obtifhé\t present different homogenisation
devices such as ultrasonicatiyrrotor-stator¥' and static mixturés have been evolved for the

purpose of miniemulsification.

10
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Maintaining the stability of very small droplets afminiemulsion is a key requirement. The
droplets must be stabilised both against degrad#&yomolecular diffusion (Ostwald ripening, a
monomolecular process; we will discuss this in mibeil below) and against coalescence by
collisions (a bimolecular proced%)®’ Coalescence can be prevented by using an appi®pri

surfactant in sufficient amounht .

The role of the hydrophobe is to control the diffunsof monomer from small droplets to large
droplets. The idea of diffusion of monomer from #idaoplets to large droplets (referred to as
Ostwald ripening) was first presented by Higuchi afisra®. It was based on the fact that due
to the surface energy, the chemical potential efrttonomer in small droplets is higher than in
large droplets or plane surfaces. As a result, mamodiffuses from small to large droplets,
leading to larger and larger droplets. Higuchi &fidra® explained that the addition of a small
amount of a water insoluble compound would retdrel émulsion degradation by molecular
zdiffusion because the slow rate of diffusion & thater —insoluble compound would permit the

monomer to remain essentially equilibrated amoegtioplets.

The chemical potential of the monomar) (in a monomer droplet of diametek can be

expressed &%

RIAL
dRT

H=InA-@)+ 1-M, )@ + Xl + Equation 1

Where ¢ is the volume fraction of the hydrophoba., is the ratio of the molar volume of

hydrophobe and monomey, is the interaction parametey,, is the molar volume of the
monomery is the interfacial tensiorR is the universal gas constant, ahds the temperature.
This equation is based on the Flory—Huggins lattleeory of polymer solutiod§ with the
extension of Morton et &P. involving the addition of an interfacial energyrefor spherical
phases, and the further extension of Ugelstad amséfi® for phases not involving a polymer
as one of their components. The first two termghefequation represent the entropy of mixing
and the third term represent the enthalpy of mi%ingccordingly the first three terms represent
the partial molar free energy of mixing and thertouerm represents the partial molar free

energy of swelling. For smaller values a# ), the chemical potentiahf can be expressed as

11
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follows.

Wherea = 4W%T

Sood and Awastfi have shown that the difference in the chemicakemidl () of two
droplets of diameters; and d, and hydrophobe volume fractiogsand ¢ is given by the

following equation:

1 1 .
Ap = a(d— - d—) — (@ — @) [m- x(@, +@,)] Equation 3
1 2

In the absence of the hydrophobg, {nd ¢, ), Only the first term in this equation, arisingrfn

the contribution to the free energy from swellingcounts foripu of the two droplets4y, in this
case, can never be diminished, as the mass tratisfaigh the molecular diffusion of the
monomer from small droplets (having higher p valuedarge droplets (having lower p values)
will further increase this differente As can be seen from the equation, this irreversihenge

in the droplet sizes can be retarded when a hydtmphs present. In its presence, the mass
transfer of the monomer from the smaller dropletsthe larger droplets changes their
composition. As can be seen from the equation, ¢his result in the equalisation of their
chemical potentials, as the second term arisingn fthe mixing of the two components
compensates for the first term due to the swelfiifhe minimum stable diameter of a droplet
depends on the efficiency of the hydrophobe, wisch function of interaction parametey).(

This is discussed in more detail in section 1.Xkydtacrylic hybrid systems).

1.1.3.1 Choice of Hydrophobe

A compound should have certain properties to bd asea hydrophobe. The requisite properties
for a hydrophobe: high monomer solubility, low waselubility and low molecular weight™.
The need for these properties can be seen fromtigagua. An ideal hydrophobe should have

high monomer solubility, and thus lead to stronggriactions between itself and the monomer.

12
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For example if 1-hexadecanol and hexadecane ampared, hexadecane is more soluble in
monomer than 1-hexadecanol. The low solubility diekadecanol in monomer is due to its
higher polarity due to the presence of OH functiagraup’’. Therefore 1-hexadecanol is more
non ideal than hexadecane and has a higher posiive fory*. As a result the value of the
negative term associated wiglof the Equation 3 is higher for 1-hexadecanol laexce it is less
efficient in this role. Low molecular weight will\ge a high ratio of hydrophobe molecules to
monomer moleculesr(in Equation 3) in the dropfétand thereby the efficiency of hydrophobe
is increased. Low water solubility enhances théribistion of the hydrophobe in the organic
phase that favors the monomer drops, giving a higb&ume fraction of hydrophobe in the

drople?®. Accordingly all of these three factors will retanonomer loss via Ostwald ripening.

1.1.4 Kinetics of Emulsion and Miniemulsion Polymerisation

Smith and Ewaff extended Harkins’ theory to describe micellar ratibn quantitatively. They
guantified the rate of homopolymerisation accordmépllowing equation.
- N
Rp:KpX[M]pan—” Equation 4
A

WhereR, is polymerisation rate (mol.minL™), k, is propagation rate constant (L.iohin™),

[M] p is concentration of monomer in particles (méu,Lﬁ is average number of radicals per
particle, N, is number of particles per litre of emulsion aNg is Avagadro’s constant. The
extension of this equation to the case of multipenomers is possible and has been discussed in
several papef$ *> However, we do not discuss the kinetics of battulsion and miniemulsion
polymerization in detail during this study. For eonm detailed study of the kinetics of
miniemulsion polymerisation see the kinetic studiéBechthold et &. Suffice to say that
Equation 4 can be used to describe the kinetid®tf systems, with the major difference lying
in the fact that the monomer concentrations at townoderate conversion will be higher in

miniemulsion than emulsion polymerisation.

13
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1.2 Miniemulsification Process

Miniemulsions are produced by applying mechanicargy to an emulsion. Due to differences
in attractive interactions between the moleculeghef two liquid phases of an emulsion, an
interfacial tensiony exists between the two liquids everywhere theyiareontact’. When
larger droplets are mechanically broken in to semadroplets, an additional interfacial aré#\

is created’. If thermodynamics of this system are considesetfactants reduce the interfacial
tension and hence reduce the surface free enA@y {AA) required to increase any interfacial
ared®. However a much higher amount of energy, signifigahigher than the difference in
surface energyyAA is required to rupture bigger droplets. A largetipn of the energy input
into the system can be lost to viscous resistancegl agitation, resulting in the creation of
heaf® *° In addition, in a realistic system, a significamount of coalescence can occur in the

emulsification vessel, away from the energy source.

In earliest miniemulsification studies, mechanieaérgy was often provided using only simple
stirring'®. Some of the early work describes the use of @gitasuch as the Omni-mixer and
Ultraturrax®. Currently there are a number of dispersion devieailable that are capable of
meeting this requirement, including ultrasonicatiootor-stator systems, static mixérand

high-pressure homogenisets

1.2.1 Ultrasonication

Emulsification using ultrasound was first reportedl927° and the first patent was granted for
this type of system in 1944 in Switzerla8hdA schematic diagram of an ultrasonic system is
illustrated in Figure 1. The sonifier produces agtinic waves that cause the molecules to
oscillate about their mean position as the wavepagate. During the compression cycle, the
average distance between the molecules decreagulst wuring rarefaction the distance
increases. The rarefaction results in a negatigesure that may cause the formation of voids or
cavities™ °° (cavitation bubbles) that may grow in size. Higbgiuency vibrations applied to a
diphasic liquid system provides a different meahBreaking and dispersing a bulk phasege
drops (ca. 80 mm), produced by the instabilityriérfacial waves, are broken into smaller ones

by acoustic cavitatiofi' °”. The rupture of liquids and the effects conneatétth the motion of

14
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these cavities are collectively referred as c#vita phenomenofi®. In the succeeding
compression cycle of the wave, the bubbles areetbto contract and may even disappear
totally. The shock waves produced on the totalapsié of the bubbles result in the break-up of

the surrounding monomer dropl&ts

Sonifier Tip

Agitation Area

N~

Figure 1. Schematic representation of a Sonifier

Increasing the amplitude (intensity) of the somisd/or increasing the time of sonication will
result in a decrease in average droplet size ofethalsiofi>. This results from the fact that
droplet break up only occurs in a relatively smraljion near the sonication tip, and a certain
time is needed to ensure that all of the fluid he vessel has passed through the sonication
region a sufficient number of times. The time reedito ensure complete emulsification is
strongly dependent on the flow patterns in the elessntaining the miniemulsiéh For every
specific emulsion formulation, a limiting value fioleal application of energy exists. This means
that there is a limit at which the interfacial sio# area has been maximised and thus droplet size

has been minimised. Additional input of energy ocaventually lead to a reduction of
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polydispersity of the droples In this process, the droplets are broken up smaller droplets,
which re-aggregate into droplets immediately afseds. Thus homogenisation by sonication is
limited to small amounts of emulsion and low vidties, as the majority of energy input into the
system during the sonication of very viscous miegugets wasted in the form of excessive heat

production (due to viscous resistance).

1.2.2 Rotor-stator systems

Figure 2 presents a picture of the mixer head ) of a typical rotor-stator system. The
mechanisms behind the operation of a typical retater system can be described as folfdws
®5.66 As the blades rotate a vacuum is created thatsdtae fluid into the assembly. The fluid is
then driven towards the periphery of the head hytrifagal forces where it is subjected to
milling action in the space between the ends oblhdes and the slots of the stator. Finally, the
fluid is subjected to high hydraulic shear whers igjected at high velocities through the narrow
slots of the stator and circulated in the vesshk Tigh fluid acceleration at the outlet of the
rotor-stator provokes the circulation of fluid thghout the vessel. The circulatory pattern

ensures that fluid is continually drawn into theemably, thus maintaining the mixing cycle.

Figure 2. Picture of the mixed head of a typicébretator system

1.2.3 Static Mixer

The static mixer is a motionless mixing device cosgal of mixing elements of an appropriate
shape, arranged in a repetitive fashion and eqdippe hollow housing pig2 A fluid is made

to flow over a series of mixing elements which hake effect of dividing, accelerating and
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recombining the liquid in a geometric sequencadbieve either a high degree of mixing with
little energy, or to effectively disperse one fliidanothet* ¢” ® A fluid flow introduced to the
mixer is divided at the front of the mixing elemédfibw division).When the flow passed the
element, the fluid is mixed by a radial rotationtbé flow within the mixing element (radial
mixing with the acceleration).The flow directionresversed at the connection point between the

elements (flow recombining).

Tube(s) containing static mixer

/\ elements

Gear Pump

Reservoir

Static mixer elements

Figure 3. Schematic representation of a static rffixe
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1.3 Alkyd-Acrylic Hybrid Miniemulsion Polymerisation

In the context of the investigations presentechia thesis, hybrid miniemulsion polymerisation
refers to a process by which water-based coatingstraditionally solvent-based resins can be
grafted in a single step, with the resulting prdacheving the properties of both the water-based
coating and the resii' * ® " Apart from the alkyd-acrylic or polyurethane-diryhybrid
systems, other hybrid systems based on differenpplymers such as epoxy resins and silicones

have also been studfedt "+

The need for such hybrid systems has arisen dugteasing environmental concern over the
emission of VOC from the conventional one-phasévest based proces$ds’® Recently,
water-based polyacrylate latex coatings have becanme widely used because of
environmental and health concerns, and ease of wla@nup. However acrylic latexes still lack
some of the more desirable properties of alkyds siscgloss, durability, hardness, and water and
chemical resistanéeConventional acrylic latex coatings lack any stio&ing mechanism but in
the solvent-based alkyd resin systems, the doubteldin the alkyd react with atmospheric
oxygen during drying, forming a crosslinked fffm Therefore waterborne environmental-
friendly hybrid polymers that synergistically combithe positive properties of alkyd resins with

the fast drying and color retention of acrylic lade are of great industrial interest.

The simplest way of preparing acrylic/alkyd hybrigd?hysical blends and it has been discussed
that these blends often suffer from incompatibitifythe two polymer types resulting in hazy or
non-uniform film$®. Several approaches have been used to solvedhkepr of incompatibility
between the acrylic polymers and the oil or alkydabuurs et al. studied emulsion
polymerisation of acrylate monomers in the presefcalkyd. They observed phase separation
between the immiscible polyacrylate and alkyd alwity low overall conversion. Wang et ‘4l.
studied the same system and found that the alkgdcapolymerised with the acrylate but phase
separation of the resinous compound occurred. Atengts to use macroemulsion
polymerisation to graft resins such as polyesteodyurethanes, and alkyds into acrylics have
resulted in complete phase separation of the hydioip component from the emulsicn
Miniemulsion polymerisation has therefore been mered a more promising approach towards

chemically incorporating alkyd into acrylic lateta the following paragraphs, we will briefly
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discuss the different research areas of alkydhadnybrid systems that are well-documented in
the literature.

1.3.1 Grafting Mechanismsin Alkyd-Acrylic Hybrid Systems

The in situ grafting of growing polymeric free radicals witim @alkyd containing unsaturated
double bonds has been studied previcudly® The predominant polymeric structure of such
hybrid systems, as shown by different techniqueb si$ gel permeation chromatography (GPC),
NMR, and differential scanning calorimetéDSC), is poly(acrylatgraft-alkyd). The grafting
mechanisms of alkyd with different monomers suchmashyl methacrylate (MMA) and butyl
acrylate (BA) has also been studied’. The predominant reactive sites for grafting om alkyd
are the carbon-carbon double bonds (addition) enrtatural oils making up the alkyd or the
hydrogens allylic to those double bonds(abstragtforFigure 4 and Figure 5 show the main

steps of the reaction routes of grafting by additio

C——=C C——=C
\/\CH N P \C - S~
| e
cC——=0
| Direct addition
O(CH,)3CH53
Y (|)|
H3;C(H,C)30 C——=CH
ol
\/\/ - T~c— * H\/\
Ho

Figure 4. The first step of the reaction route ioéct addition
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PPN

HaC(H,C)s0——C——CH
d__8 ¢
\/\/ — U T~c— * H\/\
H, l
H3;C(H,C);0 C——CH
d—¢ A
\/\/ —~c— H\/\
H,

Figure 5. The second step of the reaction routhrett addition

Addition to a double bond is energetically favomeebr abstraction if only the energy required to
interact with ar-bond versus a- bond®is considered. However, the structure of the gsdhpt
surround the reactive polymer site and the stezatuires of the attacking monomer or chain

often influence the overall interaction enough @kmabstraction the preferable route of atfack
80
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Accordingly, it has been shown that the predomimgmatting mechanism of alkyd with MMA is
abstraction because of the sterically-hinderedtreacenter of a PMMA radical while the
predominant grafting mechanism of alkyd with BAaddition due to the sterically-relaxed
reactive center of a PBA radi€al’’. Figure 6 and Figure 7 show the main steps ofehetion
route of grafting by hydrogen abstraction.

CHs H H H H
\/\Cl; + \/\/C_C\C/C_C\/\

| "

c=—o

1

Hydrogen abstraction

(R

| PN TN
I H

c——=0

OCHg3;

Figure 6. The first step of the reaction route cdfs$traction
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Figure 7. The second step of the reaction route abstraction

1.3.2 Morphology of Alkyd-Acrylic Hybrid Particles

Different techniques such as Transmission Electioroscopy (TEM), Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFMiave been used to study the
morphology of different acrylic-alkyd hybrid systeni® A core shell morphology, consisting
of an alkyd rich core and acrylic rich shell hagmestablished for MMA/Alkyd systerhé?

This is mainly due to the incompatibility betweeMMA and alkyd coupled with the highly
hydrophobic nature of alkjl It has been shown that higher esters are norestsivfor

PMMA?®. Since alkyds are essentially higher esters, tlwompatibility between the two

components leads to a core shell morphology. SBieis essentially water insolutSfe the
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compatibility between alkyd and PBA is compardivagh. BA reacts quite easily with alkyd
through direct addition as discussed in the previeaction. Accordingly, BA/Alkyd tends
towards a distribution of small alkyd island dongaiwithin a continuous PBA particle matffix

The monomer composition (BA/MMA/Acrylic acid) of palkyd-acrylic system is 49.5/49.5/1
(wt %). A raspberry like core shell morphology lhe®n established for this system based on the
fact that the complete phase separation of PMMAI skeavoided by the grafting between
PMMA and alkyd. It has been further shown that the choice ofattt (water soluble or oil

soluble) does not appear to affect particle mompipgf.

1.3.3 Limiting Monomer Conversion of Alkyd-Acrylic Hybrid System

Limiting monomer conversion of alkyd-acrylic hybrgystems has been a major obstacle for
their commercialisation of this hybrid system. Mamythoré™ "® 8’ have reported this problem
Hudda et at 8" have put forward two theories on the cause otiirgimonomer conversion. One
theory is based on retardative chain transfer ftben growing hybrid polymer to the double
bonds of alkyd (kinetic mechanism) while the otlieeory is based on the inaccessibility of
certain amounts of monomer due to the trapping aiiemer in the hybrid polymer particfe&

(physical mechanism).

When a hydrogen atom allylic to resinous doubledbisrabstracted by a macroradical, the result
is a relatively inactive radical on the reSinThis inactive radical leads to a reduction in the
overall polymerisation rate and, when approachedrimther live radical, it terminates with the
formation of a grafted alkyd Theoretically, a limited monomer conversion skoubt be
observed in the saturated alkyd-acrylic system aitleere are no reactive double bonds on the
alkyd, hence no opportunity for allylic hydrogernstahction to occur. However saturated alkyd-
acrylic hybrid systems also show a limiting monoroenversion and a physical mechanism has
been put forward based on simulation studies tda@xphis behaviout According to this
theory, the limiting conversion of hybrid mini-ersidn polymerisation is physical in nature and
results from a combination of three factors.

1. The degree of compatibility between the monomerrasthous component.

2. The resultant particle morphology above approxilgei8% monomer conversion.

3. The degree of grafting or interactions betweengtiogving polymer and resin.
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Although alkyd resins are well soluble in monomsush as MMA and BAthere appears to be
some sort of incompatibility between PMMA and alf&dince the reactivity of MMA towards
a free radical is greaf&rthan that of BA, MMA reacts earlier in a batch ramulsion of MMA
and BA. As a result, the PMMA fraction is rich itkyd grafted hybrid copolymer during the
initial stage of polymerisation. Due to the incorilpitity of PMMA and alkyd, the morphology
of hybrid particles changes to an acrylic rich blaeld alkyd rich core ®2 Since the alkyd is
predominantly grafted to poly BA 7’ a certain amount of monomer most of which is BA i
trapped in the alkyd rich core. The trapped monotmromes inaccessible due to higher
viscosity of the shell, resulting in a limiting mmmer conversioR.We also observed a limiting
monomer conversion in our system and attemptedh¢oease the monomer conversion by

applying different methods which are describedkyaacrylic hybrid system section.

Despite the extensive work done on alkyd-acrylibrity systems, it appears that there have not
yet been any detailed studies based on the fastmis as the variation of the ratio of particle
number () and droplet number N No/Ng with monomer conversion, the change of individual
monomer conversion with increasing alkyd quantityl ahe hydrophobic effect of different
hydrophobes. We will investigate these points ie tturrent work since they can provide
information on limiting conversion and eventuallyarficle morphology. In addition the
hydrophobic effect of alkyd on the organic phase droplet and particle size distribution under
different hydrophobic conditions were also studied.

1.4 Polyurethane-Acrylic Hybrid Miniemulsion Polymerisation

Polyurethanes (PU) are widely used in coating afttesive applications due to their inherent
properties such as solvent resistance, toughniéssfdrmation and abrasion resistafce 3
Most urethane formulations are solvent-based, astiomed above, and solvent-based coatings
are less desirable due to the environmental conegrarding high VOC levels Therefore the
possibility of incorporating the positive propesgtief PU in an environmental friendly water-
based system is of great commercial intérétSeveral approaches to preparing waterborne
polyurethane - acrylic hybrid emulsions have bemppsed where the aim is to combine the

positive properties of acrylic components such @sl@or resistance, pigmentability, fast drying
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and colour retention with the aforementioned pesiproperties of a PU componérit™® The
most widespread combination is the PU/acrylic ermoalblends. In general a blend or mixture of
two different polymers will be immiscible in the sdmce of specific interactions such as
ionomeric interactiortd”. This is a result of thermodynamic inhibition & tfree energy of
mixing (AGn) of any two polymers is positive for most polynmmmbinationt®. Due to the
inherent incompatibility between the polyurethaned apolyacrylate dispersions, physical
blending of the polymers results in phase separatjel formation and discolouration during

storage®® 11°

1.41 Chemical Incorporation of PU in an Acrylic Polymer

Alternative strategies for dispersing reactive RUthe aqueous phase (other than the direct
blending) are described in the literatubgueous PU dispersions are commonly prepared by the
incorporation of ionic groups into the polymer stire to enhance the hydrophilicity of the
polymer chains and promote dispersfdit'® PUs that contain ionic groups are called PU
ionomers™? As the traditional way of preparing aqueous PU elisipns requires the presence of
hydrophilic segments in the PU backbone, the ptaseof these PU polymers cannot be as good
as those of the hydrophobic ones prepared by sebased polymerisatidit.

Reactive PU is a class of PU which contain iso-ay@r{NCO) functional groups; these NCO
functional groups can chemically react with othdremically active materials such as
hydroxyethyl methacrylate (HEMA). During the polyatensation reaction between NCO
functional group and OH functional group, PU segtaeme chemically grafted to HEMA. When
HEMA is polymerised during polymerisation, PU segiseare chemically incorporated to the
growing polymer chain. The free NCO functions whreimain after the reaction with HEMA
can be used in hydrophobic chain extension by irgathem with hydrophobic chain extenders
such as bisphenol®. The hydrophobicity as well as molecular weighPtf segments can be
increased by this way. Figure 8 and Figure 9 shwmevreaction routes of HEMA grafting to
urethane prepolymer and the chain extension of HENtAfted urethane prepolymer by

bisphenol A.
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CH,4 ﬁ
H, H; + NCO——PU ——NCO
H,C C C o) C —C —OH
HEMA Urethane prepolymer
CH; O e)
|| H, H, || H
H,C=—C C O cC —C —O C N PU NCO

HEMA grafted urethane prepolymer

Figure 8. The reaction route of HEMA grafting t@tivane prepolymer
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CH; O 0
| Hy  Hp || H
HC=—C——C—0—C —C —O0——C——N——PU NCO
HEMA grafted urethane prepolymer
+
H3C\ /CH3
C
HO OH
Bisphenol A
CH; O o) o)
” Ho  H || H H ”
HC C Cc O c —C —0O Cc N PU N C 0] BPA

Chain extended HEMA grafted urethane pre polymer

Figure 9. The reaction route of chain extensiorl&BMA grafted urethane prepolymer

Water-borne environmentally friendly hybrid polyraghat synergistically combine the positive
properties of hydrophobic PU with positive propestiof acrylic latexes, can be synthesised by
miniemulsion polymerisation %% 119 117 118\j6st of the work done in this area focused on
morphology studiés®, a comparison of the properties of physical bleadd hybrids™, the
influence of ingredients on latex propertfe$®and the structure and properties of hydfitis

We will briefly discuss the morphology and mechahjgroperties of PU-acrylic hybrid systems
in the following section.
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1.4.2 Morphology of PU-Acrylic Hybrid Particles

The same techniques (TEM, SEM and AFM) discussetthénalkyd-acrylic system have also
been used to study the morphology of PU-acrylicrigylparticles. Different factors which
control the morphology of final particles have bestadied. These factors fall into two broad
categories: thermodynamics and kinétitsThermodynamic factors determine the equilibrium
morphology of final particles, whereas kinetic onetermine the ease of such
thermodynamically favoured morphology. Sundberatét demonstrated the importance of free
energy changesAG) to predict the morphology. Since tia& is a direct function of the
interfacial behaviour of the system, it is an intpat factor in determining the morphology.
Torza and Masdi? first showed the interfacial behaviour of systénwuding three immiscible
liquids. Since the interfacial tension changedwiite composition (different monomer system,
monomer to PU ratio, different NCO/OH ratio) the rptwlogy of the hybrid particles also
changes with the compositidi

1.4.3 Mechanical properties of PU- Acrylic Hybrid Particles

Mechanical properties of PU-acrylic hybrid partglbave been studied and compared with
physical blends. Most of the studies show that idyparticles show mechanical properties that
are superior to those found with physical bléft$™® 23 The improved mechanical strengths of
hybrids are due to the inter-diffusion of polyméams across the original boundaries whereas
the separate regions of acrylic and polyurethamepocments of physical blends are assumed to
be the reason for the coarse mechanical propatidse blend'’. Different factors such as the
amount of PU, the NCO/OH molar ratio and the contmosof organic phase have been shown
to affect the mechanical properti&s *® 123 Although mechanical properties of PU-acrylic
hybrid systems have been studied, a detailed sindydhesive properties of this hybrid system
is rarely found. Therefore we have studied theofacsuch as the chemical incorporation of
reactive PU through HEMA, the increase in hydroptiop of the resulting hybrid particles via
the chain extension reaction between free NCO fonstand bisphenol A, degree of grafting of
NCO by HEMA, NCO/OH molar ratio, and the amountRtJ in detail to improve the adhesive
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properties of hybrid latex. A comprehensive disows of this system will be presented in the
Chapter 4.

1.5 Summary and Conclusions

By contrasting macro and mini emulsions, this distan showed that it is preferable to use a
miniemulsion based approach to make hybrid prodddte predominant means of nucleation in
miniemulsion systems is droplet nucleation and #eids the diffusion limitation of very
hydrophobic monomers and compounds in conventiermallsion polymerisation. This means
that with miniemulsions, hydrophobic compounds sashalkyd resins and polyurethane can be

synergistically combined with waterborne acrylitebees.

Although hybrid miniemulsion polymerisation has ibeextensively studied, most of these
systems are based on low solid content (20%). Hewevgh solids content of at least 50%
polymer per unit volume is required for industragplications. The droplet size of most of
previous studies was also in the super micron rangevhen the submicron range was explored,
rarely the size of the dispersed phase was bel@mr@5Nanostructured polymer films with high
solids content show superior properties in indaktapplications such as coatings, adhesives,
cosmetics and additives for paper and textiles. Haiee therefore studied hybrid systems with
high solids (50%) and nano sized (100nm) hybridiglas which are industrially important for

better filmification.

In this thesis we will study two different hybriggstems. The first system is alkyd-acrylic hybrid
system which is based on coating applications haddther one is polyurethane-acrylic hybrid
system which is based on adhesive applicationgef@ifit techniques of miniemulsification were
discussed and we have employed these technigqupsotiuce miniemulsions of high solids

(50%) and with average droplet size of 200nm.

The grafting mechanisms, particle morphology amditihg monomer conversion of alkyd-
acrylic hybrid system were reviewed. We have atteohpo understand the possible reasons and
mechanisms related to the discussed features yd-al&rylic system and implemented necessary
remedial action to over come the problems suclingiig monomer conversion and secondary

nucleation of this system without violating the ilbgzinciples of miniemulsion polymerisation.
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Different methods of preparation of polyurethang/c system and the properties of these
systems were discussed. The chemical incorporatioeactive polyurethane into acrylic latex
during hybrid miniemulsion polymerisation has bg@oven to be a promising method. The
features such as the grafting mechanisms, partiolphology, and mechanical properties of PU-
acrylic hybrid system were also reviewed. The dedaprocedure of developing the hybrid

system is described in Chapter 4.
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Chapter 2: Miniemulsification of monomer-resin hybrid system

2. MINIEMULSIFICATION OF MONOMER-RESIN HYBRID SYSTEM

2.1 Introduction

In the previous chapter we briefly discussed soiméh® techniques currently used to produce
miniemulsion droplets. In the current chapter, wdl sompare these methods in terms of
creating droplets of different size under differeahditions. The objective of work presented in
this thesis is to synthesise high quality hybridnoarticles for coating and adhesive
applications. In order to achieve better applicawoperties for coatings, adhesives, cosmetics
and additives for paper and textiles, nanostrudty@ymer films are requiréd Therefore we
need to synthesise hybrid nanoparticles with haiis content and controlled particle size. This
implies that one would like to obtain particlesdaherefore droplets) on the order of 2100nm for
hybrid systems of at least 50% solids (wt %). Thallenge of achieving target droplet size for

the desired hybrid systems is the high viscositthefdispersed phase.

Taylor” 3 put forward a relationship for the droplet sizeaofliroplet dispersed in a continuous
phase correlating the viscosity of dispersed antags phases. He introduced the term capillary

number Ca) which is given by the following equation.

Ca = IRV

Equation 1
a

Where/, is the continuous phase viscosifg,is the droplet radiusy is the shear ratey is the

interfacial tension. The dispersed phase viscgsityis related to/],, by the viscosity ratigp
wherep =Mq

s
The droplet bursts whe@a exceeds a critical valu€a,,, which depends op. Therefore, for a
given set of hydrodynamic conditions, the dropieeds a direct function of dispersed phase
viscosity. Several studi&&led to a complete description givi@g, as a function op for flows
spanning from simple shear to extensional flow. gkding to these studie€a, reaches a
minimum for p between 0.1 and’1For p above 1, an increase @g is reported until, fop

around 4, breakup is prevented due to the presainc&ational components in the shear flow
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field” 8 For p greater than 4, droplets will tumble during stapt of flow until an ellipsoidal

droplet is obtained, aligned in the flow directich

In this section we will present the formation of teborne composite monomer-polymer
miniemulsions by three different means. We studigde types of homogenisation equipment,
namely the rotor-stator, static mixers and the f@mi The efficiency of these three

homogenisation equipments was compared to achleyeequired droplet size and the most

efficient one retained for the rest of the study.

2.2 Experimental Section

2.2.1 Miniemulsification

The miniemulsification was carried out as followast, the coarse emulsion was prepared by
dispersing an organic phase in an aqueous phasg orethanical agitation. The organic phase
was prepared by dissolving a given amount (0-50 W#%ed on the total organic phase) of alkyd
resin (SETAL 293 XX — 99; 98% solid and 2% xylerseethe solvent; graciously supplied by
Nuplex; SynthesebagnNetherlands) in a mixture of monomers methyl raetplate (MMA
99+%,; from Acros; lllkirch Cedex, France), butylrdate (BA 99+%; from Acros; lllkirch
Cedex, France) and acrylic acid(AA 99+%; from Agridikirch Cedex, France) (MMA/BA/AA:
49.5/49.5/1wt %). Octadecyl acrylate (ODA 97%; fr@mgma Aldrich; Lyon, France) (5 wt% by
monomer) was added to the organic phase as a Havepn the absence of alkyd resin. The
theoretical total solid content of each formulatiwas kept at 50(wt %). The aqueous phase was
prepared by dissolving the emulsifier, Dowfax-2A45%; graciously supplied by DOW
Chemicals; La Plaine St Denis Cedex, France) iardeed water. The origin of this formulation
will be discussed in Chapter 3. The coarse emulgias then homogenised using the devices

described below.
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2.2.2 Homogenisation Devices

A turbo test rotor-stator homogenis®AYNERI) consisting of a digital display microprocessor,
an overhead drive and a homogenising shaft was tesédmogenise the initial mixture. The

diameter of the mixer-head was 5.5 cm and it wasensed in a coarse emulsion of about 500
mL in volume. The homogenisation was carried ou abtational speed of 3000 rpm until a

constant value of droplet size was achieved.

The static mixer is a motionless mixing device cosgtl of mixing elements of an appropriate
shape, arranged in a repetitive fashion and placed hollow housing pipe. The mixture was
homogenised by causing it to circulate over onmore tubes with an interior diameter (ID) of 1
cm and a length of 100 cm, each containing 4 smaitking elements 15 cm in length and 6.4 mm
in diamete?. The coarse emulsion was placed in a reservoln witagnetic stirrer, and then
circulated through a tube (or tubes) containing dtatic mixer elements at a flow rate of 60.6

ml/s until a constant value of droplet size wasexad.

A sonifier (Branson, model CV 26) was operated W for sonication of the miniemulsions.
The sonifier tip was immersed in a coarse emulsioabout 200 mL in volume. The sonication
was carried out under stirring for 6 minutes byrahiag the position of the tip at 2 minute

intervals.

Dynamic Light Scattering (DLS) was used to meagshe=droplet size. Average droplet sizes
(Dp) were measured by particle size analyzer (ZHEER 1000HS). Average particle sizes
reported here are the averages of 5 measurementaipple.The viscosity was measured by
Rheometric Scientific Viscometer (RFSIII) at 25%64d at a shear rate of 100s

2.3 Results and Discussion

Figure 1 illustrates the evolution of droplet sthering homogenisation by rotor-stator for the
hybrid systems of 0 to 25% alkyd. Figure 2 illusteathe evolution of droplet size during
homogenisation by static mixer for the base minision (0% alkyd).
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Figure 1. Evolution of droplet size by rotor statothe presence of varying alkyd quantity
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Figure 2. Evolution of droplet size by static mixeithe absence of alkyd

As can be clearly observed, the rotor-stator systachstatic mixer are not effective enough to
reduce the droplet size of the dispersed phasketoetuired size even in the absence of alkyd
resin. Therefore further miniemulsifications weret arried out in the presence of alkyd by

static mixer and Figure 3 illustrates the evolutddrdroplet size for the hybrid system of 0-50%

alkyd during sonication.
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Figure 3 Evolution of droplet size in the preseatearying alkyd quantity during sonication

From Figure 3 it can be seen that sonication isgrhenough to achieve a droplet size closer
to 100nm with at least 25% alkyd resin. Figure ldsirates the dispersed phase viscosity for
increasing alkyd quantity and it is clear that wititreasing alkyd quantity, viscosity of the
dispersed phase increases. Figure 5 compares thendknce of droplet diameter on the
dispersed phase viscosity during homogenisatiorotoy stator and sonifier. It is clear that the
droplet size increases according to Equation 1 imitheasing viscosity. However Mabille et’l
have shown that under non-quasi-static condititresdroplet diameter is mainly determined by
the applied stress and weakly depends on the dspghase viscosity. They have further shown

that under their experimental conditions, the depeane of droplet diameter on the dispersed
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phase viscosity is as low as 0.2 and droplets cbaldroken up by applying sudden shear to
over come the high dispersed phase viscositiesa&:dl00 Pa.S.
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Figure 4. Dispersed phase viscosity in the preseho&reasing alkyd quantity
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Figure 5. The dependence of droplet diameter guedsed phase viscosity during

miniemulsification by sonifier and rotor stator

The dependence of droplet diameter on viscosithigh when rotor-stator was used for
homogenisation according to Figure 5.This meansottput of rotor stator is not sufficient
enough to overcome the viscous effect of the dsgzephase. Therefore we can conclude that

the efficiency of sonifier is greater than rotoatst or static mixer to overcome the dispersed

phase viscosity.
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2.4 Conclusions

The formation of waterborne monomer-resin miniemons was investigated. The goal was to
prepare nano-scaled (about 100 nm in diameterhlyhiconcentrated organic phase (50 wt %)
miniemulsions containing a high concentration afimeg(25 wt% based on the organic phase).
The efficiency of three homogenisation devicesofrstator, static mixer and sonifier) was
compared in terms of the minimum droplet size twild be obtained. It was found that the
rotor-stator and static mixer were not effectivewgh to reduce the droplet size of the dispersed
phase to the required size. On the other handcatom was an effective avenue to preparing

miniemulsions with required droplet size.

The droplet size resulting from droplet breakupéased with increasing resin concentration due
to the increasing viscosity of the organic phasgtife viscosity of the organic phase increases,
its impact on the droplet size becomes more impartéhis was evident by comparing the
dependence of droplet size on the dispersed phasesity during homogenisation by rotor-
stator and sonifier. Accordingly, the choice of ipguent was the main factor determining the
droplet size in systems with a high-viscosity oigaphase. Since our objective of the work
presented in this thesis is to synthesise and cteise hybrid latex of 50% solid and 100 nm

particles, sonication was employed for all subsatjoeniemulsification.
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3. ALKYD-ACRYLIC HYBRID MINIEMULSION POLYMERISATION

3.1Introduction

Alkyd resins are widely employed in paint applioas due to their useful properties such as
auto-oxidative curing, high gloss and good penietnainto wood. As discussed earlier, the
synthesis of traditional solvent-borne alkyd relsased paints has come into disfavour due to the
presence of volatile organic speéjesnaking it important to find alternative processes
preferably water-based ones. The key difficultydming so lies in the fact that alkyd resins
cannot be incorporated into environmentally frignatrylic latexes by emulsion polymerisation
because they are highly hydrophobic, making it earely difficult to disperse them in an
aqueous environment. One alternative approactsiqdily blending together alkyds and acrylic
based latexes, often suffers from incompatibilistvieen the two polymer types resulting in
hazy or non-uniform film’s It appears that the best way to make water-benvironmentally
friendly hybrid polymers that synergistically combithe positive properties of alkyd resins with
the fast drying and colour retention of acryliebas is via the polymerisation of a miniemulsion
dispersiof™.

As discussed earlier, alkyd-acrylic hybrid systemase been studied with respect to different
aspects such as limiting monomer conversion andidytarticle morphologf**. The main
challenge for the industrial application of thissgm is limiting monomer conversion. Two
mechanisms, namely kinetic and physical, have Ipegrforward to explain limiting monomer
conversioft 2 The retardative chain transfer to alkyd doubledsois the basis of kinetic
mechanism. However the kinetic mechanism fails xplan the observed limiting monomer
conversion in the presence of saturated alkyd sesfine inaccessibility of trapped monomer to
the growing polymer chain is the basis of physinachanism. We have also observed a limiting
monomer conversion in our hybrid system and attethpd understand possible reasons for this
based on a study of evolution of/Ng with monomer conversion and change of individuahoroer

conversion with increasing alkyd.
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Although the evolution of MNg with monomer conversion can be used to track yistes’s
observed features like limiting monomer conversion changing particle morphology, it has
not been thoroughly studiedherefore in this study we focused our attentiorthenevolution of
Np/Nq in the presence of varying amounts of alkyd. Weedated this evolution with droplet
stability and the individual monomer conversion®ider to account for the change in individual
monomer conversion with increasing alkyd quaniitye have shown that important information
on the change of particle morphology could be foiinohe looks at the change of individual
monomer conversion and the evolution of/Ny simultaneously.Although a number of
experimental details can be found in the literamglevant to different hydrophobds’, their
efficiency based on the strength of interactionthwhonomers under different experimental
conditions has not been compared in the previawdiest. In particular, it would be of interest to
compare the efficiency of common hydrophobes likgdudecane to other reactive compounds

such as octadecyl acrylate and alkyd resins.

Herein, we present the details of our experimestiatly performed on a model acrylic-alkyd
system. The acrylic part consisted of a mixturenadthyl methacrylate (MMA) and butyl
acrylate (BA) in equal parts by weight, with 1wt%caarylic acid (AA). Unless stated otherwise,
the alkyd consisted of a long chain unsaturateg tatid. In the most desirable scenario, all the
monomer droplets should contain alkyd resin, amaishbe polymerised to yield particles on the
basis of obtaining a one-to-one copy of dropletsadicles. Therefore, as was mentioned above,
the ratio of the number of particles to the nunifedtroplets, M/Ng, should be as close to one as
possible. If there is a deviation from unity insthatio, then it is preferable that it be slightigs
than one rather than slightly greater than onethénsecond scenario, ifoMg is greater than
one, this implies that new particles have beentededuring the reaction and these new patrticles
would not contain alkyds. The limit on what congis an “acceptable” deviation from the ideal

value of one for this parameter will be a functairthe application of the final product.
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3.2 Experimental Section

Materials

Butyl acrylate (BA 99+ %; from Acros; lllkirch CedeFrance), acrylic Acid (AA 99+ %; from
Acros; lllkirch Cedex, France) and methyl methaatyl (MMA 99+ %; from Acros; lllkirch
Cedex, France) were used as received. Dowfax-2AP6(4graciously supplied by DOW
Chemicals; La Plaine St Denis Cedex, France) wag as the anionic surfactant and the amount
of surfactant mentioned in the recipes always sefertotal surfactant weight (active matter +
additional water). A long chain unsaturated oilyalkesin (SETAL 293 XX — 99; 98% solid and
2% xylene as the solvent; graciously supplied bylsx; SynthesebaarNetherlands) was used
in the most of experiments. A saturated alkyd rgS8f0 solid and 2% xylene) supplied by
Nuplex was also used in few experiments. Hexade¢88€%,; from Acros; lllkirch Cedex,
France) and octadecyl acrylate (ODA 97%; from Sightdrich; Lyon, France) were used as
hydrophobes. Potassium persulphate (KPS; fromAdHkirch Cedex, France) was used as the
water soluble initiator. A solution of 37.5 (%owt) NaHSQ (MBS; from Sigma Aldrich; Lyon,
France) was used with KPS during the semi-contisuaddition of KPS and the amount of
NaHSQ mentioned in the recipes always refers to totaighte(active matter + additional
water). The oil soluble initiators were dilaurylrpeide (Analytical grade; from Acros; lllkirch
Cedex, France) and azobisisobutyronitrile (AIBN Atiaal grade; from Acros; lllkirch Cedex,
France). Tertiary butyl hydroperoxide (TBHP dilutatd 70% in water; from Acros; lllkirch
Cedex, France) and sodium formaldehyde sulfoxy(@ES Analytical grade; from Sigma
Aldrich; Lyon, France) were used as the redoxatati pair. Figure 1(a) to (e) show the chemical

structures of MMA, BA, AA, alkyd resin and DowfaXARrespectively.
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SO3Na SO3Na

Vant

Figure 1(a).Chemical structure of MMA. (b).Chemis&lucture of BA. (c). Chemical structure
of AA. (d) & (e). Possible structures deduced'blyand**C NMR analysis for alkyd resin (See
Annex | for the NMR spectra). (f). Chemical struetwf Dowfax 2Al.

Miniemulsion Preparation and Polymerisation

All reactions were carried out in a 200mL jackegtsks reactor connected to a heated water bath
for temperature control. The reactor was equippél w stirrer, a reflux condenser, nitrogen
inlet and outlet and a valve on the bottom to reenthve latex. The initial runs performed in order
to identify and formulate that yielded a stable fiymini emulsion are provided in Table 1.
Other different recipes were used throughout thesmof this work, and in order to facilitate the
discussion they will be presented at the pertispat during the discussion of results but they

are similar to those shown in this table.

Table 1.Experimental runs performed to achievablsthybrid miniemulsion

Run HO Dowfax BA MMA AA Akyd  Alkyd ODA KPS
)i (9 9 (9 (9) (9 (wt%)*  (9) (9

1 82.50 0.25 9.90 9.90 0.20 0.12 0.6 - 0.04

2 82.50 0.25 9.90 9.90 0.20 0.52 2.6 - 0.08

3 82.50 0.25 9.90 9.90 0.20 0.52 2.5 1.03 0.08

In weight percent based on monomers
® Total weight(45% active matter + additional water)

As discussed in Chapter 2, sonication was the hemiegtion method employed to produce

hybrid mini emulsions. The general procedure fotdvin these experiments was as follows:
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1.The alkyd resin was dissolved in the organic phagéheating at 60°C and magnetic
stirring for 30 minutes.

2.The required amount of surfactant was dissolvatieraqueous phase.

3.The organic phase was added slowly to the aquebasepunder gentle stirring. The
mixture was then left to mix for 30 minutes.

4.The final mixture was then sonicated for 6 miny@s3 times) at 80% of 600W out put

power.

Characterisation

The droplet size was measured soon after sonicatidrnthen several hours afterward to ensure
that the miniemulsion is stable for at least tmeetinecessary to transfer it from the sonication
stage to the reactor. Samples were occasionathdvawn through a valve in the bottom of the
reactor for analysis. Conversions were measuredyiayimetry. Individual conversion of
monomers was detected by gas chromatography (HPS&RIES II) and the column was a
capillary column. Molecular weight was measured@si Permeation Chromatography (GPC)
consisting of a WATERS 515 pump, automatic sampjection (WATERS 717 Plus), UV
detector (WATERS 410), Differential Refractometietector (WATERS 410) and Light
Diffusion Detector (Mini dawn Wyatt)} using THF &ise eluent. The first column (PLgel 5um)
were followed by three columns (2 x PLgel 5pm Mix@¢300x7.5mm) and 1 PLgel 5um 500 A
(300x7.5mm)). A polymethylmethacrylate standard wsed for calculations. Average droplet
(Dg) and patrticle sizes (Dp) were measured with aigharsize analyzer (ZETASIZER 1000
HS,). Average sizes reported here are the averagaslefst 5 measurements per samiplai.
particle size distributions were measured with alkddgan Coulter LS 23@pparatus (static light
scattering). The Ciritical Micellar ConcentrationMC) of the surfactant in the presence and
absence of alkyd was measured by tensiometry (KrBescessor Tensiometer K12) and the area
covered by one surfactant molecule g)(Avas calculated using standard methods (The
experimental procedure is described in the Appeddjx As of Dowfax in the both cases was
calculated to be 100 %Anolecule. Atomic force microscopy (AFMwas used to study the

nanostructure of acrylic/alkyd nanocomposite fillhbe degree of grafting, DG, was measured
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by the method described by Tsavalas &t Sélective extraction was performed in a Soxhlet
extractor with diethyl ether as solvent. Vacuunedrsamples were weighed in filter paper of
known weight and inserted into the extractor. Sasmwere extracted for durations of at least
24h at the solvent boiling point (40°C). Wet saasplvere then removed; dried and the residual
weight was measured. The Residual weight afteraetitm was assumed to be homoacrylic

polymer. DG was calculated as:

): Acrylic polymerin hybrid N
Total polyacrylc
_ Totalamounif solidx Acrylic weightfraction- Residualweight »
Totalamouniwf solidx Acrylic weightfraction

DG (% 100

100

Where the extracted weight is pure homoacrylic paiyand acrylic % is defined as

Totalmonomerx Fractionatonversion

Acrylic weightfraction= : _ —
Totalmonomerx Fractionatonversiont Alkyd + Initiator + Surfactant

However we do not do a detailed analysis on DGnguthis study. Recently a more accurate
method has been developed by Minari et al to déterthe DG®.

3.3 Results and discussion

3.3.1 Influence of the alkyd on polymerisation rate and nenomer conversion

The initial runs shown in Table 1 were used to tdgrfiormulations that provided a reasonable
No/Ng ratio. The experimental results of these runssaremarised in Table 2. An increase of
particle size by about 30nm compared to the initrablet size (70nm) was observed in the first
two runs. This could be possibly due to the low ammf alkyd resin which was not sufficient
enough to control the Ostwald ripening. Adding 5wa®ODA in the next run and controlling
the sonication time to maintain the droplet sizezuad 100nm, enabled to achieve an acceptable
Np/Ng ratio of 0.9 (Run 3). The stability of the minielsion of Run 3 was verified during the
reaction time and with time. (cf. Figure 2(a) angufe 2 (b)).

58



Chapter 3: Alkyd-acrylic hybrid miniemulsion polymerisation

Table 2. Evolution of droplet and patrticle size®iuns 1 to 3.

Run Alkyd ODA Dq Dy Np/Ng Total Solid  Final Monomer
(Wt%) (wt%) (nm) (nm) Content (%) Conversion (%)
1 0.6 0 70 100 0.28 20 100
2 2.6 0 65 98 0.23 20 100
3 2.5 5 104 102 0.90 21 100
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Figure 2(a). Variation of droplet size of run 3 idigrreaction time. (b). Variation of droplet size
of run 3 with time.
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Using this initial formulation as a starting poiatsecond series of runs was done to explore the
effect of increasing the alkyd content from 2.52%% (c.f. Table 3). The Run 3 was not
repeated and a control run with 0% alkyd was dorstead. The recipes of this series of

experiments are shown in Table 3.

Table 3. Experimental runs performed to increaseatkyd quantity.

Run HO Dowfax  BA MMA AA  Akyd Akyd ODA KPS
(9) (9) (9) (9) (9) @ W) (@ (9
4 64.0 1.50 19.8 19.8 0.4 0 0 20 0.6
5 640 1.50 19.8 19.8 0.4 2 5 20 016
6 640 1.50 19.8 19.8 0.4 4 10 20 016
7 640 1.50 19.8 19.8 0.4 6 15 20 0.16
8  64.0 1.50 19.8 19.8 0.4 10 25 20 0.16

In weight percent based on monomers
Although NY/Ng remained close to 1 and complete monomer convensi@s achieved with
2.5wt% of alkyd resin (cf. Run 3 of Table 2), theng performed with higher amount of alkyd

exhibited a limiting monomer conversion as showhigure 3 and Figure 4.
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Figure 3. Effect of alkyd quantity on monomer carsven
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Figure 4. Monomer conversion versus time curvevéoying alkyd contents

Not only does the presence of alkyd create a ligitionversion but Figure 4 alsbhows that the
rate of reaction decreases as the alkyd concemiraicreases (the relationship between alkyd
content and NNy will be discussed below). In an attempt to overedhis limiting conversion,
the initiator system was modified in different wagsseen in Table 4.

Table 4. Recipes of the miniemulsion polymerisatieactions performed to increase
monomer conversion

H,O0 Dowfax BA MMA AA Alkyd ODA KPS (1) KPS (2) NaHSQ TBHP SFS
@ ()] @ ()] @ (@ (9 ()] @ ) @ )

Run

9 127 4.00 45.00 45.00 0.91 24.10 9.00 0.21 0.40 850. - -
10 125.50 4.00 45.00 45.00 0.91 2420 9.05 0.21 201 0.25 0.24 0.16
11° 125.50 4.01 45.00 45.00 0.91 2410 9.01 0.21 012 250 0.22 0.16
12° 125.50 4.01 45.00 45.10 091 24.10 9.00 0.20 0.12 250 0.23 0.16

@Another dose of TBHP/SFS redox system was added it
PThe resin was vacuum distilled prior to use.
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As illustrated in Table 4, in addition to the initdose of initiator (KPS-1), a second dose (KPS-
2) and NaHS©@was added semi-continuously for one hour afterfitise two hours of reaction
(Run 9). Despite the increased radical flux irsthin, Table 5 shows that no considerable
increase of monomer conversion was observed atl d#ikaels of 25 wt%. Therefore a third dose
of redox initiator was added in runs 10 to 12. Bfelose was added as a single shot after 3h of
reaction, and the temperature was increased to &%°&n additional hour. Once again, despite
these changes to the rate of generation of frelealad the final monomer conversion was still
only 92% in the presence of 25 %wt of alkyd resmdther words, unchanged to within the
limits of experimental variability). Similarly, atfter dose of TBHP/SFS redox initiator added
after 5h in the next run (Run 11) did not appregiahange the final conversion. In a last run
(Run 12), the alkyd resin was vacuum distilled befose in order to remove xylene and any
other light components that might be present inatlkgd, but difficult to detect by GC or NMR
analyse¥?!, Indeed, solvents are known to influence the oétieee radical polymerisation and
can account for the limiting conversion. As candeen from Table 5, vacuum distilling the
alkyd prior to the miniemulsification process alkeavus to increase the final conversion to only
96%.

Table 5. Droplet size, particle size, Np/Nd ratimsl monomer conversions for Runs 9-12

Run  Alkyd Dy Dp Np/Ng Solid content Monomer
(Wt%)? (nm) (nm) (%) Conversion (%)
9 147 13C 1.2¢ 46 92
10 25 147 125 1.42 46 92
11 145 123 1.42 46 92
12 130 117 1.8 48.4 96

®In weight percent based on monomers

In summary, none of the modifications discussee mer additional trials outlined in Table Al

of Appendix Il such as lowering the total solid temt, lowering the alkyd quantity to 10wt%,

using oil soluble initiators or adding MMA in a seoontinuous way in the presence of KPS or
lauryl peroxide (an organosoluble initiator), alledvus to increase the overall conversion.
However by a combination of oil soluble initiatoAIBN) and KPS and under enhanced
renucleation (adding a secondary dose of surfg¢taomplete monomer conversion could be
achieved for certain ratios of alkyd to monomer. Wik discuss this along with examples of the

film structure, in the section on modifications gmdcess improvements. A short description of
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each experiment carried out to increase monomevession is shown in Tables A2 to A5 of

appendix Il and the variation of ANy relevant to these experiments are shown in appe¥di

3.3.2 Individual monomer conversion and dedgree of graftiq

Figure 5 (a) to (c) illustrate the individual monemconversions for MMA and BA in the
absence of alkyd, and in the presence of 5% and &&Yd respectively. As expected, for a
batch polymerization of MMA and BA, MMA reacts darlthan BA due to its higher reactivity
ratio and we arrive at 100% conversion. If one akFigure 5(b) and (c), it is apparent that like
in the Figure 5(a), MMA reacts completely in allsea. It therefore appears that limiting
conversion seen in these last 2 graphs is relatédetincomplete conversion of BA.is thus
possible that alkyd preferentially associates With When the structure of BA is compared to
that of MMA, it can be seen that butyl acrylategemsts far fewer steric hindrances than MMA.
Therefore their ability to undergo addition throwtpuble bonds is high.

100 ~

% Conversion

—— MMA 88— BA —— Overall

O I I I I I I 1
0 10 20 30 40 50 60 70

Time(min.)
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Figure 5(a). Individual monomer conversions vergose for miniemulsion polymerisation
reactions conducted in the absence of alkyd. (lividual and overall monomer conversions in
the presence of 5% alkyd. (c). Individual monomenwersions in the presence of 25%
unsaturated alkyd resin
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Schork et & have shown that a fairly low dKp (the ratio of transfer rate to propagation rate
constants) value could be observed for BA/alkydesys and this implies that the mode of attack
of a BA radical to the alkyd is through direct dduh to a double bond of the resin rather than
through chain transfer. The hypothesis that essgntinly BA is grafted to the alkyd resin was

confirmed by measuring the degree of grafting efdtkyd for different monomer compositions.

To do so, different miniemulsions of various monomempositions were run with the same
basic formulation and solid content as in TableR&i{ 8). The final products were then
fractionated using Soxhlet extraction to deterntime degree of grafting and the results of this
procedure are shown in Table 6. Although the degfegrafting determined by the solvent
extraction method is not very accurate, especiallthe case of PBA and 25% alkyd in which
high gel content (gel content data are not showe)haffects the numerical value of grafting,
there appears to be non-negligible levels of grgftbetween PBA and alkyd whereas the
grafting between PMMA and alkyd was O%his trend of grafting is in agreement with Schork
et af although the numerical values are differdfur example they observed 100% grafting for
BA and about 40-50% grafting for MMAThe difference of numerical values could be due to

the type of alkyd (i.e. the amount of double boadd hydrophobicity differences).

Table 6.Selective extraction data of hybrid latex

Monomer Total amount of  Acrylic weight Residual weight (g) Degree of
composition solid (g) fraction (%) after solvent extraction  Grafting (%)
MMA/BA/AA
(49.5/49.5/1) 6.1 7.6 1.7 64
BA 6.9 77.6 3.6 33
MMA 6.2 78.5 5.1 0

Nevertheless, the results presented in this chaptggest that there is grafting of the unsaturated
alkyd on the copolymer, and this takes place emdgntvith BA. The grafting was further
characterised by GPC and also probgrtH and**C NMR analyses (see Appendix | for NMR
analysis); both of which showed that the doubledsonf the alkyd were consumed during

polymerisation and hence chemical incorporatiomlkyd to the growing copolymer. The GPC
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chromatograms of pure alkyd resin and hybrid |&te25% alkyd are shown in Figure 6 (a) and

(b) respectively.
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Figure 6(a). GPC analysis of the Setal 293 unstdralkyd resin. (b). GPC of copolymer with

25% alkyd resin

The results obtained by DR detector are summaiisddble 7 and Table 8.1t is clear that the

alkyd resin is not well-defined and does not hawngle molecular weightAlthough the high

molecular weight region is masked by the copolymeak, two low molecular weight peaks of alkyd

resin could be clearly observed. We considered tirdyalkyd resin peak of molecular weight of 2027

g.mof* [MP in (a)] and compared the peak area and heifjtite samepeak in (b) (2015 g.md) to

66



Chapter 3: Alkyd-acrylic hybrid miniemulsion polymerisation

verify the chemical incorporation of alkyd to cdypuer. According to this analysis, we found
that approximately 33% of the alkyd in this pealgriafted to copolymer.

Table 7. GPC analysis of the Setal 293 unsatuiagd resin

MP Mn Mw Mz Mz+1 | Mw/Mn| Area (uV*sec)| % Area
53692| 68569| 108708| 257164| 613147| 1.59 | 3410183 13.6
3860 | 6473| 10362 16247 21479 1.60 10691733| 42.6
2027 | 1758| 1843 1917 1983 1.05 10972102 | 43.8

Table 8. GPC analysis of copolymer with 25% alkgslim

MP Mn Mw Mz Mz+1 Mw/Mn Area % Area
135577 67724 445881 4972679 18434897 6.58 2283229488.8
3888 3969 4207 4455 4697 1.06 968402 3.8
2015 1733 1828 1914 1989 1.06 1899939 7.4

In summary, an analysis of the individual monomanversion data and grafting experimental
results have led to a better understanding of thgnperisation process. It can be concluded that
the grafting between the alkyd and copolymer maiakes place via reaction with the BA, and
the overall limiting monomer conversion is duetie tow BA conversion. We will correlate this
data with the variation of XNy in the following section in order to better undarsl the hybrid

system with increasing alkyd quantity.

3.3.3 Variation of N,/Ng with monomer conversion

Next the extent to which there is a one-to-one gsapyrom an emulsion droplet to particle is
investigated through analysis of thg/Ny ratio throughout the polymerisation process. Fegor
illustrates the variation of Ng with monomer conversion for Run t@ntaining 25wt% of the
vacuum-distilled alkyd resin. It is obvious thay/Ny increases after about 40-50% monomer
conversion during the polymerisation of this hybsigstem, strongly suggesting the occurrence
of some type of secondary nucleation of emulsionigles. It should be recalled that we have
added different doses of initiator during polymatign; thus secondary nucleation could be
promoted by the intermittent addition of initiatdm.order to clarify this fact and shed more light
on the effect of the amount of alkyd op/Ny, another series of experiments was performed still

using vacuum-distilled alkyd resin and only onealo§initiator based on the recipe of Table 3.
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The only parameter that changes in this seriesxpériments was the quantity of alkyd resin.
The changes of properties of initial droplets amel\tariation of final monomer conversion with
increasing alkyd quantity are summarised in Table 9
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Figure 7. Variation of NNy with monomer conversion for Run 12

Table 9. Influence of alkyd content on various tieacrelated parameters (Reactions performed
according Table 3 using a vacuum distilled resin).

Alkyd Droplet  Final Particle Particle Viscosity Monomer Reaction time
(Wt% to) Size(nm) Size(nm)  Coverage by (mpa.s) Conversion (minutes)
Monomers Surfactant  at 1008 (%)
(%)
0 79.4 104.4 20.45 0.75 100 90
5 96.4 98.4 23.22 0.97 100 90
10 107.9 97.8 24.85 1.37 98 270
15 119.0 105.3 26.34 1.60 98 330
25 134.9 116.4 27.61 2.33 96 330
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The variation of polydispersity index (PI) with mamer conversion relevant to the above

experiments is illustrated in Figure 8.
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Figure 8. Variation of polydispersity index with mamer conversion for a series of
miniemulsion polymerization reactions performedaadig to the recipes of Table 3 using a
vacuum-distilled resin

It can be seen that the initially broad dropletesidistributions become narrower after
approximately 50% conversiolm fact, as the quantity of alkyd increases, theaindroplet size
distribution appears to be narrower. This is pdggibe to an increase in viscosity of the organic
phase seen in Table 9. As we discussed in Chaptiresiscosity of organic phase increases
linearly with increasing alkyd quantity. Therefateis possible that at the higher viscosities
associated with the higher levels of alkyd, theiteéion of the ultrasonication does not create the
very small (<40 or 50nnmgroplets that are created at lower viscositiese iflerease of particle

size compared to the initial droplet size couplathwapid narrowing of initial droplet size
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distribution in the absence of alkyd suggestdiiappearance of a considerable fraction of very

small droplets. We will return to this point below.

The variation of WNg with increasing alkyd quantity as a function ofheersion during the

polymerisation (with all other quantities remainugchanged) is shown in Figure 9.
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Figure 9. Variation of Ny with increasing alkyd quantity according to theipes of Table 3
using a vacuum-distilled resin

We observe two distinct behaviours: one for O &fa alkyd where NNq4 is monotonically
decreasing and always less than one; and a se@&aVibur for higher alkyd contents where
No/Ng increases for conversions higher than 50 %. We fivdt consider the case of the

polymerisations performed without alkyd or with Bkyd.

In the presence of 5% alkyd, thg/Ny ratio was closer to one compared to the polymkoisa
performed without alkyd and this implies that theltophobic character of the organic phase is
significantly increased. As a result the stabibfyvery small droplets is increased. In order to
investigate this, the hydrophobic effect of alkgdin, hexadecane and ODA was compared. As

illustrated in Figure 10, similar initial dropleizes of about 80nm are obtained whatever the

70



Chapter 3: Alkyd-acrylic hybrid miniemulsion polymerisation

nature of the hydrophobe. However, as the polysaédn proceeds, the average particle size
increased by approximately 20nm when hexadecaneCib@l were used as the hydrophobe
during the first hour of polymerisation, but remedrrelatively constant when the alkyd was used

alone.
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Figure 10. Variation of droplet and particle sizéhwime for three different hydrophobes.

This comparison clearly indicates that the intecexst between alkyd and monomer are stronger
than that of hexadecane and ODA and hence lowdexMealkyd provides a better stabilisation
than both hexadecane and ODA. Sood and Awddthive shown that in a given system with a
particular amount of hydrophobe, and depending e degree of non-ideality of mixing
between the monomer and the hydrophobe, thereseaishinimum stable diameter in the
reactor. They also showed that for the same amaoludifferent hydrophobes (hexadecane and
hexadecanol) the minimum stable diameter of styierkl7 and 187 nm respectively because
hexadecanol is more non-ideal than hexadecane.ordiog to these authqgrshe interaction
parametery) for hexadecane and styrene is equal to 0 andewadecanol and styrene it is1.69.
Based on this difference of interaction paramettétrsy showed that droplets with a diameter
greater than the minimum stable diameter are stadbause they fulfil the chemical potential

requirement for stability.
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Considering the structure (cf. Figure 1(d) & (ej)ddathe molar mass (cf. Table 7) of the
unsaturated alkyd resin determined by NMR and GRa&lyaes respectively, it is clear that the
chain length of the hydrocarbon part of the alkydyieater than that of hexadecane or ODA.
Davis and Smitff have shown that the solubility of hydrocarbonswiater and in surfactant
solutions decreases with an increasing hydrocadbham length. They further showed that the
solubility of a given hydrocarbon (for example rexane) is considerably different in water and
in a given surfactant solution. According to thehe solubility of n-hexane in water is 9.5°0
kg.dm® and increases significantly to 2.0731Rg.dn® in a 10" mol.dm® sodium dodecyl
sulphate solution. On the other hand, they havevstbat single droplet coalescence data, area
per molecule data and mobility data are not sessipredictors of emulsion stability and that
significant emulsion instability may arise from @ute other than droplet coalescence; namely
Ostwald ripening.

In this context, we can conclude that in the presesf equivalent concentration of alkyd resin,
the hydrophobic character of the organic phasedatgr than that of ODA or hexadecane. As a
result the strong interfacial effect created by Dowfax| 2¢hich has a low CMC (0.2g/L in
deionised water) is counteracted by #&yd resin. Thereforethe very small droplets are

stabilised against Ostwald ripening and hence tiggnal droplet size is retained.

We showed here that the hydrophobic charactereobthanic phase is significantly increased in
the presence of even low amounts of alkyd (typyc&fo). We will nowdiscuss the effect of
increasing the alkyd content up to 25%, keepingiind that the hydrophobic character of the
organic phase is significantly increased in thespnee of alkyd. It should be noted that the trend
of variation of N/Nq in Figure 9 is similar to that of Figure 7 foriengar quantity of alkyd (e.g.
25%). Hence, it is obvious that homogeneous nuoleat independent of the intermittent
addition of initiator. Recall that these are ba&tperiments, so the re-nucleation of particles
observed for this second set of runs is not dusdthtional monomer or surfactant being added
to the system, but rather to a change in the pariorphology.
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The individual conversions of MMA and BA in the pemce of 25% alkyd are shown in Figure
5(c). As noted above (cf. Figure 4), the overaleraf polymerisation is lower at higher alkyd
concentrations. Thus, as expected, the rate ohpaigation is lower with 25% alkyd than 5%
alkyd. Nevertheless, in Figure 5(c), it can be dbanhthe rate of consumption of BA is very low
compared to the reaction performed with 5% alkygheeially during the first 30 minutes of
polymerisation. When the overall monomer conver$o45%, the conversion of MMA is about
70% and the conversion of BA is about 20%. In otherds, the polymer formed in the first
part of the experiment (i.e. before new particles @eated by secondary nucleation) is rich in
MMA. It has been shown in the literature that altph MMA and an alkyd are totally miscible,
there appears to be some sort of incompatibilittvben PMMA and alkyd In addition, a
change in the particle morphology of alkyd-acrylidrids with monomer conversion leading to

an acrylic rich shell and alkyd rich core has bekserved?®.

Figure 11 shows an image of hybrid latex obtaingdmMet stem technique and it suggests a

possible core shell structure for alkyd-acrylic hglparticles.

W accv  Spot Magn Det WD ———— 500 nm
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Figure 11. Wet stem image of hybrid latex with 2&kyd
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It is therefore reasonable to assume that the notwgiz of hybrid particles changed to a PMMA
rich shell and alkyd/PBA rich core somewhere ne@5@% overall monomer conversion at
higher alkyd contents, and that this change wilatb¢he more significant when the quantity of
alkyd in the particle increases. The range of 4@&5@nversion corresponds to the point where
one begins to see spontaneous renucleation ofcleartat higher alkyd contents in Figure 9.
Apparently, for high alkyd contents, some mononeawves the particles and is used to create a

second, stable population of particles.

Interestingly enough, the re-nucleation for the hhiglkyd content runs is nevertheless
accompanied by a narrowing of the PI (cf. Figure 8ince the number of particles is increasing
in these two runs (15 and 25% alkyd), this meaas tthe average particle size is decreasing.
This implies that the size of larger particles esrasing — in other words that monomer is being
ejected from these particles — but the size obthaller particles increases to an extent obviously
less than the size of the larger particles. It astimvhile to mention that the particles formed by
the secondary nucleation can not be hybrid pastickn unintended outcome is greater
heterogeneity across the particle population, whvdhtranslate into more heterogeneity in the

final films.

As per the calculations shown in Appendix XI, tmeaacovered by one surfactant moleculg, A
in the presence or absence of the alkyd is A8holecule for our system, and therefore the
surface coverage of droplets by the surfactant ahasys incomplete (cf. Table 9). We can
therefore conclude that there is not a significeelease of surfactant in the system. It is
therefore possible that the incompatibility betw@MWMMA and alkyd could be a major reason for
the increase of MNg. This incompatibility might limit the ability ofhe particles to swell, and
therefore the residual monomer (mostly BA at thiénf) could be partially ejected from the
particles during the second half of the reactioremvthe morphology of the particles changes.
Note that since Adoes not change when we add the alkyd resin fuhiser suggests that the
droplets themselves are not entirely homogenedubkelalkyd were located (even partially) at
the interface of the droplets, one would expedde A decreases due to a drop in the polarity
The fact that this does not occur is evidence ttiaialkyd is essentially found near the centre of

the droplets, surrounded by a “shell” of monomer.
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3.3.4 Moaodifications and process improvements

These results led us to believe that it shouldefloee be possible to avoid secondary nucleation
by controlling the nature of the organic phase.akdmgly, we removed ODA from our system
in the presence of 25wt% alkyd. As a resthie broad asymmetric droplet size distributionldou
be rearranged to narrow symmetric distribution (Fegl2). See Appendix V to VIII for droplet
and patrticle size distribution in the presence DIXJT-78) and in the absence of ODA (T-100).

16 — - —-. With ODA

—— Without ODA

Number (%)

0.04 0."1 O.E 0.4'

Particle Diameter (Hm)

Figure 12. Droplet size distribution in the presenc.__) and absence( ) of ODA fo#50
monomer content MMA/BUA/AA miniemulsions containi@§% alkyd

It is clear that a significant rearrangement ofpdieb and particle size distribution takes place in
the presence of ODA while in the absence of ODAnlibe initial droplet size distribution and
final particle size distribution are similar. Thisarrangement of droplet size distribution in the

presence of ODA is totally in agreement with thecdssion of Sood and Awasthi

The evolution of IYNq for a new series of experiments (without ODA),hét total theoretical
solid content of 50 % by weight containing 25 %yalkn the organic phase and having various

monomer compositions (See Table 10) is shown inrEid 3.
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Table 10. Formulations for high solid content mmidsion polymerizations with various
monomer compositions

Run HO MMA BA AA Alkyd  Conversion  Type of Alkyd
(9) (9) (9) (9) (9) (%)
13 118.5 45 45 0.9 25 97 Unsaturated
14 55 45 0 0.45 12.5 99 Unsaturated
15 55 0 45 0.45 12.5 95 Unsaturated
16 118.5 45 45 0.9 25 96 Saturated

“In all cases initiation was carried out as expldipeeviously for Run 12.
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Figure 13. Variation of MNg with % monomer conversion for miniemulsion polymation
reactions performed according to the recipes ofleTaB in which ODA was removed and the
composition of the monomer mixture was varied.

These experiments were compared to an experimenaioing 25wt% of the saturated alkyd
resin (Run 16). The degree of secondary nucleddi@nin the experiment is high when MMA is
polymerised alone even in the absence of ODA (R4in This could be due to the very low
grafting between PMMA and alkyd resulting in poavngatibility between both phases.
However, the other experiments show relatively sefanges in the YNy ratio and a limiting

conversion of approximately 96% as in the previcases discussed above. Since we have
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controlled the hydrophobicity by removing ODA imetpresence of alkyd, the fraction of very
small droplets created during miniemulsificationa® in the absence of ODA as evident by the
droplet size distribution (cf. Figure 12). As aukksve could better control the homogenous

nucleation and hence thg/Ng ratio could be maintained closer to one.

Another interesting result is that the copolymersarun with the non-reactive saturated alkyd
resin shows similar MNg values and also still exhibits some limiting corsien. A possible
reason for the limiting monomer conversion in tliesgnce of both saturated and unsaturated
alkyd is the stronger interactions between monoaner alkyd as we have shown here. In other
words it appears more likely to a physical effestproposed by Hudda et’@nd Guo et af®

rather than a chemical effect.

The complex nature of limiting monomer conversiserfurther evident with the last series of
experiments carried out by changing the ratio efrtftonomer to reactive alkyd and the initiator
system. The objective of this series of experimavds to relate monomer conversion to film
formation and morphology. The experimental recipmsthis series of experiments and the

characteristics of the miniemulsions and latexethe$e experiments are illustrated in Table 11

and Table 12 respectively.

Table 11. Recipes for the experiments carried guhanging the monomer to reactive alkyd

H,0 Dowfax BA MMA AA Alkyd ODA KPS (1) KPS (2) NaHSQ TBHP SFS AIBN

RN ) @) @ @@ (@ @ (@ (9) (9) @) @ (@
17 1250  4.00 4500 4500 0.91 - 46 03 - - - - -
18 116.0 500 4500 4500 091 25.0 - 0.15  0.15 - - - -
1 1185  4.00 4500 4500 091 250 - 0.15  0.15 0.32 220 0.16 -
20" 1110 500 4500 4500 0091 250 - - 0.15 - - - 03
21 1100 400 2250 2250 045 450 - - - - - - 03
27 1160 500 2250 2250 045 450 - - 0.15 - - - 03
23 1160 500 2250 2250 045 450 - 0.3 0.15 - - - -

4The second dose of KPS (KPS (2) in 3mL of watery awaded with 1g of Dowfax 2AIl in3mL
of water after 1.5h from the beginning of reaction1h® The initiator system was similar to the

system described in Run 12.
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Table 12. Characteristics of the miniemulsions latekes of the experiments 17 to 23

Run Alkyd Droplet Final Total Solid Total Solid Monomer Reaction time
(Wt% by Size(nm) Particle Content Content  Conversion  (minutes)
organic Size(nm) (Theoretical)(%) (Actual) (%) (%)
phase)

17 0 113 120 45.00 45.00 100 300

18 22 125 111 49.80 48.60 96.8 360

19 22 120 110 49.40 48.00 96.3 360

20 22 117 112 50.00 46.50 93 420

21 50 145 138 45.00 40.40 78.4 360

22 50 144 139 44.00 44.00 100 420

23 50 144 140 44.00 42.00 91.3 420

Before discussing the film structures of thesexiaseait is worthwhile to discuss the effect of the
choice of the initiator system, the ratio of alkgdmonomer and the total solid content on the
monomer conversion. When 22% alkyd is present30% solid system (Run 18 and Run 19) a
similar monomer conversion could be achieved byattidition of KPS regardless of the method
used (a & b). However when AIBN was used insteall®$ (1), the final monomer conversion
for a 50% solid system with 22% alkyd was 93% (tss of radicals by termination is high with
AIBN) irrespective of the secondary addition of KRiBh Dowfax (Run 20).

When only AIBN was used for a 45% solid system vih50 monomer: alkyd ratio, the final
monomer conversion was 78.4% (Run 24dding a second dose of KPS and Dowfax allowed
us to obtain complete conversion, but at the pofcereating particles in a secondary nucleation
step (N/Ng increases; Run 22). It should be noted that a feignt difference of particle size
could not be observed after re-nucleation. Thigoissibly due to the very small droplets created
during re-nucleation which do not affect the paetisize. However when AIBN was replaced by
KPS (KPS1) the final monomer conversion was 91.8%af similar system irrespective of the
enhanced renucleation (Run 23). This observatiggests that the polymer chain length which
varies with the type of initiator could also affée limiting monomer conversion. Experiments
were carried out to determine the influence oftgpe of initiator on the final film morphology.
For comparison, the structure of a plain acryllmf(Run 17) was examined first. The AFM

images in Figure 14 reveal that the particle idgritas been retained.
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Figure 14. AFM images of the surface of an acrgtex (Run 17) film: (a) height image and (b)
phase contrast image. The scan area is 2 pm x Aq)mM phase contrast image of the same
surface at a higher magnification. The scan arégus x 1 um.

The particles have not coalesced at the film setfddSC analysis has found the glass transition
temperature of the latex to be 2€. The temperature of film formation was 23. The
polymer viscosity will be exceedingly high durinigf formation, and a model of the process

predicts slow particle deformation by a dry simgrinechanisA.

A phase-contrast image can be considered to bepaainthe energy dissipation between the
AFM tip and the sample surfdCe Greater energy dissipation is associated withranger
viscous component of the viscoelastitityln the images presented here, more dissipative
regions appear darkér The presence of some dark regions in the phastaso images of the
acrylic in Figure 14 could be coupled with topodriapeffects or could reflect heterogeneity in

particle surfaces.

The structure of the acrylic film can be compardthvhe structure obtained when the alkyd
resin was introduced into the polymer matrix usikBS as an initiator (Run 23). The
nanostructure of the hybrid film, as shown in Fegub, differs markedly. Particle identity is not
distinct, which indicates that particle coalescehas occurred. An explanation is obtained from
thermal analysis. Two glass transition temperatiffgs) were found in DSC analysis of the
hybrid: an upper one at 4@ and a lower one at -20. The existence of two transitions indicates

the existence of two phases.
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Figure 15 AFM images of the surface of a film cast from thgitd latex with KPS as the
initiator (Run 23): (a) height image and (b) phasatrast image. Scan area is 2 pm x 2 um

The upper transition is ascribed to the acrylieraftlasticization, to reduce il by 3 degrees.
The plasticized acrylic particles will deform atgeeater rate than the neat acrylic. The lower
transition is ascribed to an alkyd-rich phase; gsialof the neat alkyd foundlg of -43°C. Upon
close examination of Figure 15, some contrast @sden in both the height and phase images,
in regions that are only tens of nm in size. Td$ize scale is smaller than the patrticle size.
Hence, a likely explanation is that there is hejeneity within the particles. The alkyd is a
viscous liquid that is expected to lead to greateergy dissipation during AFM imaging in
comparison to the acrylic copolymer. The dark spotthe phase image are therefore attributed
to alkyd-rich regions within the particles. AFM cha sensitive to subsurface structures, so the
alkyd phase could be encapsulated within the pastiout still be apparent in the images. In the
topographic images, the alkyd regions could appegker because of greater indentation of the
AFM tip in the softer phad@

The choice of initiator was found to have a prammd effect on the film structure. When
AIBN was used instead of KPS (Run 22), the film ptaogy is much different than what was
found when KPS was used (Run 23). Figure 16 (a)lnsghows that in the AFM images of Run

22 two phases can be clearly seen.
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Figure 16. AFM images of the surface of a filmstdasm a hybrid latex with AIBN as the
initiator (Run 22): (a) height image and (b) phasatrast image. Scan area is 2 pm x 2 um

The dark regions in the phase image are attribwatesh alkyd-rich composition. The regions are
up to 1 um across in some areas, which is muchegréean the particle size. Hence, it appears
that phase separation between the alkyd and agiglises has occurred. Thermal analysis is in

agreement, as it reveals two glass transitions.

The question now arises as to why there is suato@opnced effect of the initiator on the final
film morphology. There are three possible explamst First, it is noted that when KPS is the
initiator (Run 23), the conversion is low (91%)espective of enhanced re-nucleation in
comparison to the 100% conversion achieved with MIBRun 22) under the similar re-
nucleation as in Run 23. The free monomer coulcdigng as a compatibilizer between the
immiscible copolymer and alkyd phases. Secondlgremter amount of grafting between the
alkyd and acrylate might be achieved when KPSadrthiator, preventing phase separation over
larger length scales. Finally, the particle stnoetcould be different between the two materials.
If the alkyd is not encapsulated within the paesclit will not be restricted from phase
separation. We suspect that the first two factoth bontribute to the observed differences.

The structure of a film made from a latex initiateith KPS and containing 22 wt% alkyd (Run

18) is presented in Figure 17.
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Figure 17. AFM images of the surface of a film dasin a hybrid latex with KPS as the initiator
and containing 22 wt.% alkyd (Run 18): (a) heighd &) phase. Scan area is 2 pm x 2 pum.

The film structure can be considered to be inteiatedoetween what was found for the plain
acrylate (Figure 14) and the hybrid with 50 wt%yalKFigure 15). There are brighter regions
with a diameter on the order of 100 nm, which &ely to be acrylate-rich particles. There is
some patrticle identity retained in the film, beaatisere is less plasticization with 22 wt% alkyd
in comparison to what was found for 50wt% alkyd tg®. With KPS as the initiator, the
amount of phase separation at the film surfacess than what is found when AIBN was used
(Figure 17).
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3.4Conclusions

Stable miniemulsions and complete monomer converstuld be achieved while maintaining
the ratio of initial number of droplets to final mber of particles between 0.8 and 1 when the
alkyd quantity was 5% or less. However with thadgral increase of alkyd quantity, the final
monomer conversion gradually decreased. We hagenpted to increase monomer conversion
by different means. However this could not be bhauggher than 96% (for a hybrid system of
25% alkyd and 50% solids), and even then it is sy to purify the alkyd and allow small
amounts of re-nucleation to occur. Similar behawrifor unsaturated alkyds suggests that it is
not the degree of grafting, but rather interactibesveen copolymer and alkyd that changes with
the ratio of monomer to alkyd which influences fiv@al monomer conversion. It was shown
that, as expected, the polymer architecture chamggbsthe initiator system. The variation of
monomer conversion for the similar systems but wdifferent initiator systems (AIBN and
KPS) suggests that the polymer architecture affgmetdimiting monomer conversion. This is a
strong evidence for our argument that the limitmgnomer conversion could be due to the

interactions between polymer and alkyd.

We also studied the evolution ofy/Ng with monomer conversion for different experimental
conditions and correlated this evolution with theplet stability and the individual monomer
conversion in order to get a better understandihghe effect of the alkyd content on the
miniemulsion polymerisation reaction. It was shotlat the observed increase of/Ny after
about 40% monomer conversion in the presence &f d&ligyd quantity (15-25%) is independent
of the initiator system but dependent on the hydodycity, and that the ratio JjNg could be
lowered to 1.2 controlling the hydrophobicity ofetbrganic phase. The interactions between
alkyd and monomer were shown to be stronger thah ah monomer with hexadecane and
monomer with ODA. As a result, the use of alkyohal as the hydrophobe seems to give better
results in terms of stability during the polymetisas than equivalent (or even higher) amounts
of ODA and HD.

The most homogeneous film morphology was resulteoh fthe sample of 44% solids with 50
wt% of alkyd and KPS as the initiator. When AIBNsmased in the recipe instead of KPS, the
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film shows a clear phase separation for a similanemer+surfactant formulation. However
complete monomer conversion could not be achievetth WPS even under enhanced
renucleation whereas full monomer conversion cad@dachieved with AIBN under the similar
conditions. When the alkyd quantity was 27.5% éé&rgnonomer (96-97%) conversion could
be achieved with KPS for a hybrid system of 50%dsolvith good film properties. Therefore the

best compromises have to be determined beforephlecation of this system.
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4. POLYURETHANE-ACRYLIC HYBRID MINIEMULSION POLYMERISA  TION

4.1 Introduction

Polyurethane (PU) dispersions are widely used fferdint applications such as coatings and
adhesives due to their superior properties likesgl@hemical resistance, toughness, flexibility
and film formation> As discussed before the synthesis of traditioswlvent-borne PU
dispersions has come into disfavour due to thespaesof volatile organic specté&s The similar
incompatibility problems inherent to physical blemaf alkyd-acrylic system could be observed
for the direct blending of a polyurethane dispersamd an aqueous acrylic emulsion because of
limited compatibility between PU and polyacryfaté > The compatibility between PU and
polyacrylate can be increased if a reactive fumetigroup is present in PU. When a PU carries
an iso cyanate (NCO) function which can chemicedhct with other chemically active materials
such as hydroxyethyl methacrylate (HEMA), it isereéd to as a reactive PU. Different
strategies of dispersing reactive PU in the wateasp other than the direct blending are
described in the literature. For instance aqueduisiiBpersions are commonly prepared by the
incorporation of ionic groups into the polymer stire to enhance the hydrophilicity of the
polymer chains and promote disperSibh Those PUs that contain ionic groups are called PU
ionomer§. As the traditional way of preparing aqueous Ppeisions always needs hydrophilic
segments in the PU backbone, the properties oétR&spolymers are generally not as good as
those of the hydrophobic ones prepared by solvasedh polymerisatién In overcoming this

limitation is one of the keys to producing high lijtysaqueous dispersions containing PU.

We discussed the fact that miniemulsion polymepsaits an ideal method to synthesise water-
borne, environmentally friendly hybrid polymers whisynergistically combine the positive
properties of high molecular weight, hydrophobic With the fast drying and colour retention of
acrylic latexes. In this new type of dispersionthe PU has a reactive functional group, a
chemical coupling between the urethane and theliaagmponents is established and these

dispersions are known as acrylic-PU hybtida

The mechanical properties of acrylic-PU hybrids éhdeen discussed. However most of the
previous studies have been focused on film progettia comparison of mechanical properties
of physical blends and hybrijsand the structure and properties of acrylic-PUbrtugs™®.
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Although adhesive properties have also been sitfilia detailed study on adhesive properties
based on tack properties of hybrid latex is rafelynd. The main objective of this study was to
develop an efficient acrylic — PU hybrid systenb&used in adhesive applications. This requires
the efficient incorporation of PU segments in acrjhtex. To this end, two different types of
PU were used: a high molecular weight, non-readdile and a low molecular weight reactive
PU. Because the objective of use of reactive PY tha efficient chemical incorporation of it
into the organic phase, the NCO functions wereistudjuantitatively and qualitatively. The
guantitative analysis of NCO functions was donedoypductimetry. We studied the hybrid
system by changing different parameters such asatleeof NCO to hydrophobic chain extender
(bisphenol A), the amount of chain transfer agemt amount of PU in order to achieve better
adhesive properties. In addition, in order to makenmercially useful samples, all of the
experiments were run with high solid content (404)@nd average patrticle sizes on the order of
100 nm. In the most desirable scenario, all thean@er droplets should contain PU. Thus an

ideal miniemulsion polymerisation will lead to aeoto one copy of droplets to particles.

4.2 Experimental

Materials

Butyl acrylate (BA 99+%; from Acros; lllkirch Cedg¥rance), acrylic acid (AA 99+%; from
Acros; lllkirch Cedex, France) and methyl methaatyl (MMA 99+%; from Acros; lllkirch
Cedex, France) were used as received. Dowfax-2/8Pof4graciously supplied by Dow
Chemicals; La Plaine St Denis Cedex, France) wasl @s the anionic surfactant. A non-
reactive PU of molecular weight of 10,837 g.thahd a reactive PU (Incorez 701) of molecular
weight of 3285g.mat were graciously supplied by Euroresin and Indak@opolymers Limited
respectively, and used as received. Bisphenol AA(BRalytical grade; from Sigma Aldrich;
Lyon, France), dibutyltin dilaurate (95%; from SigrAldrich; Lyon, France) and hydroxyethyl
methacrylate (HEMA 97%; from Sigma Aldrich; LyomaiRce) were used in the reactions which
involved reactive PU. Di-ethyl amine (98+%; from @oado; La Tour Du Pin, France),
isopropanol (99+%; from Carlo Erba; Val de Reuildée, France) and 0.1N standard HCI
solution (from Acros; lllkirch Cedex, France) wetsed as received in the reactions of

characterisation of reactive PU. 1-Dodecylmercapi@®.5%; from Acros; lllkirch Cedex,
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France) was used as a chain transfer agent (@é&gadecyl acrylate (ODA 97%; from Sigma
Aldrich; Lyon, France) was used as the hydrophdh®assium persulphate (KPS Analytical
grade; from Acros; lllkirch Cedex, France) was uasdhe water soluble initiator. Tertiary butyl
hydroperoxide (TBHP diluted at 70% in water; fromarés; lllkirch Cedex, France) and sodium
formaldehyde sulfoxylate (SFS Analytical gradenir&igma Aldrich; Lyon, France) were used
as the redox initiator pair. Tetrahydrofuran (THalytical grade; from Fischer Scientific;
lllkirch Cedex, France) was used as a solventHerselective extraction experiments. Deionised
water was used throughout the work.

Emulsion Preparation and Polymerisation

The experiments with the non-reactive PU were basethe recipe shown in Table 1 and the

experiments with the reactive PU were based orrdébpe shown in Table 2 unless otherwise
specified.

Table 1.Miniemulsion polymerisation recipe used in the Bgsis of acrylic/non-reactive
PU hybrid latexes
Active (weight %) by Total Solid

Raw Material Weight () Monomers (%)
Water 55
Dowfax (45%) 1.7 1.8
BA 35.8 89.5
MMA 3.8 9.5 42
AA 0.4 1.0
ODA 2.06 5.15
KPS 0.16 0.4
PU Variable

The procedure for the non-reactive PU and the ineaBtU was as follows. The non-reactive PU
was dissolved in butyl acrylate and this mixturesvilaen dissolved in the rest of the organic
phase to attain the desired composition. When uBiddevels of 20% (w/w) or above it was
necessary to heat the organic phase to 60°C arfdrs80 minutes. The incorporation of reactive
PU in to the organic phase will be discussed instbetion 4.4.2.3(The reaction between NCO
and HEMA and the role of chain extender). In baikes, the surfactant was separately dissolved
in the aqueous phase. The organic phase was alindg 80 the aqueous phase while stirring.

The mixture was further stirred for 30 minutes fbe non-reactive PU and 5 minutes for the
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reactive PU (in order to minimise the reactioN&O with water) and sonicated in an ice bath

for 6 minutes(2*3times) at 480W power.

Table 2. Miniemulsion polymerisation recipe usedhia synthesis of acrylic/reactive PU
hybrid latexes
Raw Material Weight(g) Active (weight %) Total Solid (%)
by monomers

Water 120

Dowfax (45%) 4.00 2.00
BA 80.50 89.50
MMA 8.50 9.50
AA 1.00 1.00
ODA 4.50 5.15 49.80
PU (Incorez 701) 23.60 25.00
HEMA Variable (0-1.6)
Bisphenol A Variable

Dibutyltin dilauraté  0.01
1-Dodecylmercaptan Variable (0-0.4)
TBHP 0.10

SFS 0.26

a: based on free NCO functions remainédr the reaction with HEMA( 50% of
stoichiometric quantity of bisphenol A was usedhe reactions from T107 to T 153 and the
stoichiometric amount was used in the reaction®flol59 to T 164)

b: 0.005g was used with HEMA and 0.00&3 used with bisphenol A.

High Intensity Ultrasonic Processor (Branson, mad¥l 26) was operated at 600W and 80%
power for sonication of miniemulsions. The drogee was measured soon after sonication and
then several hours afterward to ensure that thplekoare stable for a duration of 4-5h (thus if
any change in droplet size is observed it will betattributed to an intrinsic lack of stability of
the original dispersion). All reactions were cadrieut in a 200 mL jacketed glass reactor
connected to a heated water bath for temperatunerato The reactor was equipped with a
stirrer, a reflux condenser, nitrogen inlet andletiuand a valve on the bottom to remove the
latex. Samples were occasionally withdrawn throaghalve in the bottom of the reactor for
analysis. Conversions were measured by gravimégrage droplet and particle sizes (Dp)
were measured by photon correlation spectroscofp aiZetasizer 1000 HS. Average sizes
reported here are the averages of at least 5 nesmsnts per sample. Gel content was

determined by selective extraction of a known anmadia vacuum dried latex sample for 24h in
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a soxhlet extractor using THF as the solvent. iflaéanalysis was done by differential scanning
calorimetry at a heating rate of 5°C/Minute (Setaf2aSC 131). Three cycles were performed
for each sample and the average of last two cyeesrecorded as thig. CDM 83 conductivity
meter was used for conductivity measurements. Midecweight was measured by Gel
Permeation Chromatography Pump (Waters 515), Auiorsample injection (Waters 717 Plus),
UV detector (Waters 410), Differential RefractometDetector (Waters 410) and Light
Diffusion Detector (Mini dawn Wyatt) using THF dseteluent. The first column (PLgel 5pm)
were followed by three columns 2 x PLgel 5Sum Mix2@300x7.5mm) and 1 PLgel 5um 500 A
(300x7.5mm). A polystyrene standard was used flmutations. Infra red analysis was done by
Nicolet Protégé 460 spectrometer. Transmissiontileic Microscopy (TEM - Philips — CM
120) was operated at 80KV to obtain the TEM imagfdatex. Two series of latex samples were
prepared for TEM. A few drops of Phosphotungstiicl acas added to one series. Both series

were treated under UV light for 1h.

4.3 Characterisation of reactive PU (Incorez 701)

Pure PU was qualitatively characterised by diffeedrscanning calorimetry (DSC) and Infra
Red (IR) spectroscopy. A sample for DSC analysis pr@pared by dissolving pure PU in the
monomer mixture of BA and MMA (90:10 wt %), readiwith excess bisphenol A and finally
evaporating the monomers. The measured Tg wa€ -Zhe standard procedure was followed

for IR analysis.

The quantitative characterisation of NCO functioh®U was done by a conductimetric titration
method as described by Li et.aFigure 1 represents a typical conductimteric titracurve.A
known volume of PU was dissolved in a known volushenonomer mixture (BA/MMA 90/10

wt %). A known amount of di-ethyl amine was addedthie solution of PU and dibutyltin
dilaurate was added as a catalyst for the readi@iween amine and NCO. The reaction was
allowed to take place for various periods of tiraaging between a few hours and several days.
A known volume of each solution was titrated agaa&nown concentrated HCI acid dissolved
in isopropanol. The amount of excess or free ddadmine in the solution is determined by the
conductimetric titration and the amount of di-ethyhine that reacted with NCO functions can

thus be calculated. Accordingly, the amount of Nfo@ctions per gram of PU was calculated.
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According to the conductimetric titration, the ragn of moles of NCO functions per gram of
PU is 61*10°. Therefore the molar mass of PU is calculatedet8 285gmot.

0.03
0.025 +

Conductivity(mS/cm)
o
o (@)
H S

0 1 2 3 4 5
\Volume of HCl (mL)

Figure 1. Conductimetric titration curve of amamgainst HCI

4.4 Results and Discussion

4.4.1 Non-reactive PU

The main characteristics of the latexes obtainethen first series of experiments with non-
reactive PU are summarised in Table 3. As can be, se the absence of PU the droplet size is
comparatively low (103.7 nm). With the incorporatiof PU, the droplet size increased to 219.8
nm. This might be due to the increased viscosittheforganic phase in the presence of PU, and
has been observed for other systems such asSiltabille et at® found that droplet size varies
as the viscosity to the power of 0.2 under thepeginental conditions.

Table 3 Main characteristics of the hybrid miniesioths and hybrid latexes elaborated
in the presence of various amounts of non-rea@We

Sample PU Droplet Final Particle Conversion Solid Glass transition
(%) Size(nm)  Size(nm) % Content (%) temperature(°C)

T-28 O 103.7 131.4 100 42 -36

T-53 20 219.8 169.6 100 46 ~-36/~75.1
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These latexes exhibited poor film properties du¢ht clear phase separation which could be
observed during film formation. (The film propegiere not shown here). Therefore the

incorporation of reactive PU through HEMA was sagbfurther.
4.4.2 Reactive PU

4 .4.2.10Qualitative characterisation of reactive PU

Figure 2 and Figure 3 show the qualitative analydighe reactive PU by DSC and FTIR
respectively. By knowing thegTof pure PU, the chemical incorporation of PU amel presence
of different micro phases in the hybrid latex cawerified. The presence of different functional
groups of pure PU could be verified by FTIR anaygiccording to FTIR analysis, the presence
of poly propylene glycol (PPG), amide and urethimeage could be verified in addition to the

main functional group of NCO.

HeatFlowimW

Peak:-47°C

-100 <0 0 40 -20 0 20 40 Temperature/'C
] | ] ] ] ] ] |

Figure 2. Thermal analysis graph of pure PU
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Figure 3. FTIR analysis of PU

4.4 .2 .2Quantitative characterisation of reactive PU

Figure 4 illustrates the time dependence of theti@a between NCO functions and di-ethyl
amine under our experimental conditions. When comgahe values of NCO functions per
gram of PU, it was found that the value relevarstiorter reaction time is less by about 20*10
moles than the value relevant to overnight (12hactien time. After analysing more
conductimetric titration results of the solutionial was allowed to react several days, it was
found that the value obtained for NCO functions geam of PU is constant and as same as the
value obtained for overnight reaction. The amouhiN&€O functions per gram of PU was
therefore established as 61¥1@noles. Figure 5 illustrates the molar mass amalg§iPU by
GPC. According to the GPC analysis, the molar nmd4s) of PU is 4338 while the mass
relevant to main peak is 3720 with a polydispergityex of 1.42. As the molar mass calculated
by conductimetric titration was purely based onty NCO functions, this value (3285g) was

used for further calculations which involved the Ql@&inctions.
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Figure 5. Molar mass analysis of PU by GPC

4.4.2.3The reaction between NCO and HEMA and the role oflain extender

Figure 6 shows the reaction route between HEMAwethane prepolymer.
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HEMA grafted urethane prepolymer

Figure 6. The reaction between HEMA and urethaepgymer

HEMA is covalently bonded to PU, and therefore playvery important role in the chemical
incorporation of reactive PU into the hybrid syste8ince the efficiency of hybridisation
strongly depends on this reaction, it was thoroyghtudied by conductimetry. The same
conductimetric titration method described above wsed to determine the yield of the reaction
between HEMA and NCO. The reactions between differaolar ratios of HEMA and NCO
were studied during a fixed reaction period of weehours. The yield of reaction of a constant
amount of NCO (61*18 Moles) with increasing HEMA quantity was calculatesised on the
conductimetric titration data. Figure 7 illustratee decrease of yield of reaction with increasing
HEMA quantity and the relevant degree of graftiidN&€O by HEMA. When the molar ratio of
HEMA to NCO is 20%, the yield of the reaction isO%9. The weight fraction of HEMA with
respect to PU is 1.6% when the yield of the reaasal00%. Therefore the maximum amount of
HEMA that we can add to the hybrid system whichegit00% vyield is 1.6% with respect total
PU quantity. The corresponding degree of graftihy@O by HEMA for the maximum amount
of HEMA(1.6wt%) and 100% yield is 20% (Since we Wnthe total number of moles of NCO in
a given quantity of PU, the degree of grafting barcalculated by knowing the number of moles
of HEMA added). Accordingly the degree of graftoigNCO by HEMA can be varied from O to
20% and the remaining NCO functions should be aé#s&d with a chain extender to minimise

the reaction between water and hence maintaintéhdisy of hybrid latex.
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Figure 7. Dependence of grafting yield on increg$#ic MA quantity

In fact the chain extender plays a dual role. Wttikereaction between water and NCO functions
are minimised by the chain extender, the moleonkight of PU is also increased due to chain
extension. As a result the hydrophobicity of PUnisreased. Different types of chain extenders
such as hydrophilic and hydrophobic have been itestiin the literaturefor the purpose of
chain extension of the urethane prepolymer by megetith free NCO groups. It has been shown
that the chain extension reaction primarily ocatrghe interface between the latex particles and
aqueous phase when the hydrophilic chain exteratersisetl As a result the urethane moiety
would tend to be pulled towards the interface dnd would increase the likelihood that the
hybrid latex particles aggregate by bridging fldetion, resulting in extensive flocculation. On
the other hand the chain extension reaction takasepinside the latex particles when a
hydrophobic chain extender is used. Therefore leisphA was used as a hydrophobic chain
extender in this study. Figure 8 shows the reactmute between HEMA grafted urethane
prepolymer and bisphenol A.
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Figure 8. The reaction between HEMA grafted ure¢haire polymer and bisphenol A

It has been shown that the reaction between NCObgpmhenol A is time dependent even
though it is catalysed by dibutyltin dilaurhtedccording to Li et d| in the absence of the

catalyst only 84% vyield is resulted during a tinezipd of 74 hours while in the presence of a
reasonable amount of catalyst (0.125mM), the readtkes about 24hours to reach completion.
Therefore, the addition of a calculated amountigplibenol A does not necessarily mean that all
free NCO functions are protected from the reactith water. This was evident by a decrease of
the initial droplet size by about 20nm of the ma@mulsion of our acrylic-PU system with

bisphenol A during a time period of 20 minutes (€able 4). This means during all our

experiments, a decrease of droplet size by aboatr?8ould be observed during the time period
between the sonication and the initiation of polyjisaion. Table 4 shows the droplet size

measured just after sonication and just beforerpefisation. In each experiment the droplet size
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measured just before initiation was consideredHtercalculation of N The decrease of droplet
size is due to the loss of NCO functions. Li €t lahs also shown that about 20% of NCO
functions are lost during a time period of 2h. E¥leough bisphenol A is a hydrophobic chain
extender, the use of stoichiometric amount of iisidering the amount of free NCO functions,
again flocculation occurred in our system. The dldation could be promoted by the already
increased hydrophobicity of droplets by the hydam (ODA) and close proximity between the
interior of droplets and the interface of a systeih60% solid and 130nm particle diameter.
However under controlled hydrophobic conditionse.[iin the absence of an additional
hydrophobe (ODA)], the stoichiometric amount ofgdhienol A could be used and flocculation
did not occur. We will discuss this point in detail the section 4.4.2.5 (modifications and

process improvement).

Table 4.The variation of droplet size during thrediperiod between sonication and initiation of
polymerisation
Sample T-143 T-144 T-145 T-146
Droplet size (nm)(just after sonication) 136 138 014 139
Droplet size (nm)(just before initiation)119.1 120 122.8 126.1

4.4.2.4Miniemulsion polymerisation and characterisation

During a first series of experiments, 25wt% (respeanonomers) of PU was incorporated into
the organic phase. A redox initiator system (TBHFSBwas used in the experiments with
reactive PU to avoid the side reactions of free NfEZQups with water. When KPS was used in
the presence of reactive PU, the system was nbtestdhis could be mainly due to side
reactions which can be important in this case asntveduced the totality of PU in the reactor
since the beginning of polymerisation (batch pregek a related work, Li et at. have also
demonstrated that redox initiators could help mising side reactions in hybrid system based
on reactive PUTable 5shows the solid content and gel content of two rebnsamples
synthesised by two initiator systems (T-107-redox &-28-KPS). Figure 9 shows the tack
experimental results of the two control samples $tnain of the control sample (T107) is lower
than that of the control sample (T28), and thisldely be attributed to high gel content. This in
turn might suggest that the redox initiator systsuald be mainly responsible for the high gel
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content. (The reactive oxygen radical in tertiaeyyl hydro peroxide may attack the H atom of

BA. This results a branched polymer structure wigisies a high gel quantity).

Table 5. Solid content and gel content of the @drgamples synthesised by two initiator systems

Stress (MFa)

0.6 =

0.5 5

(T 107-redox and T 28- KPS)

Samples T-107 T-28
PU 0 0
Solid Content (%) 42 42
Monomer Conversion (%) 100 100
Gel Content (%) 84 72

0.4 —

0.3

I [ I
2 4 B B 10 12 14

Strain (g)

Figure 9. Variation of Stress with increasing strai latexes in the absence of PU

In order to lower the gel content while using amedystem, a chain transfer agent (CTA) was

used in further experiments. The amount of CTA wased from 0 to 0.3 wt% with respect to

monomers. The characteristics of the resultingcegeare summarised in Table 6. Figure 10 (a)

and (b) show the evolutions of monomer conversind B/Ng with time of these latexes

respectively. As shown by Figure 10 (a) and (b)nplete monomer conversion could be

achieved while maintaining a good control gf N} for these latexes. The increase of number of

polymer particles and hence a highgfNN at the beginning of polymerisation [cf. Figure (bj]

could be due to homogeneous nucleation and theudget of some NCO functions due to the
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reaction with water. Both these processes leaialler particle size and hence an increase of

particle number.

Table 6. Main characteristics of the hybrid miniésians and hybrid latexedaborated in the
presence of different amount of CTA

Sample T-144 T-143 T-145 T-146
PU (Incorez-701, %) 25 25 25 25
CTA (%) 0 0.1 0.2 0.3
NCO grafting by HEMA (%) 10-11 10-11 10-11 10-11
Droplet size (nm) 120 119.1 122.8 126.1
Final particle size (nm) 119.9 118 121.4 115.8
Np/Ng of final latex 8.8E-1 9.0E-1 9.1E-1 1.1E+1
Conversion (%) 100 99.9 100 99.4
Solid content (%) 49.8 49.8 49.8 49.8
Gel content (%) 84 65 44.5 23.6
Molecular weight(Mw) of sol fraction N/D 508295 3M350 1362970
Molecular weight(Mn) of sol fraction N/D 36310 6310 17660
Mw/Mn N/D 14 62 77

The recipe is based on Table 2 except the variablE&IA 0.2g (0.8 wt% by PU); BPA 0.7g
(2.8 wt% by PU)
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Figure 10(a). Evolution of monomer conversion foseaxies of miniemulsion polymerisation
performed with varying amount of CTA. (b). Evolutioof N/Ngy for the same series of
miniemulsion polymerisation performed with varyiagount of CTA.

The possible reasons for homogenous nucleatiotharejection of monomer due to high degree
of grafting and a composition drift of monomer. Aspected, for a batch polymerisation of
MMA and BA, MMA reacts faster than BA due to itgher reactivity ratio, and the composition
drift occurs because of this. Figure 11 shows teation of poly dispersity index (PI) during
the first hour of polymerisation of the runs shoinnFigure 10 (a) and (b). As can be seen in
Figure 11, the polydispersity of these runs narewaering the first hour of polymerisation. This
implies that the particles created from homogenewgceation became stable by growing their
size to the size of original particles. Howeveeafibout 1 hour, MNy decreases and this is due
to the increase of particle size. It should be ddteat almost 99% monomer conversion is
completed by this time. Therefore PU has been egptafd copolymer by a fraction (10% in this
case) of NCO functions by this time and free NC@cfions react with water (in the interface)

and with bisphenol A. The increase of particle sizéue to the swelling of latex particles due to
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the reaction of NCO with water (This is differdmdm the decrease of droplet size when free
NCO of droplets react with water). We will discusss point in detail in the section 4.4.2.5

(modifications and process improvement).

0.18 -
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0.08 ] ——0%CTA —=—01%CTA —a—0.2% CTA —x—0.3CTA

0. 06 T T T T T 1
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Figure 11. Variation of poly dispersity index fowetruns shown in Figure 10 (a) and (b)

It is obvious that the variation of gel content andlecular weight of the sol fraction are due to
the effect of CTA (cf. Table 6). In the presenceddf% CTA (T143), the gel content is high as
well as the chain length of hybrid latex is higlhefefore the solubility of overall hybrid latex in
THF is low and hence the measureable Mw and Mnlef3Tare comparatively low. With the
increase of CTA, the gel content decreases anddhubility of hybrid latex in THF increases.
Therefore Mw and Mn of T145 (0.2% CTA) are compiaedy high. However Mw and Mn of
T146 are lower than that of T145 and this couldlbe to the short chain length hybrid latex of
T146 compared to T145 which could be due to tha higount of CTA. Figure 12 illustrates the
stress-strain behaviour of hybrid latexes in thespnce of increasing quantities of CTA.
According to these experimental results, it wasaghthat 0.2% of CTA gives better adhesive

properties. Therefore, 0.2% of CTA was used inhieirexperiments.
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Figure 12 Stress-Strain behaviour of hybrid latexes in thespnce of increasing CTA amount

Figure 13 (a) and (b) illustrate the DSC graph gpatymer of BA/MMA/AA (89.5/9.5%1%)
and that of hybrid latex with 0.2% CTA and 25% Pl10% of NCO grafted). When comparing
the DSC graph of hybrid latex with that of the péMd (cf. Figure 2) and with pure copolymer
[cf. Figure 13(a)], it can be clearly seen a brbadt transition region which is relevant to pure
copolymer and PU. In addition several micro phasadd be observed in the hybrid latex. A
heat transition observed at 60 to®®f the hybrid latex could be due to a copolynieh in
PMMA. This heat transition is comparable with therease of number of polymer particles and
hence a higher )Nq at the beginning of polymerisation which coulddae to the homogeneous

nucleation of MMA.

The degree of grafting of NCO by HEMA in this ser experiments is about 10-11%. In order
to find out the best degree of grafting of NCO biyWA with respect to adhesive properties, the
degree of grafting of NCO by HEMA was varied fronin520% in the next series of experiments
by varying the amount of HEMA. The quantity of Higmol A was varied accordingly. The
experiments were based on a recipe similar to dugpe described in Table 2 except the
mentioned changes. The characteristics of the tnegulatexes are summarized in Table 7.
Figure 14 (a) and (b) show the evolutions of monoooaversion and MNy with time of these

latexes respectively.
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Figure 13(a).DSC graph of copolymer of BA/IMMA/AA9%/9.5%1%). (b).DSC graph of
hybrid latex with 0.2% CTA and 25% PU (10% of NCffted)

As can be seen from Figure 14 (a) and (b), comptetaomer conversion could be achieved
while maintaining a good control of My for this series of experiments also. The trend of
variation of N/Ng during the reaction period is similar to the earkeries of experiments and
hence the same reasons are valid in this case Higogel content increases gradually with
increasing NCO grafting and Mw and Mn of T149 aomsiderably higher than that of T147.

Since the quantity of CTA is constant, the increakgel content and molecular weight with
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increasing NCO grafting could be due to the inseeaf the incorporation of rigid segments
(urethane) to polymer chain. Figure 15 (a) andsfiw the DSC graphs of hybrid latex of 5%
NCO grafted and 20% NCO grafted respectively. We@mparing the two DSC graphs, with the
DSC graphs of pure copolymer [cf. Figure 13(a)l] aare PU (cf. Figure 2) the heat transition
relevant to copolymer and PU can be clearly seetmenboth graphs [Figure 15 (a) and (b)].
However only two principal heat transitions could dbserved in the DSC graph of 20% NCO
grafted system while there are several small maasition regions could be observed both in the
10% NCO grafted system [c.f. Figure 13 (b)] and B@O grafted system [c.f. Figure 15 (a)].
This indicates that PU can be efficiently hybridiseith the maximum grafting of NCO (20%)
by HEMA. Figure 16 illustrates the stress-straimdgour of hybrid latexes in the presence of
different HEMA/bisphenol A ratios. According to geexperimental results, it was shown that
5% and 10% NCO grafting by HEMA give better adhegvoperties and therefore 5% and 10%
NCO grafting by HEMA were employed under the optimconditions.

Table 7. Main characteristics of the hybrid minidsians and hybrid latexes elaborated in the
presence of different amount of HEMA and bisphekol

Sample Identity T-147 T-148 T-149
PU (Incorez-701, %) 25 25 25
CTA (%) 0.2 0.2 0.2
NCO grafting (%) 5 15 20
Droplet size (nm) 121.8 123.6 123.6
Final particle size (nm) 129.4 131.1 128.2
Np/Ng of final latex 7.30E-1 7.34E-1 7.85E-1
Conversion (%) 100 100 100
Solid Content (%) 49.8 49.8 49.8
Gel Content (%) 31 47.2 58.4

Molecular weight(Mw) of sol fraction 288820 N/D 2417400

Molecular weight(Mn) of sol fraction 8970 N/D 52910

Mw/Mn 32 N/D 46
The recipe is based on Table 2 except the variaHIEMA 0.1g, 0.3g & 0.49g respectively; BPA
0.769, 0.66g & 0.60g respectively.

107



Chapter 4: Polyurethane-acrylic hybrid miniemulsion polymerisation

100 -
—= 4

95
<

a @ 901
@
>
c
Q

O g5
X

—e— 5% grafting —a— 15% grafting —a— 20% grafting
80 -
75 T T T T T T T 1
0 20 40 60 80 100 120 140
Time(minutes)

1.40 7

1.30

1.20 A

—— 5% grafting —— 15% grafting
1.10 A

—&— 20% grafting

0.90
0.80
—N
0.70 1
0.60 T T T T T T )
0 50 100 150 200 250 300 350

Time(minutes)

Figure 14 (a). Evolution of monomer conversion &oseries of miniemulsion polymerisation
performed with different grafting of NCO by HEMAb). Evolution of N/Ng for the same series
of miniemulsion polymerisation performed with diéat grafting of NCO by HEMA
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Figure 16. Stress-Strain behavior of hybrid latarabe presence of different HEMA quantity

During this study, most of the experiments wereeddasn 25% (wt% by monomer) of PU. In
order to find out the best amount of PU which gibedter adhesive properties, a series of
experiments was performed by varying the PU conterd keeping the other parameters
constant. The basic recipe is similar to the redipstrated in Table 2 while the amount of PU
was varied from 0 to 50% (wt% by monomer) and tegrele of grafting of NCO by HEMA was
10% in each case. The amount of CTA was also kapétant at 0.2% (wt% by monomer). The
characteristics of the resulting latexes are suns®ain Table 8. Figure 17 (a) and (b) show the
evolutions of monomer conversion ang/lN with time for these latexes respectively. Complete
monomer conversion could be achieved for this sasfeexperiments also. It should be noted
that the increase of particle size compared tortiial droplet size is low with the increasing PU
content and hence the stability of hybrid latekigh with increasing PU quantity. It seems that
with increasing PU content, the rigidity of hybriatex increases and hence the gel content
increases. This could be due to the hard segmE@O) of PU and it is known that the hardness
and toughness of latex increase in the presenB&oSince the solubility of hybrid latex in THF
decreases with increasing PU, Mw and Mn of T 1¥8amsiderably lower than that of T150.
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Table 8. Main characteristics of the hybrid minidsians and hybrid latexes elaborated in the
presence of different amount of PU

Sample Identity T150 T151 T152 T153
PU (Incorez-701, %) 5 15 35 50
CTA (%) 0.2 0.2 0.2 0.2
NCO grafting (%) 10-11  10-11 10-11 10-11
Droplet size (nm) 80.1 104 135.5 148.7
Final particle size (nm) 93.6 105.9 130.5 131.9
Np/Ng of final latex 54E-1 8.2E-1 9.9E-1 1.3E+1
Conversion (%) 100 100 100 100
Solid content (%) 45.5 47.7 49.9 49.9
Gel content (%) 9 29.1 58.2 73.8

Molecular weight(Mw) of sol fraction 3639630 N/D 2808230 558410
Molecular weight(Mn) of sol fraction 83680 N/D 58¥4 33900
Mw/Mn 43 N/D 48 16
The recipe is based on Table 2 except the variabl€MA 0.04g, 0.13g, 0.27g & 0.34g
respectively; BPA 0.14g, 0.42g, 0.90g & 1.17g resipely.
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Figure 17(a). Evolution of monomer conversion fosexies of miniemulsion polymerisation
performed with varying amount of PU. (b). Evolutiai Np/Nd for the same series of
miniemulsion polymerisation performed with varyiagount of PU

Figure 18 illustrates the stress-strain behaviddybrid latexes in the presence of increasing PU
guantity. According to these experimental resuttgyas shown that 25% PU is ideal for better
adhesive properties with 0.2% CTA and 10% of NCaftgd by HEMA. Finally the similar
amount of 25% PU was incorporated in the preseh€e16% CTA and 5% of NCO grafted by
HEMA. The latex characteristics of this sample warilar to that of the samples with 25% PU
and adhesive properties were also similar to trse cd 25% PU, 0.2% CTA and 10% NCO
grafting by HEMA. However it should be noted thafudl factorial design might have led to
slightly different “optimal” levels, but we expettiat this rapid screening allowed us to identify

reasonable starting conditions.
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Figure 18. Stress-Strain behavior of hybrid laseixethe presence of different PU quantity

4.4.2 5Modifications and process improvements

As described above, the role of bisphenol A is bgtiobic chain extension which results due to
the reaction between free NCO functions and bisph@nHowever the use of a stoichiometric
amount of bisphenol A led to the flocculation ofetlsystem during the last stages of
polymerisation. A possible reason for this insti&piis the bridging flocculation which takes
place in the interface of hybrid particles. Since wse an additional hydrophobe (ODA) and a
chain transfer agent (1-dodecylmercaptan), theiortef droplets is already hydrophobic when
bisphenol A is added to the organic phase aboutn®@utes before the initiation of
polymerisation. It has been shown that the reackietween bisphenol A and NCO is time
dependent even under catalytic conditfo@ince the interior of droplets is already hydraipic,

it is reasonable to assume that hydrophobic chaension takes place in the interface of hybrid
particles of about 100nm in size, in addition te thterior of particles. As bisphenol A has OH
functions, it will most likely be (at least partigl situated at the particle-water interface and

flocculation could occur during the chain extensitinis expected that by controlling the
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hydrophobic nature of interior of droplets, flo@ion could be avoided in the presence of a
stoichiometric amount of bisphenol A. In order terify this fact, following experiment was
carried out. A recipe of a previous successfulwas used (T145-50% of stoichiometric amount
of bisphenol A) but without ODA and with the stai@metric amount of bisphenol A. All the
experimental conditions were similar except the tio@ed changes. The characteristics of the

hybrid miniemulsions and latexes are illustrated able 9.

Table 9.Main characteristics of the hybrid miniemulsions duybrid latexes elaborated in the
presence of 50% Bisphenol A (T-145) and full amanfritis phenol A (T-159)

Sample T-145 T-159
PU (Incorez-701, %) 25 25
CTA (%) 0.2 0.2
NCO grafting by HEMA (%) 10-11 10-11
Droplet size (nm) 122.8 115.3
Final particle size (nm) 121.4 120.7
Np/Ng of final latex 9.1E-1 7.63E-1
Conversion (%) 100 100
Solid Content (%) 49.8 49
Gel Content (%) 44.5 48.5

Molecular weight(Mw) of sol fraction 3917350 5151010
Molecular weight(Mn) of sol fraction 63400 91240
Mw/Mn 62 56

Interestingly, no flocculation occurred during tlsinthesis and this leads us to believe that the
above assumption is correct. The gel content asaselthe molecular weight of sol fraction is
high (cf. Table 9) in the presence of stoichioneesinount of bisphenol A. This could be due to
the high cross-linking occurred during chain extems Figure 19 shows the particle size
variation of the two latexes (T145-50% BPA and B-Faull amount of BPA) with time. The
increase of particle size compared to the initatiple size just after the synthesis is due to the
reaction of free NCO functions with water and tbasfirms the reaction of NCO functions with
water is faster than the catalysed reaction of Ha@spl A and NCO. However bisphenol A
competes with water molecules and hence the inerehparticle size is controlled. It is clear
that the stability of particles in the presencdulifamount of bisphenol A is higher than that of
50% bisphenol A.
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Figure 19. Variation of particle size with time

According to the tack experimental results of TI8ch are not shown here, the strain of this
latex is not as good as the latex of 50% bisph@n¢l'145). This could be due to high cross
linking of the hybrid particles. Since we have atldeore bisphenol A, the chain extension
reaction between bisphenol A and free NCO functimay increase the cross linking strength.
Recall that by increasing the CTA concentratioe, gel content could be significantly lowered
and thereby strain could be improved. Based oratihesive test properties performed at high
temperature by the industrial partner, it was dettith increase the degree of grafting by HEMA
to 20%. In order to find out the best CTA concetiira which gives better strain properties
while using the full amount of bisphenol A and HEM20% NCO grafting), a new series of
experiments was performed by varying the amour€@DA. The characteristics of the resulting
latexes are summarized in Table 10. Figure 20 r{d)(B) show the monomer conversion with
time and the evolutions of JNg relevant to the above experiments. The similandref
monomer conversion and the variationNyfNg observed in the previous experiments could be

observed in this series of experiments also.
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Table 10. Main characteristics of the hybrid minigsions and hybrid latexes elaborated in the
presence of varying amount of CTA

Sample Identity T160 T161 T162 T 163 T164

PU (Incorez-701, %) 25 25 25 25 25
CTA (%) 0.3 0.2 0.25 0.3 0.4
NCO grafting (%) 10 20 20 20 20
Droplet size (nm) 120 121.2 118.5 121 115.1

Final particle size (nm)  143.5 119.8 118.6 123 415.
Np/Ng of final latex 5.13E-1 9.08E-1 8.75E-1 8.35E-1 8.7E-1

Conversion (%) 100 100 100 100 100
Solid content (%) 49.1 49.1 50 49.9 49.1
Gel content (%) 38.5 57.5 52.5 44.6 43.6
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Figure 20(a). Evolution of monomer conversion foseaxies of miniemulsion polymerisation
performed in the absence of ODA and in the presehearying amount of CTA. (b). Evolution
of Ny/Nq for the same series of miniemulsion polymerisation

Figure 21 shows the tack experimental resultsifersamples from T161 to T164. As expected,
with increasing CTA quantity, the deformation ofblig latex is higher and hence the strain is
higher. Figure 22 shows the tack experimental tesiar the samples T160 (0.3% CTA &
10%NCO grafted by HEMA) and T163 (0.3% CTA & 20% Q@rafted by HEMA). Although
similar strain could be observed for both samples,stress of T 163 is higher and this is due to
the high degree of grafting by HEMA.
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Figure 21. Stress-Strain behaviour of hybrid lasew&h increasing CTA quantity
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Figure 22 Stress-Strain behaviour of hybrid latexes with EMCTA quantity (0.3%) and
different degree of grafting by HEMA
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Figure 23 shows the tack experimental resultsHerdgamples with similar CTA amount (0.2%)
and similar degree of grafting by HEMA (20%) buthvdifferent amounts of bisphenol A. In T
149, the amount of bisphenol A was 50% by the ¢aled amount and the amount of ODA was
(5 wt% by monomer). In T161, the full amount ofgéienol A was used as per calculation in the
absence of ODA. It can be seen that the sampleneit®DA (T 161) is much more deformable,
and with a higher adhesion energy. This could h@da@xed by the longer chains synthesised

when there is a complete reaction of NCO with OHBBA.
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Figure 23. Stress-Strain behavior of hybrid latexgh similar CTA quantity (0.2%) and similar
degree of grafting by HEMA (20%) but with differesmnounts of Bisphenol A

Figure 24 shows the variation of tensile strengthhe samples described in Table 10. Some
similar conclusions can be made with these samjescan clearly see the effect of CTA: the
more CTA, the softer the samples, with less hardgand less pronounced. This is due to less
cross linking. Regarding samples with differentfiyng degree, the results are consistent with
the tack: the more grafting (T163), the higher stress before the softening means the tougher
the sample. Figure 25 shows the tensile strengtheosamples with similar CTA amount (0.2%)
and similar degree of grafting by HEMA (20%) buthwvdifferent amounts of bisphenol A (The
similar comparison done for the tack behavioumasigure 23). Here we have interesting results
comparing the two series with different OH/NCO @afihe samples with OH/NCO=1 (complete
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reaction of the remaining NCO with BPA) have higleformation and less hardening. The
curve also breaks for higher stresses. This isgiigtdue to the PU chain length.
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Figure 24.Variation of tensile strength of the ssamlescribed in Table 10
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Figure 25. Tensile strength behaviour of hybriéxats with similar CTA quantity (0.2%) and
similar degree of grafting by HEMA (20%) but witiffdrent amounts of bis phenol A
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4.4.2.6Transmission Electron Microscopy (TEM) of hybrid latex

Figure 26(a), (b) and (c) show the images of hylmigx obtained by TEM. A dark interior
which occupies about 90% of the particle volume arigiht exterior could be clearly observed
in the TEM images. The core of particles shouldegpond to hydrophobic compounds (Poly
BA and hydrophobic chain extended PU). The thireolgyer should correspond to hydrophilic
PMMA. We have pointed out that the homogeneouseaticin occurs during the early stages of
polymerisation of hybrid miniemulsions by studyitige variation of IVNg with monomer
conversion. It was shown that the homogenous nticieaould be due to a composition drift
(The early reaction of MMA in a batch miniemulsioh MMA and BA) and the ejection of
monomer due to high degree of grafting and crogsng. Therefore it is reasonable to assume
that the thin outer layer is mainly composed of PMMhe small particles also could be due to
homogeneous nucleation. Figure (b) & (c) also slibgv solid interior of particles and it is

reasonable to assume that PU is in the core ot|eet
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128.98 nm

Figure 26(a). A TEM image of hybrid latex after ioigy the sample by UV light. (b) & (c). TEM
images of hybrid latex after adding Phosphotungastid to the sample and cured by UV light
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4 5Industrial Application

The following samples described in Table 11 westet for properties at industrial laboratories
(Cytec).

Table 11 Description of samples sent to Cytec

Sample Id: TSC% %PU %CTA % Degree of NCO
(wt. by monomer) (wt. by monomer) grafting by HEMA
T147 50 25 0.2 5
T148 50 25 0.2 15
T150 48 5 0.2 10
T151 50 15 0.2 10
T153 50 50 0.2 10

The standard FINAT industrial test methods weraldeeproperty testing. A summary of test
procedures is described below.

45.1 Preparation of a coated sample

The objective of this test is to prepare a dry adieefilm with variable coat weight laminated
between a face material and a release liner. Thieadean also be used to prepare a free film of

adhesive between two siliconized papers.

An adhesive can be coated in transfer or direct:

- Transfer: the adhesive is coated on a release liner (=osdigpaper) and laminated on a face

material after drying.

- Direct: the adhesive is coated on the face material anchéded on a release liner after drying.

The direct method was used during this study amek lsamples were coated directly on a

polyester film (PET-23 microns thickness).

4.5.2 Coat weight

The objective of this test is to determine the amicef dry adhesive material applied to the
surface of a pressure sensitive construction (klgel, tape), which has been prepared manually
on a laboratory coater or any industrial coaterhégive coat weight is expressed as the weight

of dry adhesive on a standard sized area of mhteria grams per square meter (§niThe
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targeted coat weight for dry films &5 + 1 g/nf. The coat weight has indeed a significant

influence on the adhesive performances of the RIS f

4.5.3 Drying

It is recommended to dry films for 180 secondshwittemperature, measured at film surfade

maximum 110°C.

45.4 Resistance to shear from a standard surface

This test method measures the ability of an adkemvwithstand static forces applied in the
same plane as the labelstock. It gives an indicatib the likely mode of bond failure, i.e.

adhesive failure or cohesion failure.

Resistance to shear from a standard surface isetkis the time required for a standard area of
pressure sensitive coated material to slide frostaadard flat surface in a direction parallel to
the surface.

The test strips should be taken from a represeptaimple of material. The strips should be
25mm wide and have a minimum length of 175mm inmtfaehine direction. The cuts should be

clean and straight. At least three strips shoulthken from each material sample.

Resistance to shear from a standard surface i®&sgul as the average time taken for the three

strips to shear from the test plate.

Failure Description Code:

CP Clear Panel - no visible stain on panel.

PS Panel Stain — discoloration of test area, but nkytaesidue.

CF Cohesive Failure — the adhesive film is split dgrithe test, leaving residue of
adhesive on both the panel and the front material.

AT Adhesive Transfer — the adhesive separates cléanty the front material, leaving

adhesive film on the test panel. The approximateraof transfer should be quoted
as percentage.
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455 Peel adhesion (180°C) at 300mm per minute

This test method is designed to quantify the peenee of adhesion or peelability of self-

adhesive pressure sensitive materials.

Peel adhesion is defined as the force requirecemaove pressure sensitive coated material,
which has been applied to a standard test platerusypkcified conditions from the plate at a
specified angle and speed.

Peel adhesion (180°G$ expressed as the average result for the stegied in Newtons per
25mm width for either 20 minutes or 24 hours agtian time. The latter is considered as the
ultimate adhesion.

45.6 ‘Loop’ tack measurement

This test method describes a means of assessibglgyahe most important and yet the hardest
to measure property of pressure sensitive matetiastack. The method should allow the end
user to compare the “initial grab” or “applicatidack” of different laminates and can be
extremely useful to those working with automatibding equipment where this property is of

particular importance.

The ‘loop’ tack value of a pressure sensitive matdas expressed as the force required to
separate, at a specified speed, a loop of mai@ulilesive outermost) which has been brought

into contact with a specified area of a standarthsa.

‘Loop’ tack is expressed as the average value (iggahe initial peak) and range for the five

strips tested in Newtons.

If the force exceeds the strength of a paper faomagerial, the result quoted should be the
maximum reached before the paper tears and thut sdwould be followed by the postscript PT
(paper tear).

If adhesive transfer occurs, this should be inéidaby the letters AT, and the approximate

extended of transfer quoted as percentage.
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45.7 Substrate details and cleaning methods

45.7.1 Stainless steel

* Grade: INOX 304 BA (thickness = 1mm).

e Cleaning procedure:
- Wipe them clean with Acetone, then soap and finatigtone again.
- Drythem at 110°C for > 10 minutes

- Always clean new plates before first  3ten preliminary step to normal
cleaning: 24h immersion in ethanol).

* Only use the face which is initially protected bggtic film
45.7.2 HDPE plates

e Grade: PE plates
e Cleaning procedure:

- Keep the plates a short time in ethyl acetate hed wipe them clean by
plastic blade

- Dry them at room temperature for > 20 minutes
- Always clean new plates before first use.
» Both sides of the plates can be used

The property test results of these samples astegpby Cytec are described in Table 12 and
Table 13 respectively.

Table 12. Property test results

Transfer-coating* No

Coat weight: gsm 25 g/mz

Drying: 110°C/3min

Face: P ester 23
Conditioning laminates: >24H @ 23°C, 50% RH
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Table 13. Property test results

Coating Units T147 T148 T150 T151 T153

SHEAR on stainless steel min. 1680 CF >10000 46CF 222CF >10000
1 inchf /kg

ADHESION 180C N/25mm
Stainless steel 20 7.1 6.3 13.3CT 8.5(tr/start) 4.3
ADHESION 180C N/25mm
Stainless steel 20 8.9(tr/start) 8(tr/start) 12CT 221 CT 4.9
ADHESION 180C N/25mm
PE-3124H N/25mm 6.2 5.4 11.3 189 CT 1.9
LOOPTACK N/25mm
Stainless steel N/25mm 9.8 9.8 15.8 7.5 35

The synthesis of some selected samples which shbeter properties was carried out at the
R&D laboratories of Cytec. The results of thesetlsgses are presented in Table 14.

Table 14. Synthesis test results

Sample % grafting of Total Solid % Conversion Initial Final Particle
Id. NCO by HEMA Content (%) of Droplet Size(nm)
Monomers  Size(nm)
145 10 49.6 99.5 148.2 146.5
147 5 49.9 100 149.8 159.3
145 10 48.7 97.2 172 170
148 15 49.8 99.8 149.6 145.4

a. Semi-continuous addition of feed. Flow rate andatiea time should be adjusted.
b. 0.25% of chain transfer agent.

The property tests were done by Cytec and theteestithese tests as reported by Cytec are
described in Table 15 and
Tablel6 respectively.

Table 15. Property test results

Transfer-coating* no

Coatweight: gsm 25 g/mz

Drying: 110°C/3min

Face: P ester 23p
Conditioning laminates: >24H @ 23°C, 50% RH
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Table 16. Property test results

Coating Units T145 T147 145 148
SHEAR on stainless steel min. 9463 CF >1252CF >10000 >10000
1 incHf /kg
ADHESION 180C N/25mm
Stainless steel 20 6.9 7.3 6.8 6.4
LOOPTACK N/25mm
Stainless steel N/25mm 10.5 9.6 8.4 8.7
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4.6 Conclusions

Hybrid miniemulsions with both non reactive andatesge PU could be successfully synthesised.
Since desirable latex properties could not be aelieising non reactive PU, reactive PU was
used in further experiments. Reactive PU was qtadneely characterised by conductimetry and
the molar mass of PU was determined based on tt@ fN@ctions quantified by conductimetry.
This value of molar mass (3285g) was compared thighmolar mass (Mn) obtained from GPC
(4338g while the mass relevant to main peak is §%2iéh a polydispersity index of 1.42). The
molar mass of 3285g was used for the quantificadioNCO functions because this molar mass
was purely based on NCO functions. After verifythg molar ratio between HEMA and NCO
which gives 100% yield, miniemulsion polymerisatisias carried out by changing different
parameters. The amount of CTA, the degree of ggftf NCO by HEMA (hence different
ratios of HEMA/bis phenol A) and different amourdé PU were studied with respect to
adhesive properties. In general a good control gRNiNaround 1 could be obtained for all of
these experiments and the complete monomer coowetsuld be achieved in each case. Better
adhesive properties could be obtained in the coatiom of 0.2% CTA, 25% PU and 5 or 10%
NCO grafting by HEMA.

The conditions for the use of full amount of bisepbl A was investigated and showed that
under controlled hydrophobic conditions (in theaize of ODA), the calculated amount of bis
phenol A could be used. The laboratory samples teetite industrial partner (Cytec) could be
successfully reproduced at the R&D laboratorie€gfec while retaining the good properties.
The semi-continuous feed of monomer was also temteldshowed that final properties of both

batch and semi-continuous syntheses are similar.
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5. Conclusions and Per spectives

The objectives of the research project were:

» To explore a range of miniemulsification techniquesrder to obtain nano sized
(100nm) droplets for hybrid systems of 50% solids.

» To synthesise and characterise hybrid latexesdatirtg(alkyd-acrylic hybrid system)
and adhesive applications (polyurethane acryliaidyystem)
We have explored different techniques, namely stitio, homogenisation with a rotor-stator
and static mixers to miniemulsify an alkyd-acryigbrid system of 50% solids in order to obtain
an initial droplet size of 100nm. The main factoattacts against the applied mechanical energy
was shown to be the dispersed phase viscosityeipithsence of high alkyd resin quantity (0 —
25 wt % by monomer). As a result, the target driopiee could not be achieved for the hybrid
system of 50% solids and at least 25 wt % alkyéhredien rotor-stator and static mixer were
used for miniemulsification. However sonication vsverful enough to obtain at least a closer
droplet size to the required value for a hybridtsysof 50% solids. Therefore sonication was

employed as the miniemulsification method of chaloeng the rest of study.

Alkyd-acrylic hybrid system

Although complete monomer conversion and one to oopy of droplets to particles
(Np/Nd=0.8) could be achieved for low amount 5 wo%alkyd, limiting monomer conversion
was the main problem encountered as the alkyd weéfigiction was increased. We have
attempted different means of increasing the monaroaversion as discussed in the section of
alkyd-acrylic hybrid systems (Chapter 3). The camphature of limiting monomer conversion
was evident upon examination of the following thigetors.

1. Complete monomer conversion could be achieve@nsanced renucleation by adding a
surfactant solution with KPS after the initiatiohtbe polymerisation with AIBN for the
hybrid system of 50 wt % unsaturated alkyd and 4é%als.

2. Although renucleation is enhanced by adding alaimurfactant solution with KPS, final

monomer conversion could not be increased beyoftl &d 91% respectively for the
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hybrid system of 25 wt % and 50 wt % unsaturatdgychland 50% solids when the
polymerisation was initiated with KPS.

3. The similar limiting monomer conversion (96%) ablle observed for the hybrid system
of 25 wt % saturated alkyd and 50% solids.

We have shown during our study that the interastiogtween alkyd and monomer are stronger
than those of standard hydrophobes such as ODAexadecane. As a result, alkyd is highly
dispersed in the organic phase. We have also shbamnthe observed limiting monomer
conversion in the presence of 25(wt %) alkyd is tuéutyl acrylate. The change of hybrid
particle morphology to an alkyd rich core and acryich shell after about 40-50% monomer
conversion was verified by studying the evolutidriNg/Ng with monomer conversion. When all
these factors are considered collectively, it cardncluded that a certain amount of monomer is
trapped due to strong interactions between alkydl monomer. This trapped monomer is not
readily accessible to the growing polymer chain tluéhe increasing viscosity of the hybrid

particles and this could be a possible reasorhfobserved limiting monomer conversion.

We have shown by controlling the hydrophobicity afjanic phase, the broad droplet size
distribution could be narrowed and hence homogen@aogleation could be minimised. Finally
we have synthesised an alkyd grafted copolymei0&6 Solids and approximate particle size of
100nm. The maximum monomer conversion of this sysge96% and the ratio of jiNg is 1.2.
Future research on this system should be based/ercaming limiting monomer conversion

without creating new patrticles.
PU-acrylic hybrid system

Starting with a non-reactive PU, stable hybrid mmulsions and latexes could be achieved for
the non-reactive PU- acrylic hybrid systems. Sitloe resulting latexes did not exhibit the
desired product properties, reactive PU-acrylideys were studied. The main reason for the
failure of the non-reactive PU- acrylic system was absence of any cross linking mechanism to
incorporate PU into the copolymer. The advantdgesing the reactive PU was the presence of
NCO functional group which can chemically reacthadther compounds such as HEMA which

contain an —OH functional group.
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Since the success of using reactive PU mainly digpen the NCO functional group and the
efficient chemical incorporation of it into the hyd latex, the reactive PU was characterised
gualitatively and quantitatively. The correct quetive determination of NCO functional
groups by conductimetry lead us to determine thaectxamount of HEMA that completely
reacted with NCO during a reaction period of ovghiil2h). The importance of use of free
NCO functional groups in hydrophobic chain extensloy reacting with bisphenol A was
emphasised and thereby the hydrophobicity and rataeeveight of the reactive PU could be
increased. By using free NCO functional groups haieg extension reaction, the loss of NCO
functional groups via a reaction with water wasoatainimised. The conditions of using
stoichiometric amount of bisphenol A based on &0 groups were investigated and showed
that under controlled hydrophobic conditions (ire thbsence of ODA), the stoichiometric
amount of bisphenol A could be used. The amountsH&MA, bisphenol A and 1-
dodecylmercaptan were optimised using experimérds measured the properties of the final
products. The hybrid latexes were tested for pagicproperties in both academic and industrial
laboratories. Latex samples that met the desiredifsgations at the lab scale were subjected to
further testing at the industrial scale. Accordyngle have successfully synthesised PU grafted
acrylic hybrid latex of 50% solids with an approxita particle size of 100nm. This synthesis

procedure is to be adapted on an industrial scale.
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Appendix I: NMR spectra of pure alkyd resin and alkyd grafted copolymer

Sample A. 33mg. CDCI3, te=25.
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Sample A. 33mg. CDCI3, te=25.
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Figure 1(a). *H and **C NMR spectrum of pure alkyd Resin. (b) A selected enlarged region

of *H and *C NMR spectrum of pure alkyd Resin.
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sample C swollen in CDCI3 ; 50°C ; QNP probe
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Figure 2. *H spectrum of alkyd (25%) grafted copolymer
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Appendix I1: Modificationsto initiator and surfactant flow.

Table AL

Recipes for miniemulsion polymerization reactions

Ry 2O Dowfax BA MMA  AA  Alkyd ODA KPS(l) KPS(2) NaHSO; TBHP SFS
(9) (9) (9) (9) (9) (9) (9) (9) (9) (9) () (9)
17 1330 4.03 450 4500 090 250 941 0.18 - - 031 0.72
18° 1225 201 230 2300 051 125 520 011 012 025 022 015
19° 1255 402 450 4500 090 101 941 017 012 025 022 0.16
20° 1255 400 90 - 093 250 940 016 012 025 022 016
21° 1255 404 - 9000 090 250 940 016 012 025 022 016
22" 1255 400 450 4500 090 - 940 016 012 024 022 016
237 1275 402 450 4500 091 250 940 0.16 0.12 - 0.22 0.16
24*_1 1170 401 450 4500 091 250 9.46 0.16 - - 0.22 0.16
25f 1220 404 450 4500 090 250 944 0.20 - - - -
26 1170 400 451 4510 090 251 454 0.21 - - - -

& In addition to SFS, EDTA (1.6g) & FeSo4 (0.48g) were coupled with TBHP and added semi
continuously for 4h at 6mli/h. PTheoretical solid content was lowered to 35%. °The resin quantity
was lowered to 10(% wt. by monomer). d Only BA and AA were used as monomers. © Only
MMA and AA were used as monomers. " No resin was used. ¢ 5g of MMA in 5ml of water with
0.12% KPS in 3ml of water was added semi continuously for 1h. "0.14%wt LPO in 10g of Ethyl
Acetate was added semi-continuously for 1h after 2h from the beginning of reaction and the
redox system of TBHP was added after 3h. ' Only one dose of KPS was added. | After 2h,
0.14%wt LPO in 5g of MMA was added as only one dose.
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Appendix I11: A summary of experimentscarried out to increase monomer conversion

Table A2
Experiment Brief Description
No.
T6 Percentage of resin (wt: by total monomer) 2.50. Total Solid Content (TSC)

theoretical: 40.4%; TSC (actual): 40%; Monomer conversion: 100.0%. Injection of
initiator at t=0h, 0.4 %( wt. by monomer) KPS (one dose) only.

T7

Percentage of resin (wt: by total monomer) 10. TSC (theoretical): 42.0%; TSC
(actua): 39.7%; Monomer conversion: 94.0%. Injection of initiator at t=0h, 0.4 %(
wt: by monomer) KPS (one dose) only.

T8

Percentage of resin (by total monomer) 20. TSC (theoretical): 43.0%; TSC
(actua): 41.8%; Monomer conversion: 96.1%. Injection of initiator at t=0h, 0.4 %(
wt: by monomer) KPS (one dose) & at t=2h, 0.1% KPS (one dose) only.

T30

Percentage of resin (by tota monomer) 24.1. TSC (theoretical): 47.65%; TSC
(actual): 42.43%; Monomer conversion: 86.0%. Injection of initiator at t=0h, 0.2
%( wt: by monomer) KPS (one dose) & at t=2h, 0.4% KPS coupled with NaHSO3
semi continuously for 1h.

T31

Percentage of resin (by total monomer) 24.1. TSC (theoretical): 49.5%; TSC
(actual): 46.1%; Monomer conversion: 91.30%. Injection of initiator at t=0h, 0.2
%( wt: by monomer) KPS (one dose) & at t=2h, 0.12% KPS coupled with
NaHSO3 semi continuously for 1h. At t=3h, 0.17 %( wt: by monomer) TBHP
coupled with SFS (One dose).

T32

Percentage of resin (by total monomer) 24.1. TSC (theoretical): 49.53%; TSC
(actual): 45.9%; Monomer conversion: 90.70%. Injection of initiator at t=0h, 0.2
%( wt: by monomer) KPS (one dose) & at t=2h, 0.12% KPS coupled with
NaHSO3 semi continuously for 1h. At t=3h, 0.17 %( wt: by monomer) TBHP
coupled with SFS (One dose). At t=5h, another dose (As at t=3h) of redox system.

T33

Percentage of resin (by total monomer) 24.1. TSC (theoretical): 50.4%; TSC
(actual): 47.46%; Monomer conversion: 92.50%. Initiator system similar to T32.
After 3h semi continuous addition of BA for 2h at 1mi/h.

T 38

Percentage of resin (by total monomer) 24.1.TSC (theoretical): 49.64%; TSC
(actual): 47.26%; Monomer conversion: 94.00%. Initiator system similar to T32.
Resin Vacuum distilled.
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Table A3
Experiment Brief Description
No.
T 40 Percentage of resin (by tota monomer) 24.1. TSC (theoretical): 49.65%; TSC

(actual): 48.42%; Monomer conversion: 96.70%. Injection of initiator at t=0h,
0.15 %( wt: by monomer) KPS (one dose) & at t=2h, 0.12% KPS coupled with
NaHSO3 semi continuously for 1h. At t=3h, 0.17 %( wt: by monomer) TBHP
coupled with SFS (One dose). Resin Vacuum distilled.

T41

Percentage of resin (by total monomer) 24.1. TSC (theoretical): 49.61%; TSC
(actual): 47.00%; Monomer conversion: 93.34%. Initiator system similar to T41.
Resin Vacuum distilled with the addition of Ethyl Acetate.

T44

Percentage of resin (by tota monomer) 24.1. TSC (theoretical): 50.23%; TSC
(actual): 47.55%; Monomer conversion: 93.26%. Injection of initiator at t=0h,
0.15 %( wt: by monomer) KPS (one dose) & at t=2h, 0.12% KPS coupled with
NaHSO3 semi continuously for 1h. Resin Vacuum distilled with the addition of
Ethyl Acetate.

T 56

Percentage of resin (by total monomer) 33.6. TSC (theoretical): 49.2%; TSC
(actual): 47.5%; Monomer conversion: 95.31%. Injection of initiator at t=0h, 0.15
%( wt: by monomer) KPS (one dose) & at t=2h, 0.12% KPS coupled with
NaHSO3 semi continuoudy for 1h. At t=3h, 0.17 %( wt: by monomer) TBHP
coupled with SFS (One dose). Resin Vacuum distilled without the addition of
Ethyl Acetate.

T58

Percentage of resin (by total monomer) 40. TSC (theoretical): 52.68%; TSC
(actual): 48.9%; Monomer conversion: 88.72%. Injection of initiator at t=0h, 0.15
%( wt: by monomer) KPS (one dose) & at t=2h, 0.12% KPS coupled with
NaHSO3 semi continuoudy for 1h. At t=3h, 0.17 %( wt: by monomer) TBHP
coupled with SFS (One dose). Resin Vacuum distilled without the addition of
Ethyl Acetate.

T59

Percentage of resin (by total monomer) 20. TSC (theoretical): 48.8%; TSC
(actual): 47.8%; Monomer conversion: 97.5%. Injection of initiator at t=0h, 0.15
%( wt: by monomer) KPS (one dose) & at t=2h, 0.12% KPS coupled with
NaHSO3 semi continuoudy for 1h. At t=3h, 0.17 %( wt: by monomer) TBHP
coupled with SFS (One dose). Resin Vacuum distilled without the addition of
Ethyl Acetate.
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Table A4

Experiment
No.

Brief Description

T61

Percentage of resin (by total monomer) 25. TSC (theoretical): 50.89%; TSC
(actud): 47.57%; Monomer conversion: 91.53%. Injection of initiator at t=0h,
0.15 %( wt: by monomer) KPS (one dose) & at t=3h, 0.21 %( wt: by monomer)
TBHP coupled with SFS, EDTA & FeSo4 semi continuously for 4h at 6ml/h.
Resin Vacuum distilled without the addition of Ethyl Acetate.

T 63

Percentage of resin (by tota monomer) 24.3. TSC (theoretical): 34.57%; TSC
(actual): 33.50%; Monomer conversion: 96.14%. Injection of initiator at t=0h,
0.10 %( wt: by monomer) KPS (One dose) & at t=1.5h, 0.12% KPS coupled with
NaHSO3 semi continuously for 1h. At t=3h, 0.17 %( wt: by monomer) TBHP
coupled with SFS (One dose).Resin Vacuum distilled without the addition of Ethyl
Acetate.

T 64

Percentage of resin (by total monomer) 10.0. TSC (theoretical): 46.74%; TSC
(actual): 45.60%; Monomer conversion: 97.25%. Injection of initiator at t=0h,
0.15% (wt: by monomer) KPS (One dose) & at t=1.5h, 0.12% KPS coupled with
NaHSO3 semi continuously for 1h. At t=3h, 0.17 %( wt: by monomer) TBHP
coupled with SFS (One dose).Resin Vacuum distilled without the addition of Ethyl
Acetate.

T68

Percentage of resin [by total monomer (BA only)] 25. TSC (theoretical): 49.86%;
TSC (actual): 47.96%; Monomer conversion: 95.14%. Initiator system similar to
T64. Resin Vacuum distilled without the addition of Ethyl Acetate.

T69

Percentage of resin [by total monomer (MMA only)] 25. TSC (theoretical): 51.6%;
TSC (actual): 51.3%; Monomer conversion: 99.3%. Initiator system similar to T68.
Resin Vacuum distilled without the addition of Ethyl Acetate.

T73

Percentage of resin (by total monomer) 0. TSC (theoretical): 44.9%; TSC (actuad):
44.9%; Monomer conversion: 100%. Initiator system similar to T69.

T75

Percentage of resin [by total monomer (BA only)] 0. TSC (theoretical): 44.4%;
TSC (actual): 44.4%; Monomer conversion: 100.0%. Initiator system similar to
T69.
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Table A5
Experiment Brief Description
No.
T76 Percentage of resin (by total monomer) 25.0. TSC (theoretical): 50.41%; TSC

(actual): 48.70%; Monomer conversion: 95.51%. Injection of initiator at t=0h,
0.15% (wt: by monomer) KPS (One dose) & at t=2h, 5g of MMA in 5g of water
with 0.12% KPS in 3ml of water semi continuously for 1h. At t=3h, 0.17 %( wt: by
monomer) TBHP coupled with SFS (One dose).Resin Vacuum distilled without the
addition of Ethyl Acetate.

T79

Percentage of resin (by total monomer) 25. TSC (theoretical): 49.2%; TSC
(actual): 48.25%; Monomer conversion: 97.5%. Injection of initiator at t=0h,
0.15% (wt: by monomer) KPS (One dose) & at t=1.5h, 0.14% LPO in 10g of Ethyl
Acetate semi continuously for 1h. At t=3h, 0.17 %( wt: by monomer) TBHP
coupled with SFS (One dose).Resin Vacuum distilled without the addition of Ethyl
Acetate.

T 82

Percentage of resin (by total monomer) 25. TSC (theoretical): 50.62%; TSC
(actual): 47.4%; Monomer conversion: 91.92%. Injection of initiator at t=0h, 0.2%
(wt: by monomer) KPS (One dose) only.

T83

Percentage of resin (by total monomer) 25. TSC (theoretical): 51.66%; TSC
(actual): 49.52%; Monomer conversion: 94.74%. Injection of initiator at t=0h,
0.2% (wt: by monomer) KPS (One dose) only. At t=2h, 0.14% LPO in 5g of MMA
(one dose) only.
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Appendix IV: Thevariation of Np/Ng with monomer conversion relevant to the
experiments described in Tables A2 to A5.
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Experiment T31 Experiment T32
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Experiment T58 Experiment T59
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Appendix V: Droplet sizedistribution of the miniemulsionswith alkyd (25%) and ODA (T-
78) & without ODA and with alkyd (25%) [T-100]
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Figure 1.Droplet size distribution by number
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Differential Volume
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Figure 2. Droplet size distribution by volume
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Appendix VI: Theevolution of droplet and particle size distribution of the miniemulsions
with alkyd (25%) and ODA (T-78)

Differantial Volume
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Figure 1. Droplet size distribution by volume before polymerization
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Differential Number
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Figure 2. Droplet size distribution by number before polymerization

The following distributions refer to particle size distribution of the samples of T78 taken at

different time intervals during polymerization. From p1 to p8 correspond to the samples taken at
15, 30, 60, 90, 180, 240, 300, and 360 minutes from the beginning of polymerization. It should

be noticed that a considerable rearrangement of particle size distribution by number takes place.

When this rearrangement is concerned it is clear that very small droplets react first and hence the

fraction of very small droplet disappears gradually with polymerization.
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Differential Volume
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Differential Volume
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Differential Volume
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Appendix VII

Appendix VII: The evolution of particle size distribution of the latex with alkyd (25%) only
(T-100)

Differential Volume
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Figure 1. Particle size distribution (by volume) of the latex sample taken at the end of synthesis
of T100
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Differential Number
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Figure 2. Particle size distribution (by number) of the latex sample taken at the end of synthesis
of T100

162



Appendix V111

Appendix VI11. Conductimetry titration curvesrelevant to the calculation of molar mass of

PU
4.00E-02 -
3.50E-02
§ 3.00E02 -
(7]
E  2.50E-02 -
>
> 2.00E-02 -
S 150802 y = 0.0081x - 0.001
§ 1.00E-02 - )
5.00E-03 y = 0.0006x + 0.0039
0.00E+00 - : : : : :
0 1 2 3 4 5
Volume of HCI(mL)
Figure 1. Conductimetric titration curve
0.0006 0.0039
0.0081 -0.001
VHcl 0.653
Volume
Moles of
amine 68.07 *10-5 29.07
11.71 5
Moles of
amine
reacted 11.055
Moles of
NCO 61.25 *10-5 par g PU
Moles of aminein 29.07mL of organic solution =68.0710°
Moles of aminein 5mL of organic solution =11.71*10°

Moles of amine correspondent to 0.653 mL of 0.0IN HCl = 6.53*10°

Moles of amine reacted with NCO =11.055*10"
Moles of NCO in 5 mL of organic solution =11.055*10°
Moles of NCO in 1g of PU = 61.2510"
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3.00E-02 -
£250E-02 -
$2.00E-02

P

S1.50E-02 + A
5 ,/ 5]

£1.00E-02 A=0.0065x - 0.0057
©5 00E-03

S

1

0.00E+00 - y= 0.0003x‘ +0.004

0 2 4 6
Volume of HCI(mL)

Figure 2. Conductimetric titration curve

0.0003 0.004
0.0065 -0.0057

VHcl 1.565
Volume
Moles of
amine 68.07 *10-5 29.07
23.30 9.95
Moles of
amine
reacted 21.735
Moles of
NCO 60.52 *10-5 par g PU
Moles of aminein 29.07mL of organic solution =68.07*10"
Moles of aminein 9.95mL of organic solution =23.30*10°

Moles of amine correspondent to 1.565 mL of 0.0IN HCl = 1.565*107

Moles of amine reacted with NCO =21.735*10°
Moles of NCO in 9.95 mL of organic solution =21.735*10"
Moles of NCO in 1g of PU =60.52*107
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4.50E-02
4.00E-02
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§ 1.50E-02 -| ~
&  100E02 | y = 0.0094x - 0.0025
5.00E-03 y = 0.0008x + 0.004
0.00E+00 - : : : : :
0 1 2 3 4 5
Volume of HCI(mL)
Figure 3. Conductimetric titration curve
0.0008 0.004
0.0094 -0.0025
VHcl 0.756
Volume
Moles of
amine 68.07 *10-5 29.07
11.73 5.01
Moles of
amine
reacted 10.976
Moles of
NCO 60.69 *10-5 per g PU
Moles of aminein 29.07mL of organic solution =68.07*10"
Moles of aminein 5.01mL of organic solution =11.73*10°

Moles of amine correspondent to 0.756 mL of 0.0IN HCl = 7.56*10°

Moles of amine reacted with NCO =10.976*10°
Moles of NCO in 5.01 mL of organic solution =10.976*10"
Moles of NCO in 1g of PU = 60.69* 107
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Appendix I X. Conductimetry titration curvesrelevant to the deter mination of the yield of
the reaction between HEMA and NCO

2.50E-02 -
e
= 200E-02 &
2 ’ 2
2) -
£ 1.50E-02 - A
>
>
S 1.00E-02 -
E )
S = 0.0094x - 0.0039
8 5.00E-03 d
y = -4E-06x + 0.0052
0.00E+00 ‘ : :
0 1 2 3
Volume of HCI(mL)
Figure 1. Conductimetric titration curve
-4.00E-06  0.0052
0.0094 -0.0039
VHcl 0.968
Volume
Moles of
amine 58.95 *10-5 29.12
5.08 251
Moles of
amine
reacted 4,114
Nb NCO 44.83 *10-5 par g PU
HEMA 12.25 *10-5 par g PU
Nb NCO
tot 57.08 *10-5 par g PU
Moles of aminein 29.12mL of organic solution =58.95107
Moles of amine reacted with NCO (per 1g of PU) = 44.83* 10°(Calcul ated based on

conductivity titration)

Since we have established the number of moles of NCO per 1g of PU as 60.88* 10, the
remaining moles of NCO should be 16.05* 10,

Total number of moles of HEMA added (per 1g of PU) =12.2510°

The sum of number of moles of HEMA and free NCO calculated from the titration should be

approximately equal to 60.88*10°. In this case the sum is 57.08* 10 moles and therefore the
yield of the reaction between HEMA and NCO is 100%.
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Conductivity(mS/cm)

1.20E+00

1.00E+00 -

8.00E-01 -

6.00E-01 +

4.00E-01 ~

0.00E+00

y = 0.0645x + 0.1585

0 1 2 3
Volume of HCI(mL)

Figure 2. Conductimetric titration curve

6.45E-02  0.1585
0.8605 -1.1861

VHcl 1.689

Volume
Moles of
amine 64.67 *10-5 29.12

11.10 5

Moles of
amine
reacted 9.415
Nb NCO 50.77 *10-5 par g PU
HEMA 26.89 *10-5 par g PU
Nb NCO
tot 77.66 *10-5 par g PU

Moles of aminein 29.12mL of organic solution

Moles of amine reacted with NCO (per 1g of PU)
(Caculated based on conductivity titration)

Therefore number of moles of NCO reacted with HEMA (per 1g of PU)

Total number of moles of HEMA added per 1g of PU

Theyield of the reaction
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1.40E+00 -
~ 1.20E+00 ~

1.00E+00 -
8.00E-01 +
y = 0.9108x - 1.6961
6.00E-01 +

4.00E-01 ~

Conductivity(mS/cm

y = 0.0491x + 0.2525

0 1 2 3 4
Volume of HCI(mL)

Figure 3. Conductimetric titration curve

491E-02  0.2525
0.9108 -1.6961

VHcl 2.261
Volume
Moles of
amine 64.53 *10-5 29.12
11.08 5

Moles of

amine

reacted 8.819

Nb NCO 47.56 *10-5 par g PU

HEMA 49.64 *10-5 par g PU

Nb NCO

tot 97.20 *10-5 par g PU
Moles of aminein 29.12mL of organic solution = 64.53*10”
Moles of amine reacted with NCO (per 1g of PU) = 47.56*10°

(Caculated based on conductivity titration)
Therefore, number of moles of NCO reacted with HEMA (per 1g of PU) = 13.32¥10°
Total number of moles of HEMA added per 1g of PU = 49.64*10°

Theyield of the reaction = 26.83%

168



Appendix X

Appendix X. Analysis of GPC data
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Appendix XI. Off-line monitoring of the polymerisation

Deter mination of polymer content (PC) and monomer conversions

Samples are withdrawn during the reaction and tearesl into a pre-weighed aluminium dish.
The sample is then weighed and placed in an ovd®@E under vacuum in order to remove
water and residual monomer. The polymer contentaisulated according to the following

equation:

PC(%) = | et ~Thenwy 10| | T_x100 Equation 1
rnd full rnd ,empty rnatex

Wheremygried is the mass of dish with dried mattey s, is the mass of dish with latemy emy
is the mass of empty disim,, is the mass of non polymer matter(resin, surfdctaitiator
etc...):MaexiS the total mass of latex.

The overall or global conversioKgm and the instantaneous conversidj are calculated
according to the Equation 2 and Equation 3 respsgti

- I:)C(t) X rnatex(t)

Xog = /100

tot Equation 2
rTlmon(tﬁnal) g

Wheremex is the mass of latex at the moment;, , is the mass of total monomer added by
the end of the reaction.

- I:)C(t) X rnatex(t) /100

i(t) tot Equation 3

M ont)

Wherem ., is the mass of monomer added at the moment (t).

I ndividual monomer conversion

Individual monomer conversion is detected by gaomiatography (GC). By comparing the
surface area of GC peaks of the injected known legldatex samples with the corresponding

standards, the amount of free monomer of the iegesample can be calculated.
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Particle size measur ement

Samples are regularly withdrawn during the polyseion experiments. For each sample the
average particle diameter is measured by DynangbtLScattering with a Malvern Autosizer
Lo-C.

Malvern Autosizer Lo-C: DLS single angle of deteatiat 90C

The Malvern Autosizer Lo-C gives us a mean diamitentensity with a polydispersity index
(PI) reflective of the width of the distributionh& manufactures consider that the particle size
distribution (PSD) is monodisperse when we have PI1. Pl corresponds to the variance of the
distribution. The intensity (i) scattered by thertjudes is measured as a function of time (t)
according to a sampling time)( From this measurement the autocorrelation fonct(t) is
deduced as expressed in Equation 4. This funcefiaats the probability of a particle being at
the same place at the time ¢t

G(t) =2i).i(t+71) Equatin

G(t) is a decreasing exponential function that can tigken as in Equation 5:

G(t) = 2c (t)expEyt) Equation 5

Wherec; is the intensity scattered by the particles haarsize i, and wherg; is a function of
the diffusion coefficient as expressed by EquaGon

Y. =D.g? Equation 6

WhereD; is the Diffusion coefficient of the particles withsize i: q is the wave vector, which
depends on the refractive index of the dispersirggdiom, the angle of diffusion and the

wavelength of the laser as shown in Equation 7.

_ 4msin(a /2)

Equation 7
I q
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Wheren is the refractive index of the dispersing mediuvatér):a is the angle between the laser

source and the photomultiplicater. @0): A is the wavelength of the laser.

The normal logarithm of the autocorrelation funetiovhich is a straight line that can be
expressed as indicated in Equation 8, allows udetermine the mean particle diameter in

intensity (Z-average nm) and the Pl as can be iseEquation 9.

ING(t) = a+bt +ct? Equation 8

Whereb is the Z-average mean (nm)

Polydispersity index or variance of the distribatio

Pl =2c/b? Equation 9
The Stokes-Einstein relation allows us to calculbéeparticle diameter from the diffusion

coefficient D according to the following equation:

— KBT
* 3mD

Equation 10

WhereKg is the Boltzmann constank:is the temperaturey is the viscosity of the suspending

medium (water).

Deter mination of number of droplets (Np) and particles (Np) in a miniemulsion

z[m +mx}
N, = LPm_ Pl Equation 11
T 3

X Dd

6

Wherem is the mass of monomery, is the density of monomemy is the mass of resipyis the

density of resinn=22/7:Dyis the droplet diameter.

1)+ EM X )+ E™ @ o))
N= P Py Po

= Equatib?
6

Wherep,is the density of polymeXgm is the overall conversiom, is the particle diameter.
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Deter mination of surface coverage (0) of latex

mTA X As X NA
=1 5 Equation 13
N,7d;
Where my, is the total active weight of anionic surfactaDbyfax): Mra is the molar mass of

surfactantAgsis the specific surface area occupied by a madectisurfactant on a particle of the

polymer of interestl\, is particle numbed, is particle diameter.

Critical Micellar Concentration (CM C) Deter mination of Dowfax 2Al and hence

\
)

Surface Tension (mMN/m

calculation of the specific surface area ( As) of Dowfax 2 Al

70 ~
65 1
60
55 1
50 ~
45 ~
40 ~
35 1
30
25 A

20 T T T T T T 1
1.25 1.45 1.65 1.85 2.05 2.25 2.45 2.65

log (Concentration of Dowfax 2 Al)

Figure 1. CMC Determination curve for Dowfax 2Aldeionized water
CMC of Dowfax 2Al in water = 0.2g/L
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Figure 2. CMC Determination curve for Dowfax 2Al thluted (5% solid) hybrid latex of
original latex (25% alkyd: 50% solid)

CMC of Dowfax in 5% hybrid latex =5.623¢g/L
CMC of Dowfax in water =0.2g/L
Concentration of Dowfax adsorbed by latex =5.423¢g/L
Surface area of the polymer N;, x 77x D?

=132x10" x 272 x(116x1077)?

_ Wt.Dowfax

Surface area of adsorbed surfacta =
86,2 MWD owfax

><AS><NA

_5423
57€

x A x 6x10%°

_5423
57€

132x10" ><272><(116><10‘7)2 x A, x6x10%°

A, =99k
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20

2 2.5 3
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Figure 3. CMC Determination curve for Dowfax 2Aldiluted (5% solid) latex of original latex

(MMA/BA/AA: 50% solid)

CMC of Dowfax in 5% hybrid latex

CMC of Dowfax in water

Concentration of Dowfax adsorbed by latex

Surface area of the polymer

Surface area of adsorbed surfactastSx)

114x10" x 272 x (115x1077)?

A
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= 4.677¢g/L
=0.2¢g/L
= 4.477g/L

N5, x 77x D?
=114x10Y ><272 x (115x1077)?

_ Wt.Dowfax

= X x N
MWDowfax AN,

_44r77

x A. x6x10%
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_ 4477
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SUMMARY

The objectives of work presented in this thesis are to understand droplet and
particle formulation processes in order to make useful polymer-polymer
hybrids in agueous dispersions and use our fundamental understanding of
these processes to:

1. Improve monomer conversion as much as possible.

2. Understand impact of these processes on hybrid film properties.

The need of such hybrid systems has arisen with the growing environmental
concerns due to the emisson of volatile organic compounds (VOCs)
associated with the traditional solvent borne compounds based products. The
advantage of miniemulsion polymerisation is the possibility of chemical
incorporation of these highly hydrophobic compounds in an environmental
friendly agueous medium. Specific case studies of interest under
commercialy feasible conditions (i.e. solids content of 50wt %) were done
based on two systems namely akyd-acrylic and polyurethane-acrylic.
Miniemulsification, chemica incorporation of akyd and polyurethane to
acrylic monomers, miniemulsion polymerisation and characterisation of
hybrid latex were studied in detail. We have been able to successfully
synthesise and characterise hybrid latex of about 100nm in particle diameter
and high solids content (50wt %) to be used in coating and adhesive
applications.





