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Historica/ Background and Scope of the Thesis 1 

CHAPTER 1: HlSTORICAL BACKGROUND AND SCOPE OF THE 

THESIS 

Summsry 
This chapter provides an introduetion to the research described in this thesis. 

The developments of coatings in the past and the use of vegetable oils as 

binders tor paints and coatings are reviewed in genera/. The development of 

binders prepared trom mineral oil derivatives, e.g., alkyd resins and latexes is 

elaborated upon, and the different approaches used in· the development of 

oillalkyd-acrylic hybrids are discussed. The chapter conetudes with the objective 

of the thesis and a survey of the research described in the other chapters of the 

thesis. 



2 Chapter 1 

1.1 Introduetion 

The use of paints and coatings dates back to at least the times of the old 

Egyptians (2000 B.C.). The proteetion and decaration of objects were, and still 

are, the major reasans for the use of paints and coatings. Surprisingly, in this 

large time frame the general composition of paints remained relatively 

unchanged. Paints are still composed of binder, pigment and solvent. The binder 

material farms the polymerie matrix, in which the pigments are dispersed, 

ensures adhesion to the substrata and provides tor proteetion trom external 

influences like air, water, chemicals, UV-radiation and/or scratches. The 

pigments account for the decorative properties of a paint system. Organic solvent 

or water is added to the paint system for processing and application purposes 
and to ensure flow and leveling during film tormation. Special additives, e.g., UV

absorbents, fungicides and gloss promoters [1], are added to the paint fortheir 

specific properties. 

In modern society there are many new requirements for a coating system. The 

shape and material of objects that need proteetion are diverse and many 

different ways of application are requested. On the other hand, the demands 

regarding the environment and performance by the users are high. As a result, 

coating tormulation and application have developed over the last decades trom a 

craftsmanship, which was passed on from generation to generation, to a true 

technology [2] that combines different fields of science, e.g., organic-polymer 

chemistry, polymer physics, surface chemistry and colleidal chemistry. 

The increased fundamental knowledge in chemistry and physics, and the 

development of advanced techniques tor the analysis of the composition and the 

morphology of coatings, e.g., Atomie Force Microscopy (AFM) and Time-of-Fiight 

Secondary Ion Mass Spectroscopy (TOF-SIMS), have increased the 

understanding of the structure-property relationships of the binders that 

determine the chemistry and properties of coatings. Modem coating developers 

are using this knowledge and have started to design binders with controlled 

chemical reactivity and morphology that result in high performance coatings with 

specific properties upon film formation. Over the last ten years this has resulted 
in the development of paint systems that apply navel cross-linking technologies, 

i.e., reactive latexes and UV-curing systems [3,4]. Also, new application 

technologies, like powder spraying are used [5,6] and hybrid systems containing 

different types of polymers have been developed [7-9]. The latter combination of 

two, or more, components in one hybrid system creates the opportunity to 

combine specific properties of each of the components, or to reduce the need tor 
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additives. The design and characterization of such a hybrid system has been the 

objective of this thesis. 

The developments in new chemistry and technology have not lessened the 

interest in conventional systems, like drying oils and alkyds. Moreover, 
awareness that the supply of mineral oil is limited, and the increased 

fundamental understanding in coating-technology have resulted in an increased 

interest in and research of the use of renewable resources, like vegetabla oils, 

for coating applications in the past years. This has, for instance, resulted in the 

development of a powder coating binder with a cross-linker based on epoxidized 

vegetabla oil [1 0]. 

The research described in this thesis was aimed at the development of a 

waterborne hybrid binder system composed of a vegetabla oil resin, or a long oil 
alkyd resin, and an acrylic polymer. Vegetabla oil-based systems and acrylic 

latexes have been successfully used separately as binders tor coating 

applications in the past. Various studies have shown that hybrid systems give 

unique combinations of properties. Since a number of the properties of vegetabla 

oil resins and acrylic polymer are complementary it may be expected that a 

hybrid composed of vegetabla oil and acrylic polymer results in a system with 

enhanced properties. 

In this chapter a historica! background on the use of vegetabla oils in coatings 

and the development of mineral oil-based binders is presented. Thê different 

approaches used in the past for the synthesis of oil/alkyd-acrylic hybrid systems 
and the strategy of the workof this thesis are discussed. A survey of its contents 

is given at the end of the chapter. 

1.2 Hlstorical Background 

Agricultural raw materials preceded petrochemieals by millennia in non-food 

applications. Vegetabla oils, tor instance, have been used tor lubricating 
purposes as well as for coatings and paints for many centuries befare an 

abundant and cheap supply of mineral oil became available. Vegetabla oils are 
obtained trom plant seeds [11] and consist mainly of mixtures of triglycerides. 

The characteristic property of highly unsaturated oils that makes them suitable as 

a paint binder, is the ability to dry by polymerization upon exposure to air. Typical 

examples of such oils are linseed oil, safflower oil and tung oil. A three

dimensional structure is formed by a series of reactions of atmospheric oxygen 

and the fatty acid chains of the triglyceridesin a process known as autoxidative 

I 
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drying [12]. A detailed review of the process of autoxidative drying is given in 

Chapter 2 of this thesis. The reactivity of the fatty acid chains towards 

autoxidative polymerization is related to the number of conjugated and/or 1 ,4-

unsaturated double bonds. In genera!, the best effect is obtained with the 

utilization of oils with the highest number of double bonds and with the use of oils 

that contain the more efficient conjugated double bonds. With reference to the 

films that are obtained after autoxidative drying vegetable oils are classified as 

[13]: 

- non-drying oils: do not form a cross-linked structure, 

- semi-drying oils: form sticky films, 

- drying oils: form solid films. 

Typical fatty acid compositions of selected oils frequently used in paints are 

presented in Table 1.1. 

Since distant past man has tried to improve the characteristics of oils for paint 

purposes. In the beginning of the century vegetabla oils were often pre

polymerized to a certain extent. In the presence of drier and air oils were heated 

to form 'blown', or 'boiled' oils, or in the absence of drierand air 'stand' oils were 

prepared. Due to increased demand for fast drying paints and coatings in this 

century there have been many developments in the synthesis of binders from 

vegetabla oils. 

Table 1. 1. Typica/ Fatty Acid Composition of Selected Vegetable Oils, (%) [14] 

Fatty Acids 

Oil Saturated Oleic Linoleic Linolenic Other 

Linseed 10 22 16 52 

Soybean 15 25 51 9 

Sunflower 13 26 61 

Safflower 11 13 75 

Tung 5 8 4 3 soa 
Castor 3 7 3 87b 

Dehydrated Castor 3 8 62 27c 

Ta lid 8 46 41 3 2e 

a) a-Eiaeostearlc acid (18:3 conjugated) 
b) Riclnoleic acid (hydroxy fatty-acid) 
c) Conjugated diene 
d) By-product of kraft pulping 
e) Rosin 
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From the 1940s, the developments in the prepolymerization of vegetabla oils 

could nat meet the increasing demand for fast drying paints with a low degree of 

yellowing. This has resulted in the partial replacement of vegetabla oils as 

binders for paints by mineral oil-based binders with specific properties: alkyd 

resins and acrylic latexes. 

Alkyd Rasins 

Alkyd resins are based on polymerie resins developed in the 1920s [15]. They 

are synthesized by the polycondensation reaction between polyols and polybasic 

acids [16]. The name alkyd (bastardization of 'alcid) was derived trom the 

chemieals from which the polymer was prepared, namely 'alcohol' and 'acid'. 

Unsaturated fatty acids are incorporated in alkyd resins for chemica! drying by 

polymerization induced by oxygen. The most frequently used polyols for alkyd 

resin synthesis are glycerol and pentaerythritol, whereas phthalic anhydride is 

most aften used as di basic acid (Figure 1.1 ). 

0 

phthalic anhydride pentaerythrito/ 

Figure 1. 1. Dibasic acid and polyol most often used tor alkyd synthesis. 

The amount and the nature of fatty acids used in the alkyd resin synthesis largely 

determine the resin properties and application possibilities of alkyd resins. 

Therefore, alkyd resins are aften classified by their fatty acid type and their 'oil 

length' [17]. The oil length of an alkyd resin is defined as the weight percent of 

fatty acids in the resins. 

Oillength = weight of oil or fatty acid x 1 00 
theoretica! weight of resin 

Alkyd resins are classified into four groups by oillength (Table 1.2): 

{1.1) 
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Table 1.2. Definition of Oil Lengthof Alkyd Resins 

Oillength 

Very long oil alkyd 

Long oil alkyd 

Medium oil alkyd 

Short oil alkyd 

Ch1~DtE~r1 

% Oil or fatty acids 

> 70 

56-70 

46-55 

35-45 

The fast drying and low yellowing characteristics of alkyd-based paints are 
mainly the result of physical drying by solvent evaporation and the use of semi

drying low yellowing oils, e.g. soybean oil and tall oil. 

From the above it follows that alkyds, especially long-oil alkyds, resembie 

prepolymerized oils and that their properties are similar. However, beside 

modification with fatty acids, alkyd resins can also be modified with a wide variety 

of reactive chemieals and other polymers like silicones, phenolic resins, or vinyl 

resins [16], giving them extra features. This has made them very popular. 

Combination with other chemica! groups has resulted in a versatile binder system 

with a wide spectrum of properties. 

Latexes 

Latex systems are a serious alternative tor the conventional solvent-borne oil

based systems. Latex paints consist of dispersions of polymer particles in water. 

A film is formed trom the latex polymer particles upon evaporation of water 

foliowed by the process of coagulation and coalescence. A detailed review on 

the film formation process of polymer latexes is given in Chapter 4 of this thesis. 

Often, co-solvent is added to the system to ensure good film formation. Latex 

coatings were introduced in the 1950s and show short drying-time, low odor and 

easy clean up with water. The polymer particles are aften synthesized trom 

mineral oil-based vinyl monomers, like e.g. styrene, vinyl acetata and acrylic 

esters, using tree radical emulsion polymerization [18]. 

New Developments 

The development and increased use of alkyd resins foliowed by the replacement 

of oil-based solvent-borne systems by waterborne latexes has resulted in a 

decline in the use of vegetable oils for coating applications. 

By the end of the 1960s it was recognized that materials used in paints, 

especially the solvents, contributed substantially to the poltution of the 
environment. Therefore, regulations were proposed [19], forcing the coating 

industry to search for new paint systems. Reduction of emissions of volatile 
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organic components {VOC) and of hazardous air pollutants (HAP} [20] became a 

main topic. This resulted, amongst ethers, in the development of high-solids and 

waterborne alkyd-based paints [21]. However, these systems still contained a 

certain amount of organic solvents and did not always yield the application and 

film properties of the conventional alkyd paints. Progress in research on latex 

systems resulted in a reduction of the use of coalescing agents while drying 

became more oriented towards chemica! drying [3]. Other systems that should 

meet the new standards are based on novel application techniques such as 

radialion curable binders and powder systems. These do not involve the use of 

solvents. 

The overview presented above shows that there have been several trends in the 

development of high performance, low VOC binders in recent years. First, new 

alkyd systems with increased reactivity have been developed tor high solids 

alkyds and alkyd emulsions. Second, interest in the use of renewable resources 

has been growing. Finally, incorporation of chemica! drying in latexes has gained 

increasing interest. This has resulted in the research and development of hybrid 

latexes composed of alkyd resin and acrylic polymer as reviewed in the next 

section. 

1.3 011/Aikyd-Acryllc Hybrld Systems 

Although traditional solvent-borne alkyd resins and waterbome latex systems can 

be used for similar applications, they are usually considered as two opposite 

systems. This is mainly the result of the ditterences in physico-chemical 

properties and in the drying process of the two systems. Acrylic latexes are 

composed of high molecular weight polymer particles dispersed in water. These 

form a film by a process of partiele coagulation and coalescence upon 

evaporation of the water (the physical drying process) [22]. Vegetabla oils and 

alkyds, on the other hand, are low molecular weight resins dissolved in organic 

solvent, or in case of alkyd emulsions, dispersed in water. After evaporation of 

the solvent the alkyd resins dry chemically by autoxidative drying, which is a 

comparatively slow process. Because of these ditterences coatings trom alkyd 

resins and acrylic latexes have different properties. In Table 1.3 some of the 

properties of traditional alkyd rasins and acrylic latexes are compared. 

Table 1.3 suggests that an ideal binder system may be generated when synergy 

is obtained in a combined system of alkyd resin and acrylic polymer. This system 

would combine the autoxidative drying, high gloss and penetratien properties of 
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Tab/e 1.3. Properties of Alkyd Resins and Acrylic Latexes 

Alkyd resin Acrylic latex 

Molecular weight (Mw) 4000-6000 105
- 106 

Drying process chemically physically 

Minimum appl. tempersture >- 20 °C >Ooca 

Use of organic solvent 23-80%b 1-10%c 

Drying time 4-20h 0.5-6 h 

Penetration in porous 20-60 J.Lm < 5 J.lffi 

substr. (wood [23]) 

Ad hesion good fair 

Gloss good faif 

Gorrosion resistance good fair 

Color ratention troublesome fair 

Chemica! resistance fair<l 

a) The resu/t of water being used as solvent 
b) In case of solvent-bome system 
c) Depends on amount of coalescing agent added 
d) Poor alkali resistance 

alkyd rasins in a waterborne system with the tast drying, color retentien and 

chemica! stability properties of acrylic latexes. 

The combination of these properties, tor waterborne as welt as tor solvent-borne 

systems, has been the objective of saveral studies in the past. In these studies, 

tour different approaches have been used (Figure 1.2): (a) synthesis of alkyd 

foliowed by copolymerization of vinyl, or acrylic, monomar with the alkyd resin, 

(b) modification of alkyd building blocks with vinyl, or acrylic, polymer foliowed by 

synthesis of alkyd, (c) modification of acrylic monomar with fatty-acid chain 

foliowed by free radical polymerization, and (d) mechanica! blending. A brief 

discussion on the four approaches is given below. 

Copolymerization of Vinyl or Acrylic Monomer with Alkyd Resin 

The polymerization of vinyl or acrylic monomar in the presence of a drying oil, or 

alkyd resin, has been the approach that has been applied most often for the 

synthesis of hybrid binders. This approach has been used for the preparatien of 

solvent-borne, waterborne, and ultra high solids [24-26] systems. One of the first 

reports of reacting a vinyl monomer with a drying oil, or alkyd, resin was 

publishad in 1931 and comprised the polymerization in an aqueous emulsion of 
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a) Acryllc polymerizatlon In the presence of alkyd 

HOXOH cqo T 
i) + 0 + I fatty acidf-COOH -

HO OH 

0 

I• 
ii) + \ 

A er. -
+ 

b) Acrylic-modified building block 

i) ====-. \ I• 
\er. + COOH -

ii) 

HO OH 
+ X + I fatty acidf-COOH 

HO OH 

c) Fatty acid-modified acrylic polymerization 

~r.+~ 

d) Blend of acryllc polymer and alkyd resin 

+ 

T -

9 

Figure 1.2. Schematic representation of the different approaches that have been used in 

the past tor the preparation of oillalkyd-acrylic hybrid systems. 

styrene and tung oil using hydrogen peroxide as initiator [27]. The polymerization 
of acrylic monomer in the presence of alkyd resin can result in differentratiosof 
acrylic homopolymer and alkyd resin to copolymer of alkyd resin and acrylic 

polymer as illustrated in Figure 1.2a. The presence of a copolymer as a 
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compatibilizer is essential because the acrylic homopolymer and alkyd resin are 

incompatible [28,29]. From the early work on polymerization of styrene and 

acrylic monomers in the presence of drying oils or alkyd resins [30-34], two 

mechanisms for the reaction of a growing polymer chain with an unsaturated 

fatty acid have been proposed. The nature of the fatty acids present in the 

system during polymerization determines the amount and the chemica! structure 

of the copolymer of alkyd resin and acrylic polymer. 

Hewitt and Armitage [35] have proposed a chain-transfer mechanism in the 

reaction with non-conjugated oils (Figure 1.3). According to this chain-transfer 

mechanism a pentadienylic radical at the fatty-acid chain with low reactivity is 

formed. Since re-initiation by this radical is unlikely, this results in a decrease in 
the rate of polymerization and in a decrease in the overall degree of 

polymerization. Terminatien by radical combination of pentadienyl radicals 
results in the formation of oil dimers [36]. 

H - + 

Figure 1.3. Chain-transfer resetion of growing polymer chain and non-conjugated fatty 

acid. 

Hewitt and Armitage also suggested that with conjugated fatty acids 

copolymerization takes place involving (1 ,2)- or (1 ,4)-addition across the 

conjugated linkages as illustrated in Figure 1.4. This mechanism is similar to that 

observed in styrene-butadiene copolymerization. Others have also suggested 

this reaction mechanism [37]. Propagation of polymer chains across conjugated 

double bonds enables the incorporation of oil or alkyd resin into the polymer 

chain. 

In general, it is believed that the propagation of polymer chains across 

conjugated fatty acids results in the formation of copolymer of alkyd resin and 

acrylic polymer. Therefore, a certain amount of alkyd with conjugated fatty acid 
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~· + - + 

1,4-addilion I ,2-addilion 

Figure 1.4. Propagation of growing polymer by 1,4- or 1,2-addition across a conjugated 

diene present in oil, or alkyd, resin. 

chains is aften added to the system when a homogeneaus oil/alkyd-acrylic hybrid 

is synthesized [38,39]. 

In our laboratories, the use of emulsion polymerization tor the synthesis of alkyd

acrylic hybrid emulsions and the morphology development in these particles was 

studied [9,40]. An alkyd emulsion was formed by high-pressure homogenization. 

The alkyd emulsion was used as a 'seed' tor batch- and semi-batch emulsion 

polymerization of acrylics. lt was shown that the formation of a secondary 

generation of all acrylic particles could be a problem. The formation of a 

secondary generation of particles could be avoided when alkyd emulsions with 

build-in surfactant were used. Also, it was shown that phase separation between 

the alkyd resin and the acrylic polymer in the particles occurred. The use of 

hydroperoxide-functionalized alkyd resins as initiators for the polymerization of 

the acrylic was introduced as an alternative to increase the amount of grafting 

between the alkyd resin and the acrylic polymer. In 1996 Wang et al. [41] 

showed that the formation of a secondary generation of all acrylic particles can 

be avoided by performing the polymerization in mini-emulsion. However, they did 

nat discuss the morphology of the hybrid particles synthesized by mini-emulsion 

polymerization. 

Acrylic-Modified Alkyd 

The second approach tor the development of alkyd-acrylic hybrid binders 

involves the incorporation of a functionalized acrylic polymer during alkyd . 

synthesis. This approach consists of (i) preparing a reactive acrylic salution 

polymer with a functional group by tree radical co-polymerization, and (ii) 

conventional processing of the synthesized acrylate with alkyd components. The 



12 Chapter 1 

product is a copolymer of acrylic polymer and alkyd resin as illustrated in Figure 

1.2b. Using this method, solvent-borne alkyd-acrylic hybrids have been made by 

Soloman et al. [42-45]. They synthesized acrylic polymers functionalized with 

anhydride, epoxy, or carboxyl groups. The solvent-borne alkyd-acrylic hybrid 

systems thus developed showed tast drying and resulted in homogeneaus films. 

For the synthesis of waterborne hybrids, acrylic polymers with hydroxyl or 

carboxyl functionality have been used by others [46-48]. Because of the high 

viscosity of the alkyd-acrylic copolymer, emulsiflcation of the hybrid resin to form 

a surfactant-stabilized emulsion is very difficult. Therefore, this approach has 

mainly been used for the synthesis of self-emulsifying resins using methacrylic 

acid copolymers. This resulted in particles with the alkyd resin in the core and 

methacrylic acid copolymer in the shell [46,47] (Figure 1.5). 

Figure 1.5. Schematic representation of seff-emulsifying a/kyd-acrylic hybrid particle. 

Polymerization of Alkyd-Functionalized Acrylic Monomer 

The polymerization of fatty alcohol-functionalized acrylic monomer is the third 

approach for the synthesis of oil/alkyd-acrylic hybrid systems. This approach 

involves the modifloation of vinyl monomer with fatty alcohol groups foliowed by 

free radical polymerization (Figure 1.2c). The product of this approach has an 

acrylic polymer backbone and can be described as an air drying-, or fatty acid 

modified-, acrylic (Figure 1.6) [49]. Joshi and Chatte~ee [50,5'1] have used this 

approach for the development of a waterborne hybrid system. They observed 

that the mechanism of chain transfer to non-conjugated fatty alcohol chains plays 

an important role in the emulsion co-polymerization with fatty alcohol-modified 

acrylic monomer. Although the approach of Joshi and Chatterjee of using 

modified unsaturated fatty acids as macromonomars in an emulsion 

polymerization seemed very promising, little research along this line seems to 

have been performed since the original work in 1978. 
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Figure 1.6. Fatty acid modified acrylic polymer. 

Mechanica/ Blend of Alkyd Resin and Acry/ic Polymer 

An alkyd-acrylic hybrid system composed of a blend of the oil, or alkyd resin, and 

the acrylic polymer can be formed in a solvent-bome or in a waterborne system. 

In the solvent-borne system described by Zissell and Southweli [52] and by 
Athley et al. [53], acrylic polymer particles were dispersed in a vegetabla oil or an 

alkyd resin solution. In these systems the dispersed acrylic polyrner particles 

improved the resistance to aging or acted as reservoirs for encapsulated UV 

absorbers. A waterborne blend of an alkyd emulsion and an acrylic latex was 
described by Hofland et al. [54]. In this system the alkyd emulsion acted as a 

reactive softener tor the acrylic particles. The mechanica! blend was formed by 

emulsion polyrnerization with secondary nucleation during polymerization 

resulting in the formation of a generation of all-acrylic particles. The authors 

reported that a clear film was obtained, because the ditterenee in retraction index 

between the alkyd resin and the polyrner basedon the unsaturated monomers, 

was smaller than 0.025. Since the alkyd resin and the acrylic polyrner are 

incompatible this approach resulted in a coating with a heterogeneaus 

morphology. 
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1.4 Objectives and Survey of the Thesis 

From the research described in the previous section it can be concluded that the 

different approaches used in the synthesis of oil-, or alkyd-, acrylic hybrid latexes 

result in hybrid systems with different chemica! compositions and various partiele 

morphologies, and gives films with different coating properties. In the introductory 

section it was described that the primary aim of this investigation was the 
development and characterization of oil-acrylic hybrid binders tor high 

performance waterborne coatings. Continuing the line of research of Nebuurs [9], 

the approach used for the preparetion of oil-, or alkyd-, acrylic hybrid latexes in 

this thesis has been to perform a free radical polymerization of the acrylic 

monomer in the presence of an emulsion of oil or alkyd resin. lt is proposed that 

a system with combined positive properties can be obtained trom the 

combination of low molecular weight oil, or alkyd resin, and high molecular 

weight acrylic polymer. Compatibilization of this hybrid system with oil-acrylic 

copolymer is expected to increase partiele homogeneity and to result in better 

coating performance. In addition, this approach allows for the use of the versatile 

range of alkyd resins and modified alkyd resins that have been developed over 

the years. The use of the emulsion polymerization process, combined with the 

homogenization technology commonly used for the formation of alkyd emulsions, 

allows one to take advantage of the positive aspects of emulsion polymerization, 

i.e., good heat transfer and ease of processing. 

When using emulsion polymerization there are two aspects that need to be 

considered: 

i. compatlbillty between the oil-, or alkyd, resin and the acrylic polymer, 

ii. secondary nucleation during emulsion polymerization. 

Previous results in our laboratorles indicated that a more homogeneous partiele 

morphology resulted in better coating properties. Therefore, research has been 

focused on the development of oil-acrylic hybrid latexes with a homogeneous 

intrapartiele morphology. lnitiation of polymerization by fatty-acid hydroperoxides 

has been used to increase the amount of copolymer present after the 

polymerization and thus the compatibility between the two components. 

Secondary nucleation is avoided by making use of the process of mini-emulsion 

polymerization. 

The second objective of this investigation was to increase the understanding of 

the processas that take p/ace during film formation of oillalkyd-acrylic hybrid 

latexes. The oillalkyd-acrylic hybrid latexes prepared using the above approach 

consist of low molecular weight autoxidatively reactive oil, or alkyd resin, high 
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molecular weight acrylic polymer and copolymer of the resin and the acrylic. lt is 

expected that insight in the relationship between the morphology of the partiele 

on the one hand, and the properties and morphology of the rasuiting coating on 

the other hand, provides tools fora better design of hybrid binders. 

The research described in this thesis can be divided into two sections. The first 

part (Chapters 2 and 3) is focused on the preparation and control of partiele 

morphology of oil-acrylic hybrid latexes. The second part (Chapters 4-6) 

describes the use of oil/alkyd-acrylic hybrid latexes as binders for coatings, as 

compared to alkyd emulsion binders and an oil/alkyd-acrylic blend. The 

processas that take place during film formation are characterized and the coating 

properties analyzed. These two parts are concluded by a general discussion on 

the preparation of oil/acrylic hybrid latexes and their applicability as a binder 

system. A more detailed outline of the thesis is given below. 

The formation of emulsions of vegetabla oils with hydraperoxide functionality is 

described in Chapter 2. The process of emulsification foliowed by oxidation at 

high partial oxygen pressure was compared to the oxidation of the oil at elevated 

temperature foliowed by emulsification. 

Chapter 3 describes the use of fatty-acid hydraperoxides as initiators for the 

mini-emulsion polymerization of methyl methacrylate. The kinatics of the mini

emuiaion polymerization in an ROOH/iron-EDTA/SFS redox system and the 

characteristics of the particles were examined. Cryogenic electron microscopy 

was used to compare the morphology of fatty-acid hydroperoxide-initiated and 

tert-butyl hydroperoxide-initiated hybrid latex particles. 

The preparation of film-forming alkyd-acrylic hybrid latexes is presented in 

Chapter 4. In this and the following chapters ethyl methacrylate was used as 

acrylic monomer. The surface properties of films prepared trom these hybrid 

latexes and of individual hybrid particles were studied using Atomie Force 

Microscopy (AFM). The migration of binder components to the substrata-film and 

film-air surface was analyzed for films prepared on hydrophobic and hydrophilic 

surfaces. 

Chapter 5 presents a characterization study of the phase separation in the bulk 

of the film between the oil and acrylic components during film formation and 

ageing. Fluorescence resonance energy transfer measurements were used to 

study phase separation for hybrid latexes composed of anthracene-labeled 

(acceptor) acrylic polymer, and phenanthrene-labeled (donor} oil resin. 

A preliminary evaluation of the coating properties of films prepared trom a blend 

of an alkyd emulsion and acrylic latex and from oil-acrylic hybrid latexes is 
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described in Chapter 6. The morphology of films made trom the alkyd-acrylic 

blends was studied by AFM and the effect of variation in composition between 

alkyd emulsion and acrylic latex is discussed. 
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CHAPTER 2: PREPARATION OF EMULSIONS OF 

VEGETABLE OILS 

Summsry 

19 

OXIDIZED 

An introduetion to the process of autoxidation is presenled in this chapter. The 

mechanism of fatty-acid hydraperoxide formation and the products resu/ting trom 

the fatty-acid hydraperoxide decomposition are reviewed. Two methods tor the 

preparation of emulsions of oxidized vegetable oils are described using 

sunflower oil as a model trig/yceride. The first method involved the formation of 

emulsions of sunflower oil foliowed by oxidation at high partial oxygen pressure. 

The effect of temperature, of oxygen pressure and of the presence of metal ions 

on the formation of fatty-acid hydraperoxides in emulsion was studied. The 

second method involved the bulk oxidation of sunffower oil, foliowed by high

pressure emulsification. The effect of tempersture on the bulk oxidation of 

sunflower oil was investigated and the stability of the formed hydraperoxides 

during emulsification and ageing was monitored. lt was shown that both methods 

could be used for the preparation of emu/sions of oxidized vegetable oils with low 

degree of cross-linking. Each method had its specific advantages tor further use 

in the preparation of oil-acrylic hybrid /atexes. Because of the maximum 

hydraperoxide value (HPV) that cou/d be obtained and its flexibility, bulk 

oxidation foliowed by emulsification was the method of choice. 
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2.1 Introduetion 

In order to improve their suitability as apaint binder, vegetabla oils are often pre

treated to a certain extent. Vegetabla oils can be chemically modified by means 

of hydrogenation, blowing (oxidation), heat bodying (polymerization), or double 

processing, i.e., moderate heat bodying foliowed by air blowing [1]. Both non

conjugated and conjugated drying oils can be thermally polymerized by heating 

under an inert atmosphere to form bodied oils. Bodied oils have higher viscosity 

than non-bodied oils and are often used in oil-based paints to improve 

application and performance characteristics [2,3]. The viscosity of drying oils can 

also be increased by passing air through the oil at relatively moderate 

temperatures [3]. The autoxidation process eausas polymerization at the double 

bonds with cross-linking of the fatty acids. 

In the 1980s Gooch et al. [4-6] showed that the properties of emulsions of 

vegetabla oils and alkyd rasins could be improved by autoxidative cross-linking 

at high partial oxygen pressure. They showed that partially cross-linked 

emulsions of vegetabla oil and alkyd emulsions, with an optimum 'swelling ratio' 

of 3.7, resulted in binders with improved tensile strength and drying time 

compared to non-treated emulsions. The factors that controlled the autoxidative 

cross-linking included temperature, oxygen concentration, presence of transition 

metal ions, concentration of unsaturated and conjugated groups and the type of 

surfactant used to stabilize the emulsions. 

The studies of Gooch et al. [4-6] have shown that the process of autoxidative 

drying can be applied in emulsions to improve the properties of vegetabla oil

and alkyd resin emulsions as binders. The research described in this chapter 

was aimed at the preparatien of emulsions of unsaturated vegetabla oils that 

were modified with a certain amount of fatty-acid hydraperoxide groups. Fatty

acid hydraperoxides are the productsof the first stage of autoxidative drying, as 

is described in the review on autoxidative drying in the next section (Section 2.2). 

The use of these oxidized vegetabla oil emulsions as part of the initiating system 

tor the mini-emulsion polymerization of acrylic monomars tor the preparatien of 

oil-acrylic hybrid emulsions is described in Chapter 3 of this thesis. 

Earlier research in our laboratories [7] showed that alkyd resins, treated with air 

to introduce hydroperoxide groups can be used as part of a redox i nitiation 

system tor the seeded emulsion polymerization of acrylic monomers. This 

approach showed very promising results for the development of alkyd-acrylic 

hybrid binder systems. In the preliminary study the introduetion of hydraperoxide 

groups was performed by purging air through an alkyd emulsion at elevated 
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temperatures. Competitive decomposition of the formed hydraperoxides and the 

resultant cross-linking of the alkyd emulsions were not described. 

In the present study the controlled formation of fatty-acid hydraperoxides is 

monitored. In order to enable the fatty-acid hydraperoxides to be used as part of 

the initiator system, hydraperoxide values (HPV, expressed as llmole active 

oxygen/2 kg of oil) varying trom 400 to 800 were aimed at. A hydraperoxide 

value of 400 corresponds to an initiator concernration of about 0.1 mole/L in a 

50/50% mixture by weight of sunflower oil to methyl methacrylate. Concurrently, 

a hydraperoxide value of 400 corresponds to oxidation of about 6°/o of the sites 

available for oxidation of sunflower oil. 

lt is important that the number of reactive sites, i.e., non-conjugated dienes and 

fatty-acid hydroperoxides, consumed during autoxidation and during initiatien is 

smal!, since the propensity of the oil to cross-link after application needs to be 

maintained. Therefore, during oxidation the decomposition of the formed 

hydraperoxides and resultant cross-linking should to be minimized. Maasurement 

of the solubility of the emulsion in acetone as a method to monitor the formation 

of polymer products during the autoxidation reaction was introduced by Gooch et 
al. [4-6]. With increasing cross-linking, the transmittance of an emulsion-acetone 

mixture decreased. A sharp drop of the light transmittance occurred towards the 

end point of the autoxidative cross-linking. This method was used in the current 

study to monitor the formation of cross-linked product. 

Sunflower oil was used in this study as a model compound for long-oil alkyd 

resins. The chemica! composition of sunflower oil is easily determined and the 

molecular weight distribution is narrow. This enabled a more detailed 

characterization of the autoxidation products and allowed a better study of the 

factors affecting the formation of fatty-acid hydroperoxides. In addition, it was 

expected that a more detailed characterization of the oil-acrylic products resulting 

trom initiatien of polymerization using fatty-acid hydraperoxides was possible. 

Two different methods of forming oxidized vegetable-oil emulsions have been 

investigated: 

i. emulsification of vegetabla oil foliowed by oxidation at high pressure in 

emulsion, and 

i i. oxidation of vegetabla oil foliowed by emulsification of the oxidized oil. 

The vegetabla oil emulsions were formed by direct emulsification of the 

vegetabla oil in water using high-pressure homogenization. Stabilization of the 

emulsions was performed by the addition of anionic surfactant. For many 

raasons (stability, relative surface area, flow etc.) it was desirabie that smal! 
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particles were obtained. Walstra [8] showed that high-pressure homogenization 

is the most effective technique tor the formation of small particles. Research on 

emulsification of alkyd resins by Östberg et al. [9] showed that the use of anionic 

surfactants resulted in the most stabie emulsions. In addition to the better 

stabilization properties of anionic surfactants, it was found by Gooch [6] and 

Beurde [1 0] that the use of nonionic surfactants gave a decreased rate of 

oxidation. Therefore, sodium dodecyl sulfate (SOS) was chosen as anionic 

surfactant in our research. 

The effects of temperature, oxygen pressure and addition of transition metal ions 

on the formation and decomposition of hydraperoxide groups were studied tor 

emulsions of sunflower oil. Bulk oxidation of sunflower oil was investigated at 

various temperatures. After oxidation the stability of the formed hydroperoxides 

upon emulsification and ageing was tested. 

2.2 Autoxidatlve Drying 

The autoxidation of natura! products is of importance in both the food and the 

non-food industry. For coating applications, autoxidation is generally considered 

as a desirabie process that results in the formation of a cross-linked network. 

Catalysts are added to these systems in order to increase and manipulate its 

effectiveness. The process is being widely used in alkyd resin-based paints, 

especially tor the do-it-yourself (DIY) market 

The process of autoxidation has been the subject of various studies in the past 

[11-31 ,33-39]. lt is now generally accepted that the autoxidation of organic 

compounds, RH, involves a radical-catalyzed chain reaction and results in the 

formation of hydroperoxides, ROOH, as primary products (Eqns. 2.1-2.5). 

Initiator --+X• } (2.1) 
initiation 

X•+RH --+XH+R• (2.2) 

R•+02 --+ROO• (2.3) 

--ROOH+R• } 
propagation 

ROO•+RH (2.4) 

R•,ROO• --+ Non-radical products te nnination (2.5) 

The formation of the initiating tree radical species X• (Eqn. 2.1) can be inhibited 

by the presence of natura! antioxidant compounds [26], or can be accelerated by 
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the addition of radical~generating compounds, like tett-butyl hydraperoxide 

[27,28], or high Concentratiens of tocopherol [29,30]. 

In 1995 Porter et al. [31] presented a detailed overview of autoxidation reactions 

of monoene lipids, non-conjugated diene lipids and polyene lipids. The binders 

used for autoxidatively drying coatings normally contain a high content of non~ 

conjugated diene-type of fatty-acid chains [32]. 

R~CH~R' 

! · Ho 

R~R' 
• 1 

! o, 

~~ R' T ~ R'+ R~ + 

oo. 2 3 oo. 

~R'+~R' 
00. 4 5 oo. 

R~R'+R~R'+ 
OOH 6 7 OOH 

Figure 2.1. Schematic representation of the autoxidation process of non~conjugated 

diene lipids. 
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The autoxidative drying of these systems can be described as occurring in two 
stages. In the first stage (the actual autoxidation) oxygen is incorporated and 

hydraperoxides are formed as schematically represented in Figure 2.1. The 

second stage involves the decomposition of hydraperoxides and generation of 

polymerie and low molecular weight products [33-35]. 

The initia! step of the autoxidation is considered to be the abstraction of a 

hydrogen atom allylic to two double bonds resulting in pentadienyl radical 1 

(Eqns. 2.2 and 2.4). Oxygen addition to 1 generatas either one of the two cis or 

trans peroxyl radicals 2 or 3. Subsequent hydrogen atom abstraction trom a 

donor such as another non-conjugated fatty-acid chain leads to the cis,trans 

hydraperoxides 6 and 7, which are the kinetic productsof the autoxidation. The 

concurrent formation of the thermodynamic products, i.e., trans,trans 

hydraperoxides 8 and 9, involves raarrangement of the intermediate peroxyl 

radicals, 2 and 3, by ~fragmentation as has been established by Chan et al. 

[11 ]. Bisallylic hydroperoxides, rasuiting from oxygen addition to the central 
carbon of pentadienyl radicals, are normally not observed in autoxidation [36]. 

The secend stage of autoxidative drying involves the decomposition of 

hydraperoxides and the formation of low molecular weight and polymerie 

products. Hydraperoxides can decompose thermally to give radicals RO• and 

HOo. At ambient temperafure this decomposition reaction is slow. However, 

divalent ions of a number of transition metals, like Co, Fe and Mn, are effective 

catalysts [25,37-39]. lnitially, these ions act as ene-electron donors to give RO• 

radicals as represented by Eqn. 2.6. 

R-0-0-H + M2+ ____. R-0 • + M 3+ + Off (2.6) 

This is foliowed by a second step, in which radicals are produced and M2
+ is 

regenerated so that a catalytic cycle is established (Eqns. 2.7 and 2.8). 

R-0-0-H + M3+ ____. 

M3++RH ____. 

R-0-0 • + M2+ + H+ 

R•+M2++W 

(2.7) 

(2.8) 

Radicals formed by the decomposition of hydraperoxidescan couple toanother 

radical, abstract a hydrogen trom a non-conjugated diene, or add to the double 

bond of a conjugated diene. Reactions such as (2.9)-(2.13) will result in the 

formation of a netwerk. 
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R•+RO• 

R•+ROO• 

2R• 

2RO• 

2ROO• 

R-0-R 

R-0-0-R 

R-R 

R-0-0-R 

R-0-0-R + 02 

25 

(2.9) 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

A complex mixture of low molecular weight molecules, i.e., hydrocarbons, 
alcohols, aldehydes, ketones and acids, may result from scission reactions 
following the decomposition of fatty-acid hydraperoxides [33]. The formation of 
these products (often referred to as volatile by-products) is considered to be a 
disadvantage intheuse of autoxidatively drying binders, since they contribute to 

the volatile organic compound content (VOC) of a paint system. 

2.3 Experimental 

2.3.1 Materials 

Commercial grade sunflower oil (SFO) was obtained from Rhenus B.V. 

(Dodewaard, The Netherlands). The fatty acid composition of the sunflower oil as 
determined by gas chromatography (GC) of the methyl esters was 5.9% C16, 
64.9% C18:2 (non-conjugated), 24.5% C18:1, 4.0% C18, 0.7% C20. Prior to use 
the SFO was purifled by column chromatography using Florisil (6Q-100 mesh, 

Merck) to get rid of any peroxides [40]. Sodium hydrogencarbonate (NaHCOa. 
Merck), potassium iodide (KI, Merck), sodium chloride (NaCI, Merck), silver 
nitrate (AgNOa, Merck), sodium dodecyl sulfate (SOS, very pure Fluka 
Biochemica) and hydroquinone (HO, Aldrich) were used as received. Glacial 
acetic acid (Aidrich), isopropyl alcohol (IPA, Aldrich), acetone (Aidrich} and 
tetrahydrofuran (THF, Aldrich) were used without further purification. Co

octanoate was obtained trom Vliegenthart B.V. An aqueous salution of sodium 
thiosulfate (0.01 M) was prepared trom a titration package (1.0 M, Merck). 

Aqueous starch dispersion was prepared by dissolving 100 mg of starch in 100 
mL of water at 90 °C. Starch dispersion was used aftar cooling to ambient 
temperature. Water was doubly distilled and deionized (Millipore Super 0). 
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2.3.2 Oxidation Procedures 

Emulsification and High Pressure Oxidation 

The oxidation was carried out according to the conditions 01-07 given in Table 

2.1. All recipes contained 280 g of water, 120 g of sunflower oil (SFO) and 2 g of 

surfactant (SOS). 

A pre-emuision was created by sonification (Branson Sonifier 250, 70% duty 

cycle) for 2 minutes while cooling in a water bath. The pre-emuision was 

subsequently passed through a high-pressure homogenizer (Gaulin Labaratory 

Homogenizer, APV capacity 60 Uh) tor 5 minutes. The homogenizer was 

operated at a pressure of 400 bar. 

Aftar emulsification the partiele size was analyzed and 125 ml of the SFO 

emulsion was transferredtoa high-pressure teflon®·coated autoclave (Berghoff 

Maasen, HA 1 00}. A cross-sectional representation of the autoclave is given in 

Figure 2.2. Aftar charging the autoclave with the emulsion at atmospheric 

conditlans the magnatie stirrer was engaged at a rotor speed of 850 rev./min. 

The reactor was flushad twice with oxygen and the oxygen pressure was set to 

the predetermined vessel pressure. 

After setting the oxygen pressure the vessel was heated to the predetermined 

vessel temperature. During the high-pressure O>cidation liquid samples were 

taken to monitor the progress of the autoxidation using the extraction device. A 

smal! amount of hydroquinone was added to the samples to prevent further 

radical reactions. The start of the reaction, t = 0, was defined as the moment 

when the predetermined temperature of the vessel was reached. 

Table 2.1. Formutations and Conditions used tor High-Pressure Oxidation 

Code T p Cat. 

(C) (bar) 

0-1 55 5 

0-2 55 6.5 

0-3 55 10 

0-4 80 5 Fe 

0-5 55 5 co a 

0-6 55 5 Cob 

0-7 55 5 

a) 0.05 % wt./wt. of oil 

b) 0.1 % wt./wt. of oil 
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1. PTFE-Iiner 
2. Pressure vessel 
3. Heating Jacket 

12. 
4. PTFE coated magnatie stirring bar 
5. Magnetic stirrer 
6. Speed lndicating Controller 
7. PTFE NICrNI thermosensor 
8. Temperature Transmitter to heating 

jacket 
9. Rupture disk 
1 o. Gas sample extraction device 
11. Liquid sample extraction device 
12. PTFE 0-ring 
13. Gas tube 
14. Pressure gauge 
15. Conical flange etosure 
16. Evacuation tube 

Figure 2.2. PTFE-coated batch resetion autoclave used for the emulsion oxidation 

experiments. The extraction devices facilitate sampling under the resetion conditions. 

SFO Oxidation at Atmospheric Pressure 

The oxidation of SFO by oxygen at ambient temperature was carried out in a 

round-bottomed flask, covered with aJuminurn foil and equipped with a 

mechanica! sürrer and a gas inlet: 350 mL of SFO was added to the flask and 

150 cm3/min. of oxygen gas was blown through the oil at different temperatures. 

The concentration of hydraperoxide groups (HydroPeroxide Value, or HPV) and 

the viscosity of the oil were monitored. 

2.3.3 Analysis 

Hydraperoxide Value 

The hydraperoxide value (HPV, expressedas J.Lmole of active oxygen/2 kg of oil) 

of the samples was determined according to the procedures described in ISO 

standard 3960. 
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A sample of the oil, or the emulsion, was dissolved in isopropyl alcohol (1 0 mL) 

and an excessof a saturated potassium iodide solution (1 mL) and glacial acetic 

acid (15 mL) were added successively. The solution was stirred tor five minutes, 

then water (75 mL) and a starch dispersion (5 giL, 2 mL) were added. The solu

tion was titrated with sodium thiosulfate solution (0.01 N), until the yellow/brown 

color fully disappeared. The result was compared with a blank without 

hydroperoxides. The HPV was calculated using the following equation: 

HPV= (V-Vo)*T *1000 
m 

with: HPV = hydraperoxide value given in J.UnOia activa oxygan/2 kg of oil 

V = volume of titer usad 

vo volume of titer used in blank determination 

T = titer of N€12S203 solution 

m = weighed oil mass 

(2.14) 

For the calculation of the hydraperoxide value of the oil in emulsion first the 

solids content of the emulsion was determined gravimetrically. 

Transmission/Turbidity 

The autoxidation was also monitored by measuring the solubility of the oxidized 

emulsion in acetone as described by Gooch et al. [6]. 70 ~L of the emulsion was 

dissolved in 1.0 mL of reagent grade acetone (maximum solubility of oil in 

acetona-water mixture). The transmission was measured at 509 nm using a 

Shimadzu UV 160-A spectrophotometer. 

Absorption 

At the starting point of the autoxidation reaction (t = 0), the oil emulsion does not 

contain carbon-carbon conjugated double bonds. However, during the 

autoxidation process the number of conjugated double bonds increases (see 

Figure 2.1 ). The amount of conjugated double bonds was determined by 

maasurement of ultraviolet (UV) absorption at 234 nm [30]. To determine the 
absorption, 1 IJL of emulsion was dissolved in 1 mL of tetrahydrofuran, a good 

solvent for vegetabla oil emulsions. The absorption was measured using a 
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Shimadzu UV 160-A spectrophotorneter. The concentration of conjugated double 

bands was averaged from three separate measurements. 

pH 

The pH of the samples taken from the autoclave was measured using an 

AcOmat pH3000. 

Viscosity 

The viscosity of the oil at different HPVs was determined using a 'Cannon

Fenske Cappilary' (Schott Geräte) with 'Viscositätsmessgerät AVS' (Schott 

Geräte), 'Durchsicht Thermostal CT 1250/6' (Schott Geräte) and 

'Durchflusskühler CK100' (Schott Geräte). To determine the viscosity of the 

oxidized SFO emulsion the emulsion was coagulated by dropwise addition of a 

silver nitrate solution. THF was added to the coagulated emulsion and the oil was 

separated from the water phase. After concentration of the oil by rotary 

evaporation the viscosity was determined. All viscosity measurements were 

carried out at 25 °C. 

Partiele Size Analysis 

Partiele size analysis was perforrned by dynamic light scattering (DLS) and by 

Transmission Electron Microscopy (TEM). Prior to maasurement by DLS the 

sample was diluted 100-500 times with water to obtain the desired translucence. 

DLS was measured at 90° angle using a Malvern 4700 System equipped with a 

Malvern RR98, a Malvern PSC7 Stepper motor controller & photomultiplier and 

Malvern Series 7032 Multi-8 Correlator. The Z-average partiele size and the 

polydispersity of the emulsions were determined using the cumulant methad [41, 

42]. For analysis by TEM the sample was diluted with water (1 000 x) and the 

sample was stained for 30 minutes in osmium tetroxide vapor. TEM analysis was 

perforrned using a Philips EM400, STEM system PW6585. 

Size Exclusion Chromatography (SEC) 

Size exclusion chromatography was carried out using three linearly placed 

columns: 300 mm x 7.5 mm Plgel (Polymer LaboraJories), 103 and 102 A 
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(ehrompack) and a mobile phase of tetrahydrofuran (stabilized with BHT, 

degassed with a Viscotek 06 700) at 1 mUmin (Waters 510 Pump). The system 

was calibrated using polystyrene standerds (Polymer Laboratories). The injection 

volume was 50 11L (Waters 712 Injector) and dateetion was accomplished by 

refractive index using a Waters 410 differentiel refractometer. 

2.4 Results and Discussion 

2.4.1 Oxidation of 011 Emulsions 

2.4.1.1 Emulsification of Vegetabla Oils 

Emulsification of the sunflower oil in the water phase was carried out by 

ultrasonification foliowed by high-pressure homogenization using SOS as 

surfactant. lt was observed that ultrasonification alone did not result in stabie 

emulsions. Within saveral hours after ultrasonification phase separation was 

observed. Most probably, the viscosity of the sunflower oil was to high for 

ultrasonification to result in an emulsion with a sufficiently smal! partiele size (see 

Figure 2.3) However, ultrasonification foliowed by high-pressure homogenization 

resulted in emulsions with an average partiele size of -150 nm after 5 minutes. 

After 5 minutes of homogenization no further reduction of the partiele size and 

partiele size distribution was observed. During homogenization the temperature 

of the emulsion increased to approx. 40 oe (5 minutes homogenization). Longer 

homogenization times resulted in higher temperatures. The increase in 

temperature during homogenization is the result of energy dissipation as 

described by Walstra [8]. The development of the partiele size and partiele size 

distribution during homogenization is presented in Figure 2.3. The average 

partiele size, as determined by Transmission Electron Microscopy, was in 

correspondence with the partiele size as determined by DLS. 

The stability of the SFO emulsion was tested by following the average partiele 

size and the partiele size distribution in time at 60 oe. Generally this test is 

performed at 50 oe. However, since at a later stage the emulsions were exposed 

to higher temperatures (up to 75 °e) tor short periods of time, the test was 

carried out at 60 oe. Over a period of tour weeks no change in partiele size and 

partiele size distribution (measured by DLS) was observed. Also, sedimentation 
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Figure 2.3. Deve/opment of partiele size dlstribution during emulsification. Pre-emuision 

was prepared by ultrasonification. Fina/ emu/sions were made via homogenization after 

ultrasonification. 

and coagulation were not observed. These observations are in contrast with 

those of Dekker [43], who observed sedirnentation and coagulation of alkyd 

emulsions within 7 days at 50 °C. Dekker argued that this was the result of the 

limited lifetime of SOS at higher temperatures (due to hydralysis of the SOS). 

The different stability observed in our research indicates that hydralysis of SOS, 

if any, must occur toa limited extent only. A possible explanation for this could 

be the ditterenee in chemica! structure between an alkyd resin and a triglyceride; 

alkyd resins contain hydroxyl and carboxylic acid groups that might catalyze 

hydrolysis. In addition, the partiele size in our system was smaller, which 

increases the emulsion stability. Finally, it was concluded that stabie emulsions 

of sunflower oil can be obtained by using the process of emulsification described 

above with the use of SOS as surfactant. 

2.4.1.2 High Pressure Oxidation of Vegetabla Oil Emulsions 

Analogous to the research described by Gooch et al. [4-6] the effect of 

temperature, oxygen pressure and metal catalysis on the oxidation of emulsions 

of sunflower oil was studied. The extent of oxidation was studied by monitoring 

the hydraperoxide value, the solubility of the emulsion in acetone, the pH of the 

emulsion and the formation of conjugated double bonds. 
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Effect of Temperafure 

In the research pertormed by Gooch et al. [4-6] it was observed that the rate of 

autoxidative cross-linking was related to the temperature. At temperatures below 

50 oe the time to reach 10% transmittance in acetone (the parameter used by 

Gooch to maasure the cross-linking) was reported to increase strongly with 

decreasing temperature. 

The results of the oxidation of sunflower-oil emulsions at 55 and 80 oe at an 

oxygen pressure of 5 bar are shown in Figure 2.1 a-d. Figure 2.1 a shows the 

effect of the temperature on the formation of hydroperoxides. The rate of 
hydraperoxide formation at 80 oe was higher than that at 55 oe. Both HPV 

curves of oxidation at 55 and 80 oe showed an increase of HPV in time foliowed 

by a decrease. The HPV increases as a result of autoxidation (first stage of 
autoxidative drying, Section 2.2). When the HPV starts to decrease the rate of 

decomposition of hydraperoxides (second stage) is higher than the rate of 

formation. The sharpness and the location of the maximum in the HPV curves in 

Figure 2.1 a indicates that the rate of hydraperoxide formation and decomposition 
was higher at 80 oe. In addition, at 80 oe the induction period (period of low HPV 

prior to increase) was shorter. The occurrence of an induction time in the 

formation of hydraperoxides has been observed previously during the bulk 

oxidation of vegetabla oils. This is generally attributed to the presence of natura! 

antioxidants in the sunflower oil [26,30,40]. More severe cleaning of the 

sunflower oil prior to emulsification and oxidation, e.g. by additional tiltration over 
florisil and silica gel columns, did not result in shorter induction times. The 

maximum hydraperoxide value that was reached at the two different 
temperatures was approximately similar, i.e., about 500 J.lmole 0/ 2 kg of oil. In 

Figure 2.1 b a sharp drop in transmission was observed after approx. 14 hours tor 
oxidation at 80 oe and after approx. 58 hours tor oxidation at 55 °C, respectively. 

The drop in transmission indicates the formation of cross-linked product that is 

insoluble in acetone. When camparing the drop in transmission in Figure 2.1 b 

with the HPV level at that moment in time in Figure 2.1 a it is clear that this 

coincides with the decrease in HPV. These results indicate that during 

autoxidation in emulsion the two stages of autoxidative drying (Section 2.2) both 

occur commitantly. lnitially, hydraperoxides are formed up toa certain level and 

no cross-linking takes place. Subsequently, the hydraperoxides start to 

decompose and cross-linked product is formed. 

The relation between the formation of hydraperoxides and their decomposition 

was also analyzed by measuring the viscosity of the oil at various times 
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Figure 2. 1. Effect of tempersture on the oxidation of a sunf/ower oil emulsion (30 % w/w 

of oil) in time at 5 bar oxygen pressure, (A) HPV, (B) transmission, (C) pH and (D) 

conjugated bonds: 55 "C (-11-), 80 °C (--•--). 

during the oxidation. Because of experimental difficulties this analysis was 
performed during a separate oxidation at 50 oe. The HPV of the oxidation of a 
sunflower oil emulsion at 5 bar at 50 oe is shown in Figure 2.2a. The 
transminanee of the emulsion and the viscosity of the oil are presented in Figure 
2.2b. After 66 h. a sharp drop in transminanee was observed. Also, at this 

moment an increase in the viscosity of the oil was observed while the HPV 
started to decrease at the same time. These results confirm the hypothesis that 

during oxidation in emufsion initially only hydraperoxides are formed. After a 
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certain HPV is reached the hydraperoxides start to decompose and cross-linked 

product is formed. 

Figure 2.1 c shows that during oxidation the pH decreased to a value of about 

2.5. At 85 oe the decrease was stronger than at 55 oe. The decrease in pH could 

be the result of the formation of hydraperoxides or hydralysis of the triglycerides 

[44]. More likely, the decrease in pH was caused by hydralysis of the SOS. 

However, coagulation or sedimentation of the emulsion during oxidation at 85 oe 
was not observed. This indicates that the emulsions were still sufficiently 

stabilized. 

Figure 2.1 d shows the percentage of conjugated carbon-carbon double bonds 

during oxidation. At 55 oe the percentage of conjugated double bonds remained 

low until about 30 h and then started to increase. At 80 oe an increase was 

observed right trom the start. As described in Section 2.2, the formation of fatty

acid hydraperoxides is accompanied by the formation of carbon-carbon 

conjugated double bands (in the case of linoleic acid or linolenic acid). This 

explains the induction period observed at 55 oe and the strong increase at 85 oe. 
However, it was observed that aftar the HPV started to decrease, the percentage 

of conjugated double bonds kept increasing. This indicates that during 

hydraperoxide decomposition a different mechanism was responsible tor the 
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Figure 2.2. High-pressure oxidation of emulsion of sunflower oil at 50 °C at 5 bar oxygen 

pressure. Deve/opment of hydraperoxide value in time (A) and development of 

transmittance and viscosity of oil in time (8). 



Preparation of Emufsions of Oxidized Vegetable Oils 35 

formation of conjugated double bonds. A possible explanation tor the observed 

continuing increase in the percentage of conjugated double bonds could be that 

isomerization of nonconjugated linoleic fatty acid chains occurred, as 

represented schematically in Figure 2.3. 
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Figure 2.3. Schematic representation of proposed formation of conjugated double bonds 

by isomerization during decomposition of fatty-acid hydroperoxides. 

Decomposition of hydraperoxides 8 or 9 results in the formation of alkoxyradicat 

10. Proton abstraction trom 11 will result in the formation of alcohol 12 and 

penta-dienyl radical 1, which can form 13 by proton abstraction trom 11. Alcohol 

12 contains the original conjugated structure of the hydroperoxide. The 

conjugated structure of compound 13 is additionally formed by this mechanism. 

Effect of Oxygen Pressure. 

The effect of oxygen pressure on the oxidation of a sunflower-oil emulsion was 

studiedat 5, 6.5 and 10 bar. A tempersture of 55 °C was used during oxidation 

because at this tempersture the reaction time, defined as the time needed tor the 

tormation of a sufficient concentratien of hydraperoxides (HPV 400-800), was 

acceptable, and the chance of hydraperoxide decomposition was considered to 

be limited. The results of the oxidation of sunflower-oil emulsions at 5, 6.5 and 10 

bar oxygen pressure are presented in Figure 2.1 a-d. 
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Figure 2.1 a showed that higher partial oxygen pressure resulted in higher 

maximum hydraperoxide levels. A direct correlation between the oxygen 

pressure and the rate of hydraperoxide formation was not observed. By contrast, 

Gooch et al. [4] did observe a decreasein time until the onset of cross-linking by 

a factor of 2, when increasing the oxygen pressure from 5 to 6.5 bar. However, 

their oxidation reactions were performed in a stainless steel reactor, where metal 

ions liberated trom the reactor wall could have catalyzed the decomposition of 

hydroperoxides (see below). The shape of the HPV-curves presented in Figure 

2.1 a is si mil ar to the curves observed at different temperatures (Figure 2.1 a), 
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Figure 2. 1. Effect of oxygen pressure on the oxidation of sunflower-oil emu/sions in time 

at 55 °C, (A) HPV, (8) transmission in acetone, (C) pH and (D) conjugated bonds: 5 bar 

(-·---·-), 6.5 bar (--•·-), 10 bar(--·,..··-). 
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showing first an increase in HPV foliowed by a decrease. However, it seems that 

at higher oxygen pressures (6.5 and 10 bar) a plateau HPV level is reached 

inslead of a short maximum as observed at 5 bar. A plateau of the percentage of 

conjugated double bands was also found for the oxidations performed at 6.5 bar 

and 10 bar (Figure 2.1d). The presence of this plateau value might indicate that 

oxidation (no hydraperoxide formation and also no decomposition) stoppad when 

a certain level of HPV was reached. Aftera stationary period of time (about 25 h. 

tor both 6.5 and 10 bar) the HPV started to decrease. Concurrently, the 

percentage of conjugated double bands was increased, indicating that due to 

hydraperoxide decomposition, isomerization resulting in conjugated bands 

started to take place. 

The results of the transmission measurements presented in Figure 2.1 b, showed 

that the sharpness of the decrease was less pronounced tor the oxidations at 6.5 

and 10 bar. The drop in transmission started after approximately 30 h for bath 

oxidations. After this time the transmission decreased slowly until about 50 h, 

then the transmission dropped more sharply. At the same moment (approx. 50 h) 

the HPV started to decrease (both for 6.5 and 10 bar). The decrease in 

transmission after the HPV has started to drop is indicative of the formation of 

high molecular weight product. 

The pH of the emulsions, presented in Figure 2.1c, decreased toa vatue of about 

2.5 during the oxidations. The decrease was stronger at higher oxygen pressure. 

In conclusion; it appears trom Figure 2.1 a that the maximum concentratien of 

hydraperoxides that can be formed is dependent on the applied oxygen 

pressure. Once this value is reached, no further increase in hydraperoxide 

concentration occurs. 

Effect of Metal Catalysis 

As described in the previous section (Chapter 2.1 ), ions trom transition metals, 

like Co, Fe and Mn, can act as catalyst for the decomposition of hydroperoxides. 

This was also observed by Gooch et al. who found that addition of 0.02 % of 

cabalt naphthenate or 0.02 % of zirconium naphthenate (w/w of alkyd) reduced 

the reaction time required to cross-link the emulsions to a swelling ratio of 3.7 

(swelling ratio defined as the volume ratio of swollen to unswollen polymer [6]) by 

about two hours. Higher concentrations of transition metal resulted in 

uncontrollable cross-linking. The object of our study was the formation of 

emulsions of vegetabla oil with a pre-determined concentration of fatty-acid 

hydraperoxide groups, while keeping the effect of cross-linking limited. Since the 
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metal ionscan act as a catalyst tor the decomposition of hydroperoxides, it was 

expected that the addition of transition metal ions would not be beneficia!. 

Nonetheless, the effect was studied because of the strong effect observed by 

Gooch et al. [ 4-6]. 

The results on the oxidation of sunflower oil emulsions at 5 bar at 55 °C with Fe 

and different concentrations of Co present are shown in Figure 2.1 a-d. In Figure 

2.1 a it was observed that no hydraperoxides are formed at a low concentration of 

Co ions (0.05 % w/w of oil) and Fe ions. A high concentration of Co ions (0.1 % 

w/w of oil) resulted in the build up of hydraperoxides aftera long period (60 h). 

Figure 2.1 b showed that the addition of Fe i ons resulted in decreased time of 

reaction to form cross-linked product. Addition of Co ions on the other hand 

seemed to increase the reaction time. Also, it was observed that the addition of 

Co ions resulted in an induction period before the decrease in pH started (Figure 

2.1c). 

From these observations it was concluded that a very complex situation is 

created with the addition of transition metal catalyst. The presence of Fe ions 

gives similar results as observed by Gooch et al. [4-6], i.e., a decreasein time to 

form cross-linked products. However, it appeared that the Co ions acted as an 

inhibitor tor the oxidation of sunflower oil in emulsion. A possible explanation tor 

these observations could be found in the distribution of the catalyst between the 

aqueous phase and the oil phase. 

Ösberg et al. [45] showed that at pH= 7 most of the Co-catalyst (Co-octanoate) 

is in the oil phase, while at pH = 3 it's predominantly in the water phase. The 

distribution of the catalyst between the oil- and aqueous phases was also 

affected by the surfactant used. During oxidation the pH in our system changed 

from pH = 7 to pH = 2.5. Therefore, it seems likely that in the beginning of the 

oxidation the Co is located predominantly in the oil phase of the sunflower oil 

emulsion, while during the reaction a redistribution of the Co ions towards the 

aqueous phase occurred. By contrast the Fe ions would have been present in 

the aqueous phase trom the beginning. 

From these experiments it was concluded that tor our research the presence of 

metal ions during the oxidation of emulsions at high partial oxygen pressure 

should be avoided. 
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Figure 2. 1. Effect of the presence of transition roetal ions on the oxidation of sunf/ower 

oil emulsions (30 % wlw of oil) in time at 55 °C and 5 bar oxygen pressure, (A) HPV, (B) 

transmission, (C) pH and (D) conjugated bonds: no catalyst (-·-11-·), Fe (··•·-), Co 0.05 

% wlw of oil ( ... .._ ... ), Co 0. 1 % wlw of oil (···•···). 

2.4.2 Bulk Oxidation of Sunflower 011 

Emulsions of hydroperoxide-modified vegetabla oils can also be prepared by 

bulk oxidation of the vegetabla oil foliowed by emulsification. In this section 

results on the effect of temperature on the oxidation of sunflower oil are 

discussed. For raasons described in the previous section the effect of metal 

catalysis in bulk O>ddation was not studied. The oxidation reactions were 
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performed in a round·bottomed flask covered with aJuminurn foil in order to 

exclude photosensitized oxidation. 

Figure 2.2a and Figure 2.2b shows the development of the hydraperoxide value 

and the viscosity of sunflower oil oxidized at various temperatures. Figure 2.2a 

shows that at low temperatures (25 °e) the rate of hydraperoxide formation was 

very slow. After 160 h a HPV of 40 jlmole 0/2 kg of sunflower oil was obtained. 

At higher temperatures the rate of hydraperoxide formation increased. When the 

oxidation was performed above approx. 75 oe the rate of hydraperoxide 

formation was very high. However, the early maximum value of HPV in Figure 

2.2a and the strong increase in viscosity in Figure 2.2b showed that the fatty·acid 

hydraperoxides were sensitive towards decomposition at that temperature. From 

these observations it was concluded that the aimed HPV with low viscosity could 

best be prepared by bulk oxidation at 50·75 oe. Using these temperatures HPVs 

up to 1300 jlmole 0/2 kg of oil could be obtained. 

An indication for the formation of cross·linked product during oxidation was 

obtained by measuring the viscosity of the oxidized sunflower oil. A more 

accurate analysis of oxidized sunflower oil (HPV = 580) by GPe showed that a 

limited amount of dimeric, trimeric, or oligomeric, product was formed when 

sunflower oil was oxidized at 50 oe (see Figure 2.3, dimer formation 
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value and (8) viscosity: bulk oxidation at 25 °C (-11-), 55 °C (··•··), 75 °C (···.Á···) and 

100 °C (···•···). 
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Figure 2.3. GPC-graph of oxidized sunflower oil, HPV = 580. SFO, retention time = 118 

min; dimer retention time = 1 OB min. 

below 3 °/o). This result is confirmed by the observations of Neff et al. [16] for the 

oxidation of glyceryl trislinoleate. Neff et al. found no evidence of dimer or 

oligomer formation in samples of highly oxidized trilinoJein (HPV 2950 f.lmole 012 

kg of oil). lt was argued by the authors that dimerization was not observed 

because further intramolecular o:xidation of mono-hydraperoxides to bis- and fris

hydraperoxides was more favorable than intermolecular condensation to form 

dimers. Analysis of the possible formation of bis- and tris-hydroperoxides during 

bulk oxidation was beyond the aim of the present study. 

The stability of the formed hydraperoxides upon storage and during 

emulsification was investigated. Hydraperoxide value and viscosity of oxidized 

sunflower oil showed no change upon storage at 5 oe during a period of 4 

weeks. Storage at 20 oe showed a smal! decrease in HPV (from HPV = 413 to 

HPV = 406) and an increase in viscosity (trom 11 = 301 mPa.s·1 to 11 = 370 mPa.s· 
1
). This indicated that oxidized sunflower-oil emulsions could best to be stored at 

5 oe (or below). 

The stability of hydraperoxides during emulsification was also investigated. 

Emulsions trom sunflower oils with different hydraperoxide values were formed 

using ultrasonification foliowed by high-pressure homogenization. During 

emulsification a large part of the energy supplied to the system is dissipated as 

heat [8]. lt might be expected that this could result in the decomposition of a 

smal! amount of hydroperoxides, in tum resulting in a decrease in HPV. 

However, it was observed that emulsification of oxidized sunflower oils (HPV's 

varying between 200 and 1300 !J.mole 0/2 kg of oil) did not result in a dateetabie 

decrease in HPV. The emulsions formed by ultrasonification foliowed by high-
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pressure homogenization showed similar partiele size and partiele size 

distributions as non-oxidized sunflower-oil emulsions (see Section 2.4.1.1 ). 

2.5 Concluslons 

The research presented in this chapter shows that two methods can be used tor 

the preparatien of emulsions of vegetabla oils modified with fatty-acid 

hydroperoxides. The first methad involves emulsification of sunflower oil foliowed 

by oxidation in emulsion at high partial oxygen pressure. Stabie emulsions with 

average partiele size of about 150 nm can be formed using ultrasonification 

foliowed by high-pressure homogenization. The formation and decomposition of 

hydraperoxides during oxidation of sunflower oil emulsions at high partial oxygen 

pressure is related to the oxygen pressure applied and the temperature. The 

presence of metal ions should be avoided. Optima! conditions for the formation of 

emulsions with HPVs varying between 400 and 800 f.imole 0/2 kg of oil, while 

maintaining a low degree of cross-linking, are 50-60 oe as reaction tempersture 

and an oxygen pressure of about 10 bar. 

The second methad that was applied involved bulk oxidation of sunflower oil 

foliowed by emulsification. An oxidation temperature of 50 oe was found to result 

in the formation of high HPV levels, up to 1300 f.imole 0/2 kg of oil, while 

maintaining a low degree of cross-linking. Emulsification by ultrasonification 

foliowed by homogenization and/or ageing at 5 oe does not result in a decrease 

in the HPV. 

When camparing the two methods, it is concluded that the first methad results in 

a taster formation of hydroperoxides. However, the second methad results in 

higher HPVs and allows tor the addition of other components, i.e., alkyd resin 

and monomer, prior to emulsification. When using the first method, 

polymerizations need to be carried out using the oxidized emulsion as a seed. 

For each polymerization with different oil or alkyd composition a new seed wilt 

need to be made. When using the second methad emulsions with different 

compositions of oil, alkyd and acrylic can be prepared trom a single batch of 

oxidized oil. Because of the latter reason the second methad will be used in the 

following chapters of this thesis. 
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CHAPTER 3: FATTV-ACID HYDROPEROXIDE-INITIATED MINI

EMULSION POLYMERIZATION OF MMA1 

Summsry 
The use of oxidized triglycerides as initiators for the mini-emulsion polymerization 

of acrylic monomer is described. Unsaturated triglycerides, as in, e.g., sunflower, 

were treated with mofecular oxygen to generate fatty-acid hydraperoxide groups. 

Oil-acrylic hybrid latexes were formed using fatty-acid hydraperoxides as 

initiators for the mini-emulsion polymerization of acrylics in an ROOH!Ffl+

EDT AISFS redox system. The mini-emu/sion system was established with n

hexadecane as hydrophobe. The kinetics of the mini-emulsion polymerization 

and the characteristics of the particfes were examined. Cryogenic transmission 

electron microscopy (cryo-TEM) anafysis of the hybrid latexes obtained by 

initiation with the fatty-acid hydraperoxides did not show intrapartiele 

heterogeneity. lnitiation by tert-butyl hydraperoxide resuited in the formation of 

heterogeneaus particles. This indicates that the use of fatty-acid hydraperoxides 

resulted in the formation of oi/-acrylic copolymer, which acted as a compatibilizer. 

lt is concluded that the use of fatty-acid hydroperoxide-initiated mini-emulsion 

polymerization provides a promising system of combined a/kyd-acrylic properties. 

; This chapter has been published: 

E.M.S. van Hamersveld, J.J.G.S. van Es and F.P. Cuperus, Colloids and Surl. A, 151 (1-3), (1999) 285. 
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3.1 Introduetion 

The development of a waterborne coating system which combines the positive 

properties of oils or alkyd resins (e.g., autoxidative curing, high gloss and 

penetratien in wood} with the tast drying and color retentien of acrylic latexes has 

been the object of several studies during recent years [1-6]. Generally, it is 

believed that the positive properties of both systems can best be combined in a 

homogeneous mixture of the oîl, or alkyd, resin and the acrylic polymer. 

However, such a homogeneous mix is opposed by the incompatibility of the 

acrylic polymer and the alkyd resin. 

In the past several approaches have been used to solve this problem. A detailed 

description of the different approaches used was presented in Chapter 1 of this 

thesis. The approaches of Buter [1] and of Weger et al. [2,3] were basedon the 

organic synthesis of an alkyd-acrylic copolymer by graft polymerization of acrylic 

onto conjugated fatty-acids, and by copolymerization of acrylics with fatty-acid

functionalized acrylics, respectively, foliowed in both cases by synthesis of the 

alkyd. After synthesis these co-polymers were emulsified. In both cases this 

resulted in particles with a core-shell structure. 

The process of emulsion polymerization was used by Nabuurs [4]. He first 

formed an alkyd emulsion by homogenization. The alkyd emulsions were used 

as a 'seed' for the batch- and semi-batch emulsion polymerization of acrylics 

initiated by a water-soluble initiator. This process of 'alkyd emulsion-seeded' 

polymerization resulted in the formation of a secondary generation of all-acrylic 

particles. lt was argued that depending on the surfactant, either micellar or 

homogeneous nucleation occurred. When using build-in surfactant, formation of 

a secondary generation of all-acrylic particles was not observed. However, phase 

separation between the oil and the pMMA did still occur. Possibly, the extent of 

gratting rasuiting trom the polymerization of the acrylic in the presence of the 

alkyd was not sufficient to oompatibilize the two. By initiation from the alkyd it 

was expected that a higher degree of gratting and more homogeneous partiele 

morphology would be obtained. 

The previous studies show that the chance of obtaining homogeneous oil-acrylic 

hybrid latexes by emulsion polymerization increases when two criteria are met. 

First, the oompatibility of the oil, or alkyd, resin and the acrylic polymer has to be 

increased. Second, the nucleation process has to be controlled. 

ft is welf established [7-11] that in mini-emulsion polymerization the main loci of 

nucleation are the sub-micron monomer droplets. A mini-emulsion is formed by 

using a mixed surfactant system (ionic surfactant and non-ionic hydrophobe or 
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co-surfactant) and high shear. Higuchi and Misra [12] have shown that ditfusion 

of the monomer (Ostwald ripening) is retarded by the addition of the hydrophobe 

(or co-surfactant), a compound with low water solubility. Cetyl alcohol and 

hexadecane have often been used as hydrophobes and, more recently, Milier et 
al. [13-15] introduced the additional use of a small amount of polymer beside to 

the hydrophobe. Homogeneous nucleation can further be reduced by using an 

oil-soluble initiator [9] and redox initiation [16]. Recently, Wang et al. [6] have 

reported the mini-emulsion polymerization of acrylles in the presence of an alkyd 

resin. The stability of the mini-emulsion using pMMA as hydrophobe compared 

to a macro-emulsion was described. lnitiation of the mini-emulsion by sodium 

persulfata resulted in the formation of alkyd-acrylic hybrid latex. However, the 

morphology of the resulting alkyd-acrylic hybrid latex was not discussed. 

In this chapter the results of mini-emulsion polymerization of MMA in the 

presence of partly oxidized sunflower oil are described. The hydroperoxide 

groups of the sunflower oil were used as oil-soluble initiator in a fatty-acid hydro

peroxide/Fe2+/ethylenediaminetetraacetic acid/sodium formaldehyde sulfoxylate 

(SFO-HP/Fe2+-EDTAISFS) redox initiation system. The use of fatty-acid 

hydroperoxlde as oil-soluble initiator is intended to result in the formation of 

sunflower oil-poly(methyl methacrylate} block copolymers, which could then act 

as compatibilizer in the oil-acrylic hybrid particles. The kinetics of the SFO

HP/Fe2+·EDTAISF8-initiated mini-emulsion polyrnerization of MMA in the 

presence of sunflower oil has been investigated. The effect of using fatty-acid 

hydroperoxides as initiating groups on the partiele morphology is compared with 

the morphology of particles resulting trom a tert-butyl hydroperoxide-initiated 

mini-emulsion polymerization. 

3.2 Experlmental 

3.2.1 Materlala 

Sunflower oil (SFO, Rhenus B.V., The Netherlands) was purified by fiJtration over 

a florisil (Merck) column. Sodium dodecyl sulfate (SOS: Fluka BioChemica, very 

pure), ethylene diaminetetraacetic acid disodium salt (EDTA: Merck), sodium 

formaldehyde sulfoxylate (SFS: Merck), sodium hydrogencarbonate (Boom B.V.), 

terrous sulfate (Merck), hexadecane (HD: Merck), tert-butyl hydroperoxide (t

BHP, 70%, Merck) and hydroquinone (Aidrich) were used as supplied. 
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The monomar methyl methacrylate (MMA: Merck), inhibited with 100- 200 ppm 

of hydroquinone, was purified by tiltration over an inhibitor rernoval column 

(Aidrich). Reagent grade water was obtained using a Waters Millipare purifying 

system. 

3.2.2 Sunflower Oil Oxidation 

The oxidation of sunflower oil was performed as described in the previous 

chapter [17]. 

3.2.3 Mini-Emulslon Preparetion and Polymerlzation 

The general recipe for the mini-emulsion polymerizations is shown in Table 3.1. 

The oil (oxidized SFO-HP with a known HPV or non-oxidized SFO) was mixed 

with the monomer and the hydrophobe. An emulsion was created by dispersing 

the oil-monomer salution into an SOS-water solution. The emulsion was 

sonificated (Branson Sonifier 250, 70% duty cycle) for 2 minutes while cooling in 

a water bath and subsequently passed through a high-pressure homogenizer 

(NS 1001-Panda, Niro-Soavi) for five recycle passes. The homogenizer was 

operated with the primary stage emulsification valve at 50 bar and a secend 

stage homogenization valve at 500 bar. 

The mini-emutsion was transferred into a 250-mL four-necked glass reactor that 

was equipped with a condensar plus nitrogen outlet, a nitrogen inlet tube, a 

thermometer and a machanical stirrer. A concentraled salution of SFS was 

added and the system was purged with nitrogen and heated to 30 oe. A teflon®

coated paddie stirrer eperating at 200 rev./min provided agitation. 

The polymerization was started by the subsequent addition of SFS and 

complexed Fe2+ trom concentrated solutions in water ([SFS] = 2.5 M, [Fe2+] = 25 

mM). At intervals, samples were taken tor measuring the conversion and tor 

analyzing the partiele size of the mini-emulsion. The conversion was measured 

gravimetrically. The samples were injected into a pre-weighed aluminum dish 

containing an aqueous 1% (w/w) hydroquinone solution. Befare measuring the 

dry solids content the samples were dried tor 24 h at room temperature and for 

12 h at 40 oe in vacuum (25 mbar). 
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Table 3. 1. Typical Recipe tor Mini-Emu/sion Polymerization 

Amount Concentrat ion 

(mMa) 

HaO(milli 0) 200g 

Methyl methacrylate (MMA) 25g 

Sunflower oil (SFO/ SFO-HP)b 25 g 

NaHCOs 0.336g 20 

Sodium docecyl sulfata (SOS) 0.404g 7 

Hexadecane (HO) 0.96 g 21 

FeS04x6H20 0.014 g 0.25 

EOTAx2Na 0.039g 0.53 

Sodium formaldehyde sulfoxylate 0.177 g 7.5 

Tett-butyl hydroperoxyde (t-BHP)b 82.1 J!L 3 

a) Concentrations based on water 

b) In case of initiation by fatty-acid hydroperoxide, oxidized sunf/ower oil (SFO-HP) was used 

insteadof tert-butyl hydroperoxide 

3.2.4 Analysis 

Droplet and Partiele Size 

Partiele size analysis was performed by dynamic light scattering using a Malvern 

Autosizer llc (Malvern lnstruments). The Z-average partiele size and the 

polydispersity of the draplets and particles were determined using the cumulant

method (18, 19]. Prior to measurement the sample was diluted 100-500 times 

with water to obtain the desired translucence. lf the conversion was less than 

80% a smal! amount of an aqueous 1% (w/w) hydroquinone salution was added 

to the latex and residual monomer was removed under vacuum by rotary 

evaporation. All partiele size measurements were obtained at 25 °C. 

"fhe morphology of the pre-emuision and the hybrid particles was examined with 

cryogenic Transmission Electron Microscopy (TEM) according to procedures 

described by Frederik et af. [20,21]. 
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Molecular Weight 

Oligomers and polymers obtained during oxidation and mini-emutsion 

polymerization were dissolved in THF at a concentration of 0.1 g/ml. The 

molecular weight was determined using gel permaation chromatography [GPC; 

Waters; columns: 300 x 7.5 Plgel (Polymer Laboratories), 103 and 102 A 
(Chrompack); calibrated using polystyrene standards (Polymer Laboratories)]. 

3.3 Results and Discussion 

3.3.1 Sunflower Oil Oxidation 

The reaction of organic compounds with 02 is known as autoxidation. The 

primary product of the autoxidation reaction of unsaturated fatty·acids is a fatty

acid hydraperoxide [22]. During autoxidation the formation of hydraperoxides is 

foliowed by decomposition of the hydraperoxide and a complex sequence of 

radical reactions [23]. A detailed description of the reactions taking place during 

autoxidation is presented in Chapter 2 of this thesis. 

In the present study autoxidation was used to forma Jimited amount of fatty-acid 

hydraperoxide groups without cross-link formation in the oil phase. The 

hydraperoxides thus obtained were used as initiators during the mini-emutsion 

polymerization. However, the ability of the oil to form a cross-linked structure by 

autoxidation after application had to be maintained. In practice this meant that 

only a tew percent of the available double bonds could be used tor formation of 

hydraperoxides and that dissociation of the hydraperoxides to form a network 

had to be avoided. From previous studies on hydraperoxide formation in oil and 

oil emulsions, it was concluded that hydraperoxide formation can best be 

performed with molecular oxygen at 50 °C [24]. At this temperature the rate of 

hydraperoxide formation is slow, but dissociation is avoided. 

Oils with HPVs ranging trom 200 to 1500 J.lmole 0/2 kg of oil were synthesized. 

Different HPVs refer to different concentrations of initiator groups. Hence, oils 

with different HPVs were used to study the effect of initiator concentration on the 

rate of polymerization. 
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3.3.2 Mini·Emulsion Polymerization 

3.3.2.1 Monomar Droplet Formation 

In the mini-emutsion polymerization of MMA in the presence of sunflower oil 

mixing was provided by sonification foliowed by homogenization. The monomer, 

the hydrophobe (n-hexadecane) and the resin were mixed with the surfactant

water salution according to the recipe described in Table 3.1. The mixture was 

sonificated for 2 minutes and passed through a high-pressure homogenizer, 
oparating at a pressure of 500 bar, for five recycle passes. During 

homogenization a turbulent flow is generated, which results in the break up of the 

oil-monomer droptets [26]. The average droplet size of the mini-emulsions after 

homogenization was approximately 130 nm, as determined by DLS. A typical 

number-average size distribution of a monomer-oil emulsion after 

homogenization is shown in Figure 3.1. 
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Figure 3.1. Number-average size distribution of SFO-MMA mini-emutsion after 

homogenization. 

A qualitative analysis of the homogeneity and the average partiele size of the 

mini-emutsion droptets prior to polymerization was obtained by cryogenîc 

transmission electron microscopy (cryo-TEM). With the use of cryo-TEM it is 

possible to analyze partiele morphology of monomar-droptets and emulsions 

without extensive pre-treatment. A thin aqueous film of the emulsion was fixated 
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by vitrification in liquid ethane and imaged at -170 °C. This technique is 
especially useful when working with monomer-droplets and with emulsions, 

which contain low molecular weight components such as vegetabla oils. For 

analysis with conventional TEM techniques these emulsions would require 

extensive chemica! fixatien by staining and drying. This could result in changes in 

microstructure. In Figure 3.2 a cryo-TEM image of an oil-acrylic monomar 

emulsion is presented. The image shows that the mini-emutsion dropiets were 

homogeneaus and confirmed the size of the droplets, as measured with DLS. A 

quantitative analysis of the average droplet size was not made using cryo-TEM 

images because of the possible occurrence of size segregation in the sample 

[27]. 

Figure 3.2. Cryo-TEM image of monomerdrop/ets of SFO-HP I MMA mini-emulsion after 

homogenization (20 % wlw). Standard recipe with HPV = 730 Jlmo/e active 012 kg of oil, 

ratio SFO-HP : MMA = 50 : 50 wlw. 
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Using the method reported by Ugelstad et al. [7] the relationship between the 

monomar droplet sizes and the distribution of emulsifier molecules was 

calculated for our system. Table 3.2 shows that for oil-monomer droplet sizes 

below 0.7 11m all emulsifier molecules are needed to cover the droplet surface. 

For the size of monomer-oil dropiets obtained after homogenization a surface 

coverage of 20% was calculated. From these calculations it follows that 

surfactant has the tendency to be located at the surface of the particles, rather 
than being molecularly dissolved. Nucleation will therefore mainly take place in 

the monomer-oil droptets (droplet nucleation). 

Table 3.2. Calculated Sufface Coverage of Emulsifiers" 

Average 

diameter of Numberof Number of emulsifier molecules per cm3 of H20 

oil-acrylic dropiets per cm3 Droplets Aqueous phase Surface Coverage 

dropiets (l!m) of H:~O x 1 o·12 x 10"18 x 10"18 (%) 

2 0.06 1.50 2.72 100 

0.48 3.00 1.22 100 

0.7 1.39 4.28 98.4 

0.5 3.82 6 70.0 

0.2 59.97 15 28.1 

0.15 141.50 20 21.1 

0.1 477.50 30 14.1 

a) Assumptions: (1) One SDS molecule wil/ occupy an area of 50 Á2 of the sufface of the 

drop/et, (2) all droplet surface is fully covered with SDS, (3) the amount of monomer 

dissolved in the aqueous phase is negligible 

3.3.2.2 Partiele Morphology 

The cryo-TEM image shows the monomer-oil droptets before polymerization, and 

suggests a homogeneaus structure. In order to determine the effect of initiatien 

by the triglyceride molecules, the partiele morphology of particles rasuiting trom 
SFO-HP-initiation and from t-BHP-initiation were studied. Figure 3.3 shows the 

images of the cryo-TEM analysis of the particles rasuiting trom t-BHP-initiated 

(Figure 3.3a) and trom SFO-HP-initiated (Figure 3.3b) mini-emutsion 

polymerizations. 

Since no specific staining or colaring was used in the cryo-TEM analysis of the 

particles the contrast between the different phases of the particles is small 
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(determined by specific interactions between the electron beam and the 
specimen). However, in Figure 3.3a it can clearly be seen that the t-BHP-initiated 

particles are not homogeneous. The image shows spherical particles that are 

composed of a dark colared area and a light colared area. Depending on the 

spatial orientation of the partiele the light colared area is located at the side of the 

particles ar in the center. For particles oriented with the light colared area at the 

side it was observed that the light colared phase was nat protruding from the 

partiele but that particles were truly spherical. Theretore, it was concluded that 

the morphology of these particles could best be described as core-shell. The 

care, however, was nat necessarily located in the center. 

In contrast to the results obtained tor the t-BHP-initiated system, the SFO-HP

initiated system shows na visibly separated domains (Figure 3.3b). These results 

indicate that initiation by fatty-acid hydraperoxide groups resulted in the 

formation of particles with a more homogeneaus morphology. lnitiation by fatty

acid hydraperoxides results in the formation of triglyceride-modified acrylic 

molecules. During polymerization only a few percent of the triglyceride molecules 

contain a hydraperoxide group available tor initiation [28] and, of these, only a 

small fraction would be used for initiation. However, the cryo-TEM analysis 

suggests that the small amount of oil-acrylic co-polymers thus obtained is 

enough to ensure compatibilization within the oil-acrylic hybrid particles. 

A B 

Figure 3.3. (a) Cryo-TEM image of hybrid latex of SFO and pMMA initiated by t-BHP. (b) 

Cryo-TEM image of hybrid latex initiated by fatty-acid hydraperoxides (SFO-HP). 
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3.3.2.3 Mini-emutsion Polymerization of MMA lnitiated by Fatty-Acid 

Hydraperoxide Groups 

The redox initiatien system hydroperoxide/sodium formaldehyde-sulfoxylate 

(SFS)/ EDTA-chelated Fe2
+ was chosen in this study. lt enabled the use of fatty

acid hydraperoxides as initiating groups, resulting in the in situ formation of 

compatibilizing molecules. In the past this redox system has been used in 

several studies with various hydraperoxides [29-31 ]. Andersen and Praetor [29] 

were the first to study the kinetics of this system. Recently, Wang et al. [31] 

publishad a detailed kinatic study on the mini-emutsion polymerization of styrene 

initiated by the cumene hydroperoxide/Fe2
+ -EDT A/SFS redox system. They 

described the initiatien processas taking place at the interface between the oil 

and aqueous phases and found that aqueous phase nucleation was reduced by 
using an oil-soluble hydraperoxide initiator. 

In this study the effect of the polymerization temperature, the concentratien of 

SFS, the HPV and the Fe2
+ concentratien on the rate of polymerization were 

studied for the SFO-HP-initiated mini-emutsion polymerization of MMA. The 

results of the partiele size and size distribution analysis and the measurements of 

the molecular weight of the pMMA formed at various conditions are shown in 

Table 3.3. The conversion vs. time curves of MMA tor the polymerizations are 

presented in Figure 3.4a-d. For all of the conversion vs. time curves it was 

observed that no gel effect occurred and that 100% conversion was not reached. 

Also, in the mini-emutsion copolymerization of acrylics in the presence of alkyd 

resin, reported by Wang et al. [6], the gel effect was not observed. Therefore, it 

was assumed that in the presence of oil or alkyd the heat of reaction could be 

removed effectively in the latex particles. A possible explanation for the limited 

conversion was given by Wang et al. [31]. They observed the same limited 

conversions in the redox-initiated mini-emutsion polymerization of styrene and 

described this as being caused by the formation of a glassy polystyrene layer in 

the outer layer of the particles. In accordance to this, the limited conversion 

observed in our system could be caused by the formation of glassy poly(methyl 

methacrylate) in the outer layer of the partiele hindering the ditfusion of the 

monomer and the fatty-acid hydraperoxide to the surface. However, in the 

system of Wang and Schork et al. [6], which used MMAIBA with a glass 

transition temperafure of less than room temperature, the limited conversion was 

also observed. Schork also observed this effect with polyester- and urethane

acrylic hybrids [32]. These results suggest that the observed limited 
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Figure 3.4. Conversion vs. time curves tor (A) various concentrations of SFS; (B) various 

concentrations of Fe2+; (C) various temperatures; and (D) various hydraperoxide 

concentrations. Standard conditions: T = 30°C; [SFS] = 7.5 mM; [Fe]= 0.25 mM; HPV = 
1300 11mole OI 2 kg of oil. 

converslons can also be caused by chain transfer. In the present case, chain 

transfer to the 1 ,4-double bonds present in the fatty-acid chains, resulting in a 

non-reactiva allylic radical, may be the cause. With decreasing of monomer 

concentratien at higher conversion the chance of chain transfer to fatty-acid 

chains increases. 

The mechanism of interfacial initiatien of the mini-emulsion polymerization of 

styrene initiated by CHP was described by Wang et al. [31] as consisting of three 

stages, i.e., diffusion, initiatien and regeneration. Ditfusion of the different 

components through either the water or the oil phase to the interface was 

considered as the first stage. This was foliowed by generation of tree radicals 

and initial polymerization at the interface in the second stage andregeneratien of 
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the Fe2
+ by the SFS in the aqueous phase in the third stage. The schematic 

representation of the initiation process at the interface as proposed by Wang et 

al. [31] is redrawn for our system in Figure 3.5. 

Interface 

Aqueous Phose Oil Phase 
: 

SFSX EDTA-Fe2+ Jl c HP-8FO 

EDTA-Fe3+ i ROe + M __,.. 
: 

I 
i 
! 

PI• __,.. PI 

Figure 3.5. Schematic representation of the inftiation process at the water-oil interface. 

Table 3.3. Data of the Average Partiele Size and Partiele Size Distribution, Number

Average (Mn) and Weight-Average (Mw) Molecular Weights of the pMMA Fraction of 

SFO-HP-Initiated Mini-Emu/sion Polymerizations of MMA under Various Conditions. 

Variations8 Z-Average Pofydis- Mn Mw 
~[SFS]b ~[Fe] ~T(oC) ~HPV (nm) Persity (x 10'3) (x 10'3) 

10 122.7 0.107 46.8 146.0 

50 153.4 0.087 43.7 138.6 

7.5 0.73 165.6 0.153 41.9 .129.4 

7.5 0.49 164.4 0.139 43.9 135.8 

7.5 0.25 30 1300 140.3 0.135 41.3 123.7 

40 159.1 0.151 39.5 132.1 

50 124.9 0.120 38.6 126.9 

350 131.2 0.171 60.6 190.1 

560 52.3 158.3 

762 53.5 141.4 

1261 43.4 111.9 

a) Standard conditions: T = 30 °C; [Fe]= 0.25 mM; [SFS] = 7.5 mM; HPV = 1300 pmole 0/2 kg 

ofoil 

b) HPV = 1225 J1mDie 012 kg of oil 
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Figure 3.4a suggests that a variatien in the concentratien of SFS did not affect 

the rate of polymerization. This is in contrast to the observations of Wang et al. 

[31]. Figure 3.4b shows that the concentratien of Fe2
+ did not have a large effect 

on the rate of polymerization either. Since neither the SFS concentratien nor the 

Fe2
+ concentratien influenced the polymerization rate, it was concluded that the 

ditfusion of the components through the water phase in the first stage and the 

regeneratien of Fe2
+ in the third stage of the initiatien mechanism were not of 

influence in the SFO-HP-initiated mini-emutsion polymerization of MMA, in 

contrast to the observations of Wang et al. [31]. 

Figure 3.4c and Figure 3.4d show that the polymerization rate increased with 

temperafure and with HPV (concentration of ROOH). The initia! polymerization 

rate was found to depend on the 1.65 power of the concentratien of ROOH trom 

the slope of the curve of the logarithm of the polymerization rate vs. the HPV, as 

shown in Figure 3.6. 
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..5 ·2.7 • 

·2.9 
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Figure 3.6. Logarithmic plot of Rpi vs. [OOH}. 

In addition, Table 3.3 showed that the molecular weight of the PMMA decreased 

with increasing concentration of ROOH. From the above observations it was 

concluded that, according to the initiatien mechanism described by Wang, the 

rate polymerization would be determined by the ditfusion of the SFO-HP through 

the oil phase, or by the generation of free radioals at the oil-water interface. A 

triglyceride molecule is a relatively large molecule (Mw - 900). Therefore it 

seems likely that in the mini-emulsion polymerization of MMA initiated by fatty

acid hydraperoxides in an ROOH/Fe2+·EDTA/SFS redox system, ditfusion of the 

fatty-acid hydraperoxide to the oil-water interface is the limiting step in the 

initiatien mechanism. 
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After dialysis of the polymerized hybrid latexes it was found that 4-7% of the 

initia! hydraperoxide groups were still present. This means that during 

polymerization most of the hydraperoxide groups were used for initiation. This 

may also indicate that in the course of the polymerization the ditfusion of initiator 

groups to the water-oil interface was limited. The presence of residual 

hydraperoxides is expected to be beneficia!: as they are intermediate groups in 

the autoxidative cross-linking it is very well possible that the non-used 
hydraperoxide groups will decrease the overall cross-linking time of the hybrids 

after application. 

3.4 Conclusions 

From the study presented in this chapter it was concluded that oil-acrylic hybrid 

latexes could be formed using fatty-acid hydraperoxides as initiating groups for 

the mini-emutsion polymerization of MMA. During polymerization nucleation 

predorninantly, if not exclusively takes place in the monomer-oil droplets. The 

use of fatty-acid hydraperoxides as oil-soluble initiators in the ROOH/Fe2
+

EDTAISFS redox initiation system results in the formation of triglyceride-modified 

poly-acrylic molecules. These molecules act as compatibilizers between the oil 

phase and the pMMA phase resulting in more homogeneaus particles. The 

ditfusion of the fatty-acid hydraperoxide molecules from the oil phase to the on

water interface probably determines the rate of polymerization. Only a smal! 

number of the available sites for cross-linking of the oils are used for initiation of 

the mini-emulsion polymerization and, therefore, the autoxidative cross-linking 

capabilities of the oils are not significantly affected. 
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CHAPTER4: MORPHOLOGV DEVELOPMENT OF FILMS 

PREPARED FROM ALKVD-ACRVLIC HVBRID LATEXES: 

SURFACE PROPERTIESi 

Abstract 

This chapter describes the research performed on the synthesis of film forming 

alkyd-acrylic hybrid emutsions and on the analysis of the surface properties of 

dry films trom these hybrids. Mini-emu/sion polymerization was used tor the 

preparation of alkyd-acrylic hybrid latexes with compositions varying trom 25 w% 

to 75 w% of alkyd resin. The hybrids were prepared using EMA as monoroer with 

either intemal initiation by fatty-acid hydraperoxides or extemal initiation by tert

butyl hydraperoxide in an ROOH!Fti+-EDTAISFS redox system. For particles 

prepared with either initiation system a homogeneaus partiele morphology was 

observed using cryo-TEM. 

Atomie force microscopy (AFM) was used to study the topography and surface 

morphology of films prepared trom the hybrid latexes and of individually 

adsorbed particles. lt was shown that phase separation between the alkyd resin 

and the acrylic polymer occurred during adsorption and drying of individual 

particles. ESCA ana/ysis and contact angle measurements of surfaces (top and 

bottom) of films prepared on hydrophilic and hydrophobic glass suggested phase 

separation between the alkyd resin and the acrylic polymer and migration of 

surfactanis to the surfaces. 

; Part of this chapter has been accepted tor publication: 

E.M.S. van Hamersve/d, J.J.G.S. van Es, A.L German, F.P. Cuperus, P. Weissenborn, and A.-C. Hellgren, 

Prog. Org. Coat., (1999). 
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4.1 Introduetion 

The ongoing research on the development of high performance binders for low 

VOC waterborne coatings has most recently focused on binders consisting of 

two, or more, chemically different components. Examples of such waterborne 

binders are blends of latexes of low Tg and high Tg polymers [1-3), 

polyurethane-acrylic hybrids [4-7), and alkyd-acrylic hybrids [8-14]. The 

combination of two, or more, components creates the opportunity to combine 

specific properties of each of the components and/or to reduce the need tor 

additives. Often, one of the components ensures good film formation and 

reduces, or eliminates, the need tor organic coalescing agents. Other properties, 

tor instanee hardness, are incorporated in the second component. 

The successful use of binders consisting of two, or more, components depends 

on the synergistic effects of the components that can be realized. For waterborne 

binder systems these synergistic effects wilt be determined predominantly by the 

morphology of the blend or the hybrid prior to application and by the changes 

that take place during film formation. For example, blends of acrylic latexes of 

high Tg and low Tg gave films that showed hard spheres embedded in a soft 

matrix [3]. The morphology of the coating will also be determined by the degree 

of deformation of individual particles during film formation (15]. Therefore, it is 

important to study how the partiele morphology of hybrid particles can be 

translated to film morphology and film properties after film formation. 

Research on the preparation of oil-acrylic hybrid latexes in our Iabaratory [16] 

has shown that for the system comprising poly(methyl methacrylate) (pMMA) and 

sunflower oil the morphology of the hybrid particles can be controlled by proper 

choice of the type of hydraperoxide used. Use of tert-butyl hydraperoxide (1-BHP, 

external initiator) in an iron-EDTA/SFS redox system resulted in particles that 

showed phase separation, whereas initiatien by sunflower oil hydraperoxide 

(SFO-HP, internat initiator) resulted in a homogeneaus partiele morphology. 

This chapter describes the preparatien of film forming alkyd-acrylic hybrid latexes 

using mini-emutsion polyrnerization of EMA in alkyd-monomer draplets and the 

film formation of the hybrids thus obtained. Initiatien of the polymerization was 

accomplished by using fatty-acid hydraperoxides or tert-butyl hydroperoxide. The 

morphology of the hybrid particles was studied using cryo-TEM. The film 

formation was studied by analysis of the surface properties of films applied trom 

the hybrid latexes. Analysis of the bulk properties of films trom the hybrid latexes 

wiJl be described elsewhere [17]. The surface properties were analyzed by 

atomie force microscopy (AFM), ESCA and contact angle measurements. 
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First, an introduetion to the film formation process of polymer latexes is given, 

foliowed by that of waterborne alkyd resins, as a number of distinct ditterences 

exist. 

4.2 Film Formation 

The formation of a coherent film from waterborne latexes or alkyd resin 

emulsions is an important aspect in the formation of a coating. During film 

formation the water evaporates and particles in the latex start packing. For both 

polymer latexes and resin emulsions the film formation process can be described 

as occurring in three stages. 

4.2.1 Film Formation of Polymer Latexes 

Film formation from polymer latexes is a complex multistage process. Because of 

the industrial importsnee of polymer latexes this process has been the subject of 

various studies in the past 40 years. Various models have been proposed to 

describe the process. However, discussions still remain as to the exact 

mechanisms that determine the transformation of a colloldal polymer dispersion 

into a polymer layer with good cohesive properties. lt is now generally accepted 

that the process of film formation of polymer latexes can be described as 

occurring in three stages. An idealized representation of the different stages 

involved in the film formation process is presented in Figure 4.1. 

Stage 1. In the initial stage water evaporates and the concentration of the 

particles increases. With the evaporation of the water, the inter-partiele distance 

decreases, until the particles come into contact with each other. This results in a 

dense packing of particles with water filling the interstices. 

Stage 2. The second stage involves the evaporation of the interstitial water along 

with the deformation and compaction of the particles. This stage, also called 

coalescence, results in a honeycomb-like structure of deformed particles. The 

exact mechanism of the relation between the partiele deformation and the water 

loss is still subject of discussion. 

Stage 3. The final stage involves interditfusion of macromolecules across 

partiele-partiele boundaries, leading to a homogeneaus continuous film. During 

this stage the honeycomb structure diseppears and the mechanica! strength of 

the film increases. 
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A 
Water Evaporation 

B 
Partiele Deformation 

c 
Autohesion 

1) Evaporation 2) Percolation 

3) Dense Packing 4) Coalescence 

5) Autohesion 6) Homogeneaus film 

Figure 4.1. /dealized representation of the film formation processof polymer latexes. 

Many theoretica! and experimental investigations have been devoted to these 

three different stages. 

Most of the theoretica! work performed on film formation has been aimed at 

describing the deformation of densely packed particles during the evaparatien of 

interstitial water in the coalescence stage. Dobler and Hall have presented a 

detailed review of the literature dealing with the deformation step in 1996 [15]. A 

brief description of the main theories, namely the dry sintering theory by Dilion et 

al. [18], the capillary theory by Brown [19], the wet sintering theory by Vanderhaft 

et al. [20,21 ], and Sheetz's surface layer theory [22] is presented below. 

Dilion and co-workers [18] proposed the dry sintering theory in 1951. The theory 

was based on drying of the latex prior to the deformation of the particles. 

According to the theory the particles are deformed by viseaus flow driven by the 

partiele-air interfaciel tension. 

Brown [19] criticized this theory, because deformation was also observed tor 

slightly cross-linked particles. In the capillary theory of Brown the deformation of 

particles and the evaporation of water occur simultaneously. Deformation of the 

particles was suggested to occur when the promoting torces for deformation are 

stronger than the resisting farces. The capillary pressure, determined by the 
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interfacial pressure of the air-water interface and the radius of the particles, was 

considered as the main promoting force. 

In the wet sintering theory of Vanderhaft et al. [20,21] the evaporation of water 

and the deformation of particles also occurred simultaneously. The main driving 

force for deformation in this theory was suggested to be the partiele-water 

interfacial tensions. The Laplace equation was used to show that polymerie 

material is pushed from the center of the partiele to the contact area, thus 

increasing the size of this area and deforming the particles. 

The theory of Sheetz [22] involves the formation of a surface layer of deformed 

particles formed by capillary farces. This surface layer covers the drying latex. In 

order to leave the latex water has to diffuse through this layer. This leads to an 

osmotic pressure that causes the deformation of particles beneath the layer. 

As mentioned in the beginning of this section the deformation of particles during 

film formation is still a point of discussion in literature. The main theories 

described above were proposed in the 1960s. The werk publishad after this time 

has not resulted in new main theories. However, this work has resulted in 

verification and/or impravement of the different main theories. A review of these 

verifications and improvements is presented by Dabbier and Holl [15]. 

Experimental research performed on film formation of polymer latexes has been 

aimed at all three stages of film formation. Traditionally film formation was 

studied by measuring the evaporation rate of water [23-28] and the build-up of 

machanical strength [26] and barrier properties [25,28] of the film. This was 

combined with analysis of the film structure by electron microscopy (SEM, TEM) 

[28,29]. In recent years several new experimental techniques have been 

developed tor the analysis of the wet stage packing and deformation of particles 

in Stage 2 and for analysis of the interditfusion of polymer chains and 

development of mechanica! properties in Stage 3. These techniques include 

dielectric analysis [26,30,31], environmental scanning electron microscopy 

(ESEM) [23,32-35], cryogenic electron microscopy [36,48], neutron scattering 

(SANS) [29,37-39], ellipsometry [23,32,33], dynamic machanical analysis 

(DMTA) [29,40-43], minimal film formation temperafure measurements (MFFT) 

[44-46], UV-visible transmission measurements [47,28], direct fluorescence 

energy transfer measurements (DET) [48-54] and atomie force microscopy 

(AFM) [4,6,28,55-60]. The use of these techniques has resulted in a more 

detailed understanding of the parameters influencing the film formation process. 

For instance, Keddie et al. [23,32,33] introduced the existence of an intermediate 

stage, defined as 11', depending on the MFFT of the polymer particles and the 

conditions (humidity and temperature) of film formation. Detailed reviews on the 
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recently developed experimental techniques and rasuiting advances in the 

studies on film formation of polymer latexes were presented in 1997 by Richard 

[61] and Winnik [62]. 

4.2.2 Film Formation of Alkyd Emulsions 

The process of film formation of alkyd emulsions, or emulsions of other low 

molecular weight resins, has received less attention in literature. The only model 

described until now, was proposed by Beetsma and Hofland [63-65]. This model 

is based on the reversion of the process of emulsification by phase inversion 

[66]. The film formation of alkyd emulsions can be described as occurring in 

three stages. An idealized representation of the various stages of film formation 

of alkyd emulsions is shown in Figure 4.2. 

Stage 1. In the initia! stage water evaparatas and the concentratien of particles 

increases. This stage is similar to Stage 1 of film formation of polymer latexes. 

Stage 2. At a certain concentration of water the alkyd droptets wil! come into 

contact with each ether and partial interfacial ditfusion of alkyd chains will take 

place: the oU-in-water (0/W) emulsion inverts to a water-in-oil (W/0) emulsion. 

This transition involves a one-phase system, a bicontinuous micro-emulsion of 

the aqueous phase and the oil phase. The occurrence of this phase inversion 

depends on the droplet viscosity (pseudo Tg). For instance, short oil alkyds may 

notinvert (resin is solidat room temperature). 

Stage 3. The final stage involves the evaporation of the water from the aqueous 

domains in the water-in-oil emulsion. Transport of water to the surface takes 

place by means of diffusion. The build-up of mechanica! strength of the alkyd film 

takes place by autoxidative drying after Stage 3. 

Visual evalustion of the drying of alkyd emulsions on a glass or quartz plate was 

presenled as experimental argumentation for the model described (64,65]. After 

some time four different stages were visible on the plate. The central zone of the 

drying film consists of an 0/W emulsion and has a white color. This zone is 

surrounded by a gray W/0 phase. Between the two phases a transparent zone is 

observed: the bicontinuous phase. In this bicontiuous phase the composition of 

the film is such that the water and oil are miscible in a metastable sense. The 

inhomogeneities in this phase are smaller than the wavelength of visible light, 

which results in a transparent phase. In the outer zone of the film also a clear film 

was observed. Weight loss measurements and optica! microscopy were also 

used to study the film formation of alkyd emulsions by Caprati et al. [67]. 
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1) Water Evaporation 

Phase Inversion 

2) Transition State 

3) W/0 Emulsion 

4) Homogeneaus Film 

Figure 4.2. ldealized representation of the film tonnation process of alkyd emulsions. 

However, these results were not used to describe a model for the process. 

The major difference between the film formation of polyrner Jatexes and that of 

alkyd emulsions is the disappearance of the interfaces between the alkyd 

droplets upon concentration by water evaporation in Stage 2 of the film formation 

process. Because of the low viscosity of the alkyd, chains of different droptets 

can rnerge within a few seconds. Also, during Stage 3 of film formation of alkyd 

emulsions it is suggested that transport of water is realized by means of 

diffusion. For polyrner latexes, on the other hand, this transport takes place by 

capillary flow. 
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4.3 Experimental 

4.3.1 ~aterials 

Rhenus B.V. (Dodewaard, The Netherlands) kindly provided the sunflower oil 

(SFO). Before use the sunflower oil was purified by flitration over a florisil column 

(Merck, Belgium). Oxidized sunflower oil (SFO-HP, HPV = 1225~-tmole 0/2 kg of 

oil [68]) was prepared according to the procedure reported in Chapter 2 of this 

thesis. The alkyd resin was kindly supplied by DSM Resins (AH98, Zwolle, The 

Netherlands). The alkyd resin wasbasedon mixed fatty acids and pentaerytritol 

with an oil length of 83%, an acid value of 9.3 mg of KOH/g and a hydroxyl 

number of 29.2 rng of KOH/g. Sodium hydrogencarbonate (NaHCOa, 99.5%, 

Merck, Germany), sodium dodecyl sulfate (SOS, 99+%, Merck, Germany), 

ethylene-diaminetetraacetic acid disodium salt (EDTA, 99+%, Aldrich, Belgium), 

sodium formaldehyde-sulfoxylate (SFS, 97%, Merck, Germany), terrous sulfate 

hexahydrate (FeS04*6H20, Aldrich, Belgium), hexadecane (HO, 99%, Aldrich, 

Belgium), aqueous tert-butyl hydraperoxide (t-BHP, 70% aqueous solution, 

Merck, Germany), (3,3)-dimethylbutyl dimethylchlorosilane (DDCS, Aldrich), 

hydrochloric acid (HCI, 37'%), ammonia (NHa, 25%), hydrogen peroxide (H202, 

30%), non-ionic surfactant (B-048, Akzo-Nobel, Sweden), Co-siccative {WEB-Co, 

8% Co, Servo Delden, The Netherlands) and poly(ethyleneimine) (PEl, Mw 
70.000, 30% aqueous solution, Polysciences lnc., U.S.A.) were used as 
supplied. The monomer ethyl methacrylate (EMA, 99%, Aldrich, Belgium), 

inhibited with 100- 200 ppm of hydroquinone, was purified by tiltration over an 

inhibitor-remaval column (Aidrich, Belgium). Water was purified using a Waters 

Millipore purifying system (MilliO). 

4.3.2 Oii/Aikyd-Acryllc Hybrld Preparation 

The oil/alkyd-acrylic hybrid latexes were prepared in a batch mini-emutsion 

polymerization under a nitrogen blanket at 30 °C. The hybrids were composed of 

different proportions of sunflower oil (SFO), or oxidized sunflower oil (SFO-HP), 

and alkyd resin, to monomer (EMA). The general recipe for the mini-emulsion 

polymerization is shown in Table 4.1. The polymerization of the pure acrylic 

(Ac1) was performed at 50 w% solids content using 10 mM t-BHP. The SOS and 

the NaHCOa were dissolved in the water. The emulsion was premixed by 

ultrasonification (3 min, ampl. 10 ~-tm) and homogenized by high-pressure 

homogenization at 1 000 bar (5 bar i niet pressure) at 25-35 °C using a 

Microfluidizer TM-120 trom Microfluidics, Boston, USA. The mini-emutsion was 
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transferred to a glass reactor that was equipped with a teflon®·coated 

mechanica! stirrer oparating at 200 rev./ min. The polymerization was started by 

the subsequent addition of SFS (15 mM) and complexed Fe2+ (0.25 mM) from 

concentraled aqueous solutions. In case of initianon by fatty-acid hydroperoxide, 

SFO-HP was used instead of SFO and t-BHP was not used. The frnal conversion 

was determined gravimetrically after 10 hours. A sample of the emulsion was 

injected into a pre-weighed aluminum dish containing an aqueous 1% (w/w) 

hydroquinone solution to stop the reaction. Before measuring the dry solids 

content the samples were dried for 24 h at room temperafure and tor 12 h at 40 

°C in vacuum (25 mbar). 

Tab/e 4.1. Typical Composition of Mini-Emu/sion Recipe used tor Preparation of 

OiVA/kyd-Acrylic Hybrid Latexes. 

Water 

NaHCOs 

SOS 

HO 

Monomer 

Sunflower oil (SFO)b 

Alkyd resin 

Initiator composition 

SFS" 

t-BHPb 

a) Concentratiens based on water 

Amount added 

(g) 

100.0 

0.163 

0.68 

2.04 

41.4 

13.6 

27.3 

(mL) 

0.60 

0.103 

1.00 

Concentration 
(mM)a 

20.0 

23.6 

90.3 

15.0 

7.5 
0.25 

b) When initiatien was performed with fatty-acid hydroperoxides, SFO-HP (HPV = 1225 10"6 

mole 012 kg of oil) was used and no t·BHP was added 

o) From freshly prepared stock solution of SFS (2.5 M) 

d) From freshly prepared stock solution of FeS04 • 6 H~ and Na·EDTA (25 mM Ffi+, with Fe

EDTA molar ratio of 1 : 2. 1) 

4.3.3 Analysis 

Partiele Size 

The partiele size analysis was performed by dynamic light scattering with a 

Autosizer llc trom Malvern lnstruments, United Kingdom. The Z-average partiele 
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size and the polydispersity of the particles were determined using the cumulant 

methad [69]. Prior to maasurement the sample was diluted 10()...500 times with 

water to obtain the desired translucence. All partiele size measurements were 
carried out at 25 oe and in duplicate. 

Zeta-potential 

The electrophoretic mobility value of the latex particles was determined using a 

Zetasizer 4 trom Malvern lnstruments, United Kingdom. Prior to maasurement 
the samples were diluted 100-500 times. The zeta-potential measurements were 

carried out at 25 oe and in duplicate. 

Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (eambridge Stereoscan 200) was used to 

visualize the individually adsorbed latex particles (sample preparatien is 

described in Section 4.3.4.1 ). The surfaces of the SEM samples we re coated 

with a thin gold-palladium layer. 

Viscosity 

The viscosity of the latexes was determined using a Braakfield Synchro-Lectric 

viscameter (model LVT) oparating with spindie LV3 at 30 rev./ min. 

Paniele Morphology 

The morphology of the hybrid particles was examined with cryogenic 

Transmission Electron Microscopy (cryo-TEM) according to procedures 
described by Frederik et al. [70,71]. The samples for cryo-TEM were prepared 

from hybrid latexes with -40% solids content. Dipping a bare specimen grid into 

and withdrawing it from the latex yielded a thin aqueous film. After dipping the 

film was vitrified in lîquid ethane. The vitrification processis extremely tast (10'2 

ms, Bachmann and Mayer [72]). The time between dipping and vitrification was 

approximately 1 sec. 

Molecular Weight 

The molecular weight of the polymers was determined using gel permaation 

chromatography {GPe). GPe was carried out on a Waters rnodular GPC 

instrument (pump model 510, injector WISP 712). Tetrahydrofuran (AR stabilized 
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trom Biosolve), at a flow rate of 1 mU min, was used as eluent. Dateetion was 

carried out by refractive index (Waters 410 differential refractive index detector) 

and UV dateetion (Waters 486 UV detector at 254 nm) at 40 °C. The system 

was calibrated using polystyrene standards (Polymer Laboratories). The data 

was analyzed using Millennium HPLC software including GPC option. 4 Columns 

in series were used: mixed B (300*7.5 mm each) from Polymer Millipore. 

4.3.4 Surface Properties 

4.3.4.1 Atomie Force Microscopy (AFM) 

AFM experiments were carried out using a Nanoscope 111 Multimode microscope 

(Digital lnstruments, Santa Barbara, U.S.A.). AFM images were obtained under 

ambient condinons while oparating the instrument in tapping mode. Commercial 

etched silicon nitride cantilevers of 125 tJ.m (spring constant 20-100 N/m, 

resonance freq. 298--369 kHz) were used (Nanoprobe™ TESP, Digital 

lnstruments, Santa Barbara, U.S.A.). Height and phase images were obtained 

simultaneously. Images were obtained at a scan rate of 1 Hz, with 512 lines. 

Scanned images were of different size ranging from 500 x 500 nm2 to 10 x 1 0 

tJ.m2 squared. 

Films to be imaged were prepared by placing a drop of latex onto freshly cleaved 

mica. The drop was spread out on the mica using the top of a pipette. The films 

were allowed to air dry at ambient temperature for 24 h prior to imaging. 

To obtain images of individual particles, the particles were adsorbed onto a flat 

surface using the adsorption method described by Johnson (73]. However, the 

silane-modified glass cover slips used by Johnson were replaced by PEI

modified mica plates. Modification of freshly cleaved muscovite mica was carried 

out by immersion in an NaHCOg/Na2C03 buffered solution (pH 9.9) of branched 

PEl (200 ppm). This created a surface with an electropositive charge at neutral 

pH [74,75]. After 3 hours of immersion/adsorption the surface-treated mica was 

rinsed thoroughly with water and immediately used for partiele adsorption. 

Particles were adsorbed for 30 minutes onto the PEI-modified mica trom a 0.1 
mM NaHC03 suspension with a partiele volume fraction ($) of 10"4

• The mica 

sheets were withdrawn trom the suspension and gently rinsed by immersion in 

water to remove non-adsorbed particles. Excess water was removed by blotting 

with filter paper and the sample was dried at ambient condition (2 h) prior to 

imaging. 
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4.3.4.2 Static Contact Angle Measurements 

Static contact angle measurements were used to characterize the film-air surface 

and the film-substrata surface of films prepared from different hybrid latexes. 

Films were. prepared by application of the latexes onto clean glass plates and 
onto flat bottomed culture dishes with a hydrophilic surface and also onto glass 

plates and dishes treated with an alkyl silane to give a hydrophobic surface. The 

classification of "hydrophilic surface" and "hydrophobic surface" was arbitrarily 

taken as wetting by water (contact angle, <p < 10'), and adhesional wetting of 
water (<p > 80°), respectively [76]. 

Hydrophilic glass surfaces were obtained by thoroughly cleaning the glass 

objects. Cleaning was carried out by boiling the glass objects for 5 min in a 

salution of HCI and H202 (5 partsof H20, 1 part of 37% aqueous HCI and 1 part 

of 30% aqueous H202), foliowed by rinsing with ethanol and water, subsequent 

boiling in a salution of NH2 and H202 (5 parts H20, 1 part of 25% aqueous NH2 
and 1 part of 30% H202) and rinsing with ethanol and water. The cleaned glass 

surfaces were stored in ethanol. Hydrophobic glass surface was obtained by . 
overnight gas treatment of the cleaned glass surfaces with (3,3)-dimethylbutyl

dimethylchlorosilane. 

Prior to application of the latexes 3% non-ionic surfactant (B-048) (w/w of total 

solids) and 0.05% Co (w/w of oil/alkyd phase) ware added to the latex, 

successively, and the latex was allowed to equilibrate tor 48 h and 24 h, 

respectively. Films were prepared in the culture dishes by placing a small 

amount of latex onto the glass and spreading the film. Latex was added until the 

surface of the dish was covered. Because of ditterences in spreading-wetting on 

hydrophilic surfaces and adhesional wetting on hydrophobic surfaces this 

resulted in thin films (50-200 p,m) on the hydrophilic and thick films (0.5-2 mm) on 

the hydrophobic surfaces, respectively. Aftar drying for more than 5 days the 

films were carefully removed trom the glass surface using a razor blade. The 

contact angle of a milliQ water droplet on the bottorn surface and top surface of 

the film were measured using a Ramé Hart A-1 00 goniometer (sessile drop 

method). A schematic representation of the apparatus is given in Figure 4.3. 

The angles on left and right sides of the 20-droplet projection ware rneasured. 

The contact angles tor droptets were measured at two different locations on the 

film. 
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Figure 4.3. Schematic representation of contact angle messurement setup. (1) = light 

source, (2) = equalized plate, (3) = droplet (2-D project/on), (4) = optica/ lens, (5) = 

measured contact angle (({)). 

4.3.4.3 Electron Spectroscopy for Chemica! Analysis (ESCA) 

The chemica! compositions of tree films (film-substrate interface and film-air 

interface) driedon hydrophilic and hydrophobic glass surfaces were analyzed by 

ESCA (also known as X-ray photoelectron spectroscopy, XPS). ESCA was 

carried out using a Kratos (AXIS-HS) ESCA spectrometer with a monochromatic 

Al Ka. X-ray souree (operating at 15 kV; 20 mA), and a hemispherical analyzer. 

The integrated peak intensities tor C 1 s, 0 1 s, Na 1 s and S 2p signals were 

computed using a desktop computer and associated ESCA software. To help 

resolve the energiesof individual carbon bands separate high-resalution carbon 

spectra were measured using a lower energy pass of 20 eV. Due to instrumental 

parameters, uncertainties in atomie cross-sections and electron inelastic mean 

tree paths, the accuracy of the ESCA method for quantitative purposes is 

normally notbetter than 10% [77]. When using ESCA the chemica! composition 

of a spot with a spot size of about 1 mm2 with about 10 nm depth is analyzed. 

The preparatien of the films on the hydrophilic and on the hydrophobic substrata 

is described inSection 4.3.4.2. Free films were obtained by breaking the culture 

dishes and carefully removing the film trom the glass surface using a razor blade. 

The films were dried tor more than 7 days at ambient conditions foliowed by 4 

days in vacuum (25 mbar, 25 °C) prior to analysis. 
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4.4 Results and Discussion 

4.4.1 Oii/Aikyd~Acrylic Hybrid Latexes 

Latex Properties 

High-solids oil/alkyd-acrylic hybrid latexes with different compositions of 

vegetabla oil, alkyd resin and acrylic polymer were prepared by mini-emulsion 

polymerization. The mini-emutsion polyrnerization was initiated using an 

ROOH/Fe2+-EDTAISFS redox initiation system. The results of the analysis of the 

different hybrid latexes are presented in Table 4.2. In Table 4.2 the columns 

entitled H3 reprasent hybrids initiated by fatty-acid hydraperoxide groups (SFO

HP), whereas columns entitled H4 refer to hybrids initiated by tert-butyl 

hydraperoxide (t-BHP), respectively. The values 25-75 reprasent the percent 

ratio of oil/alkyd (1 :3 mixture) of oil, alkyd and EMA monomer in the initia! 

mixture. 

The results presented in Table 4.2 showed that tor the mini-emutsion 

polymerization of the hybrid latexes final conversions of monomer to polymer of 

less than 1 00% were obtained. The final conversion generally varied between 75 

and 95%. This contraets the result obtained tor the mini-emutsion polymerization 

of pure EMA, which showed 1 00% conversion. The limited final conversions of 
· monomer to polymer were also noted in Chapter 3 of this thesis and by others 

and were asenbed to the formation of a glassy polymer layer at the surface of the 

particles [12]. In the case of alkyd-acrylic hybride it may also have been caused 

by dominant transfer of propagating radicals to pentadienyl groups of 

unsaturated fatty-acid chains at relatively high conversions (in a 50/50 mixture of 

oil/alkyd and EMA the ratio of monomer to pentadienyl groups is approx. 1 to 1 at 
80% conversion). 

Measurements of the partiele size of the hybride (Dav) at the end of the 

polymerization showed that the partiele size apparently increased when the 

fraction of oil was increased (Table 4.2). At fractions lower than 40 

(corresponding to less than 40% of oil/alkyd by weight) the average partiele size 

remained constant. 
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Table 4.2. Composition and Properties of OiVAikyd-Acrylic Hybrids tnvestigated ~ 
~ Ac1 Ak1 H1-50 H2-50 H3-25 H3-40 H3-50 H3-50 H3-60 H3-75 H4-25 H4-40 H4-50 H4-50 H4-60 H4-75 (i3 

SFO (w"k) - 33.7 32.3 50 - - - 3.6 6.7 - 8.3 12.2 16.7 17.1 20.0 25 0" 
~ 

SFO-HP (w"k) - - 16.7 - 8.3 12.8 16.7 13.6 13.6 25 - - - - - - (I) 
::J 

Alkyd (wo/o) - 66.3 - - 16.7 26.8 32.3 33.4 39.7 50 16.7 26.8 32.3 33.7 40.9 50 -Q, 
EMA (w"/o) 100 - - - 75 60.4 50 49.4 40.0 25 75 70.0 50 50.3 39.1 25 ;n 
MMA (w"k) - - 50 50 - - - - - - - - . - ~ 

~ 
Properties i 

(i! 

Solids {w"/o) 50.0 50.0 18.6 16.9 42.3 39.8 43.8 41.8 41.2 42.3 41.4 41.2 40 40.6 40.6 39 
Q. 

;\" 
Final conv. (%) 100 . 87 70 93 85.7 89 87.1 83.2 73.1 87 87 75 83.9 79.1 40 ~ 
pH 8.5 7.0 8.0 8.4 7.4 7.0 7.1 6.9 6.8 6.9 7.2 7.5 8.0 7.3 7.2 7.1 ).,. 

Dav (nm) 160 2308 180 200 123 130.7 155 151.2 160.2 203 137 127.2 138 143.6 157.6 192 ~ 
lp.,tentlal -57 -43.2 -43.6 -50.4 -52.7 -53.4 -49.7 -53.5 -53.3 i.. - - - - - - - (') 

Br. Visc (LV3) 155 - - - 95 67 178 45 34 30 102 160 119 64 72 82.5 ~ ë)• 

Mn (x10'3) 139.1 - 54.6 38.7 40.7 24.1 19.8 18.9 15.5 12.3 40.9 26.0 21.6 3.5 4.2 12. 1 i 
Mw (X 10'3) 876.5 - 210.9 111.4 266.4 134.7 123.0 133.2 82.7 56.8 553.4 224.6 219.0 81.0 109.1 59.0 5: 

a) Measured with Malvem Mastersizer 
r-
~ 
(i 

b) Low conversion, reaction not performed in duplo ~ 
(I) 

èil 
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According to Walstra [78] the most important factors that determine the droplet 

size are the amount of energy used to create the dropiets and the type and 

efficiency of the emulsifier used. Here, in all cases the latexes were stabilized 

using similar amounts of sodium dodecyl sulfate (SOS) and a similar 

homogenization pressure (which corresponds to similar energy input) was used. 

When using mini-emutsion polymerization nucleation is directed towards the 

particles. Ouring the polymerization the initially formed monomer droptets are 

transformed into polymer particles. Therefore, it was expected that the use of 

similar amounts of SOS and a similar homogenization pressure would result in 

latexes with the same partiele size. An explanation tor the observed dependenee 

of the final latex partiele size on the chemica! composition could be a difference 

in volume contraction: the polymerization of the rnonomer will result in 

contraction and, thus, in reduction of partiele size. This effect will be strenger 

when the fraction of monomer in the partides is higher. 

The molecular weight values of the polymers formed at different compositions 
showed a decrease when the fraction of oil/alkyd was increased, as shown in 

Figure 4.2. Two effects may have caused this dependenee on composition. First, 

when increasing the ratio of oil/alkyd to monomer the concentratien of 

pentadienyl groups present in unsaturated fatty-acid side chains increases. This 

promotas the chance for chain transfer of a propagating acrylic polymer radical to 

a pentadienyl group. Second, when increasing the ratio of oil/alkyd to monomer 

for the preparatien of H3 the amount of SFO-HP was increased. With the 

increase of SFO-HP the HPV of the total mixture was increased, which resulted 

in a decrease in the molecular weight. This was also observed for MMA mini

emutsion polymerization (Chapter 3). The preparatien of the H4 hybrids was 

performed using a constant t-BHP concentration. When decreasing the fraction 

of acrylic monomer the ratio of initiator to monomer increased, which could also 

account in part for the decrease in molecular weight. 

From these results it was concluded that mini-emutsion polymerization of EMA 
with sunflower-oil hydraperoxide (SFO-HP) or with tert-butyl hydraperoxide as 

part of the redox initiatien system could be used for the preparatien of oil/alkyd

acrylic hybrid latexes with compositions varying from 25% to 75% (w/w) of 

oil/alkyd. The morphology of the hybrids prepared and the surface properties of 

films prepared trom these hybrids are discussed in the next section. 
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Characterization of Hybrid Particles by Cryo-TEM 

The morphology of the H3 and H4 hybrid particles was analyzed with cryo-TEM. 

In Chapter 3 it was observed that initiatien by fatty-acid hydraperoxides resulted 

in a more homogeneous partiele morphology, compared to initiation by t-BHP. 

The phase separation between the oil/alkyd phase and the acrylic phase was not 

observed in the Cryo-TEM images of H3-50 (SFO/AH98 and pEMA initiated by 

SFO-HP) and H4-50 (SFO/AH98 and pEMA initiated by t-BHP), as represented 

in Figure 4.4a and Figure 4.4b. Possibly, the use of the more hydrophobic 

monomar pEMA prevented phase separation and resulted in homogeneous 

partides. This effect was also observed by Nabuurs when butyl methacrylate, 

dispereed in emulsified alkyd droplets in the presence of free surfactant, was 

polymerized [14]. 

A B 

Figure 4.4. (a) Cryo-TEM image of SFO/AH-98 and pEMA initialed by fatty-acid 

hydroperoxides (H3-50). (b) Cryo-TEM image of SFO-AH-98 and pEMA initialed by t

BHP (H4-50). 
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A cryo-TEM image of a larger area, as presented in Figure 4.5, showed some 

interesting features. Clusters of deformed particles resembling the honeycomb 

structures that were described tor Stage 2 of the film formation process of 

polymer latexes, were observed. Areas containing partiele morphologies that 

might result trom phase inversion or that indicated that phase inversion had 

occurred were not observed. During the time between dipping of the sample and 

vitrification some water might have evaporated from the thin film, thereby 

increasing the packing density of the particles. However, an increase to a 

concentration of 50% or higher does not seem likely. Figure 4.5 also shows that 

a large number of particles are not deformed. This indicates that the observed 

partiele deformation occurred during evaporation of water {Stage 1 of film 
formation of polymer particles). These results suggest that initially the hybrids 

show film formation behavior similar to film formation of polymer latexes. An 

experimental setup with controlled atmosphere (temperature, relative humidity) 

and controlled time between dipping and vitrification would allow a more detailed 

study of this phenomenon. 

A 

Figure 4.5. Cryo-TEM image of thin film of H4-50 hybrid latex (-40 w%) (A), en/arged 

area showing deformed patticles (B). 
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4.4.2 Surface Properties 

4.4.2.1 Atomie Force Microscopy 

Atomie force microscopy (AFM) was used to image the morphology and 

topography of the surfaces of coatings trom alkyd-acrylic hybrid latexes and to 

monitor the processas taking place during film formation. 

Since its invention in 1986 [79] AFM has become a powerlul technique to image 

the topography of a sample surface with high resolution and without the use of 

special sample preparation. The developrnent of tapping mode AFM [80] allowed 

the imaging of soft samples such as polymers with less destruction of the surface 

by the tip. Tapping mode AFM has already been used to study latex dispersion 

coatings [6,57-60,81-83] and individual particles [57,58,84,85]. A recent 

development in tapping mode AFM, phase imaging, presents the possibility to 

obtain an image of the sample surface rasuiting trom shifts in phase angles of tip 

vibration, because of variation in tip-sample interactions [86). This phase image 

thereby provides information about the viscoelastic properties of the surface of 

the sample and, therefore, is especially useful tor the study of heterogeneaus 

surfaces [87]. 

Hybrid Films 

Hybrid latexes H3-50 and H4-50 yielded clear, glossy films with smooth surfaces. 

AFM analysis of these films gave little information because of high dagree of 

deformation of the particles. lt was expected that more information on the effect 

of hybrid partiele morphology on the surface properties could be obtained from 

analysis of films prepared from hybrid latexes with high Tg polymer, i.e., hybrids 

of sunflower oil and pMMA (H1 and H2, [88]). Hybrid H1 was prepared by mini

emulsion polymerization using internar initianon by sunflower oil hydroperoxides, 

while H2 was prepared by initiation using tert-butyl hydraperoxide as part of the 

redox system. This resulted in particles with an apparently homogeneaus 

structure tor H1 and particles that showed phase separation for H2, respectively, 

as judged by cryo-TEM (Figures 3.3a and 3.3b). 

Hybrid latexes, composed of high Tg acrylic polymer (pMMA) and sunflower oil, 

gave white non-transparent films. Typical height and phase images of films trom 

hybrid latexes H2 and H1 are shown in Figure 4.6a and Figure 4.6b. 
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Figure 4.6. Height {left) and phase (right) images of coatings trom H2 hybrid (t-BHP 

initiation) (A) and trom H1 hybrid (SFO-HP initiation (B) 

The height image of the film trom H2 (top-left) showed that the hybrid latex 

particles had a spherical shape and that a number of particles had an open 

structure. Large areas of hexagonally close-packed clusters that characterize fee 

packing [89], as imaged by Juhue and Lang [81] and by Zhang et al. [90], were 

not observed. Possible explanations for low ordering, i.e., high film thickness 

(>50 J.l.m), broadness of partiele size distribution, and/or effects of surfactants 

[58], could have played a role in our films. In addition, the observed effect could 

have been caused by (partial) depletion of oil trom the particles during film 

formation. However, the open structure of the particles has, to the best of our 

knowledge, not been observed previously. The open structure observed tor the 

particles in the film of hybrid H2 {initiated by t-BHP) is in agreement with the 

morphology of the latex particles, as observed by cryo-TEM (Figure 3.3a). 

Surprisingly, the height and phase images of films prepared from H1 (initiated by 

SFO-HP) with an apparently homogeneous morphology (as judged by cryo-TEM; 

see Figure 3.3b) also gave images with 'open' particles. A possible explanation 
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for the observed partiele structure of coatings from hybrid H1 could be that the 

particles had a core-shell structure, or that microdomains of phase separated 

material were present that were not observed with cryo-TEM (because no 

staining was used). Alternatively, phase separation between alkyd resin and the 

acrylic polymer in the apparently homogeneaus particles could have taken place 

during film formation. Deformation occurs when the capillary and interfacial 

torces that act upon the particles during film formation overcoma the machanical 

rigidity of the latex particles. Deformation of particles was observed in the phase 

images of films trom H1 and H2. 

lndividual Particles 

Since films prepared from the hybrid binders with the lower Tg acrylic polymer 

(H3-50 and H4-50) were not suitable tor AFM imaging, attention was directed to 

imaging of individual latex particles. Recently, Johnson and Lenhoff [73,84] 

showed that images of individuallatex particles (styrene) could be obtained from 

samples that were prepared by electrastatic adsorption onto alkyl-silane-modified 

glass. Samples prepared from strongly diluted dispersions did not result in 

individual particles as was shown by Butt et al. [57,58,83] and Granier et al. [85]. 

In this research the adsorption method of Johnson [73] was used to adsorb 

individual particles of the hybrid latexes. However, instead of using polished 

glass cover slips coated with a thin layer of silane, muscovite mica sheets with a 

layer of adsorbed poly(ethyleneimine) (PEl) were used as substrata tor the 

adsorption of the negatively charged particles. The branched PEl on the mica 

generatas a positive surface potential in water at pH 7-8 due to protonation of the 

primary and secondary amine groups [74,75]. Figure 4.7 gives a schematic 

representation of the PEI-modified mica surface and the proposed adsorption of 

acrylic particles. 

Figure 4.7. Schematic representation of PEI·modified mica surface with adsoibed 

parlicles. 

Since the PEI-modified mica has a high positive charge (> +50 mV) and the 

polymer particles have a negative charge(- -50 mV), it was posslble to adsorb 

particles onto PEI-modified mica by electrastatic attraction. The magnitude of the 
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electrostalie attraction between the PEI-modified mica and polymer particles was 

sufficient to hold particles in place during imaging by AFM in tapping mode. 

Figure 4.8 shows a typical topographic surface plot, top view image and cross

section of all-acrylic particles (Ac1) adsorbed onto PEI-modified mica. The 

particles were adsorbed as small clusters of particles and as individual particles. 

The top view image showed that capillary and interfacial torces acting at partiele

partiele contact resulted in partiele deformation. Deformation of the individual 

particles resulting from capillary forces between the drying partiele and the 

modified mica surface could not be visualized by AFM because of experimental 

restrictions. This deformation could be determined when the height of the 

particles after drying was compared with the height of the particles prior to 
drying. Measurements of the height of the adsorbed latex particles in fluid 

conditions (prior to drying) were not successful because the adsorbed particles 

were 'pushed away' by the tip. From comparison of the mean height of the 

particles Ac1 (163 ± 5 nm) with the average partiele size measured by dynamic 

light scattering (180 nm, Table 4.2) and trom SEM imaging (Figure 4.9) of the 

adsorbed particles it was concluded that deformation rasuiting from capillary 

torces between the drying partiele and the mica surface was small. 
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Figure 4.8. (A) AFM topographic surface plot of poly(ethyl methacry/ate) latex particles 

adsolbed and dried onto PEJ-modified mica; (8) top-view of adsorbed latex parlicles, 

and (C) cross-section along fine AA'. 
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Figure 4.9. SEM image of Ac1 particles adsorbed and dried onto PEI-modified mica. 

Image tilted 50 °. 

Since the zeta-potential and partiele size of the hybrid latexes H3-50 and H4-50 

were not significantly different (in terms of influencing their adsorption behavior) 

trom latex Ac1 (Table 4.2), the optimized conditions tor adsorption of Ac1 

particles were used tor the adsorption of individual particles of hybrids H3-50 and 
H4-50. Figure 4.10 shows a typical surface plot, top view image and phase 

image of hybrid particles H4-50 adsorbed and dried onto PEI-modified mica. The 

cross-sectional profile and the surface plot of the adsorbed H4-50 particles 

(prepared using t-BHP initiation) showed that the particles were significantly 

deformed. The height of the particles was low compared to the partiele size 

measured by dynamic light scattering. Also, the slope of the side of the particles 

was less steep than was observed for the cross-section of the all-acrylic particles 

(Ac1 ). The deformed structure was also observed with SEM. 

The most surprising observation was made with the phase image. The phase 

image of adsorbed H4-50 particles showed three different regions of tip-surface 

interaction or viscoelasticity. Large areas of uncovered mica are represented in a 

light color, where the light cofor indicates weak tip-surface interactions. Light 

spheres surrounded by a dark area were also observed. The dark color 

represents streng tip-surface interactions. These observations suggest that 

phase separation between the alkyd resin and the acrylic polymer had occurred 

during the adsorption or during the drying of the individuaf particfes. Apparently, 

the alkyd resin had 'leaked' out of the partiele and spread on the mica 
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Figure 4. 10. AFM analysis of particles of hybrid H4-50 adsorbed and dried onto PEI

modified mica. (A) cross-sectionat profile, (8) topographic surface plot, (C) top-view 

topographic image, and (D) phase image. 

surface, rasuiting in large dark areas with strong tip-surface interaction. One 

could argue that the observed tip-surface interaction surrounding the particles, is 

a tip effect rasuiting trom the strong deformation of the particles. However, 

analysis of strongly deformed Ac1 particles (annealing at 90 °C) did notshow this 
effect. 

A further indication that the oil/alkyd had leaked out was the observation that 

particles with an increased oillalkyd content were surrounded by a larger area of 

dark material as shown in Figure 4.11. lmaging of particles with a decreased 

content of oil/alkyd (H4-25) showed images similar to the ones obtained for all

acrylic particles. 
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Figure 4.11. AFM phase images of H4 hybrids adsorbed onto PEI-modified mica; (A) 

image of H4-50 patticles, and (8) image of H4-60 patticles. 

Adsorbed individual particles of hybrid H3-50 (prepared using SFO-HP initiation) 

showed similar topographic and phase images as observed with hybrid H4-50. 

Figure 4.12a and Figure 4.12b show the topographic image and the phase image 

of the adsorbed H3-50 particles, respectively. In the phase image (Figure 4.12b) 

the same features, i.e., lightareasof mica and light 'open' particles surrounded 

by dark material were observed. 
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Figure 4.12. AFM top-view topographic image (a) and phase image (b) of hybrid H3-50 

adsorbed and dried onto PEI-modified mica. 

For both hybrids H4-50 and H3-50 a homogeneaus partiele morphology was 

observed in the cryo-TEM analyses. H3-50 was initiated internally by sunflower 

oil hydraperoxide (SFO-HP) and H4-50 was initiated externally by tert-butyl 

hydraperoxide (t-BHP). Both systems showed oil/alkyd depletion and partiele 

deformation after adsorption onto modified mica and drying. Thus, it appears that 



86 

the partiele morphology, which is achieved by initiating the polymerization 

internally by SFO-HP or extemally by t-BHP, is lost during adsorption and drying 

of the particles. 

To explain the rupture of the particles requires an analysis of the forces acting 

upon the associated and tree particles. For individual particles adsorbed onto the 

PEI-moditied mica surfaces the final stages of water evaporation would be 

expected to induce a relatively strong capillary force. This force may be capable 

of 'sucking' the partiele towards the mica surface (analogous to the capillary 

torces in normal film formation). Additional torces due to gravity and Van der 

Waals attraction would be expected to contribute to the flattening and 

deformation (see Figure 4.13a and Figure 4.13b). Accepting that partiele 

deformation oecurs, the and rupture of the partiele 'shell' and release of the 

oillalkyd would be the result of the internal partiele stresses caused by changes 

in partiele shape. For assoeiated particles the capillary torces are eompounded 

with other interfaeial forees and the effect is the same as for individual partieles, 

namely partiele rupture. This is consistent with general literature describing 

torces oparating during latex film formation [15,24,34,44,45,91 ]. 
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Figure 4. 13. Farces acting upon an individual partiele adsorbed onto PEl-modilied mica. 
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From these results it was concluded that the torces acting on a layer of singularly 

adsorbed particles during drying destroy the morphology characteristics that 

were established during the mini-emulsion polymerization. To what extent this 

takes place in films of multiple layers of particles will be the objective of further 

study (see Chapter 5). 

4.4.2.2 Surface Properties of Films 

ESCA and contact angle measurements were used to analyze the surface of 

films prepared trom the hybrid latexes H3 and H4. The results of these analyses 

were compared to those obtained trom films prepared trom the alkyd emulsion 

(Ak1 ). The films were prepared on hydrophobic and hydrophilic glass surfaces to 

enable evaluation of any phase separation and surfactant migration during film 

formation. The basis tor the interpretation of the results is that relatively 

hydrophilic phases will have a tendency to migrate to the hydrophilic glass 

surface and relatively hydrophobic phases will migrate to the hydrophobic 

interfaces (hydrophobic glass surface and air). 

Since ESCA operatas under a low vacuum it was necessary to de-gas the films 

prior to analysis. This was carried out by storing the films, priortotheir removal 

trom the culture dishes, in a vacuum oven at 25 °C tor 5 days. However, once 
the films were placed under even lower vacuum in the ESCA chamber the 

samples continued to de-gas. This was believed to be due to the volatile low 

molecular weight aldehydes formed upon cross-linking of the fatty-acid chains. 

Surface analysis was started only when a sufficiently low vacuum had been 

obtained. 

A typical ESCA scan and wide angle scans of oxygen and carbon are presented 

in Figure 4.14. The presence of aldehyde or ketone groups (functional group 

C=O with chemica! shift of 187.90 eV in wide angle scan) was observed tor the 

top surface of both H3 and H4 films and in the alkyd film. This group was not 

observed in the bottorn surface of the H3 film, as shown in Figure 4.14. The 

bottorn surface of the H4 films showed a smal! amount of carbon at 287.9 eV. 

The presence of keto groups at the surfaces indicates the presence of 

byproducts formed upon cross-linking of fatty acids. 

Figure 4.14a shows a sulfur peak at approximately 165 eV. This originated trom 

the SOS used in the mini-emulsion polymerization. The presence of the sulfur 

peak allowed calculation of the SOS concentration at the surface. The results are 

shown in Table 4.3, together with the results trom contact angle measurements 

and other observations on the spreading, removing and thickness of the films. 
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Figure 4.14. (a) Typica/ ESCA survey scan of bottorn side of H4-50 film on hydrophobic 

glass, (b) the wide-angle scan of oxygen and (c) that of carbon. 
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Figure 4.15. Wide angle ESCA scan of cart:Jon: (a) bottorn side of film trom H3-50, (b) 

top side of film trom H3-50. 

Given the difficulties in removing the films from the hydrophilic glass surfaces 

and variations in film roughness and thickness, the results presented in Table 4.3 

need to be considered as a whole and trom a broad perspective. The contact 

angles should not be taken as absolute values, but emphasis should be placed 

on the ditterenee between the top and bottorn contact angles in each system. 
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Further, the composition of the films is complex (Table 4.1) and contains two 

surfactants, SOS and Berol 048. The bulk film concentrations of the SOS and 

Berol 048 were approxirnately 0.8 w% and 2.5 w%, respectively. The ESCA 

results can only be related to the migration of SOS. 

The contact angle results tor the pure alkyd emulsions were as expected. On 

hydrophilic glass the surfactante in the water phase help with the spreading of 

the emulsion over the glass surface. Ouring drying the surfactante remained at 

the bottorn of the film, which gave near 0° contact angle. The alkyd rich phase 

was left at the top of the film, which gave a higher contact angle. Calculations of 

the SOS concentration at the bottorn and top surfaces trom ESCA conti rm the 

migration of the SOS towards the hydrophilic glass interface. 

For the hydrophobic glass, the surfactante could not assist with the spreading of 

the emulsion and a thick film resulted. The contact angle results suggest that the 

film is homogeneaus and that alkyd and/or surfactante are equally present at the 

bottorn and top of the film. More surfactant appeared to have migrated to the top 

surface than in the hydrophilic case I view of the measured contact angles (59° 

versus85~. 

The contact angle results for the H3 hybrids (SFO-HP initiation) indicate that the 

top and bottorn surfaces were similar and, therefore, that preferential migrationor 

phase separation of any species (including alkyd and acrylic) toward the 

hydrophilic and hydrophobic interfaces had not occurred. ESCA indicated that 

the SOS had migrated preferentially towards the bottorn of the films. Camparing 

the contact angle results tor the H3-50 and the H3·60 hybrids shows that the H3· 

60 had slightly higher angles consistent with higher alkyd concentration in the 

film and suggesting that alkyd is present at the interfaces. 

In contrast to the H3 hybrids, the results obtained for the H4 hybrids (t-BHP 

initiation) indicate a significant phase separation within the film. The ESCA 

results show that SOS had migrated towards the hydrophobic interfaces more 

than towards the hydrophilic interfaces. More importantly, the ditterences in SOS 

concentration at the top and bottorn compared to the H3 hybrids indicate that 

surfactant migration occurred toa greater extent in the H4 hybrids. The contact 

angle results tor the hydrophobic glass suggests that a more hydrophobic 

species (possibly alkyd) had separated towards the hydrophobic glass interface. 

Hence, the H4 hybrid appears to be more prone to phase separation. 

More detailed comparison between the contact angle results tor H3 and H4 is 

difficult. lt should be noted that remaval of the H4 films trom the glass was easier 

than remaval of the H3 films. The H3 films adhered strongly to the glass and 

could not be cleanly removed. Hence the contact angle and ESCA results for H3 
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are in part tor the bulk close to the bottorn surface of the film. Film remaval also 

induced roughness that may be significantly different between H3 and H4 films 

and will affect droplet spreading. The H4 films showed strenger migration of SOS 

to the bottorn surface than H3 films. The poor adhesion of the H4 films may be 

caused by greater surfactant migration or alkyd/oil phase separation. The 

surfactants and alkyd may then be left behind on the glass slide or the 

surfactants may dissolve in the water when measuring contact angle. 

The results presented in Chapter 3 showed that for MMA mini-emulsion 

polymerization the hybrid particles obtained by internal initiatien (fatty-acid 

hydroperoxides} are more homogeneaus than when using t-BHP in the redox 

initiatien system, probably because of the formation of compatibilizing species. 

Therefore, it is expected that for the EMA mini-emulsion polymerization 

described in this chapter, the series H3 (internal initiatien by fatty acid 

hydroperoxides} would afford the more homogeneaus films. The contact angle 

and ESCA results do not clearly show that phase separation between the alkyd 

and the acrylic phase occurred during film formation of the H3 and H4 hybrid 

latexes, because of the influence of surfactant migration and degassing of the 

films. However, since surfactant migration appears to be more significant in the 

H4 hybrid, this could be due to more dominant alkydlacrylic phase separation. 

This would indicate that the films trom H4 hybrids are less homogeneaus than 
those trom H3 hybrids. Further investigation is necessary using methods such as 

DMTA or fluorescence microscopy, which give information about the bulk of the 

film. 

4.5 Conclusions 

The research described in this chapter shows that stabie high-solids (40-45 w%} 

alkyd-acrylic hybrid latexes composed of long oil-alkyd and pEMA can be 

prepared. The chemica! composition of the hybrid latexes can be varied trom 

25% up to 75% of alkyd. The use of mini-emulsion polymerization initiated by 

hydraperoxides (externally by t-BHP, internally by SFO-HP) results in hybrid 

latexes with apparently homogeneaus partiele morphology as shown with cryo

TEM. 

Cryo-TEM analysis also shows that during evaporation of water the hybrid 

particles deform to yield a honeycomb structure in a manner similar as generally 

described for Stages1 and 2 of the film formation process of polymer latexes. 
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A new method tor the adsorption of individual latex particles onto PEI-modified 

mica surface allows AFM images of individual hybrid particles to be obtained. 

The images show that the homogeneaus partiele morphology of the hybrid 

latexes is lost during adsorption and drying. Both externally initiated and 

internally initiated alkyd-acrylic hybrid particles apparently show phase 

separation between the alkyd resin and the acrylic polymer. 

Analysis of the surface properties of films from the hybrid latexes applied on 

hydrophobic or hydrophilic glass surfaces do not confirm the phase separation, 

observed by AFM for individually adsorbed particles. Contact angle 

measurements combined with ESCA analysis show migration of surfactant to the 

film-glass interface and film-air interface. The migration is less tor internally 

initiated hybrids, which may have been due to a lesser tendency to show phase 

separation between the alkyd resin and the acrylic polymer due to the presence 

of compatibilizer. In general it is concluded that the prepared hybrid particles 

deform strongly during film formation, giving macroscopically homogeneous 

films. Research aimed at analysis of the bulk properties of the hybrid latexes 

during film formation is needed to further confirm these conclusions. 
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CHAPTER 5: MORPHOLOGY DEVELOPMENT OF FILMS 

PREPARED FROM ALKYD-ACRYLIC HYBRID LATEXES: TIME

RESOLVED FLUORESCENCE MEASUREMENTS. 

Abstract 

This chapter describes the use of fluorescence resonance energy transfer 

(FRET) measurements tor delerminstion of the initia/ degree of mixing of oil

acrylic hybrid latexes and of the processes that take place during film formation 

and aging of films prepared trom these latexes. Hybrid latexes were prepared 

using phenanthrene-labeled fatty-acid esters as donor and anthracene-labeled 

acrylic polymers as acceptor. The latexes were prepared by external initiation 

using tert-butyl hydraperoxide (t-BHP) or by internat initiation using fatty-acid 

hydraperoxides (SFG-HP) in an ROOH!Ffi+-EDTAISF$ redox initiation system. 

Static fluorescence measurements showed that use of the most common type of 

alkyd resin, which contains isophthalic acid in the copalyester backbone, in the 

hybrid composition was not possible because of high background levels. Thus, 

only oilslfatty-acid esters were used in the present study. Films prepared trom 

hybrid latexes and from solvent-bome systems with a simi/ar chemica/ 

composition were analyzed. The fluorescence decay profiles were analyzed by 

fitting the decay profiles to a sum of exponentiaf terrns and by cafculation of the 

area under the f/uorescence decay curve. These methods showed that tour 

different types of relaxation cou/d describe the f/uorescence profile of films 

prepared trom oi/-acrylic hybrid latexes. Also, it was shown that the type of 

initiation had a strong influence on the initia/ degree of mixing of the oil and 

acrylic phases. However, after /onger periods of aging the degree of mixing in 

both systems was similar. 
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5.1 Introduetion 

The properties of films prepared trom latexes consisting of two, or more, 

components are tor a great part determined by the distribution of these 

componentsin the film. The distribution of the componentsis determined by the 

partiele morphology prior to casting the film and by the interpartiele ditfusion of 

the components during film formation. In addition, the miscibility/compatibility and 

the preparatien conditions are also of influence on the distribution of the 

components. For latexes consisting of one polymer component it is generally 

accepted that build up of the mechanica! and permaation properties of the latex 

film during film formation is related to interpartiele polymer diffusion. However, in 

the case of latexes consisting of two components the effect of ditfusion may be 

more profound and result in a strong change of film properties. For example, due 

to ditterenee in hydrophobicity, or surface tension, one of the components may 

preferentially migrate to the surface during film formation. The preferential 

migration of one of the components to the surface can be putto advantage, i.e., 
in the case of self-stratifying coatings [1], but it can also result in heterogeneaus 

films with inferior properties. 

In recent years two experimental methods have been developed for the study of 

ditfusion of polymer molecules across partiele boundaries. These methods 

involve small angle neutron scattering (SANS) and fluorescence resonance 

energy transfer (FRET). SANS was first reported by Hahn et al. in 1986 [2] for 

the study of interditfusion of a pBMA latex system. This methad involves the 

mixing of a deuterated latex with a non-deuterated latex. The ditfusion of the 

polymer chains during film formation was analyzed by following the radius of 

gyration of the deuterated latex particles. The methad of fluorescence resonance 

energy transfer measurements was developed for studies of polymer ditfusion 

during latex film formation by Pekcan et al. in 1990 [3]. This methad is basedon 

the preparatien of one batch of latex labeled with a small amount of fluorescent 

dye (the donor, D) and the preparatien of another batch of latex labeled with a 

second dye (the acceptor, A). Polymer ditfusion during film formation was 

analyzed using fluorescence decay measurements. During the last ten years this 

technique has become a widely accepted approach to study interpartiele 

ditfusion of homopolymer latexes during film formation [4-6]. Also, it has been 

utilized to probe the morphology of some core-shell latex systems and it has 

provided information on concentratien gradients that may exist when going from 

the core out to the shell [7-9]. 
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Analysis of the fluorescence decay data is basedon the tact that direct energy 

transfer between the donor and acceptor takes place when the distance of donor 

to acceptor is small, i.e., 50 A in the case of phenanthrene-anthracene couple 

used in this study. The efficiency of this energy transfer is govemed by the 

relation E = R6/(R6 + ~). where R is the characteristic (or Förster) distance 

between a donor and an acceptor, 23 A tor phenanthrene-anthracene, and ris 

the actual distance between the donor and acceptor. 

So far, two methods have been employed for the analysis of the fluorescence 

decay data. The first method is derived directly trom the Förster equation and 

involves fitting the fluorescence decay data of the donor to one or more 

mathematica! models that have been well established for simple systems. When 

no acceptor is present the decay of the donor can be described by a single 

exponential [4]: 

l(t) = 1(0) exp(-t/r0 ) (5.1) 

where "t'o is the fluorescence lifetime of the exited species. In a system where the 

donor (0) molecules are close enough to an acceptor (A) species, the decay can 

bedescribed with a stretched exponentiel equation [4]: 

(5.2) 

where 13 is a time-independent parameter proportionaf to the local concentratien 

of the acceptor [4]. This expression presumes a globally uniform mixing of 0 and 

A. In reality a film will contain both mixed areas where energy transfer will take 

place and unmixed areas of no transfer. A linear combination of the two 

equations (5.1) and (5.2), weighted by the pre-exponentlal factors 81 and ~.is 

often used to model such a film [4,6-9): 

l(t)=81 exp[-(t/r0 )- ,B(t/r0 )
112 )+82 exp(t/r0 ) (5.3) 

The volume fraction of mixing (fm) can be calculated trom the expression: 

(5.4) 

lf 0 and A are the only species that can participate in the energy transfer 

process, and if the decay lifetime of 0 is negligibly affected by the presence of A 

at Jonger distance, then tirst-orderand stretched exponential equations can be 

satisfactorily used to characterize the system. However, the simplicity of these 

models can lead to their being applied incorrectly, as Vogelsang and Hauser 

have pointed out [1 0]. 

When other components in the system can fluoresce at the excitation wavelength 

and/or participate in energy transfer, the use of simple models becomes 
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questionable. In such cases, where curve fitting bacomes more complicated, the 

modified analysis described by Feng et al. [6] can be used. This analysis 

involves the use of the area underneath the fluorescence decay profile (l(t)) as 

an indication for the degree of mixing. The volume fraction of mixing can then be 

calculated according to: 

f~ =(A·A0 /(A(oo)-A 0 ) [6-9] (5.5) 

where A, Ao. and A(oo) are determined after normalization and integration of the 

decay profiles. Ao is the area under the decay profile of a system containing only 

the donor, and A(oo) is the area of the decay profile obtained tor a completely 

mixed system of donor and acceptor. In this chapter both methods described 

above were used to study the initia! degree of mixing and the extent of mixing, or 

demixing, that occurred during film formation of oil/alkyd-acrylic hybrid latexes. 

Hybrid latexes, containing vegetabla oil, alkyd, and acrylic components, present 

the potential for more complicated fluorescence phenomena than do most of the 

systems studied to date. Previous research on oil/alkyd-acrylic hybrid latexes, 

described in Chapter 3 and Chapter 4 of this thesis, had shown that morphology 

of the latex particles was dependent on the type of monomer and the type of 

initiatien process used. Atomie force microscopy of individual hybrid particles 

indicated phase separation between the alkyd phase and the acrylic phase. The 

study presented in this chapter is aimed at demonstraling the feasibility of using 

fluorescence decay measurements in the analysis of the film formation process 

tor oillalkyd-acrylic hybrid latexes, and at analysis of the extent of phase 

separation during film formation and aging. For this purpose the oil/alkyd phase 

was labeled with a phenanthrene dye (1) and the acrylic phase with an 

anthracene dye (2) (Figure 5.1 ). 

~~ 
[QIQIQJ 

1 9-Phenanthrylmethyllinoleate (Phe-Lin) 2 9-Anthryl methacrylate (An-Ma) 

Figure 5. 1. Fluorescent labels used to tag the oillalkyd phase (Phe-Lin) and the acrylic 

phase (An-Ma) of the oillalkyd-acrylic hybrid latexes. 
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5.2 Experlmental 

5.2.1 Materlals 

Rhenus B.V. (Dodewaard, The Netherlands) kindly provided the sunflower oil 

(SFO). Before use the sunflower oil was purified by tiltration over a florisil 

(MgO:Si02, 100-200 mesh, Aldrich) column. Hydroperoxide-modified sunflower 

oil (SFO-HP, HPV = 730 J..Lmole 0/2 kg of oil [11]) was prepared according to 

procedures described in Chapter 2. The alkyd resin was kindly supplied by DSM 

Resins (AH98, Zwolle, The Netherlands). The alkyd resin wasbasedon mixed 

fatty. acids, isophthalic acid and pentaerytritol with an oil length of 83°/o, an acid 

value of 9.3 mg KOH/g of resin and a hydroxyl number of 29.2 mg KOH/g of 

resin. The reagents sodium hydrogencarbonate (NaHC03, 99.5%, Merck), 

sodium dodecyl sulfate (SOS, 99+%, Aldrich), ethylene diaminetetraacetic acid 

disodium salt (EDTA, 99+% Fluka), sodium formaldehyde-sulfoxylate (SFS, 97%, 

Fluka), terrous sulfate hexahydrate (FeS04-6H20,Fiuka), hexadecane (HD, 99%, 

Aldrich), anhydrous tert-butyl hydroperoxide (t-BHP 70% in tert-butanol, Aldrich), 

9-phenanthracene carboxyaldehyde (Aidrich), anthrone (Adrich), methacryloyl 

chloride (MACI, Aldrich), dicyclohexyl carbodiimide (DCC, Aldrich) and linoleic 

acid (LA, Aldrich) were used as received. Dry 4-dimethyl-aminopyridine (DMAP) 

and para-toluene-sulphonic acid (p-TsOH) were obtained after recrystallization 

and stored in a dessicator. 

Fatty acids with high content of conjugated double bonds were obtained trom 

Akzo Nobel (Nouraci~ 656, Germany). The fatty acid composition of Nouracid 

656 determined by gas chromatographic analysis of their methyl esters was 

1.6% C16:0, 7.1% C18:0, 33.6% C18:2, 47.5% C18:2 conjugated, 10.2% C18:1. 

The monomer ethyl methacrylate (EMA, 99%, Merck) was purified over an 

inhibitor·removal column (Aidrich) prior to use. Water was purified using a 

Waters Millipore purifying system (MilliQ). 

5.2.2 Labeled Alkyd-Acrylic Hybrid Preparation 

Synthesis of Components with Fluorescent Labels 

9-Anthryl methacrylate (An-Ma) was prepared according to the method described 

by Zhao et al. [4]. 
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9-Phenanthryl-modified conjugated fatty acid (Phe-Ric) and non-conjugated fatty 

acid (Phe-Lin) were prepared by reacting phenanthracene-9-methanol with 

nouraci~ and with linoleic acid, respectively. To this end, phenanthracene-9-

carboxyaldehyde was reduced to phenanthracene-9-methanol according to the 

methad described by Ng and Guillet [12]. Phenanthracene-9-methanol (3.65 g, 

17.5 mmol) was dissolved in anhydrous dichloromethane (85 ml). DCC (3.82 g, 

18.5 mmol), DMAP (0.20 g, 1.6 mmol), p-TsOH (0.32 g, 1.8 mmol and linoleic 

acid (4.95 g, 17.65 mmol) were added to the solution. The reaction mixture was 

stirred at room tempera te tor 1 0 h. After evaporation of the dichloromethane the 

crude product was purified by flash column chromatography (silica Kieselgel 60, 

Merck) using a gradient mixture of petroleum ether (40-60) and diethyl ether (20 

to 80 volume ratio) as eluent. After evaporation of the eluent Phe-Lin was 

obtained as colorless oil (85%). 400 MHz 1H-NMR (Bruker AM 400 at 295 K) in 

CDCis: ö = 0.9 (t, 3 H), 1.22-1.42 (m, 14 H), 1.65 (m, 2 H), 2.02 (m, 4 H), 2.42 (t, 

2 H), 2.78 (t, 2 H), 5.32-5.40 (m, 4 H), 5.63 (s, 2 H, C!;i20), 7.58-7.72 (m, 4 H), 

7.83 (s, 1 H), 7.90, 8.06, 8.68 and 8.76 (each dd, 1 H) 

The synthesis of Phe-Ric was carried out according to the same procedure using 

nouracid 656 instead of linoleic acid. Yield of the Phe-Ric coupling was 75%. 400 

MHz 1H-NMR in CDCis revealed the presence of one of the two possible 

cis,trans isomersof (A9
, A11

) conjugated fatty-acid esters (as evidenced by the 

occurrence of four non-equivalent vinylic hydragen atoms at ö ca. 5.35, 5.65, 

5.95 and 6.28 ppm) and two (A9
, A12

) non-conjugated dienic fatty acid esters (as 

evidenced by the occurrence of two triplets at 2.72 and 2.78 (ratio approx. 2:1 for 

the pentadienylic hydragen atoms) as the major isomers. This was in accordance 

with the composition of the Nouracid used. Shifts for all the other protons were 

essentially similar as those reported tor the Phe-Lin (see above). 

Hybrid Preparation 

The oil-acrylic hybrid latexes were prepared in a batch mini-emulsion 

polymerization under a nitrogen blanket at 30 °C according to procedures 

described in Chapter 3. The hybrids were prepared to give approximately 40% 

solids at complete conversion, with 1% label content in each phase (molar 

basis). The composition of the different hybrids prepared, H1-H5, and of a blend 

composed of anthracene-labeled acrylic latex and a phenanthrene-labeled SFO 

mini-emulsion (81) are presented in Table 5.1. Emulsification was carried out by 

ultrasonification (UP400s, Hielscher GmbH, 20% ampl. and 50% duty cycle), 

foliowed by homogenization (Niro-Soavi 150 MPa, primary pressure 500 bar 

--··---··-·- ---
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secondary pressure 50 bar, 5 circulations). The polymerization was started by 

the subsequent addition of SFS (15 mM) and complexed Fe2
+ (0.25 mM) from 

concentrated aqueous solutions as described in. Chapter 3. After 1 0 hours at 30 

°C the partiele size and final conversion were determined, and molecular weight 

of the hybrids was analyzed by GPC. The hybrid latexes were stored under 

nitrogen until use for further studies. 

Table 5.1. Composition of Hybrid Latexes Prepared 

EMA SFO SFO-HPa An-MA Phe-Lin 

(w"k) (w%) (w"/o) (w"/o) (mol%)b (w%) (mol%t 

H1 48.8 49.8 1.1 1.0 0.3 1.0 

H2 49.2 35.7 13.7 1.1 1.0 0.3 1.0 

H3 50.0 49.7 0.3 1.0 

H4 49.2 50.8 

H5 50.0 36.4 13.6 

81 54.6 43.9 1.3 1.0 0.2 1.0 

a) When SFO-HP was not used as initÎ8tor the polymerization was initiated by t-BHP (10 moVL) 

b) Concentrations basedon EMA added 

c) Concentrations basedon SFO adcled 

Blend Preparatien 

A blend of anthracene-labeled EMA latex and phenanthrene-labeled SFO mini

emulsion was prepared for comparison with the hybrids. The Phe-labeled SFO 

mini-emulsion (Phe-SFO) was prepared according to the recipe described in 

Table 5.2. The mini-emulsion was prepared by ultrasonification (UP400s, 

Hielschar GmbH, 20% ampl. and 50% duty cycle}, foliowed by homogenization 

(Niro-Soavi 150 MPa, primary pressure 500 bar, secondary pressure 50 bar, 5 

circulations). The An-EMA latex was prepared using the same conditions as 

used for hybrid H1. After preparatien of the An-EMA latex 0.12 g of non-ionic 

surfactent (Berol 048, 3% wt. of solids) was added to the latex. The latex was 

allowed to equilibrate overnight and was combined with the Phe-SFO emulsion 

to form the blend (81, see composition in Table 5.1 ). 
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Table 5.2. Recipe tor An-EMA Latex and Phe-SFO Emu/sion used for the Preparat/on of 

Blends 

Water 

SOS 

NaHCOs 

Hexadecane 

Berol 048 

EMA 

An-Ma 

SFO 

Phe-Lin 

5.2.3 Analysls 

Partiele Size 

An-EMA 

25.0g 

0.21 g 

0.04g 

0.63g 

24.46g 

0.57g 

Phe-SFO 

60.0g 

0.33g 

0.10g 

1.0 g 

1.30g 

39.77g 

0.30 

Partiele size analysis was carried out by dynamic light scattering at a scattering 

angle of 90° using a Malvern 4700 System (RR98 stepper motor controller, 
PSe7 photomultiplier and 7032 multi-8 correlator). The Z-average partiele size 

and the polydispersity of the particles were calculated on a personar computer 

with Malvern PeS software (version v1.26) using the cumulant method [13]. Prior 

to maasurement the sample was diluted 100-500 times with water to obtain the 
desired translucence. All partiele size measurements were carried out at 25 oe 

and in duplicate. 

Gel Permeation Chromatography 

Gel permaation chromatography (Waters modular GPC instrument, pump model 

510, injector WISP 712) was used for determination of the molecular weight of 

the polymers. Tetrahydrofuran (AR stabilized trom Biosolve), at 1 mUmin was 

used as eluent. Dateetion was carried out by refractive index (Waters 410 

differential refractive index detector) and UV dateetion (Waters 486 UV detector 

at 254 nm) in conjunction with fluorescence defection (Waters 470 fluorescence 

detector, excitation at 300 nm, emission at 385 nm) at 40 oe. The latter served 

as a means of monitoring the incorporation of the donor molecules, as well as 

indication if any grafting of acrylic to oil had taken place. The system was 

calibrated using polystyrene standards (Polymer Laboratories). The data was 
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analyzed using Millennium HPLC software including GPC option. 4 Columns in 

series were used: mixed B (300*7.5 mm each} trom Polymer Millipore. 

Bulk latex samples were submitted to analysis by GPC as solutions in THF ( -3 

mg/ml). The acrylic and oil phases were also analyzed separately by GPC. A 1 

mL portion of the latex was dissolved in 2-3 ml of THF. The acrylic polymer was 

precipitated trom this salution in heptane (5-10 ml}. The heptane was 

evaporated to concentrata the oil phase. The precipitated phase and the oil 

phase were dissolved in THF for analysis (1 mg/ml} 

Static Fluorescence 

Static fluorescence spectra were obtained using a Perkin-Elmar LS508 

luminaseance spectrometer. The samples were dissolved in freshly distilled and 

degassed THF. The static fluorescence results were used to delermine the 

optimum excitation and emission wavelengths for the fluorescence · decay 

measurements that are described in the next section. The following samples 

were analyzed: sunflower oil (SFO), Phe-Lin, Phe-Ric, An-MA and alkyd resin 

(AH98). For Phe-Lin, Phe-Ric and An-Ma, the excitation and emission spectra 

were obtained using the "pre-scan" mode. For the other samples the emission 

spectrum was obtained with excitation at 300 nm. 

Time-Resolved Fluorescence Measurements 

Time-resolved fluorescence measurements were carried out using mode-locked 

continuous wave (CW) lasers and time-correlated photon counting tor detection. 

A mode-locked CW Yttrium Lithium Fluoride (YLF) laser (Coherent model 

Antares 76-YLF [14]), that was equipped with an LBO frequency doubler to 

obtain output at 527 nm wavelength, was used tor the synchronously pumping of 

a cavity-dumped Rhodamine 6G dye laser (Coherent model701-2 CD). The light 

output of the dye laser at 600 nm wavelength was frequency doubled using a 

880 crystal (Gsänger, 3x4x7 mm3
). A variabie waveplate (New Focus model 

5540) was used to rotate the polarization of the vertically polarized output light of 

the dye laser to horizontally polarized light to have again vertically polarized (UV) 

light available tor excitation after the type I frequency doubling in the BBO 

crystal. The repention rate of excitation pulsas was 951 kHz, the wavelength 300 

nm, the duration about 4 ps tuil width at half maximum (FWHM) and the pulse 

energy in the tens of pJ range. 
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Film samples for fluorescence decay analysis were prepared by depositing a tew 

drops of latex on a clean quartz plate (Suprasil, 0.1 x 2 x 8 cm) and air drying. To 

reduce cracking and turbidity in each film, the latex film (thickness 100-200 j.tm) 

was spread around the plate surface to wet it evenly, and excess latex was 

drawn off using a pipette. In addition, a watch glass was placed over each plate 

to slow down the rate of water evaporation during drying. Solvent-cast films were 

prepared trom freeze dried latexes by dissolving the powder in THF to give a 

concentraled solution. A few drops were deposited on quartz plates and allowed 

to dry. Once the films were formed, they were subjected to various ageing and 

temperafure treatments as presented in Table 5.3. All films were formed and 

aged at room tempersture unless noted otherwise. All heat treatments were 

carried out at 1 00 °C and at ca. 500 mbar vacuum. 

Tabfe 5.3. Ageing and Tempersture Treatment Applied on Hybrid Films on Quartz 

Plates prior to Fluorescence Decay Measurements. 

Ageing: Fresh (3 hrs.) 1 Day 2 Days 4Days 20 Days 

H1 x x x x x 
H2 x x x x x 
H3 x 
H4 x 
81 x 
Temperature: 0.5 Day R.T. + 12 h. 100 oe 3.5 Days R.T.+ 12 h. 100 oe 
H1 x x 
H2 x x 
H3 x 

For measurements the samples were fixed on a spring-loaded holder at an angle 

of 15° with respect to the direction of excitation. Highly absorbing black solids 

were used to prevent multiple excitation with the laser pulses, the reflection on 

the substrata and the remainders of the excitation beam. The sample holder was 

placed in housing also containing the dateetion opties. Extreme care was taken 

to avoid artifacts trom depolarization effects. For selection of the wavelength of 

dateetion (385 nm) a CVI model CM 112 monochromator was used with the two 

gratings in a subtractive dispersion configuration. By using a rotating-sheet 

polarizer, the parallel and perpendicular intensities could be measured 

separately. The time-correlated single photon counting method was used, with 

the data being fed to a 1 024-channel analyzer (Nuclear Data, model 

AccuspecB). By reducing the energy of the excitation pulses with neutral density 
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filters, a maximum fluorescence photon frequency of 30 kHz (-5% of 594 kHz) 

was chosen [15] to prevent pile-up distortion. Also other instrumental sourees tor 
disfortion of data were minimized to below the noise level of normal photon 

statistics [16]. Measurements consisted of repeated sequences of measuring 

during 10 s parallel and 10 s perpendicular polarized emission. The number of 

sequences was chosen to yîeld a peak content in the data files of up to 100.000 

counts. After measuring the fluorescence of the sample, the background 

emission of a sample without added fluorophores was measured and used tor 
background subtraction. Extreme care was taken to prevent background 

luminescence. The G-factor of the detection part of the setup (at the wavelength 

of detection) was determined by performing a tail matching operation with the 

tluorescence decays of parallelly and perpendicularly polarized fluorescence of a 

smal! probe molecule in solution (p-terphenyl in ethanol). The calculations were 

carried out by determining the value of G that minimized the residual sum: 

(5.6) 

where i,max is the point at which the total fluorescence (lpar + 21perp) reaches its 

peak. This value of G was used for curve fitting of all sample data. 

Data analysis was carried out using the Fluorescence Data Processor, a 

program recently developed by the Scientific Software Technologies Center at 

Belarusian State Univerisity (Minsk, Belarus). A sum of tirst-order exponentiel 

terms was used as a model. Optimization was performed by finding the lowest 

number of exponentlal terms that minimized l'. 

5.3 Results and Discussion 

5.3.1 Determination of the Optimum Excitation and Dateetion Wavelengths 

In the research described by others [4,6-9] fluorescence decay measurements 

were carried out using 298 nm as the excitation wavelength and 366 nm tor 
dateetion when the system phenanthrene-anthracene was used. The labeled 

species in these studies involved polymers of acrylic esters that did notinterter 

with the fluorescent label at these wavelengths. 
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In the oil/alkyd-acrylic hybrid system sunflower oil and alkyd resin are present. 
These components may have fluorescent properties that interfere with the 

intended measurements. After application films prepared trom the hybrid latexes 

cross-link by autoxidative drying. The formation and decomposition of fatty acid 

hydraperoxides in the autoxidative drying process yields fatty acid esters with 

conjugated double bonds.These may give rise to background fluorescence. To 

test this, fatty acid with conjugated double bonds (Nouracid 656, with approx. 

47% of conjugated and approx. 33% of non-conjugated double bands), esterified 

to phenanthrene, was prepared (Phe-Ric). 

The excitation and emission spectra of the phenanthrene-modified linoleic acid 

(Phe-Lin) and the phenanthrene-modified Nouracid 656 (Phe-Ric) are presented 
in Figure 5.2a and Figure 5.2b. Except for minor ditterences the excitation and 

emission spectra of Phe-Lin and Phe-Ric are similar. This indicates that the 

conjugated double bonds in the fatty-acid chains of Phe-Ric have no influence on 

the fluorescence of the attached phenanthrene group, or that the influence is 

similar as that resulting trom non-conjugated double bonds. At the selected 

excitation wavelength of 300 nm the excitation spectra of Phe-Lin and Phe-Ric 

show a small peak. At the selected emission wavelength of 366 nm the emission 

for both compounds was strong. From these results it was concluded that both 

Phe-Lin and Phe-Ric could be used in this study and that the formation of 

conjugated double bonds would not interfere. In addition they show that an 

excitation wavelength of 300 nm and dateetion wavelength of 366 nm could be 
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Figure 5.2. Static fluorescence excitation (---) and emission (--) spectra of Phe-Lin 

(A) and Phe-Ric (B). 
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used. Phe-Lin was used in the preparatien of the hybrid system, because of the 

resembranee of its fatty-acid chains with the fatty acids in SFO and alkyd resin 

(AH98). 

The emission and excitation spectra of the alkyd resin and the SFO are 

presented in Figure 5.3 and in Figure 5.4. Figure 5.3 shows that the alkyd is 

sensitive to excitation in the area from 280 nm to 400 nm. Thus, alkyd resins 

cannot be included in the hybrids and blends used for film formation when the 

analysis is carried out using phenanthrene as donor. Most likely, the strong 

excitation and emission result trom the presence of isophthalic acid groups in the 

alkyd. 

The excitation and emission of the SFO were weaker at the dateetion wavelength 

of 366 nm, as shown in the spectra in Figure 5.4. However, when the SFO is 

excited at 300 nm, then at 366 nm there was still significant emission. Therefore, 

detection was carried out at 385 nm because the emission of the SFO could be 

neglected at that wavelength. A possible cause tor the observed emission of the 

SFO could be the presence of residual tocopherols. The use of more rigorously 

purified SFO may reduce this content. 
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Figure 5.3. Static fluoresamee spectra of alkyd resin AH98; (····) excitation, (-) 

emission, (-) emission trom excitation at 300 nm. 
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5.3.2 Hybrld Latex Characteristics 

The characteristics of the oil-acrylic hybrids H1 to H5 and the all-acrylic An-Ma 
latex are presented in Table 5.4. ·rhe results presented in Table 5.4 were similar 

to those found tor the oil-acrylic and alkyd/oil-acrylic hybrids described in 
Chapters 3 and 4. However, the final conversion of the acrylic monomar to 
polymer was lower than previously observed. Conversions ranged trom 66% to 
74%, whereas in Chapter 3 and Chapter 4 typically conversions of 90% were 
obtained tor hybrids composed of 50% (wt.) of oil and/or alkyd and 50% (wt.) of 

acrylic. A possible explanation for the apparently low final conversions could be 
that evaporation of the monomar had occurred during homogenization, which 

was generally carried out in an open system. Since in these cases labeled 
monomar and fatty acid esters were used, the polymerizations were carried out 
in smaller batches. Therefore, loss of a small amount of monomar during 
homogenization due to evaporation could have a noticeable effect on the 

apparent final conversion. 
GPC and 1H-NMR analysis of the precipitated polymer at final conversion 

showed the incorporation of the An-MA monomer in the acrylic polymer. 
Quantification of the incorporation of An-MA trom the NMR spectra was not 

possible because of the small peaks in the NMR spectrum resulting from the 
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anthracene group. Exact quantification of the amount of An-MA built into the 

polymer was not considered to be of importance tor the validation of the 

fluorescence decay method tor determination of ditfusion and phase separation 

of oil-acrylic hybrid latexes during film formation and ageing. However, for further 

etaboration of this method it should be included. Also, determination of the 

distribution of An-MA over the polymer chains should be included in future 

investigations. In the papers previously publishad the labeled latex particles were 

prepared by semicontinuous emulsions polymerization under starved conditions 

[3-9]. When this process is applied, the effects of ditterenee in solubility of the 

labeled monomar and the non-labeled monomar in the aqueous medium, as well 

as of the ditterenee in reactivity between the two monomars on the composition 

drift of the polymer are strongly redueed. This results in a homogeneous 

eopolymer eomposition. The mini-emutsion polymerization process is expected to 

strongly reduce the drift rasuiting trom the solubility difference. To our knowledge 

reactivity ratios for labeled and non-labeled monomars have not been reported 

thus far. 

Tabla 5.4. Characteristics of the Hybrlds Prepared. 

H1 H2 H3 H4 H5 An-MA 

Part. Size (Zav nm) 219 187 178 195 172 140 

Mol. Weighta (Mn•10.3) 71.7 58.9 54.0 43.6 53.4 138.3 

Mol. Weight (Mw•10.3) 440.1 231.9 406.5 176.2 374.5 597.5 

Solids (%) 34.9 34.4 34.5 34.2 33.4 

Conversion (%) 74.2 72.3 72.7 69.3 66.3 

a) Determined trom the polymer fraction 

5.3.3 Fluorescence Resonance Energy Transfer Measurements 

For raasons described in the previous section the time-resolved fluorescence 

resonance energy transfer measurements were performed on films prepared 

trom hybrid latexes composed of SFO and acrylic polymer. The composition of 

the hybrids and the blend used for the preparatien of the films are given in Table 

5.1, and the ageing and temperafure treatment applied is presented in Table 5.3. 

Figure 5.5 shows a typical fluorescence-time profile of a Phe-Lin-labeled oil

acrylic hybrid (H3). Hybrid H3 contains only the donor Phe-Lin. No acceptor 

molecules we re present in this system. The fluorescence lifetime ('to, Eqn. 5.1) 

was determined to be 39.1 ns. This value is close to the to value of 45.4 ns found 

tor a Phe·MMA·Iabeled pBMA [4]. Also, the fluorescence profile showed a first 
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Figure 5.5. Fluorescence decay profile of hybrid H3 (Phe-Lin labeled SFO-EMA hybrid) 

after 4 days of drying!ageing at R. T.; -r0 = 39. 1 ns. Excitation 300 nm, defection 385 nm. 

>- 0.1 

""' 0 c 
.!!l 
.6 
'0 0,01 
G> 

.!::! 
iii 
Ë 
0 1E·3 
z 

{6 hrs.) 

1E-4 
0 10 20 30 40 50 60 70 80 90 100 

Time (ns) 

Figure 5.6. Fluorescence decay profile of Phe-Lin labeled SFO!An-Ma-labeled pEMA 

hybrids H1 and H2 after 6 h of drying!ageing compared to hybrid H3 (only Phe-Lin 

/abe/ed). Hybrid H1 was initiated extemally by t-BHP and H2 internally by SFO-HP. 

Excitation 300 nm, defection 385 nm. 

order decay. This is an indication that no fast relaxation due to quenching had 

taken place. Hence, it was concluded that the presence of the double bonds of 

the SFO had little influence on the fluorescence characteristics of Phe-Lin. The 
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small ditterenee in to with the one reported in literature could be caused by a 

ditterenee in backbone attached to the chromophore. Also, this could have been 

caused by a ditterenee in excitation pulse width. For this study the instrumental 

response tunetion had a width of ca. 40 ps, as opposed to ca. 30 ns used by 

Zhao et al. (4). 

Typical fluorescence decay profiles of the Phe-lin-labeled SFO/An-MA-Iabeled 

pEMA hybrid latexes initiated externally by t-BHP (H1) and hybrid latexes 

initiated internally by SFO-HP are given in Figure 5.6. These fluorescence decay 

profiles clearly showed a ditterenee in the initia! degree of mixing between the 

SFO-acrylic system initiated externally by t-BHP and the SFO-acrylic system 

initiated internally by SFO-HP using the ROOH/Fe2+·EDTAISFS redox initiatien 

system. The sharper decrease of the fluorescence decay profile of H2 after 6 

hours of drying/ageing indicated that the quenching of Phe-Lin by An-MA was 

stronger in the SFO-HP-initiated system. Hence, it was concluded that in films 

prepared from the SFO-HP-initiated latexes the initial degree of mixing was 

higher. This initially higher degree of mixing may result trom the compatibilization 

effect of oil-acrylic copolymer resulting from initiatien by the fatty-acid 

hydroperoxides. 

For determination of the effect of time (and cross-linking by autoxidation) on films 

prepared from hybrids H1 and H2 the films were aged for longer periods (up to 

20 days). The two analytica! models described in the introductory section of this 

chapter were used for the analysis of the fluorescence decay results. The 

fluorescence decay profiles of films prepared from the blend (B1) and of films 

prepared from solvent-borne hybrids were used to oompare the results with a 

totally phase-separated system and a fully mixed system. These results are 

discussed in the next section. 

Methods of Analysis 

A first approach for analysis of fluorescence decay data was carried out by fitting 

the experimental data to a sum of exponential terms. In this approach the pre

exponential factors were normalized by dividing the sum of the raw values for 

that particular sample. This was carried out as a first attempt to correct for 

thickness variations from one sample to the next. Attempts to fit a linear 

combination of stretched exponential and tirst-order decay models were 

unsuccessful. The failure of this approach is prove for the complex nature of the 

energy-transfer processas taking place in the films prepared trom the hybrid 

latexes. 
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The use of a sum of first order exponential terms resulted in good fits when tour 

time constants were used, 't1 to 't4. These tour timeconstantscan be considered 

as resulting trom different modes of energy transfer of the chromophore. 

The results of the analysis of the films by fitting with a sum of tirst-order 

exponentiel terms tor the films prepared trom H1 in time and of H3 and the blend 

are presented in Figure 5.7. The results of the analysis of the films prepared trom 

H2 are presented in Figure 5.8. 

The 't1 value of 39.1 ns was obtained using the data of the film prepared trom H3 

(only Phe-labeled) and was kept fixed tor all other runs. This value represents 

the lifetime of the excited, unquenched donor groups. A shorter lifetime (-r2, ca. 

14 ns) was also observed for all films. This value most likely represents the 

lifetime of Phe when it transfers energy to oil molecules. The third lifetime ( 't3, ca. 

5 ns) was not observed when acceptor groups were absent. Therefore, this value 

most likely characterizes the energy transfer trom the excited Phe group to An. 

Finally, low 't4 values (0.1 - 1.5 ns) were observed. This value appeared only in 

films that were aged tor 20 days and in films that were aged at elevated 

temperatures. This parameter suggests the formation of tast quenching species 

under conditions that promote autoxidation and crosslinking of the oil. 
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Figure 5.7. Relative va/ues of lifetime vatues (r1 to T4) of films prepared trom hybrid H1, 

aged for different periods of time, and of films prepared trom the b/end and trom hybrid 

H3. 
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Figure 5.8. Relative values of lifetime values (-r1 to T4) of films prepared from hybrid H2, 

aged tor different periods of time. 

For all samples, except tor the H3 film, low values tor the contribution of 1:1 were 

observed. This suggests that the amount of unquenched Phe-Lin in the films was 

low and therefore that the films were highly mixed (including the blend). Also, the 

normalized value corresponding to 1:2 (resulting from the quenching of Phe by the 

oil) was approx. constant over time and the same for the different films. Hence, it 

was concluded that the energy transfer by this mechanism was of little influence 

between the H1 and H2 system and remained smallover time. 

The normalized value corresponding to 'ts was of greatest interest. This value 

contains information on the quenching of Phe by An and therefore on the mixing 

of the donor and acceptor. lt was observed that the value corresponding to this 

time constant was approx. similar between the H1 and the H2 films and also 

similar to the films prepared trom the solvent-borne hybrids. 

One could argue that these results indicate that there is little ditterenee between 

the different systems and that time has no effect on the degree of mixing (except 

after 20 days or after heat treatment when a considerable amount of cross-linked 

material has formed}. However, the fluorescence decay profiles of H1 and H2 

after 6 hours given in Figure 5.6 showed a considerable difference. This 

suggests that the normalized values obtained trom fitting the decay curve do not 

give optima! results. A possible reason tor this could be the normalization that 

was performed in order to exclude the effect of ditterences in film thickness was 

not correct. 

From these results it was concluded that analysis of fluorescence decay profiles 

by fitting to a the sum of exponential terms method could be used tor a first 
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evaluation of the different mechanisms of quenching that occur. For quantitative 

evaluation of the films by this analysis method a better control of the film, in 

particular of film thickness, is required. 

Area lntegration Method 

In 1998 Feng et al. [6] introduced an alternative approach for determination of 

the efficiency of energy transfer. In this approach the efficiency of energy transfer 

(or the volume fraction of mixing) was determined trom the area under the donor 

fluorescence decay profile l(t) from samples containing both D and A using Eqn. 

5.5. Calculation of the volume fraction of mixing f'A requires Ao, the area under 

the profile of the donor only, A.o the area under the profile from a completely 

mixed system and A, the area under the profile of the decay trom the hybrid film. 

The value of Ao could be determined trom the decay profile of the film prepared 

trom H3. lt was expected that films prepared trom solvent·borne systems of 

freeze dried H1 and H2 would supply the values of A~. However, the films 

prepared from the solvent-borne systems appeared to reflect incomplete mixing 

of A and D. Possibly this was caused by phase separation between the acrylic 

polymer and the Phe·Lin resin during drying. Therefore, a value of normalized 

area was used to determine the efficiency of mixing of the H1 and H2 hybrid 

films. 

Figure 5.9 shows the values of normalized area determined from the area under 

the fluorescence decay profiles of films prepared trom hybrids H1 and H2 in time. 

As was observed in Figure 5.6 the initia! mixing of H2 is stronger than that of H1. 

However, it was observed that the efficiency of mixing of films prepared from H2 

decreased in the first days to a value that was higher than the value obtained for 

H1. This behavior suggests that the phase behavior of H2 films is governed by 

two processes. In the initia! film the acrylic and oil are mixedtoa certain extent 

on a molecular level, but as the oil begins to polymerize by autoxidative 

polymerization the mobility of the Phe-labeled molecules is strongly reduced. In 

addition, the compatibility between the two phases is expected to decrease 

because of this polymerization. The result is a short mixing of the two phases, 

foliowed by demixing. The film prepared from hybrid H1 does not show this 

demixing. The most likely reason for this is that the initia! degree of mixing is 

lower and that the onset of crosslinking is slower. In hybrid H2 residual 

hydraperoxides will result in taster crosslinking. Surprisingly, after 20 days the 

efficiency of mixing is similar for both H1 and H2 films. This value suggests that 
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at Jonger time the efficiency of mixing has increased upon cross-linking, 

compared to the initia! degree of mixing and, more importantly, that the type of 

initiation, externally or internally, has no effect on the final degree of mixing. 
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Figure 5.9. Normafized area of films prepared trom H1 and H2 in times. Area detennined 

trom inlegration of fluorescence decay profifes. 

5.4 Concluslons 

The results described in this study show that valuable information on the degree 

of mixing of oil-acrylic hybrids and on the processas that take place during film 

formation and ageing of these complex systems can be obtained by fluorescence 

decay measurements. In oil-acrylic hybrids phenanthrene-labeled fatty acid 

esterscan be used as donor and anthracene-labeled acrylate as acceptor. The 

use of this donor-acceptor couple excludes the use of commercially interesting 

alkyd resins in the hybrid tormulation, because of background fluorescence by 

the resin. At the wavelengths used tor excitation of the phenanthrene and 

dateetion of the fluorescence, 300 nm and 385 nm, respectively, SFO gives no 

significant background fluorescence. 

By using the fluorescence decay profile it was shown that internat initiatien by 

SFO-HP (H2) results in an initially more homogeneaus film than by using 

external initiatien by t-BHP {H1). However, these films partially phase separate 
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during the first days of drying. After 20 days of drying the degree of mixing of the 

films prepared trom H1 and trom H2 is equal. 
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CHAPTER6: PRELIMINARY INVESTIGATIONS ON THE 
PERFORMANCE OF OIUALKYD-ACRYLIC HYBRID COATINGS 

Abstract 
This chapter describes the preliminary investigations carried out to delermine the 

performance characteristics of oiValkyd-acrylic hybrid latexes as binders for 

waterbome coatings. The coating performance of non-pigmented oil/alkyd-acrylic 

latexes was compared to that of a blend of alkyd emulsion and acrylic latex with 

simi/ar chemica/ composition and to that of an alkyd emulsion binder. 

The film morphology of the blend system was studied using transparency 

measurements and atomie force microscopy. lt was found that a minimum 

volume fraction of 45% of alkyd emulsion was required tor the preparatien of 

transparent blend films. AFM imaging showed that in films prepared trom blend 

systems the alkyd resin acted as the binder and the acrylic latex was randomly 

dispersed in this matrix. 

The oillalkyd acrylic hybrid latex showed a decreased drying time when 

compared to the blend system and the alkyd emulsion. The gloss of films 

prepared trom the hybrid systems was simi/ar to that of the blend system but 

lower than that of the film prepared trom the alkyd emulsion. The hardness of the 

various systems was simi/ar with the exception of the fatty-acid hydroperoxide

initiated hybrid, which initially showed a slightly higher hardness. 
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6.1 Introduetion 

The ultimata objective of the research carried out on paints and coatings is the 

development of new systems that give better performance than existing systems. 

The performance of these new, or improved, systems is generally evaluated 

according to specific requirements emanating trom the application they were 

designed for. For instance, for outdoors wood coatings a system is required that 

shows short drying time, ease of application, does not emit volatile organic 

components, gives good and durable proteetion to the wood and has good 

weatherability properties. The performance properties of the coating systems are 

for a great part determined by the properties of the main components of the 

coating system, i.e., the binder, the pigments and the carrier (or solvent). 

This chapter describes the preliminary investigation on the performance of 

coatings prepared trom alkyd-acrylic hybrid latexes. These latexes were 

designed tor use as binders in VOC-free waterborne decorative coatings. In our 

previous studies, described in Chapters 2 to 5 of this thesis, the preparatien of 

alkyd-acrylic hybrid latexes with varying compositions was investigated. Also, the 

morphology of these hybrid latexes and of films prepared from them was 

analyzed. In the current study the developed alkyd-acrylic hybrid latexes were 

formulated to a non-pigmented coating system using a minimal amount of 

additives. Only additional surfactant, primary driers and, if necessary for film 

application, thickener ware added. Secondary driers, pigments and other 

additives were not added. 

The performance of the hybrid coating system, i.e., drying time, cross-linking, 

hardness and gloss, was compared to that of a blend system and of an alkyd 

emulsion. The blend system was composed of an alkyd emulsion and an all

acrylic latex with the same chemica! composition as the alkyd-acrylic hybrid and 

was formulated in a similar manner. The comparison of the various systerns and 

the evaluation of the coating performance are described in the final part of this 

chapter. 

First results on the morphology study of films prepared from the blend system 

are described, as it was expected that this study would be beneficia! for the 

comparison of the coating properties of the blend and hybrid systems. 

Furthermore, saveral new bindersbasedon blends of waterborne systems have 

been developed in recent years [1-6]. Forthese raasons the morphology of films 

prepared trom blend systems was analyzed using atomie force microscopy 

(AFM) and transparency measurements. This is described in the first part of this 

chapter. 
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6.2 Experimental 

6.2.1 Materials 

Sunflower oil (SFO, Rhenus B.V. The Netherlands) was purified by fUtration over 
a florisil (Merck) column. The alkyd resin was kindly supplied by DSM Resins 

(AH98, Zwolle, The Netherlands). Sodium dodecyl sulfate (SOS, Fluka 
BioChemica., very pure), ethylene-diaminetetraacetic acid (EDTA, Merck), 

sodium formaldehyde-sulfoxylate (SFS, Merck), sodium hydrogencarbonate 
(NaHCOa, Merck), ferrous sulfate hexahydrate (FeSOl'6H20, Merck), 
hexadecane (HO, Merck), tef1.butyl hydraperoxide (t-BHP, Merck), nonionic 
surfactant (Berol-048, Akzo-Nobel, Sweden), Co-siccative (WEB-Co, 8% Co, 
Servo Delden), associative thickener (Acrysol 2020, Zeneca resins), as well as 
the solvents iso-octane (Aidrich), methyl ethyl ketone (MEK, Aldrich) and 

tetrahydrofuran (THF, Aldrich) were all used as received. 

6.2.2 Preparation and Formulation of the Systems 

Alkyd-Acrylic Hybrids 

Alkyd-acrylic hybrid latexes with various ratios of oil/alkyd to acrylic were 
prepared by mini-emutsion polymerization according to the procedures described 
in Chapter 4 (Section 4.3.2). The polyrnerization of the acrylic monomer, ethyl 
methacrylate (EMA), was initiated by t-BHP or by sunflower-oil hydraperoxide 
(SFO-HP) in an ROOH/Fe2+-EDTA/SFS redox initiation system. The hybrids 
were composed of various proportions of sunflower oil (SFO), or oxidized 
sunflower oil (SFO-HP), and alkyd resin, to monomer (EMA). The composition 
and the properties of the hybrids prepared are presented in Chapter 4 (Table 
4.3). 
After preparation of the alkyd-acrylic hybrids non-ionic surfactant (Berol-048, 3 

WO/o of solids) and drier (WEB-Co, 0.1 WO/o on oil/alkyd) were added and the 
system was allowed to equilibrate for 48 h and 24 h, respectively. After 
equilibration associative thickener (0.1 WO/o to 0.5 w% on total emulsion) was 
added for control of viscosity during film application. 
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Alkyd-Acrylic Blends 

Blends of alkyd emulsion and all acrylic latex with various ratios of alkyd 

emulsion to acrylic latex were prepared tor analysis of the film structure and for 

comparison with the hybrids. The alkyd emulsion (Ak1) was prepared by direct 

emulsification of the alkyd resin AH98 in water according to the procedure 

described in Chapter 4 (Section 4.3.2). The surfactants SOS and Berol-048 were 

used tor stabilization. The all acrylic latex (Ac1) was prepared by mini-emutsion 

polymerization using EMA as monomer according to the procedure described in 

Chapter 4 (Section 4.3.2). SOS was used as surfactant and hexadecane as the 

hydrophobe tor the preparation of the all acrylic latex. The composition and 

properties of Ak1 and Ac1 are presented in Table 6.1. After preparation of the 

Ac1 latex additional non-ionic surfactant (Berol 048, 3 w% on solids) was added. 

The latex was allowed to equilibrate tor 3 days under gentie shaking and was 

combined with various amounts of alkyd emulsion Ak1 to form the blends. The 

blends were mixed by gently shaking for 24 h. After mixing and equilibration of 

the blends drier was added (WEB-Co, 0.1 w% Co on oillalkyd) and the 

formulated blend systerns were vigorously shaken for 1 min. The compositions of 

the blends prepared are presenled in Table 6.2. The formulated blends were 

storedunder nitrogen while shaking gently until further use. 

Film Preparation 

Film samples were prepared on polypropylene sheet (Moplefan C0442) and on 

glass plates. Because of ease of removal of the dried films polypropylene sheet 

was used as substrata tor the preparation of free films. These films were used for 

analysis of the chemica! composition (gel content). Films of alkyd-acrylic hybrid 

Table 6.1. Composition and Properties of Alkyd Emu/sion and Acrylic Latex used 

for Preparation of Blend Systems 

SFO AH-98 EMA Solids Dav Mn Mw 

(w%) (w%) (w<'/o) (w%) (nm) (x1 o·3) (x1 o-3) 

Ak1 33.7 66.3 50 230a 

Ac1 100 50 180 139.1 876.5 

a) Measured using Malvem Mastersizer 
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Table 6.2. Composition of the Formulated Blend Systems Used 

<I>Aa Ak1 Ac1 WEB-Co 

(g) (g) (J.LL)b 

B-40 0.4 40 60 25 

B-45 0.45 45 55 28.2 

B-50 0.5 50 50 31.3 

B-55 0.55 55 45 34.4 

B-60 0.6 60 40 37.5 

a) Volume fraction of alkyd emulsion 

b) Amount (pL) of WEB-Co (8% Co) aclded to 10 mL of blend 

latex, alkyd-acrylic blends and alkyd emulsion were applied on polypropylene 

sheet using a doctor blade (wet film thickness of 300 ~m). After 48 h the films 

were caretully removed trom the substrata and the tree film was aged in the air 

until further analysis. 

Film samples tor hardness and gloss measurements were prepared on glass 

plates using a doctor blade (wet film thickness 120 ~m). 

6.2.3 Analysis 

Atomie Force Microscopy (AFM) 

AFM experirnents were carried out using a Nanoscope 111 Multimode microscope 

(Digital lnstruments, Santa Barbara, U.S.A.). AFM height and phase images 

were obtained simultaneously at ambient conditions while oparating the 

instrument in tapping mode. Force modulation images were obtained in contact 

mode. Commercial etched silicon nitride cantilevers of 125 11m (spring constant 

20-100 N/m, resonance freq. 298-369 kHz) and of 400 ~m (spring constant 5-10 

N/m, resonance treq. 6-8 kHz) were used tor imaging in tapping mode and tor 
force modulation imaging, respectively (Nanoprobe"' TESP, Digital lnstruments, 

Santa Barbara U.S.A.). Images were obtained at a scan rate of 1 Hz, with 512 

lines. The image size ranged from 1 x 1 11m2 to 15 x 15 ~m2. 
Films to be imaged were prepared by placing a drop of blend emulsion onto 

freshly cleaved muscovite mica (EMS, USA). The emulsion was spread out on 

the mica using the top of a pipette. The films were allowed to dry at ambient 

tempersture for 2 days prior to imaging. 
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Hardness 

The hardness of the films on glass was determined using a König pendulum 

hardness maasurement (Braive instruments). The hardness measurements were 

carried out at indoors atmospheric conditions (temperature varying trom 18 to 25 

oe, R.H. varying from 20% to 45%). The hardness was calculated as the average 

value from three measurements on different locations on the film. 

Gloss 

The gloss of the films on glass was measured at angles of 20°, 60° and 85°. The 

gloss was calculated as the average value of five measurements on different 

locations on the film. 

Transparency 

Film transparency was measured using a UV-Vis spectrometer (Shimadzu UV-

160 A), and recorded as transminanee at 550 nm. Films were prepared by 

spreading blends of pEMA latex and alkyd emulsion onto cleaved pMMA 

cuvettes and air-drying at room temperafure for 1 h prior to the maasurement 

Chemica/ Composition 

The chemica! composition of films prepared from alkyd-acrylic hybrid latexes, 

trom alkyd-acrylic blends and from alkyd emulsions was determined by soxhlet 

extraction. Aftera predetermined time of drying the free films were cut into small 

pieces and subsequently extracted for 48 h each by iso-octane, methyl ethyl 

ketone (MEK) and tetrahydrofuran (THF). The iso-octane was used for selective 

extraction of non-cross-linked oil and -alkyd resin and the pEMA was extracted 

using the MEK and THF. The composition of the films, i.e., non cross-linked 

oil/alkyd, pEMA and gel content, was calculated trom the weight of selectively 

extracted material and residual material after removal of the solvent and drying in 

vacuum for 24 h (at 30 °e). 

Drying Time 

Drying time was recorded using a Bekker-Koller (BK) drying time analyzer 

(Braive lnstruments). Films were prepared on long glass bars using a film 

applicator (120 J.lm wet film thickness). The drying time was visualized as 
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consisting of tour phases resulting trom the trace pattem of the needie in the film 

(schematically shown in Figure 6.1). 

1. Solvent evaporation phase 
2. Sol-gel phase 

3. Touch·dry phase 
4. Through·dry phase 

Figure 6. 1. Trace pattem of the needie in a drying film 

6.3 Results and Discussion 

6.3.1 Morphology of Films Prepared from Blend Systems 

The surface morphology of films prepared trom blends of alkyd emulsion (Ak1) 

and acrylic latex (Ac1) was studied using Atomie Force Microscopy. In addition, 

the bulk morphology of films prepared trom blends of various compositions was 

studied using transparency measurements. The use of transparency 

measurements as a method for evalustion of films prepared trom blend systems 

was described by Feng et al. [6]. The films were prepared on the inside of 

vertically cut pMMA cuvettes. Once dried, they were visually evaluated and the 

percent transminanee was measured by UV-Vis spectroscopy. The transparency 

phase diagram, describing the transparency of films prepared trom alkyd-acrylic 

blends with various tractions of alkyd emulsion, is presented in Figure 6.2. Figure 

6.2 shows that the transminanee of films prepared trom blends with a fraction of 

alkyd emulsion in excess of 0.45 was in the order of 70% to 85% at 550 nm. 

These films were optically clear. At lower fractions of alkyd emulsion non

transparent films were observed with a transminanee of 0% to 1 %. The critica! 

volume fraction of alkyd emulsion (<l>c), at which a clear film could be obtained, 

was approximately 0.45. This critica! volume fraction of soft material was in 

agreement with the value reported by Feng et al. [7,8] for films prepared trom 

blends of hard and soft acrylic latexes. 

Transparent filmscan be obtained when there are negligible voids remaining in 

the film, which can scatter light [9]. This requires complete coalescence of the 
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particles in the film. Other criteria for transparency in a blend film are a close 

match of the refractive indexes (RI) of the components (typically the RI mismatch 

should be smaller than 0.01 [1 0]) and a good dispersion of the 'hard' particles 

[11 ]. The optical clarity of the films observed at a <PA of 0.45, and higher, 

suggests a good coalescence of the alkyd emulsion droplets and the acrylic 

particles and a good match of the refractive indexes of the alkyd resin, the 

sunflower oil and the acrylic polymer. Most likely, the soft alkyd resin forms the 

continuous phase, with the hard acrylic particles evenly dispersed in this phase. 

The ditterenee in refractive index of the alkyd resinlsunflower oil and the pEMA is 

larger than 0.01. This should result in opaqua films. A possible explanation of the 

observed transparency at <PA of 0.45 and higher could be that the sunflower oil or 

the alkyd resin partly dissolves in the pEMA and thereby decreasas the 

mismatch in refractive index. 

The non-transparency observed at alkyd fractions lower than 0.45 was most 

probably caused by air voids between acrylic particles that were created when 

not enough oil and alkyd resin was present to completely 'wet' the hard acrylic 

particles. 

Atomie force measurements were carried out for analysis of the morphology of 

the surface of films prepared trom blends of alkyd emulsion and of acrylic latex. 

A typical topographic image of a surface corresponding to a clear film (<PA= 0.6) 

is presented in Figure 6.3. This image shows a smooth surface with a small 

number of spherical structures protruding trom the surface. These spherical 

'"' 

ao 

Volume fraction of alky<l emulsion 

Figure 6.2. Plot of percent transmittance vs. volume fraction of alkyd emulsion in 

the blend. 
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Blend Aki Ac 60140 w/w 

1 

2 

X 1.000 IIMidiu 
Z 500.000 nN/diu 

Figure 6.3. Side-view image of film prepared from a/kyd-acry/ic blend with 60 w% 

of alkyd emulsion and 40 w% of acrylic latex 

structures most likely are the dispersed acrylic particles. The image shows that 
the acrylic particles were randomly dispersed in the film. A typical topographic 

image corresponding to an opaque film (<I>A = 0.40) is presented in Figure 6.4. 

This image shows a large number of particles and generally a relatively rough 

surface (z-axis is expanded in the image). The particles were spherically shaped 

and showed no deformation. Smooth areas corresponding to alkyd resin (as 

observed in Figure 6.3) were not observed. These observations confirm the 

results of the transparency measurements, which suggested that below <I>A= 0.45 

not enough alkyd resin was present to 'wet' the acrylic particles. The effect of 

lower concentrations of acrylic latex on the number of particles visible at the 

surface of the films is shown in Figure 6.5. The images presented in Figure 6.5 

showed that a decreased concentratien of acrylic particles in the tormulation of 

the blend resulted in a decreased number of particles at the surface. These 
images are presented in the phase mode for increased contrast between alkyd 

resin and acrylic particle. This result indicates that the acrylic particles are 
I 

randomly distributed in the alkyd resin matrix. lnformation on the distribution 
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J.IM 

Chapter6 

Blend Aki Ac 40160 

X 1.000 J.IN/diY 
2 785.801 nM/diY 

Figure 6.4. Side-view image of film prepared trom alkyd-acrylic blend composed 

of 40 WOJ6 of alkyd emulsion and 60 w% of acrylic latex 

A B c 

Figure 6.5. AFM images (phase mode) of surfaces of films prepared trom b/ends 

with various alkyd-acrylic compositions. Volume fraction alkyd (t:PA) is 0.50 (A), is 

0.55 (B) and is 0.60 (C). 

of the acrylic particles was considered to be of importance because a non
random distribution was expected to be of influence on the final coating 
performance. For instance, because of 'floating' or 'sinking' of the acrylic 
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particles in the alkyd resin matrix films with a certain degree of stratification could 

be formed. This stratification could result in ditterences in properties of the films. 

The images presented in the Figures 6.3-6.5 indicate that the acrylic particles 

are dispersed in the alkyd resin matrix. These images do nat show the, partial, 

mixing between the acrylic polymer and the alkyd resin that was suggested as a 

possible reason tor the observed transparency. Force modulation imaging was 

used in order to determine if mixing between the alkyd resin and the acrylic 

polymer partiele had occurred. Force modulation imaging is a contact mode 

technique that provides machanical information to complement topographic data. 

With the use of force modulation local stiffness can be mapped and this stiffness 

can be correlated to topographic features on the surface [12, 13]. 

Figure 6.6a and Figure 6.6b reprasent the topographic and force modulation 

images of a typical film prepared trom a blend system (alkyd volume fraction <I>A 

= 0.8). The film was imaged at low fraction of acrylic particles in order to be able 

to optimally visualize the acrylic particles in the force modulation image. In 

correspondence with topographic images obtained in tapping mode Figure 6.6a 

showed spherical structures protruding trom the surface, reminiscent of acrylic 

particles. At the same locations the force modulation image in Figure 6.6b 

showed dark spherical structures. This dark color is the result of a higher 

stiffness. The resolution of the force modulation image was nat high enough to 

show whether softening at the edge of the particles had occurred because of 

A B 

Figure 6.6. AFM Image of blend of alkyd emulsion and acryfic latex (ratio Ak/Ac 

80/20). (A) Top-view of height image, (B) Top-view image of force-modulation. 
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diffusion of oil, but the strong difference in stittness indicted that this was not the 

case. 

From the transparency measurements and the AFM analysis it was concluded 

that clear films could be prepared trom blends of alkyd emulsion and acrylic 

latex. In these films the alkyd resin forms the matrix and the acrylic particles are 

randomly dispersed in this matrix. 

6.3.2 Coating Performance of Hybrids vs. Blends 

The results of the drying time, gloss and hardness measurements and the 

appearance evaluation of films prepared trom the various formulated systems 

are presenled in Table 6.3. For good comparison between the various systems 

the chemica! composition of the systems was designed to be similar and the 

same types of additives were added in similar amounts (except for the single 

component systems Ak1 and Ac1 ). 

The results presenled in Table 6.3 showed interesting ditterences between an 

alkyd-acrylic blend binder and the alkyd-acrylic hybrid binders. The most 

significant ditterenee between the two systems was observed with the drying 

time of the films. Films prepared trom the hybrid latexes typically showed a 

drying time of approx. 3 h. This drying time was not only observed tor hybrids 

containing 50 w<'lo of acrylic polymer but also at lower acrylic polymer content (to 

25 w%). The drying time of films prepared trom the blend systems was 16 h. 

These results indicated a ditterenee in drying process between the hybrid system 

and the blend system. 

Table 6.3. Properties of Coatings lnvestigated 

Ak1 Ac1 H3-50 H4-50 B-50 

Hardness after 3 days (s.) 19 -b 22 17.4 22.4 

Gloss (60°) 146 . b 70 63 69 

Drying Timea (h) 13 <1 3 3 16 

Film Appearance clear opaqueb clear clear hazy 

a) Time to reach stage 4 of drying 

b) Film was cracked 
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The ditterenee in drying process between the blend system and the hybrid 

system was also observed in the structure of the trace rasuiting from the needie 

in the film during drying. The trace in the films prepared from the blend system 

showed the four phases as described inSection 6.2.3. However, the trace in the 

films prepared from the hybrid systems did not show phase 3, the touch-dry 

phase. The occurrence of phase 3 in a drying time maasurement is typical for 

autoxidatively drying systems, like alkyd emulsions. In autoxidatively drying 

systems the rate of crosslinking at the air-surface is higher than in the layer 
underneath. This results in the formation of a 'skin' layer at the surface of the 

film. With the movement of the needie through the film in time this 'skin' results in 

the film eppearanee typically described as phase 3 of drying in a BK drying time 

measurement. 
More detailed visual observations of the films on glass plates during drying 

confirmed the observed ditterenee between the blend system and the hybrid 

system. In the initial stages of drying, during the water evaporation, films 

prepared from the hybrid systems showed a single drying front (from transparent 
to white) moving trom the outside of the film to the center. The occurrence of this 

front was also reported by Winnik [5] and was described to result trom the 

transition of non-coaleseed particles in water to a film of coalesced particles. The 

front was described to move trom the outmost region of the film to the center 

because of ditterences in film thickness. Upon time this drying front moved to the 

center of the film. A schematic representation of the observed drying front is 

presented in Figure 6. 7. 

lnverted Emulslon Molaslabie Region 
(opaque) (clear) 

Cross-section drying acrylic dispersion Cross-section drying alkyd-emulllion 

Drying film on glaee IUbltrate 

Figure 6. 7. Schematic representation of drying fronts observed during drying of 

acrylic dispersion and of alkyd emulsion. 
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During drying of the alkyd-acrylic blend binder a different pattern was observed. 

From the center of the film to the outermost region three fronts were observed. A 

schematic representation of the observed fronts is given in Figure 6.7. This 

pattern of drying was also observed during drying of the alkyd emulsion. 

In Chapter 4 (Section 4.3) the drying of alkyd emulsions was described as taking 

place in four stages. lt is suggested that these four stages were visualized by the 

three drying fronts, going trom the outside of the film to the center. During drying 

of the alkyd emulsion or the blend system a phase inversion trom an oil-in-water 

emulsion (white) to a water-in-oil emulsion (opaque) takes place. This phase 

transition involves a meta-stabie (clear) transition stage. After phase separation 

further evaporation of the water results in a clear film. Most likely the drying 

fronts observed during drying of the alkyd emulsion and the blend system are the 

resultant of these transitions. 

The drying time results and the visual observations during drying of the films 

prepared trom the various systems suggest that the hybrid latexes dry in a 

similar manner as acrylic latexes. The drying process of the blend system, on the 

other hand, is similar to that of an alkyd emulsion. 

The results presented in Table 6.3 also showed small ditterences in hardness 

and gloss between the various coating systems. The gloss of the alkyd emulsion 

film was high compared to the blend system. The gloss is strongly related to the 

surface roughness. As observed with the AFM analysis, the surface of the films 

becomes rougher with the blending of acrylic particles into the alkyd emulsion. 

This explains in the decrease in gloss. The relation between the acrylic latex 

contentand the glossis presented in Figure 6.8. Figure 6.8 shows a streng drop 

in glossin the region around the critica! volume fraction of alkyd (<l>c = 0.45). At 

20° and 85° the sametrend was observed. Although less pronounced, a similar 

relation between the gloss and the chemica! composition was observed for the 

hybrid systems in the region of 75% of alkyd to 25% of alkyd. In the hybrid 

systems this effect is probably the result of strenger deformation at higher alkyd 

resin contents. 

The hardness of the various systems after 3 days of drying did not show large 

differences. After 28 days of drying all three systems showed a small increase in 

hardness. lt was expected that the presence of acrylic resin in both the blend 

system and the hybrid systems would result in an increase in hardness. 

However, this was not observed. Because of cracks in the films the hardnessof 

the all acrylic films could not be measured. Therefore, comparison of the 

hardness of this system with the other systems was not possible. 
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Figure 6.8. G/oss values at 6ff of films prepared trom blends with varying 
volume fractions of afkyd emulsion. 

A small difference in hardness was observed between the two hybrid systems. 

After 3 days of drying the film prepared trom hybrid H3-50 showed a higher 

hardness than the film prepared trom H4-50. Since both hybrids had a similar 

chemica! composition this difference is most probably caused by the more 

homogensous particles structure of the sunflower oil hydroperoxide-initiated 

system. In addition, the difference in hardness could have resulted from an 

enhanced level of crosslinking in the case of H3-50 because of residual 

hydroperoxides. 

The chemica! composition of films prepared from the various systems after 

varying periods of drying were determined by soxhlet extraction. The films were 
cut into small pieces and extracted subsequently by iso-octane, MEK and THF. 

lso-octane is a good solvent for non cross-linked alkyd resin and a non-solvent 
for the acrylic polymer. MEK and THF both are good solvents for the acrylic 

polymer. With the use of this sequentia! extraction information on the chemica! 
composition, i.e., the content of non-cross linked oil/alkyd, the content acrylic 

polymer and the gel content, was obtained. 

The evolution of the chemica! composition of films of the various systems in time 

are presented in Figure 6.9a to Figure 6.9d. After 4 days the alkyd emulsion 

showed a gel content of 35%. This gel content increased to approx. 70% after 8 

days and remained constant thereafter (Figure 6.9a). In the blend system a gel 

content of 40%, an acrylic polymer content of 40% and an alkyd content of 20% 

was observed after 4 days. In time (up to 28 days) the content of alkyd resin 

decreased and the gel content increased (Figure 6.9b). The content of acrylic 

polymer remained approximately constant in time. 
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The chemica! composition of the hybrids H4-50 and H3-50 showed a similar 

crosslinking pattarn in time as the blend system. For determination of the 

chemica! composition after mixing the hybrid latexes were freeze-dried 

immediately after addition and equilibration of the drier. The gel content after 

freeze-drying was approx. 20% tor the H4-50 hybrid and approx. 35% for the H3-

50 hybrid. Analysis of the chemica! composition of freeze dried hybrid latexes 

prior to the addition of the drier showed approx. 50% of alkyd resin and 50'% of 

acrylic polymer for both systems. 

These results show that a considerable amount of cross-linking occurred during 

the equilibration of the drier. The continuous shaking of the hybrids in the 

presence of air may have caused this. Also, these results confirm that the 

increased hardness observed for the H3-50 film was the result of increased 

crosslinking in the first three days. After 10 days the gel content of both systems 

was approx. 40%. The acrylic polymer content remained constant in time for both 

Alkyd Emu/sion BlendB50 

~ 
A U) a" 

... ... '~ 

~O.tl ~ ,,~ 
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c Hybrid H4-50 D Hybrid H3·50 

Ory!ng Tfme {days) drying Time {days} 

Figure 6.9. Chemica/ composition, alkyd resin content, acrylic content and gel 

content, in time of films prepared trom various binder systems; alkyd emulsion 

(A), blend 8-50 (8), hybrid H4-50 (C) and hybrid H3-50 (D). 
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systems. This indicates that for both hybrid systems the amount of acrylic 
polymer trapped (via semi-IPN) in the cross-linked network of the alkyd resin was 
small. However, this method was not considered to be accurate enough to 

analyze the incorporation of small amounts (1 to 2%) of oil-poly acrylate 
copolymer that was expected to result trom initiation by fatty-acid 

hydroperoxides. 

6.4 Concluslons 

The results presented in this chapter are twofold. First, analysis of the 

morphology of films prepared from blends of alkyd emulsion and acrylic latex 
showed that transparent films can be obtained when the fraction of alkyd 
emulsion is 45% or higher. In the blend films the alkyd resin forms the continuous 
matrix. The acrylic particles are randomly dispersed in this matrix. 
The function of the alkyd resin as the binder, or continuous matrix, is also 
observed in the coating performance analysis. The drying time and drying 
process of the blend system is similar to that of an alkyd emulsion. The hybrid 
system, on the other hand, shows a short drying time over a wide composition 
range. Other properties, like gloss and hardness are approx. similar to those 
found for the blend and alkyd emulsion system. The initia! hardness of films 

prepared trom hybrids initialed by fatty-acid hydraperoxides is higher because of 
increased crosslinking in the first time-period. 
From this preliminary investigation on the coating performance of alkyd-acrylic 
hybrids latexes as compared to alkyd-acrylic blends and alkyd emulsions, it is 

concluded that alkyd-acrylic hybrid latexes offer promising propertiesas binders 
tor VOC-free waterborne coatings, unparticular because of their short drying time 
and clear film appearance. These results justify future research on the complete 
tormulation and application of oil-acrylic hybrid latexes. 
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CHAPTER 7: GENERAL DISCUSSION & PROSPECTS FOR 

FURTHER RESEARCH 

7.1 Introduetion 

The investigations described in this thesis were aimed at the development of oil

acrylic hybrid latexes for binders of high performance waterborne coatings. Mini

emutsion polymerization of the acrylic monomer in the presence of vegetable oil 

or alkyd resin was applied for the preparatien of the hybrid latexes. For optimal 

performance of these hybrid systems, control of the morphology of the latex 

particles and knowledge on the translation of partiele morphology and film 

formation to coating properties was considered to be of utmost importance. 

Therefore, the research was focused at the preparatien and characterization of 

the hybrid latexes and at characterization of the films prepared trom these 

hybrids. 

In general the results obtained belang to two categories. On the one hand, the 

preparatien of oil-acrylic hybrid binders was investigated. On the other hand, a 

number of recently developed techniques tor analysis of partiele morphology and 

film structure, i.e., Atomie Force Microscopy (AFM), Cryogenic TEM and 

fluorescence resonance energy transfer, were used tor the analysis of the 

oil/alkyd-acrylic hybrid system. Their use tor analysis of the complex oil-acrylic 

hybrid system has resulted in new application methods of these techniques and 

in increased understanding of the process. In the next sections of this chapter 

these results are discussed in more detail. 
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7.2 Oii-Acrylic Hybrid Latexes by Mini-Emulsion Polymerization 

The preparatien of oil-acrylic hybrid latexes was carried out using a mini

emutsion polymerization process. With the use of this emulsion polymerization 

technique, nucleation is directed towards the oil-monomer droptets and the 

occurrence of secondary nucleation is strongly suppressed. This makes mini

emutsion polymerization particularly welf suited tor the preparatien of oil-acrylic 

hybrid latexes. In genera!, mini-emulsion polymerization can be considered as an 

excellent methad tor the preparatien of hybrids of polyester-type of resins and 

addition-polymerization type of polymers. Examples of other hybrid systems 

prepared by mini-emulsion polymerization are polyester-acrylate and 

polyurethane-acrylate hybrids [1 ]. An additional advantage for the preparatien of 

hybrids of polyesters and addition-polymerization type of polymers is that the 

monomer can act as solvent tor the polyester. The resultant reduction in viscosity 

increases the efficiency of direct emulsification. 

Although not discussed in this thesis, the process of mini-emutsion 

polymerization could in principle also be used tor the preparatien of oil-acrylic 

hybrid latexes using acrylic monomers functionalized with unsaturated fatty-acid 

chains (fourth approach described in Chapter 1 ). In a mini-emutsion 

polymerization, ditfusion of such monomers though the aqueous phase is not 

required, in contrast to conventional emulsion polymerization. 

From the results presented in this thesis it is concluded that the limitation in 

conversion is at present the major drawback of the use of mini-emutsion 

polymerization for the preparatien of oil-acrylic hybrid latexes. Others also 

reported that 1 00% conversion was not obtained when using mini-emutsion 

polymerization [1 ,2]. The reasons for this limitation are not clear yet. lt is obvious 

that this issue needs to be addressed for the successful practical application of 

mini-emutsion polymerization. 

The compatibility between the vegetabla oil phase and the acrylic polymer phase 

is increased with the use of initiatien by fatty-acid hydraperoxides in an 

ROOH/Fé"-EDTA/SFS redox initiatien system. When compared totheuse of an 

external hydraperoxide initiator, this type of initiatien can be expected to result in 

the formation of a higher amount of copolymer of oil resin and acrylic polymer. 

The presence of oil-acrylic copolymer could not be experimentally determined. 

However, the cryo-TEM analysis of sunflower oil-acrylic (MMA) hybrids indicates 

increased homogeneity of the resultant particles for the SFO-HP initiated system. 

Phase separation between the oil phase and the acrylic phase was not observed 

when using EMA as monomer. These results suggest that the incompatibility 
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between acrylic polymer and alkyd or oil resin is reduced when the chain length 

of the ester group of the acrylic polymer increases. This is in agreement with the 

results reported by Schork et al. [3], who did not find indication for phase 

separation when an MMA-BMA copolymer was used. Therefore, it is 

questionable whether initiation by fatty-acid hydraperoxides is necessary tor the 

preparation of a film-forming oil-acrylic hybrid latex or not. The cryo-TEM 

analysis of hybrids prepared with EMA suggests that initiatien by t-BHP gives a 

similar partiele morphology as initiation by SFO-HP. However, analysis of the 

degree of mixing on micro-scale by fluorescence microscopy of films prepared 

from the different hybrids indicates that initiation by SFO-HP results in an initially 

higher degree of mixing. In addition, the results on the analysis of gel content 

and film hardness indicate higher values for films prepared from the SFO-HP

initiated latex. From these results it is concluded that a ditterenee exists in 

partiele morphology and in reactivity during oxidative crosslinking between hybrid 

latexes initiated by SFO-HP vs. those initiated by t-BHP. Whether this difference 

is of practical importance depends on the specific application requirements of the 

hybrid binder. 

7.3 Experimental Techniques 

A number of experimental techniques were used for the analysis of the partiele 

morphology of oil-acrylic hybrid latexes and of the structure of films prepared 

trom these latexes. Because of the complexity of the oil-acrylic system these 

techniques in most cases could not be used in a standard way. Therefore, new 

practical methods were developed that may also be useful in other 

investigations. 

Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

The use of cryo-TEM for the analysis of monomar dropiets of alkyd resin and 

acrylic monomar was reported previously by Nabuurs et al. (4,5]. We have used 

this technique tor the analysis of monomer-oil dropiets (sunflower oil-acrylic 

monomer). In addition, the technique has been used for the analysis of the 

morphology of oil-acrylic hybrid latexes. lt was shown that it is possible to 

visualize the presence of two distinct phases without staining. 

The most surprising observation from the use cryo-TEM analysis was obtained 

during the analysis of thin films of highly concentraled oil/alkyd-acrylic hybrid 

latexes. These films showareasof hexagonally deformed particles and areasof 
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spherical partiel es. These results indicate that cryo-TEM imaging can be used tor 

the analysis of the processas that take place in the Stages I and 11 of the latex 

film formation process. Traditionally, characterization of the processes that take 

place during these stages has been very difficult. lt is expected that the use of 

this technique can give new insights into these stages of the film formation 

process. However, before cryo-TEM analysis can be used tor this purpose, 

control of evaporation during sample preparation needs to be improved. 

Atomie Force Microscopy (AFM) 

Since its invention in 1989 [6] atomie force microscopy has developed as a 

strong tooi for the analysis of surfaces. One of the strong points of AFM is the 

ease of sample preparation and of utilization of the technique. However, one 

should be very caretul with respect to the chemica! interpretation of the images 

observed when using new modes of analysis of the technique (like phase mode), 

because the exact torces represented are still subject of discussion [7]. Hence, in 

this thesis the images obtained were treated in a qualitative way. 

In this study, a method of adsorption of individual particles was presented. This 

method was based on the work described by Johnson [8,9]. lt is shown that 

interesting information on the morphology of singularly adsorbed particles and 

monolayers of clustered particles can be obtained when using this technique. 

In addition, with the use of force modulation it is shown that the ditterenee in 

stiffness in alkyd resin and acrylic particles can be visualized in the blend 

system. Thus, force modulation imaging is a very powertul tooi tor determination 

of the surface morphology of blends of rubbery martial and stiffer materiaL 

Analysis of the surface of films prepared trom the hybrid system by force 

modulation does not give additional intormation. lt is expected that AFM will 

continue to develop in the future and that the information when using the 

different modes can be quantitatively explained. 

Fluorescence Resonance Energy Transfer 

Fluorescence resonance energy transfer measurements were used tor the 

analysis of the degree of mixing of films prepared trom hybrid latexes. The 

preliminary results presenled in Chapter 5 show that this technique is capable of 

analyzing the initial degree of mixing at atomie level of a complex system like an 

oil-acrylic hybrid film and the changestaking place in this mixing in time. 

However, these preliminary results only show the potential of the system. 
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SUMMARV 

The objective of the investigations described in this thesis was the development 

of systems that enable use of vegetabla oils as binders for VOC-free waterborne 

coatings. For this purpose research was directed towards the preparatien and 

characterization of oil-acrylic hybrid latexes and towards the analysis of the film 

formation behavior of these oil-acrylic hybrid latexes. 

The first part of the thesis describes the study on the preparatien of oil-acrylic 

hybrid latexes using mini-emutsion polymerization. The mini-emutsion 

potymerizations were initiated by fatty-acid hydraperoxides (SFO-HP) or by tert

butyl hydraperoxide (t-BHP) in an ROOH/Fe2+·EDTA/sodium formaldehyde

sulfoxylate (SFS) redox initiatien system. In this part MMA was used as the 

monomer. lt was shown that the formation of a second generation of all-acrylic 

particles was strongly reduced with the use of the mini-emutsion polymerization 

process. The mini-emutsion system was established using n-hexadecane as 

hydrophobe. 

Oxidized sunflower oil was used as initiator in the SFO-HP initiated system and 

the process was compared with that initialed by tert-butyt hydraperoxide (t-BHP). 

Cryogenic transmission electron microscopie analysis (cryo-TEM) of the partiele 

morphology of hybrid latexes prepared trom the two different types of initiators 

showed that initiatien by SFO-HP resulted in a more homogeneaus partiele 

morphology. 

The kinatics of the SFO-HP initialed mini-emutsion polymerization were studied 

by analysis of the polymerization rate of MMA at various conditions. lt was shown 

that the rate of MMA polymerization depended on the concentratien of 

hydraperoxide groups, represented by the hydraperoxide value (HPV) of the 

oxidized sunftower oil, and on the potymerization temperature. The concentratien 

of SFS and of Fe2+ did not influence the rate of potymerization. This suggested 

that the availability of fatty-acid hydraperoxides was the rate-limiting step during 

initiation. 
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The preparatien of emulsions of sunflower oil with different levels of 
hydraperoxides was studied by oxidation of emulsions of sunflower oil at high 

partial oxygen pressure and by bulk oxidation of sunflower oil foliowed by 

emulsification. At high oxygen pressure the rate of formation and concurrent 

decomposition of hydraperoxides was found to increase with increasing oxygen 

pressure. In the bulk the oxidation temperature was of major influence. As the 

bulk methad appeared to be the most flexible oxidation methad that yielded the 

highest HPVs, it was used throughout the rest of the work described in this thesis 

for the preparatien of SFO-HP initiated oil-acrylic hybrid latexes. 

The preparatien of high-solids oil/alkyd-acrylic hybrid latexes with film forming 

properties and the analysis of the film formation of these hybrid latexes is 

described in the second part of the thesis. Ethyl methacrylate was used as 
monomer in the preparatien of the film forming hybrids. The hybrid latexes could 

be prepared with a solids content of 45 w% in various compositions of oil/alkyd to 

acrylate. The studied compositions varied from 25 w% to 75 w% of oiValkyd. 

Cryo-TEM analysis of the oillalkyd-acrylic hybrid particles, initiated either by 

SFO-HP or t-BHP, indicated that the particles had a homogeneaus partiele 

structure. Analysis by atomie force microscopy (AFM) of individually adsorbed 

and dried particles suggested that (partial) phase separation had occurred 

between the oillalkyd phase and the acrylic phase. Contact angle measurements 

and ESCA analysis of surfaces of films prepared on substrates of various 

degrees of hydrophobicity showed that this phase separation was not very 

prominent in bulk films. 

Analysis of films prepared trom the hybrid latexes time resolved fluorescence 
microscopy showed an initia! ditterenee in the degree of micro-scale mixing 

between films prepared trom latexes initiated by SFO-HP or trom by t-BHP. 

In the final part of the thesis the coating performance of the developed oil/acrylic 

hybrid system is compared in a non-pigmented tormulation with that of a blend 

system of alkyd emulsion and an all-acrylic latex with similar composition and 
with that of an alkyd emulsion. lt was shown that the drying time of films 

prepared from the hybrid systems were shorter than those prepared form the 

blend system and the alkyd emulsion. The hardness and glossof the films were 

related to the chemica! composition of the systems. Higher contents of oil/alkyd 

in the hybrid system and in the blend system resulted in an increase in the gloss 

of the film and in a decrease in the film hardness. This effect was more 

pronounced in the blend system. 



Summary 145 

AFM analysis of the morphology of films prepared trom blend systerns with 

different compositions showed that the oil/alkyd phase forms the continuous 

matrix, in which the acrylic particles were randomly distributed. At higher acrylic 

contents (higher than -55 w%) notall of the acrylic particles could be enclosed 

by the oil/alkyd. This resulted in non-transparent films. 

The developed oil-acrylic hybrid latexes show interesting opportunities tor use of 

vegetabla oils in waterborne coatings. 
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SAMENVATTING 

De doelstelling van het werk dat beschreven is in dit proefschrift was onderzoek 

naar de toepassing van natuurlijke oliën als bindmiddel voor oplosmiddelvrije 

verven. Hiertoe was het onderzoek gericht op het bereiden en karakteriseren van 

olie-acrylaat hybride-latexen en op de analyse van hun filmvormingsgedrag. 

Het eerste gedeelte van het proefschrift beschrijft de studie naar het bereiden 

van de olîe-acrylaat hybride-latex met behulp van mini-emulsie-polymerisatie 

technologie. De mini-emulsie-polymerisaties werden geïnitieerd door middel van 

een ROOH/Fe2+·EDTA/natriumtormaldehydesulfoxylaat (SFS) redox

initiatiesysteem. De ROOH in dit systeem was ofwel vetzuurhydraperoxide (SFO

HP), ofwel tert-butylhydroperoxide (t-BHP). Methylmethacrylaat (MMA) is 

gebruikt als monomeer in dit gedeelte. Door gebruik te maken van het mini

emulsie-polymerisatieproces bleek het mogelijk de vorming van een tweede 

generatie van deeltjes, welke geheel bestaan uit acrylaat, sterk te. verminderen. 

Het mini-emulsie-polymerisatiesysteem werd verkregen door toepassing van 

hexadecaan als hydrofoob. 

In het SFO-HP geïnitieerde systeem is geoxideerde zonnebloemolie gebruikt als 
initiator. De eigenschappen van dit systeem zijn vergeleken met die van het 

systeem waarin initiatie door t-BHP plaatsvond. Analyse, met behulp van 

cryogene-transmissie-elektronenmicroscopie (cryo-TEM) van de deeltjes

morfologie van hybride-latexen, die gevormd waren via initiatie door de twee 
verschillende initiatortypen, toonde aan dat initiatie door SFO-HP resulteerde in 

een meer homogene deeltjes-morfologie. 

De kinetiek van SFO-HP geïnitieerde mini-emulsie-polymerisatie is bestudeerd 

door middel van analyse van de snelheid van polymerisatie van MMA onder 

verschillende condities. Het is aangetoond dat de polymerisatiesnelheid van 

MMA afhangt van de concentratie van aanwezige hydroperoxide-groepen, 

weergegeven door het hydroperoxidegetal (HPV) van de zonnebloemolie, en van 

de polymerisatie-temperatuur. De SFS-concentratie en Fe2+-concentratie hadden 

geen invloed op de polymerisatiesnelheid. Dit gaf aan dat bij een constante 

temperatuur de beschikbaarheid van vetzuur-hydraperoxides de 



148 Samenvatting 

snelheidsbepalende stap was in de cascade van reacties die plaatsvindt 

gedurende initiatie. 

Het vormen van emulsies van zonnebloemolie met verschillende concentraties 

aan hydraperoxides is onderzocht via oxidatie van emulsies van zonnebloemolie 

bij hoge partiële zuurstofdruk en via bulkoxidatie van zonnebloemolie gevolgd 

door emulsificatie. De resultaten gaven aan dat bij oxidatie van emulsies van 

zonnebloemolie bij hoge zuurstofdruk de snelheid van vorming, en van de 

daaropvolgende afbraak van hydraperoxiden toeneemt met een toenemende 

temperatuur. Voor de bulkoxidatie van zonnebloemolie is bepaald dat de 

oxidatietemperatuur de grootste invloed op de vorming van hydraperoxiden had. 

Vanwege de hogere flexibiliteit van bulkoxidatie en de hogere maximale 

hydraperoxide-waarden die verkregen konden worden is gedurende de rest van 

het in dit proefschrift beschreven onderzoek gebruik gemaakt van deze methode 

voor het vormen van door SFO-HP-geïnitieerde olie-acrylaat hybride latexen. 

De bereiding van olie/alkyd-acrylaat hybride latex met een hoog vaste-stof~ 

gehalte en met filmvormende eigenschappen, en de analyse van de filmvorming 

van deze hybride-latexen, wordt beschreven in het tweede gedeelte van het 

proefschrift. Ethylmethacrylaat (EMA) is gebruikt als monomeer in de bereiding 

van deze filmvormende hybriden. De hybriden zijn bereid met een vaste-stof

gehalte van 45 w% in verschillende samenstellingen van olie/alkyd en acrylaat. 

De samenstellingen varieerden van 25 WO/o tot 75 w% olie/alkyd. 

Cryo-TEM-analyse van olie/alkyd-acrylaat hybride deeltjes, geïnitieerd door ofwel 

SFO-HP ofwel t-BHP, gaf aan dat de deeltjes een homogene morfologie hadden. 

Analyse van individuele geadsorbeerde en gedroogde deeltjes, met behulp van 

'atomie force microscopy' (AFM), wees op gedeeltelijke fase-scheiding tussen de 

olie-fase en acrylaat-fase. Contacthoek-metingen en ESCA-analyse van 

oppervlakten van filmen die gevormd waren op substraten van verschillende 

hydrofobiciteit duidden op een minder nadrukkelijke fasescheiding in dikkere 

filmen (meerdere lagen deeltjes). 

Analyse van filmen van hybride-latexen door middel van fluorescentie
microscopie toonde een initieel verschil in de mate van menging op microschaal 

van de olie-alkyd-fase en de acrylast-fase aan tussen het SFO-HP en het t-BHP 

geïnitieerde systeem. Filmen die gevormd waren uit latex geïnitieerd door SFO

HP waren meer gemengd. 

In het laatste gedeelte van het proefschrift worden de coatingeigenschappen van 
het ontwikkelde olie/alkyd-acrylaat hybride in een niet-gepigmenteerde 
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formulering vergeleken met de eigenschappen van een mengsel van een alkyd
emulsie en acrylaat-latex, en van een alkyd-emulsie. De chemische 
samenstelling van het gemengde systeem was gelijk aan die van het hybride 

systeem. De resultaten gaven aan dat de droogtijd van films gevormd met het 
hybride systeem aanzienlijk korter waren dan die van films van het gemengde 
systeem en van de alkyd-emulsie. De hardheid en glans van de films van de 

verschillende systemen waren gerelateerd aan de chemische samenstelling. 
Hogere hoeveelheden olie/alkyd in het hybride systeem en in het gemengde 
systeem resulteerden in een toename in glans en in een verlaging van de 

hardheid. Dit effect werd in sterkere mate waargenomen voor het gemengde 
systeem. 

AFM analyse van de morfologie van de filmoppervlakken gevormd uit gemengde 
systemen (blends) gaf aan dat de olie/alkyd fase de continue fase van de film 
vormde. De acrylastdeeltjes waren willekeurig verspreid in deze fase. Bij hogere 
hoeveelheden acrylaat (meer dan -55 w%) was er niet voldoende olie/alkyd 

aanwezig om alle acrylast-deeltjes te omsluiten. Dit resulteerde in niet 
transparante films. 
Het ontwikkelde olie/alkyd-acrylaat hybride-systeem lijkt interessante 
mogelijkheden te bieden voor toepassing van natuurlijke oliën in bindmiddelen 

voor oplosmiddelvrije watergedragen verven. 
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Stellingen 

behorende bij het proefschrift 

Oii-Acrylic Hybrid Latexes 

van 

Eelco van Hamersveld 

1. De toekomstige waardering van een wetenschappelijk artikel zal niet meer 

worden weergegeven door de 'Citation Index' maar door de 'Internet 

Download Index'. 

2. When you stand still, you have a chance to look around. 

3. De berekening door Wang et al. van de omzetting van dubbele bindingen 

van alkyd moleculen gedurende de mini-emulsie polymerisatie van acrylaat 

met behulp van 18C-NMR, gaat voorbij aan de omleggingreacties die plaats 

kunnen vinden aan pentadienylgroepen en is daarom niet correct. 

S.T. Wang, F.J. Schork, G.W. Poehleln, J.W. Gooch, J. Appl. Polym. Sci., 60(1996), 2069. 

4. Vervorming van ronde latexdeelijes naar hexagonale deeltjes kan reeds 

plaatsvinden gedurende de verdampingsfase van het filmvormingsproces. 

Hoofdstuk 4 van dit proefschrift 

5. Analyse van individuele latexdeeltjes met behulp van 'Atomie Force 

Microscopy' biedt unieke mogelijkheden voor het bestuderen van 

morfologie en vervormingagedrag van deze deeltjes. 

Hoofdstuk 4 van dit proefschrift 



6. Het definiëren van mini-emulsies op basis van druppelgrootte en stabiliteit 

door Sudol et al. gaat voorbij aan de verschillen die ontstaan tussen het 
conventionele emulsiepolymerisatie proces en het mini-emulsie

polymerisatie proces als gevolg van het toevoegen van een hydrofoob bij 
het vormen van een mini-emulsie. 

E.D. Sudol, M.S. EI-Aasser, in "Emu/sion Polymerization and Emu/sion Polymers", P.A. 

Love/I, M.S. EI·Aasser (Eds.), Wiley, New York (1997), 700. 

7. Kennis was macht 

8. Met de huidige snelheid van verandering van spelregels van volleybal valt 

het te betwijfelen of er over 25 jaar nog wel een net tussen de twee 
speelhelften zal zitten. 

9. Het gebruik van olie-acrylaat hybride latexen voor het vormen van 

poedercoatings geeft nieuwe mogelijkheden voor de ontwikkeling van 
groene verven. 

E.M.S. van Hamersveld, F.P. Cuperus, J. T.P. Derksen, J.G.G.S. van Es en A.L. German, 

Patent App/ication no. 1009254 (1998). 

1 0. Bloedeiwitaddukten van nitro-polycyclische aromatische koolwaterstoffen, 

met name 1-nitropyreen, kunnen dienen als een 'early warning system' 
voor blootstelling aan de verdacht kankerverwekkende emissies van 

dieselmotoren. 

Proefschrift van Y.M. van Bekkum, K.U. Nijmegen, 1999. 

11. "Being a researcher is like being a detective; you have to prove your point 
beyond any doubt by excluding all possible suspects" 

Peter Weissenborn, Ytkemiska lnstltutet, 1998 


