
 

Alkyd-acrylic composite emulsions : polymerization and
morphology
Citation for published version (APA):
Nabuurs, T. (1997). Alkyd-acrylic composite emulsions : polymerization and morphology. [Phd Thesis 2
(Research NOT TU/e / Graduation TU/e), Chemical Engineering and Chemistry]. Technische Universiteit
Eindhoven.

Document status and date:
Published: 01/01/1997

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/834fb4f6-46f8-4a3f-a1c4-987f319adb4d




Alkyd-Acrylic Composite Emulsions 

Polymerization and Morphology 



CIP-DATA LIBRARY TECHN1SCHE UNIVERSITEIT EINDHOVEN 

Nabuurs, Tijs 

Alkyd-Acrylic Composite Emulsions : Polymerization and Morphology I by Tijs Nabuurs. -

Eindhoven: Technische Universiteit Eindhoven, 1997. 

Proefschrift. -

ISBN 90-386-0978-7 

NUGI 813 

Trefw.: emulsiepolymerisatie I polymeerstrctuur I composietpolymeren 

Subject headings : emulsion polymerization I polymer morphology 

Cover design by Loes Nabuurs 



Alkyd-Acrylic Composite Emulsions 

Polymerization and Morphology 

PROEFSCHRIFT 

ter verkrijging van de graad van doctor aan de 

Teclmische Universiteit Eindhoven, op gezag van 

de Rector Magnificus, prof.dr. M. Rem, voor 

een commissie aangewezen door het College van 

Dekanen in het openbaar te verdedigen op 

woensdag 23 april 1997 om 16.00 uur 

door 

TIJS NABUURS 

geboren te Amersfoort 



Dit proefschrift is goedgekeurd door 

de promotoren prof. dr. ir. A.L. German 

prof. dr. R. van der Linde 

de co-promotoren · dr. J.J.G.S. vanEs 

dr. A. Hofland 

The work in this thesis was financially supported by DSM Resins bv. 



Contents 

CHAPTER 1 

Introduction 

1.1 Introduction 

1.2 Historical background 

1.3 Objective and scope of the thesis 

1.4 References 

CHAPTER2 

Preparation of alkyds with built-in sulfonate groups 

2.1 Introduction 

2.2 Experimental 

2.3 Results and discussion 

Preparation process 

Coloration of the alkyd 

Molecular weight and viscosity 

Interfacial tension 

Predictions concerning emulsification efficiency 

2.4 References 

CHAPTER3 

Alkyd emulsions stabilized by built-in sulfonate groups; 

emulsification, mechanical stability and rheology 

3.1 Introduction 

3.2 Experimental 

19 

1 

1 

2 

6 

9 

13 

13 

15 

17 

17 

21 

23 

24 

25 

27 

28 

28 



3.3 Results and discussion 

Emulsification 

Surface charge density 

Mechanical stability 

Rheology 

3.4 References 

CHAPTER4 

Morphology prediction of alkyd-poly(methyl methacrylate) 

composite emulsions prepared by batch emulsion polymerization 

4.1 Introduction 

4.2 Experimental 

4.3 Results and discussion 

4.4 References 

CHAPTERS 

Batch emulsion-like polymerization of methyl methacrylate 

in the presence of colloidally dispersed alkyd 

5.1 Introduction 

5.2 Experimental 

5.3 Results and discussion 

Polymerization mechanism ofMMA in the presence of alkyd 

droplets colloidally dispersed in water 

Fate of the alkyd radicals following chain transfer 

5.4 References 

CHAPTER6 

30 

30 

34 

36 

41 

45 

47 

47 

51 

53 

62 

65 

66 

66 

69 

69 

79 

84 

Semi-continuous polymerization in emulsion of methyl methacrylate 87 

in the presence of colloidal alkyd droplets; particle formation and morphology 

6.1 Introduction 88 

6.2 Experimental 89 



6.3 Results and discussion 91 

Particle morphology 91 

Molecular weight of the p"Ml'vtA phase 94 

Molecular weight of the alkyd phase 96 

Mechanism of particle fonnation 97 

6.7 References 100 

CHAP1ER 7 

The polymerization of methyl methacrylate using an autoxidized alkyd 101 

emulsified in water as initiator 

7.1 Introduction 

7.2 Experimental 

7.3 Results and discussion 

101 

104 

105 

Peroxidation and decomposition of the hydroperoxide groups 105 

The polymerization of"Ml'vtA initiated by alkyd hydroperoxide groups l 08 

Grafting 114 

7.4 References 

Epilogue 

Summary 

Sam en vatting 

Dankwoord 

Curriculum Vitae 

118 

121 

125 

129 

133 

135 



CHAPTERl 

Introduction 

Summary This chapter gives an overview of the developments in paint history which 
led to water-based alkyd-acrylic composite emulsions, or hybrids. Alkyd-acrylic 
composite emulsions are briefly introduced and the scope of the thesis is elaborated. 

1.1 Introduction 

Since long, paints have been used to improve aesthetic properties and protect almost every possible 

user's item against decay and fouling. In general, paints comprise a pigment, a continuous phase (a 

solvent or diluent), and a polymer binder. The pigment is mainly added for reasons of aesthetics but 

in some cases because ofits contribution to application properties of the coating, like hardness and 

outdoor durability [II. It is the polymer binder, however, that is used to provide for the actual 

protection of the substrate and to add properties like gloss and adhesion to the paint. Over the 

years, many types and combinations of polymers have been developed for use as binders in paints, 

some of which will be mentioned in the next section. Each polymer binder was developed because 

of its typical combination of properties necessary for a certain area of application. When a particular 

set of properties was wanted, this often could not be obtained by using only one type of binder, so 

in many cases different binders were blended, or copolymerized, in order to combine the properties 

of the separate polymers in the final binder. 

The work described in this thesis is connected with such a combination of two polymers in one 

binder, namely alkyd and acrylic polymer. The resulting binder will be referred to as an alkyd

acrylic composite emulsion. 



1.2 Historical background 

The first coatings date back to the Stone Age, some 25,000 years ago, when very primitive 

pigments, mixed with mainly animal fats, served as paints. The binder's main purpose in these 

systems was to make the pigments stick to the cave wall 121. The first paints containing oxidatively

drying oils, extracted from, for instance, linseeds, soybeans and sunflower seeds, were designed by 

the Romans and the Greeks in the period 600 BC - 400 AD. Although already at this stage these 

coatings could not only decorate but also preserve, it was not until the thirteenth century that the 

protective value of drying oils began to be recognized in Europe. Improved durability of these 

coatings, and hence better protective properties, is obtained by means of a three dimensional 

network that is formed when the unsaturated fatty acids of the natural oils cure oxidatively. In the 

first step a hydrogen radical is abstracted by a suitable initiator, in most cases oxygen, after which 

another oxygen molecule is added to the substrate. The so formed peroxy radical (Fig. 1, ID can, in 

tum, abstract another hydrogen radical yielding a hydro peroxide (Fig. 1, ~. or it can crosslink with 

either double bonds 131 or with other radicals (see Fig. 1, §) 141 to yield the three dimensional polymer 

network. Catalyzed by transition metal ions the hydroperoxide (Fig. 1, ~ can decompose to yield 

an alkoxy radical, wich may undergo essentially the same reactions as ~. where the radical 

combination reaction between 1 and ~ (Fig. 1 ), for instance, would result in the formation of a three 

dimensional network. Due to the very low molecular weight of natural oils, however, it takes quite 

a while for these materials to gain sufficient viscosity to become tack-free. 

In the early years of this century, polyesters modified with unsaturated fatty acids, named alkyds, 

were introduced. The term alkyd was derived from the chemicals from which the polymer was 

prepared, namely alcohols and acids. Alkyds essentially show the same oxidative crosslinking 

mechanism as natural oils, but have the evident advantage of a higher initial molecular weight and 

viscosity 15•61. For usage, however, these more sophisticated polymers have to be dissolved in, for 

instance, white spirit or turpentine for application and optimum film formation properties. Alkyd 

paints have ever since dominated the decorative paint market [7]. 

In order to adapt the properties of binders to meet even higher demands, that alkyds alone could 

not achieve, new polymers were introduced as binder or two or more polymers were combined in 

one binder. An example of the combination of two polymers in one binder are styrenated oils and 

2 



R-H( \e.g.+ (2) 

OOH 

(2.) 

0 
0 

Fig. 1 Exemplified schematic drawing of possible autoxidation reactions of unsaturated fatty acids 

and one of the reactions involved in the oxidative crosslink:ing mechanism of unsaturated fatty acids 
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alkyds that were developed shortly after World War II 18•91• Styrene was copolymerized with the 

unsaturated fragments of oils and alkyds, in order to combine in one coating, for instance, the 

flexibility of alkyds and oils with the hardness of polystyrene. Other polymers that were introduced 

in the field of coating binders at that stage were formaldehyde-based polymers, epoxy resins, acrylic 

resins, polyurethanes, silicone polymers and fluoropolymers 151• In general, all the~ polymers were 

dissolved in organic solvents to ensure low viscosity and good film formation. 

In the past decades the awareness has grown that solvent-based coatings, as they were known at 

that time, are too burdensome to the environment. Based on this notion the searc~ started for 

environmentally more friendly binders, which resulted in the increased developme~t of water-based 

binders, high solids systems, radiation curable binders, and powder coatings 151. 

Within the field of water-based binder systems, research was originally focused on the use of 

acrylic, or vinyl, dispersions, or latexes. The general way to produce these latexes 1is by dispersion 

or emulsion polymerization 1101. When two different monomers were copolymenzJct. or sequentially 
I 

homopolymerized, it was soon observed that the final structure, or morphology, Qfthe latex 

particles was of eminent importance for the properties of the binder !HI. The particle morphology 

could vary between core-shell 1121, inverted core-shell U31, hemi-spherel141, or more complicated 

structures like, for instance, a sandwich type 113
•
151 (see Fig. 2). 

Acrylic and vinyl latexes will, in general, reach the state of non-tackiness very rapirly, depending on 

the composition, and will be more stable towards UV-radiation than, for instance, I alkyds. Until 

recently most acrylic latexes, however, lacked the possibility to undergo crosslinking. Coatings 

based on such polymers, therefore, generally had poor resistance to water and chemicals. Non

crosslinked acrylic binders will also maintain the thermoplastic behaviour typical f acrylic 

polymers, which results in poor block resistance. In the last few years, however, tlutions to most 

of these problems, normally associated with acrylic binders, have been proposed bY combining the 

proper choice of monomers with the right particle morphology 1161• 
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More recently water-based alkyd binders were introduced [17J. These binders are available either as 

emulsion or as solution. Alkyd emulsions seem to resemble the original solvent-based alkyd paints 

very well. 

(() 0 
A B c D E 

Fig. 2: Some possible particle morphologies. Core-shell (A), Inverted core-shell (B), Hemi-sphere 
(C), Sandwich (D), and Individual particle morphology (E). 

Typical properties of solvent-based alkyd binders like good film formation, high gloss and water 

and chemical resistance, but also yellowing and curing are well matched by water-based alkyd 

binders. However, the introduction of water as continuous phase will lead to a decrease in other 

application properties. For instance, the curing rate will slow down and film formation of an 

emulsified binder will be different than that of a polymer dissolved in an organic solvent. Finally, 

replacing solvent-based alkyds with alkyd emulsions may cause problems because of the fact that an 

emulsion requires different handling techniques due to limited colloidal stability. 

As in the case of solvent-based binders, also combinations of water-based polymers were sought in 

order to combine properties and to yield better binders. Alkyd emulsions can, for instance, be 

mixed into an acrylic latex. Such a blend will have apparent advantages because by adding the alkyd 

the acrylic binder obtains more 'body', but keeps its fast drying. ('Body' of a binder is a practical 

term widely used to give a qualitative picture of consistency or viscosity of a paint" (IJ). 
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In the past decade the first patents have appeared claiming a novel type of binder system, emulsified 

in water, that consisted of a more homogeneous combination of acrylic and alkyd polymers than 

was obtained when alkyd emulsions and acrylic latexes were blended [1SJ, soon to be followed by 

the first papers (19
' 

201. The main objective for mixing both polymers homogeneously in one binder 

was to combine the better properties ofboth polymers in one binder; to combine, for instance, the 

good solvent and water resistance of an alkyd coating with the fast physical drying of an acrylic 

coating, or to make a coating with high gloss and low degree of yellowing. Early results showed 

that by increasing the homogeneity of mixing of the two polymers on particle scale some 

application properties of the separate polymers could be combined more effectively [20J. Padget 

gave a broad overview of promising combinations of polymers developed in the past l211. 

As in the case of acrylic and vinyl copolymers, the morphology of the emulsion droplets proved to 

be very important for the application properties [20] The relations between the structure and the 

preparation conditions were, however, not well understood. 

1.3 Objective and scope of this thesis 

This thesis aims to achieve a better understanding of the process-structure relation of alkyd-acrylic 

composite emulsions. Two very important aspects ofthe polymerization were investigated, namely 

the morphology development and the polymerization mechanism. These aspects were investigated 

for alkyd-acrylic composite emulsions prepared under batch and semi-continuous process 

conditions. The main difference between these procedures is that for a batch process all reactants 

are charged in one portion to the reactor before the addition of the initiator. A semi-continuous 

polymerization is performed by feeding part of the reactants during the course of the 

polymerization. This difference causes, among others, the particle nucleation mechanisms to differ 

greatly for these two cases. The mechanism of particle nucleation itself is of major importance for, 

for instance, the particle size, the particle size distribution, and the polymerization kinetics. These 

effects are reflected in the particle morphology, which is of paramount importance for the 

properties of the final coating [Ill. In order to account for all these effects the influence of several 
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process parameters, including type and concentration of the reactants, on conversion, 

polymerization rate and morphology were investigated. 

Thus, the objective at the onset of the research described in this thesis was twofold. The primary 

goal was to gain an understanding of the ways to first predict and later control the particle 

morphology of alkyd-acrylic composite emulsions. Earlier research suggests that the homogeneity 

of mixing of the alkyd and acrylic polymers at the onset of film formation is of eminent importance 

for the film properties 1201• In particular, the ability ofthe alkyd to act as a coalescing aid for the 

acrylic polymer was presumed to be primarily dependent on the homogeneity of the polymer 

mixing in the particles prior to film formation. Although, for instance, increased homogeneity may 

be favourable for film formation at low temperatures, other properties (e.g. tack free time) may be 

negatively influenced when alkyd and acrylic polymer are more homogeneously mixed at the onset 

of film formation. 

The second objective was to gain an understanding of the polymerization mechanism of alkyd

acrylic composite emulsions in general. Previously, it was noted that the preparation of alkyd

acrylic composite emulsions resembled normal emulsion polymerization in many ways, but to some 

extent also clear differences were observed. For instance, the polymerization of the acrylic 

monomers proved to be severely retarded by the unsaturated fatty acids ofthe alkyd 1201• 

Hence, the main focus of this thesis will be on describing the morphology development of alkyd

acrylic composite emulsions and to give a qualitative description of the mechanism of alkyd-acrylic 

composite emulsion-like polymerization. 

For both topics a comparison between alkyd-acrylic composite emulsions containing alkyds either 

with or without built-in surfactant groups proved to be helpful in obtaining further insight. 

The alkyd molecules with built-in sulfonate groups can act as detergent agents, stabilizing alkyd

water interfaces in emulsions. In this way alkyd emulsions and alkyd-acrylic composite emulsions 

can be prepared with essentially no free surfactant. This, in turn, may bring about an important 

advantage over conventional emulsions, containing free surfactant, since many inconveniences and 

disadvantages of alkyd emulsions, such as limited colloidal stability, foaming, and slow curing rate, 

can be ascribed to the presence of free surfactant !22.23.24] 
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In Chapter 2 the alkyds with built-in sulfonate groups are introduced, and their preparation as well 

as some composition-property relations will be described. In Chapter 3 the use of alkyd with built

in sulfonate groups in alkyd emulsions is described. Less attractive properties of alkyd emulsions, 

compared to other (water-based) binders, such as the poor mechanical stability and slower hardness 

development of alkyd emulsions, have earlier been ascribed to the presence of free surfactant&. In 

this chapter emulsification of alkyds with built-in sulfonate groups and mechanical stability and 

viscosity of the resultant emulsions will be discussed and compared with alkyd emulsions stabilized 

by free surfactant. The use of alkyd emulsions stabilized with built-in sulfonate groups in lacquers is 

not included in this thesis. 

Chapters 4 and 5 deal with the batch wise alkyd-acrylic composite emulsion polymerizations. In 

these and the following chapters methyl methacrylate (MMA) was chosen as the acrylic monomer. 

Chapter 4 describes the results of an investigation into the morphology development of batch wise 

prepared alkyd-pMMA composite emulsions. The goal of this investigation was to explain and 

predict the morphology development ofbatch alkyd-pMMA composite emulsions based on the 

interfacial tensions in the system. 

In Chapter 5 a qualitative description of the polymerization mechanism ofMMA in the presence of 

colloidal alkyd droplets will be given. It was known, from results published earlier, that the radical 

polymerization of the acrylic component, proceeding in the presence of colloidally stabilized alkyd 

droplets, follows a mechanism different from regular emulsion, mini- or microemulsion 

polymerization 1201. 

In Chapter 6 the morphology development and polymerization mechanism for semi-continuously 

prepared alkyd-acrylic composite emulsions will be described qualitatively. Particle morphology 

and molecular weights of the pMMA and alkyd phase of semi-continuously performed 

polymerizations were compared to those of batch polymerizations. 

Finally, in Chapter 7 preliminary results on the development of graft alkyd-acrylic composite 

emulsions will be discussed. In the research described in this chapter the acrylic polymer was 

grafted onto the alkyd by means of initiating groups present on the alkyd backbone. The initiating 

groups were prepared by utilizing the intrinsic crosslink ability of alkyds and oils, where the 

emulsified alkyd was allowed to react with oxygen through an autoxidative reaction yielding 

peroxide groups on the alkyd backbone. These hydroperoxide groups in combination with a 
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reducing agent can then be used as initiating groups for the radical polymerization of the acrylic 

monomer. 
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CHAPTER2 

Preparation of alkyds with built-in sulfonate groups 

Summary This chapter describes preparation and properties of alkyds with buih-in 
sulfonate groups. Alkyds with built-in sulfonate groups were prepared in a three-stage 
process, starting with the hydrophilic sulfonated monomer and ending with the addition 
of the hydrophobic fatty acids. Transparent alkyds were obtained with sulfonate group 
concentrations of up to 125*10-<> mollg of alkyd. At higher sulfonate group 
concentrations alkyds became turbid due to gelation in the second stage. The 
combination of sulfonate and anhydride groups resulted in a strong darkening of the 
alkyd. This effect could be reduced by addition ofbase, preferentially 0.5 equivalents of 
LiOH based on sulfonate. The sulfonate group concentration influenced both the 
molecular weight and the viscosity of the alkyds. The number average molecular weight 
decreased, while the weight average molecular weight and the viscosity increased by 
increasing the sulfonate group concentration. The incorporation of a comparatively 
small number of sulfonate groups already resulted in a strong decrease of the interfacial 
tension between alkyd and water. Further increasing the sulfonate group concentration 
decreased the interfacial tension only slightly. From these results it was concluded that 
for emulsification purposes the sulfonate group concentration should best be between 
25 and 125*10-<> mol/g of alkyd. 

2.1 Introduction 

In the search for environmentally acceptable coatings, alkyd emulsions are an attractive option for 

decorative paints. Their main advantage over other water-based binder systems is that alkyd 

emulsions have excellent film forming properties without the necessity to use organic co-solvents. 

As with common solvent-based alkyds, the use of alkyd emulsions can result in coatings with a very 

high gloss, high water and solvent resistance and good adhesion. 
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Beside these advantages, there are still a few shortcomings in the use of alkyd emulsions as 

compared with solvent-based alkyds. Firstly, paint production is more difficult because emulsions 

have a limited mechanical stability. Secondly, hardness development of the coating film is slower 

than in comparable solvent-based alkyd paints. 

The slow hardness development of alkyd emulsions has been ascribed among others to softening of 

the surface as a result of free surfactant molecules migrating to the surface of the film during the 

evaporation of water 111• A way to overcome the problems associated with the use of migrating 

surfactants is to use surfactants capable of participating in the oxidative drying Pfcess. For this 

purpose polymerizable nonionic surfactants can be used that are made up from I~ oil fatty 

acids functionalized with a polyethylene oxide fragment Ill. It was shown that alkyd emulsions 

containing polymerizable surfactants gave a significantly improved hardness development and 

shorter drying times II.2l. The other major drawback of conventional alkyd emulsions - poor 

mechanical stability - could not be solved by using a drying surfactant. 

The poor mechanical stability of alkyd emulsions can be attributed to migration of surfactant 

molecules from the particle surface after flocculation, resulting in coalescence 131• In order to 

prevent the loss of surfactants, Eastman Chemicals developed polyesters with th~ surfactant 

chemically attached to the backbone by using a dibasic acid with a sulfonate grot (5-

SodioSulfolsoPhthalic Acid, or SSIPA, !). However, these polyesters still requir organic co-

solvents to obtain good coating properties 141• , 

Also in some patents, processes have been described that yield alkyds with emulsifYing groups. The 

Nippon Paint Company claims that such alkyds could be prepared by adding a solution of SSIP A in 

water to an alkyd with a high hydroxyl number at elevated temperature 151• Hpwever, a process 

involving the addition of considerable amounts of water to an alkyd at 180 °~ would appear a 

hazardous process for industrial applications. 

COOH 

5-sodiosulfo-isophthalic acid (SSIPA) (!) 

14 



Hoechst claimed a process to prepare alkyds containing SSIP A, but in combination with fully 

saturated fatty acid fragments only 161• Evidently, these alkyds are not capable of oxidative curing. 

Zuckert 171 described self-emulsifying alkyds with dissociated carboxylic acid groups. The 

disadvantage of these alkyds, compared to alkyds with built-in sulfonate groups, is that the pl<a of 

carboxylic groups is higher than the pK. of sulfonic acid groups, i.e. for carboxylic acids pl<a is 

roughly 4 and for sulfonic acids generally below I £81, hence an emulsion stabilized with built-in 

sulfonate groups will be less sensitive towards changes in pH. 

Thus, it appears that a safe method of incorporating SSIPA in alkyds, capable of undergoing 

oxidative drying, has yet to be developed. In this chapter the conditions under which SSIP A can be 

incorporated in alkyd resins capable of oxidative drying are described. The effect of using different 

diacids and polyols in the preparation of these alkyds, as well as the influence of the sulfonate group 

concentration on molecular weight and viscosity have been examined. Finally, the possibility of 

using these alkyds in emulsions was tested by measuring the interfacial tension of alkyds with 

different sulfonate group concentration against water. 

The combined results will allow us to state predictions concerning the feasibility and efficiency of 

the emulsification of alkyds with built-in sulfonate groups. The preparation of emulsions of alkyds 

with built-in sulfonate groups and subsequent detennination of the mechanical stability of these 

emulsions compared to conventional emulsions containing free surfactant will be described 

separately in Chapter 3 191. 

2.2 Experimental 

The materials used for the preparation of the alkyds were all technical grade. SSIPA was obtained 

from Eastman Chemicals. 4-Sulfophthalic acid and sulfosuccinic acid were purchased from Aldrich 

as SO w/w-% and 70 w/w-% solutions in water, respectively. In each of the latter compounds the 

sulfonic acid groups were neutralized with sodium hydroxide prior to use. 

The progress of the condensation polymerization was followed by titrating the residual acid groups 

with a 0.1 N potassium hydroxide solution in ethanol (given as acid number= milligrams ofKOH 

per gram of resin). 
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Molecular weights were determined by size exclusion chromatography with a Waters Millipore 

instrument equipped with a Hewlett Packard 3*mixbed column (calibrated with Polystyrene 

standards up to 3 * 106 D) and GPC software. 

The viscosity of the alkyds was determined with an Emila rotation viscometer at 23 oc for 70 w/w

% xylene solutions. 

The color of the alkyds was determined as the Iodine Value of a 50 w/w-% soluti~n in xylene with 

a LICO 200 (DR LANGE) according to DIN 6162. The color is given as milligrams of iodine per gram 

of potassium iodide solution. . 

The interfacial tensions were measured with the pendant drop method at 80 °C a4ording to 

procedures described by Nabuurs et al. 1101. The measurements were performed at ~Jevated 

temperature, because of the poor flow of the alkyds at room temperature. 

The preparation of the alkyds was performed according to the following three-stage process: 

The sulfonated monomer and a polyol with a low melting point were charged into a three-necked 

round-bottomed flask equipped with a Vigreux connected to a Dean-Stark trap. The mixture was 

heated very slowly to 200 °C in such a way that the temperature at the top of the Vigreux did not 

exceed 101 °C. 
i 

After reaching a reaction temperature of about 180 °C the catalyst, n-butyltin(IV) hloride 

dihydroxide (F AS CAT 41 01 ~. was added and the reaction was allowed to proc d at 200 °C, until 

an acid number ofless than 0.5 mg ofKOH per g of resin was obtained. At this 

production had ceased and the polyester formed was transparent. 

the water 

The second stage reactants, consisting of a mixture of the dibasic acid and a catalytic amount of 

LiOH, usually 0.5 equivalent ofLiOH based on sulfonate, were added in one portjon. Then the 

temperature was again slowly raised to 200 °C. Heating too quickly in the second stage led to 

severe darkening. Due to the very high end acid value, i.e. 276 mg KOH/g of alkyd, reaction 

progress during the second stage was not monitored by determining the acid number, so the end of 

this step was taken as the point where the water production stopped and the polyester became 

transparent. 

At this point the addition of the third stage reactants was started. These consisted of a polyol and 

the fatty acids that had already pre-reacted under azeotropic conditions using xylene until an acid 

value less than 1 mg ofKOH/g of alkyd was reached. The addition of the third st~e reactants had 
I 

to be done very carefully and in a way guaranteeing that the mixture remained ho1ogeneous at all 
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times. In practice this implied that the third stage reactants had to be added over a period of 

approximately 1 hour. 

The alkyd was further heated under azeotropic conditions at 230 °C, until an acid number of about 

10 mg ofKOH per g of alkyd was reached. If necessary an additional amount of catalyst (Fascat 

4101~ could be added to speed up this final step. 

In Table 1 the composition of the alkyds, containing varying sulfonate group concentrations and 

prepared with varying amounts ofLiOH, are shown. When the amount of SSIP A was altered in 

order to change the sulfonate group concentration this was compensated for by adjusting the 

amount of phthalic anhydride in the second stage. 

2.3 Results and discussion 

Preparation process As descnbed in the experimental part alkyds with built-in sulfonate groups 

were prepared in a three-stage process. In this manner, the polarity effect induced by the ionic 

monomer was reduced allowing homogeneous mixing with the fatty acids in the last stage. When 

all reactants were mixed at once or when later stage reactants were added too quickJy, the early 

stage polyester would precipitate and the final alkyd would become and remain inhomogeneous. 

Some restrictions were found in the choice of reactants. As to the choice of the polyol in the first 

stage of the polymerization: it is necessary to use a polyol with a melting temperature below 200 

°C, because the first stage of the polymerization has to be carried out in the melt. Another 

requirement of the polyol is that after the first stage the polyester should not be too viscous to mix 

with the other reactants in a later stage of the process. Polyols that satisfY these two requirements 

are 2,2-dimethylpropane-1 ,3-diol, as well as hexane-I, 6-diol and its higher homologues. Shorter 

diols, as well as triols and tetrols result in first stage polyesters that do not dissolve in the reactants 

in a later stage. In this study 2,2-dimethylpropane-1 ,3-diol (or neopentylglycol) was chosen, 

because of its low melting temperature and its better hardness properties, compared with hexane-

1,6-diol and its homologues. 

In most cases, the dibasic acid used was phthalic anhydride, since the use of other acids like 

isophthalic acid, terephthalic acid and fumaric acid results in very viscous second stage polymers. 

The use of adipic acid and succinic anhydride also gave good results. 
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TABLEl 
Compositions of alkyds with varying sulfonate group concentration and prepared with different amounts 
ofbase (in grams unless stated otherwise) 

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 

neopenlylglyco1 160 160 160 160 160 160 160 160 160 160 

5-SSIPA 0 2.4 7.2 12 24 50 50 50 60 75 

phthalic anhydride 465 461 459 456 450 435 435 435 430 422 

lithium hydroxide - 0.11 0.32 0.54 1.07 1.11 2.22 4.45 2.68 3.34 

pentaerythrito1 275 275 275 275 275 275 275 275 275 275 

soybean fatly acids 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 

Fascat 4101® 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

oil1ength (%) 58.7 58.8 58.7 58.7 58.5 58.2 58.2 58.2 58.0 57.9 

OH number (mg of KOH/g of alkyd) 41.3 41.7 41.3 41.5 41.1 41.1 41.1 41.1 40.8 40.6 

[S03.] (*10-<> moUg of alkyd) 0 5.0 15.1 25.1 50.1 103.9 103.9 103.9 124.2 155.0 



There are no limitations as to the choice of the polyol and fatty acid components in the third stage. 

Both can be varied in type and amount to optimize the final alkyd parameters. Alkyds with an oil 

length# higher than 74% could not be prepared because of the necessity to use a diol in the first 

stage. The alkyds described in this article were prepared with pentaerythritol and soybean fatty 

acids and had an oil length of approximately 60%. 

Transparent alkyds with sulfonate group concentrations between 5 and 125 * 1 0-cs moVg could be 

prepared according to the present procedure. At higher sulfonate group concentrations the 

miscibility of the, in that case too polar, second stage polyester with the third stage reactants often 

became troublesome, causing inhomogeneity. Alkyds with a sulfonate group concentration 

exceeding 150* 1 0-cs moVg of alkyd could not be prepared as transparent products. However, for 

practical application in alkyd emulsions, sulfonate group concentrations between 25 and 125*10-cs 

moVg of alkyd appear to be well suited (see below). 

Coloration of the alkyd Darkening of alkyds was frequently observed in the presence of sulfonic 

acid groups. Hoyt had already mentioned the darkening effect that sulfonic acids can have on the 

product of condensation reactions [121
. We found that even during the first stage 4-sulfophthalic acid 

and sulfosuccinic acid, if not neutralized, gave severe darkening. In the salt form, combined with 

the addition of a minor amount of base in the second stage, the darkening could be reduced 

significantly. Because it proved much more practical to add the sulfonated monomer as a solid, the 

alkyds discussed in this report were prepared with SSIPA instead of with the other sulfonated 

monomers mentioned above. 

A significant reduction of the darkening, which occurred when the diacid was added as an 

anhydride, was achieved by adding base in the second stage of the reaction. The base had to be 

added in the second stage, because the catalytic effect on the color reduction was negligible when 

the base was added with the first stage reactants. The best results were obtained when using a 

monovalent metal hydroxide. Mg(OH.)2 also decreased the darkening. but led to a non-transparent 

# The oil length of an alkyd is a measure of the concentration of fatty acids, calculated as if the fatty acids are 
present as glyceride oi1' 11 l. 
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alkyd. In this research the choice was made for LiOH, but other monovalent bases gave comparable 

results. 

In Table 2 the influence of the amount ofLiOH, added in the second stage, on the color of the final 

alkyd is shown. There is a clear reduction of the color as the amount ofLiOH is increased from 0, 

via 0.25, to 0.5 equivalent based on sulfonate. An alkyd with a color of 12 mg ofh per g ofK.I 

solution does not give a noticeable darkening when used in a white paint. LiOH concentrations in 

excess of0.5 equivalent did not yield a lower degree of coloration. 

U~2 I 
Effect of the amount ofbase used in the second stage of the alkyd preparation on ttle color, the 
number average molecular weight, M N, the weight average molecular weight, M w, and the 
viscosity of the alkyd" 

alkyd #II #6 #7 #8 

LiOH (equiv. based on SOi) 0.25 0.5 1.0 

color (Iodine value) 45.2 16.9 12.1 12.8 

MN 1500 2000 1850 1220 

Mw 9040 12800 14600 14100 ! 

D(Mw!MN) 6.0 6.4 9.9 ll.6 

viscosity (Pa.s) 0.04 0.23 0.23 0.23 

• The sulfonate group concentration was 103.9*10:6 mol!g of alkyd in all cases 

Even the sodium salt of the sulfonated monomers caused some darkening. This w~ explained by 

assuming that through the equilibrium shown in Eqn. (1 }, there was always some sulfonic acid 

present. The sulfonic acid could react with an anhydride to yield a mixed anhydride of the form 

RC(O}OS(0)2R' (Eqn. (2)) 1131
. This type of anhydride is not very stable at high temperatures and 

will dissociate into the sulfonate and an acylium ion [t3J (Eqn. (3)). The latter probab1y caused the 

darkening by reaction with the relatively electron rich unsaturated groups of the fatty acids. If fully 

saturated fatty acids (i.e. stearic acid) were used, hardly any coloration was observed. 
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+ 

+ 

+ 

R'COO (1) 

R'CO:JI (2) 

R'C=(Y (3) 

The role of the anhydride was confinned with alkyds derived from adipic acid, which is not likely to 

give anhydrides under the present conditions. Compared with alkyd #I these alkyds showed 

practically no additional coloration in this stage. With the addition of a base during the second stage 

ofthe polymerization process the darkening was reduced. 

However, some darkening still occurred during the third stage. The explanation of this finding is 

twofold. Since phthalic anhydride is added in excess compared with the amount of diol some 

anhydride will always be present, possibly caused by dehydration of diacid. Secondly, the formation 

of the mixed anhydride can also proceed through the reaction between a carboxylic acid and a 

sulfonic acid in a very acidic environment (Eqn. (1))[141
, although this will proceed more slowly 

than with a carboxylic anhydride. Since in xylene, during the third stage, even carboxylic acids will 

appear in the acidic fonn [ISJ it is most likely that the reaction between sulfonic acid and carboxylic 

acid indeed occurred. 

Molecular weight and viscosity Sulfonate groups in polyesters are known to have a significant 

effect on properties like molecular weight and viscosity [161
. The use of a sulfonated monomer in the 

alkyd preparation led to a decrease of the number average molecular weight, M N, of the alkyd up 

to a sulfonate group concentration of approximately 50* 10-6 moVg of alkyd. At higher sulfonate 

group concentrations remained more or less constant (see Fig. IA). By contrast, the weight 

average molecular weight, showed an opposite behavior. It remained more or less constant 

up to a sulfonate group concentration of approximately 125*10-6 moVg of alkyd and increased 

rapidly at higher sulfonate group concentrations. The effect of the sulfonate group concentration on 

the viscosity of alkyds was consistent with that on the weight average molecular weight. It 

increased slowly up to a sulfonate group concentration of approximately 125* 10-6 moVg of alkyd 

and increased rapidly at higher sulfonate group concentrations (see Fig. IB). The viscosity of an 

alkyd is an important parameter, because it strongly influences the ease of emulsification 19•17J. 
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Fig. I. Effect of the sulfonate group concentration [S031 on the number average molecular weight 
(MN, solid line) and the weight average molecular weight (Mw, dashed line) of the alkyd (A), and 
the viscosity (11) of the alkyd (B). 
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Hence, too high sulfonate group concentrations seem to be unfavorable. 

The use ofLiOH, irrespective of its concentration, caused a strong rise of the weight average 

molecular weight (see Table 2). Up to 0.5 equiv., M w increased, but leveled off at higher LiOH 

concentrations. The dispersity ( M wl M N) increased rapidly at higher LiOH concentrations, caused 

by the combination of increasing M w and decreasing M N with increasing LiOH concentrations 

(see Table 2). 

For a good hardness development in the paint a high weight average molecular weight would be 

advantageous. On the other hand, for a good emulsification the viscosity should be as low as 

possible. For these reasons alkyds are best prepared with 0.5 equiv. ofLiOH based on sulfonate 

groups and a sulfonate group concentration varying between 50 and 125 *I 0-6 mol/g of alkyd. 

Interfacial tension The interfacial tension is an important parameter in the emulsification of one 

liquid in an other. The droplet size of an oil in water emulsion is strongly determined by the Gibbs 

free energy (L1G), which is defined as L1G y""'.Aow' where y""' and Aow are the interfacial tension 

and the interfacial area between the oil and water phases, respectively. 

As can be seen in Fig. 2, the interfacial tension already dropped sharply when only a small amount 

of sulfonate groups was built into the alkyds. 

Even for alkyds with sulfonate group concentrations so low that the cruboxylic acid concentration 

significantly exceeded the sulfonate group concentration, the interfacial tension between alkyd and 

water proved to be much smaller than in the case of an alkyd without sulfonate groups. An increase 

in the sulfonate group concentration beyond 25* 10-6 mollg of alkyd only led to a small decrease of 

the interfacial tension. 

Although the quantitative significance of the interfacial tension is yet unknown, it can be reasoned 

that it should be as low as possible for efficient emulsification. A sulfonate group concentration 

exceeding 25 * 10-6 mollg of alkyd is therefore to be preferred. 
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Fig. 2. The interfacial tension between the alkyd and water ('Ya,w) of alkyds with built-in sulfonate 
groups as a function of the sulfonate group concentration [S<lJl 

Predictions concerning emulsification efficiency From the data presented in Fi s. lB and 2 some 

predictions can be made about the ease and efficiency of alkyd emulsification to carried out in a 

later stage. The sulfonate group concentration should not be higher than 125*10-6 moVg of alkyd, 

because of the strong increase in viscosity starting from that point on due to an indreased weight 

average molecular weight. Because the sulfonate group concentration has very little effect on the 

interfacial tension for values exceeding 25 * 10-6 moVg of alkyd, best results are to be expected for 

sulfonate group concentrations between 25 and 125 *I 0-6 moVg of alkyd, where both the interfacial 

tension and the viscosity are in a plateau region. The practical influence of these parameters on the 

emulsification efficiency will be discussed elsewhere191. 
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CHAPTER3 

Alkyd emulsions stabilized by built-in sulfonate 

groups; emulsification, mechanical stability and 

rheology 

Summary Alkyd emulsions containing alkyds with built-in sulfonate groups were prepared 
using a high pressure homogenizer. The droplet size decreased with increasing sulfonate 
group concentration up to a value of approximately 1 00* 1 O.o moVg of alkyd. At higher 
sulfonate group concentrations the droplet size increased due to an increase in the viscosity 
of the alkyd. The use of built-in sulfonate groups as surfactant was very efficient up to a 
sulfonate group concentration of 1 00* I O.o moVg of alkyd. At a sulfonate group 
concentration ofl55 * 1 o.o moVg of alkyd only 50% of the maximum number of sulfonate 
groups was located close enough to the alkyd-water interface to participate in the 
stabilization of the emulsion. This finding was explained with partial shielding of the sulfonate 
groups at the surface. Alkyd emulsions stabilized by free surfactant also showed an increase 
of the droplet size at high sulfonate group concentration (where the surfactant concentration 
in the aqueous phase exceeded the CMC). The excess of surfactant provided a high 
concentration of micelles, thus increasing the viscosity of the continuous phase. This caused a 
less efficient droplet size reduction. 
The mechanical stability of the alkyd emulsions improved considerably with the sulfonate 
groups attached to the alkyd compared to alkyd emulsions with free surfactant. It was shown 
that the poor mechanical stability of emulsions with free surfactant could not be explained by 
only looking at the shear applied to the emulsion. A stronger influence was found to be the 
migration of surfactant molecules from the alkyd-water interface towards the water-air 
interface, thus causing foam formation. 
The viscosities of alkyd emulsions stabilized by free surfactant or built-in surfactant were 
within the same order of magnitude. Alkyd emulsions stabilized by built-in sulfonate groups 
were also shear thinning. The viscosity of alkyd emulsions stabilized by free surfactant 
increased with increasing surfactant concentration, and hence with decreasing droplet size, 
much according to expectation. No clear relation could be found between the viscosity of 
alkyd emulsions stabilized by built-in sulfonate groups and droplet size. However, the 
viscosity decreased with increasing sulfonate group concentration. This was explained by a 
more efficient droplet-droplet repulsion at higher sulfonate group concentrations. 
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3.1 Introduction 

In the previous chapter the preparation of alkyds with built-in sulfonate groups was described. The 

reason for the incorporation of detergent groups into an alkyd was that emulsions stabilized by free 

surfactant have a limited mechanical stability. The relatively poor mechanical stability of the latter 

emulsions can be attributed to migration of free surfactant molecules from the particle surface as a 

result of shear applied to the emulsion, resulting in particle, or droplet, coalescen¢e Ill. In order to 
! 

achieve a better anchoring of surfactant molecules at the droplet surface, alkyds v?ere prepared with 
I 

built-in sulfonate groups 121. I 

This chapter deals with emulsions prepared from alkyds with built-in sulfonate gr(!)ups. First, the 

emulsification of alkyds with built-in sulfonate groups will be described, where the efficiency of 

droplet size reduction is compared to that of alkyds with the same composition but stabilized by 

free surfactant. The results ofthese experiments may be explained by accounting for the efficiency, 

by which the built-in sulfonate groups acted as detergent groups for the alkyds with built-in 

sulfonate groups. For this purpose the experimental surface charge density will be compared with 

the theoretical surface charge density, which is defined as the surface charge density for the case 

where all sulfonate groups are relatively close to the alkyd-water interface. Ne~ the mechanical 

stability of the alkyd emulsions stabilized by built-in sulfonate groups will be compared to that of 

emulsions stabilized by free surfactant. Finally, the viscosity of alkyd emulsions stllbilized by built-in 

and free surfactant will be described as a function of the sulfonate group concenton, where an 

explanation will be presented for the different behavior found for emulsions stabil ed either by 

built-in or free surfactant. 
I 

3.2 Experimental 

The preparation of alkyds with built -in sulfonate groups was described in Chapter 2 of this thesis 121. 

A reference alkyd without built-in sulfonate groups was prepared following the same procedure. 

For the stabilization of the emulsions prepared with the reference alkyd, sodium 

dodecylbenzenesulfonate (SDBS, Rhone Poulenc) was used. 

Viscosity of the pure alkyds was determined with an Emila Rotation Viscometer, operating at 130 

oc. 
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Alkyd emulsions were prepared with a solids content of 40 w/w-%. Emulsification of the alkyds 

was performed using a Microfluidizer MllOY (Microfluidics Corp.), as described by Ostberg et aL 
131. Whereas the emulsifications performed by Ostberg eta/. were done at 60 °C, for the work 

presented here a temperature of 130 °C was required to reduce the viscosity of the alkyd 

sufficiently. All emulsifications were performed twice with alkyds from different batches, and the 

average droplet size did not differ more than 5 run from the average value for each sulfonate group 

concentration. Average droplet sizes were measured with a Malvern Autosizer II (Malvern 

Instruments). 

The surface charge density (SCD) was determined by titrating the amount of sulfonate groups at 

the alkyd-water interface. Immediately before titration the solids content and the droplet size were 

determined. The following procedure was repeated thrice, with all values diverging not more than 3 

% from average: first, the alkyd emulsions were cleaned by dialysis (Dialysis tube size 9 InfDia 

36/32"- 28.6 mm, MEDICEIL International Ltd) in deionized water for a period of 10 days. (The 

water was refreshed every other day.) All operations following the dialysis were performed under a 

nitrogen atmosphere to exclude adventitious carbon dioxide. The alkyd emulsions were diluted to 

approximately 0.5 w/w-% and then allowed to react with a strongly acidic ion-exchange resin 

(Biorad AG® 501-XS Mixed-Bed Resin). (The amount ofion-exchange resin was chosen in such a 

way that its weight was ten times the solids content of the alkyd emulsions.) After I hour the 

mixture was filtrated over a glass funnel and the amount of alkyd emulsion to be titrated was 

w,eighed. The alkyd emulsions were titrated with an aqueous 1 *I 0-6 M NaOH solution. While 

titrating, the conductivity of the emulsion under investigation was monitored with a PHILIPS 

PW9526 digital conductivity meter: equivalence point was reached when the conductivity was 

minimal. From this titration volume, the titration volume of a blank (an emulsion that was not 

stirred with the ion-exchange resin) was subtracted to account for the carboxylic acid groups that 

may interfere with the titration ofthe sulfonic acid groups. The experimental surface charge density, 

SCDernp expressed in C/m2
, was then calculated according to: 

- * -19 r (VNaOH- Vbumi..J * [NaOH] * p alkyd* r dropletl 

SCDemp - 1.6 10 l J*m*C J (1) 

where VNaOH and Vbiank are the titration volumes for the emulsions that were stirred with the ion

exchange resin and the blank (m\ respectively, Pt~lkJd is the density of the alkyd (g/m3
), r droplet is the 
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average droplet radius (m), m is the amount of alkyd emulsion (g) that was titrated, and Cis the 

alkyd concentration (w/w) in the titration sample. The constant e is the elementary charge of one 

proton. e = 1.6*10"19 C. 

The mechanical stability was tested according to the following two procedures: I 

A test where shear was applied in a laminar flow, was performed with the paralle1
1

plate method 

using a Bohlin Vor Rheometer. By adjusting both the rotation speed and the gap width, the 

maximum shear rate between the plates could be varied between 1 and 150,000 sr Samples were 
' subjected to shear for 15 minutes, after which the particle size was determined. Ahy change in 

particle size was taken as a measure of mechanical instability. 

The other test was performed with a high speed rotator applying shear under turbulent flow 

conditions. Samples were diluted to 20 w/w-% solids and stirred for 15 minutes at 7,000 rpm or 

9,000 rpm. From the diameter and the rotation speed of the stirrer, and from the gap width between 

the stirrer and the bottom of the flask, the apparent shear rates were calculated, as if the flow were 

laminar, which gave 66,000 s·' and 85,000 s·', respectively. Immediately after stirring the thickness 

of the foam layer was measured. After one day the stability of the emulsions was evaluated visually. 

The viscosity of the emulsions was determined with a Bohlin Vor Rheometer at 25 °C as function 

of the shear rate for emulsions stabilized at varying surfactant concentrations. Th1 viscosity of the 

alkyds was determined with an Emila rotation viscometer operating at 130 °C. Estimates of the 

polydispersity of the droplet size distribution (determined as dJdn) of the emulsions were made 

using a Coulter LS 130<~>. 

3.3 Results and discussion 

Emulsification The emulsification of the alkyds, in terms of the efficiency of droplet size reduction. 

was examined for emulsions of alkyds with built-in sulfonate groups and compared with that of 

reference alkyd emulsions, stabilized by free surfactant. The characteristics of the alkyds are given 

in Table 1. The efficiency of droplet size reduction was determined as a function of the sulfonate 

group concentration. 
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TABLE I 
Alkyd characteristics. 

alkyd #1 #2 #3 #4 #5 #6 #7 #8 

hydroxy value 41.3 41.7 41.3 41.5 41.1 41.1 40.8 40.6 
(mg ofKOH/g of alkyd) 

[S03-] 0 5.0 15.1 25.1 50.1 103.9 124.0 155.0 
(* l0-6 mol/g of alkyd) 

viscosity at 130 °C 0.9 0.7 1.3 1.1 1.7 2.2 3.5 13.6 
(Pa.s) 

The trends in droplet size reduction of emulsions stabilized by built-in surfactant and those by free 

surfuctant were fairly comparable. At low sulfonate group concentrations, i.e. sma!Jer than 25* 10-6 

moVg of alkyd, the droplet size dropped sharply with increasing sulfonate group concentration (see 

Fig. 1). From sulfonate group concentrations of approximately 25*10-6 moVg of alkyd up to 

1 00* 10-6 moVg of alkyd, the average droplet size was more or Jess constant. At higher sulfonate 

group concentrations the droplet size showed a small, but distinct increase of about 50 nm for both 

systems. The discrepancy between emulsions stabilized by built-in and those stabilized by free 

surfactant occurred at sulfonate group concentrations in excess of 50* 10-6 moVg of alkyd where the 

two curves diverged; the emulsions stabilized by free surfactant gave smaller droplets in that region. 

This difference in droplet size can be explained by the increasing viscosity of the alkyds with built-in 

sulfonate groups at higher sulfonate group concentrations 121• The influence of the viscosity of the 

dispersed phase on the droplet size reduction of alkyd emulsions prepared with a Microfluidizer 

was emphasized by Ostberg et al 131. By increasing the temperature at which the emulsification was 

performed they could reduce the viscosity of the alkyd phase during the emulsification step. They 

found a decrease in droplet size with increasing temperature for emulsions stabilized by free 

surfactant. 

The average droplet size of emulsions stabilized by free surfactant as well as that of emulsions 

stabilized by built-in sulfonate groups increased when the sulfonate group concentration exceeded 

125 * 10-6 moVg of alkyd (see Fig. I). The increase in average droplet size for emulsions stabilized 

by free surfactant was small but significant. An increase in average droplet size with increasing 
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surfactant concentration for benzene-in-water emulsions stabilized by sodium dodecyl sulfate has 

been described in literature 14·s1• An increase in average droplet size was observed when rndlllcMc 

exceeded 0.5, where me is the surfactant concentration in the continuous phase and lllcMc is the 

critical micelle concentration. The cause for the increasing droplet size at higher sulfonate group 

concentration was an increase in the time to reach equilibrium in particle size. The .increase in time 

to reach equilibrium was related to the increase in the viscosity of the dispersion medium, which 

resulted in a decrease of the diffusion rate of the surfactant molecules to the alkyd~water interface 
161• A lower diffusion rate of surfactant caused new droplets to be not sufficiently stabilized, 

resulting in coalescence. Hence, the increasing average droplet size at higher surfaCtant 

concentrations was caused by a higher rate of coalescence during the emulsification process rather 

than a reduction of the rate of disruption of droplets. Increasing the number of runs through the 

homogenizing equipment would, however, eventually have led to smaller droplets. 

ddrop (nm) 
1E+03 

SE+02 

• 
• 

• ---4 

1E+02~----~-----r-----r==---n~~-~-~-----~ 

0 so_ 100 150 

[S03·] (*I0·6 mol/g of alkyd} 

Fig. 1: Droplet size (d.trop) as a function of the sulfonate group concentration [son for alkyd 
emulsions with built-in c•) and free(.~) surfactant groups. 

Although the surfactant concentration in the continuous phase can not been easily be determined 151, 

it can be reasoned that for an overall surfactant concentration of I 00* 1 o-<> moVg o!' alkyd it 

32 



exceeded the CMC. When, for instance, the alkyd emulsions stabilized by 50* 1 o.o moVg and 

1 00* 1 0-o moVg of alkyd are compared, the overall surfactant concentration obviously doubled. The 

total surface area of the alkyd-water interface, comparing emulsions with 50*10-6 and 100*10-6 mol 

surfactant/g of alkyd, however, increased with only 21 % (calculated by comparing the average 

droplet size for emulsions stabilized by 50* 1 0-o mol surfactant/g of alkyd, i.e. 239 run, with that of 

emulsions stabilized by 100*10-6 mol surfactant/g of alkyd, i.e. 196 nm). Hence, the bulkofthe 

additional surfactant present at a concentration of 1 00* 10-6 moVg of alkyd, compared to a 

surfactant concentration of 50* 10-6 moVg of alkyd, was not used for stabilizing the alkyd-water 

interface but ended up in the continuous phase. The excess of surfactant in the continuous phase at 

an overall surfactant concentration of 1 00* 10-6 moVg of alkyd, calculated by assuming that indeed 

79 % of the additional surfactant ends up in the water phase and assuming maximal surface 

coverage at a surfactant concentration of50*10-6 mol/g of alkyd (which is most probably not true), 

would then be 28*10'3 mol r1
, by far exceeding the CMC (CMCsoBS 1.15*10"3 Ml61). 

On the other hand, the increase in droplet size of the emulsions stabilized by built-in surfactant may 

be caused by a progressively stronger partial shielding of the sulfonate groups at the alkyd-water 

interface. This would imply a progressively lower active sulfonate group concentration at the 
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droplet surface. Alternatively, the increasing droplet size at high built-in sulfonate group 

concentration may be explained by the increase in viscosity of the alkyd 121• It was already pointed 

out that the viscosity of the dispersed phase has a major influence on the efficiency1of droplet size 
I 

reduction. This will be further elaborated in the next section. I 

The interfacial tension between alkyd and water seems to be of only minor import+ce in causing 

the droplet size reduction for alkyds with built-in sulfonate groups. The following tibeoretical 
I 

relation was suggested £3•
51 between the alkyd-water interfacial tension and the drodlet size for 

I 

emulsions prepared with a high pressure homogenizer, such as the Microfluidizer 
0.6 

r droplet a:: r .. w (2) 

where ra;w is the interfacial tension between alkyd and water121, and rdroplet is the droplet radius. 

Alkyd emulsions with built-in sulfonate groups, however, do not follow this relation, as can be seen 

in Fig. 2. This behavior was possibly caused by the fact that the relation given by Ostberg et al. and 

Walstra does not take into account any influence of the viscosity of either disperse br dispersed 
I 

phase. I 

Surface Charge Density The good agreement between the curves in Fig. 1 for 

stabilized by built-in surface-active groups and those by free surfactant, suggested efficient use 

of the built-in sulfonate groups. This was further examined by comparing the cal 

charge densities with the experimental values. 

The theoretical surface charge density, SCDth (expressed in C/m~ was calculated , rding to: 

SCDrn (3) 

where Palkyd is the density of the alkyd (glm\ [SO.i] the sulfonate group concentration (moVg of 

alkyd), and rdroplet the average droplet radius (m) of the alkyd emulsion, where it was assumed that 

all sulfOnate groups would migrate to the alkyd-water interface during the emulsifi¢ation process. 
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For the experimental detennination of the SCD the sulfonate groups of the alkyd emuls~on were 

transfonned to the acidic state and titrated with an aqueous sodium hydroxide solution (see 

Materials and methods). On interpreting the titration results one should realize that not just the 

sulfonic acid groups at the surface of the droplet were titrated; all acid groups present within a 

certain distance from the surface, and accessible to the hydroxide ions were included. 

The alkyd emulsion was stirred with the ion-exchange resin for 1 hour in order to convert all 

sulfonate groups at the surface to the acidic state. The validity of this period was checked by 

comparing titration values after 0.5 and 1 hour, and after stirring 0.5 hour twice with fresh ion

exchange resin. In all cases the same titration values were obtained. During the stirring with the ion

exchange resin the average droplet size of the alkyd emulsion decreased less than 5 %. 

In Fig. 3 it can be seen that the experimental and theoretical SCD values agreed well for sulfonate 

group concentrations up to 100*10-{) moVg of alkyd. For these emulsions the amount of titrated 

sulfonate groups was in all cases more than 75% of the calculated value. It is most likely that the 

titrated sulfonic acid groups also participate in the stabilization of the alkyd-water interface, since 

polar ions will not easily penneate far into a hydrophobic environment. At 150* I 0-{) mol sulfonate 

groupslg of alkyd the amount of titrated sulfonic acid groups was significantly lower, i.e. only 50% 

SCD (C/m2) 

l,SE-24 
,• 

, , , 
' 

l,OE-24 , 
/ 

/ 

o' 

8,0£·25 

, , 

0,0 
0 50 100 150 

[S03'] (*10·6 moVg of alkyd) 

Fig. 3: Calculated ( +) and experimentally determined (II) surface charge densities (SCD) as a 
function ofthe sulfonate group concentration [S03l-
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of the theoretical value. This finding is attributed to shielding of sulfonate groups. Since the 

efficiency of droplet size reduction already decreased distinctly at 125 * 1 o-~> moVg of alkyd, where it 

was observed earlier that the viscosity of the alkyd was only slightly higher than at lower sulfonate 

group concentrations [21, it may be concluded that partial shielding of sulfonate groups at high 

sulfonate group concentrations had a larger effect on the efficiency of droplet size reduction than 

the viscosity of the dispersed phase. If the viscosity of the alkyd were the limiting fl!lctor, than 

emulsions with alkyds with a sulfonate group concentration of125*10-~> moVg of alkyd should not 

have shown a larger droplet size. Hence, these results indicate that alkyd-water interfaces can only 

accommodate a limited number of the built-in sulfonate groups. Then there is still the question 

whether shielding of sulfonate groups is exclusively an intermolecular or also an intramolecular 

effect. In the limiting situation, for alkyds with the highest concentration of sulfonate groups, i.e. 

155*10-~> moVg of alkyd, the number of sulfonate groups per alkyd chain was calculated to be only 

0.3. The chance that a chain contains more than one sulfonate group then seems very unlikely, even 

if the high polydispersity of the chains is taken into account [21. Hence, intramolecular effects can be 

neglected. 

Mechanical stability The mechanical stability of the alkyd emulsions was tested with two 

methods. The first method involved the application of a well defined maximum shear rate in a 
I 

laminar flow field. (The Reynolds Number (Re) in the present study using the rheo eter, was 20 at 

the most, which defines the flow as being larninar[7].) From earlier research it was 

exposing emulsions, which were stable at rest, to shear rates of up to 1000 s·1 in a I ·nar flow 

field, had very little effect on the droplet size in particular and the stability in gener [7J. 

The stability in a laminar flow field of alkyd emulsions with free and built-in surfactant was 
I 

investigated for shear rates between 1 s·1 and 1.5* 105 s·1
. The change of the average droplet size 

was taken as a measure of the mechanical stability. In Figs. 4 A-C, the average droplet size after 

shear application divided by the initial average droplet size is given as a function of the shear rate 

for three different sulfonate group concentrations for emulsions with either built-in surface active 

groups or with free surfactant. All emulsions under investigation had been shown to be completely 

stable at rest for at least 1 year. 

The droplet size appeared to be practically independent of the shear rate for all emulsions with 

built-in surfactant. At all the built-in sulfonate group concentrations under investig~tion the increase 

in droplet size was less than 5%. The increase in droplet size of the emulsions stabilized by free 
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surfactant was less than 10 % for the sulfonate group concentrations of 50 and I 04 * 10-6 moVg of 

alkyd. Only the emulsion with a free surfactant sulfonate group concentration of25"'10-6 moVg of 

alkyd showed a significant increase of the droplet size of up to 20% at high shear rate. From these 

results it can be concluded that shear applied in this manner has very little influence on the stability 

of alkyd emulsions stabilized by free surfactant with a possible exception being the emulsion with 

the lowest surfactant concentration. The stability of the emulsions stabilized by built-in surfactant 

was not influenced at all when exposed to shear in a laminar flow field. 

The second test to examine the mechanical stability of alkyd emulsions involved the application of 

shear in a turbulent flow field by using a high speed rotation mixer (R., = 9* 10\ Not only did the 

high speed mixer generate high shear forces, it also caused the formation of foam. Alkyd emulsions 

were stirred at high speed with a flat, circular stirrer, giving apparent shear rates of 66* 1 cr and 

SS* 103 s·' for stirring speeds of7,000 rpm and 9,000 rpm, respectively (the apparent shear rates 

were calculated as if the flow were laminar). In Figs. 4 A-C, the apparent shear rate, for a rotation 

speed of7,000 rpm (i.e. y 66,000 s"1
) is represented with the vertical lines. After stirring, the 

thickness of the foam layer as well as the colloidal stability of the emulsion were determined. 

TABLE2 
Thickness of foam layer formed during high speed stirring for emulsions stabilized by free and those 
stabilized by built-in surfactant as a function of the sulfonate group concentration. 

[So3·] foam layer thickness (mm) 
(* 10-6 moVg of alkyd) 

y= 66*103 s·1 y= S5*103 s·' 

free built-in free built-in 

25.1 21 14 IS 12 

50.1 30 IS 26 13 

103.9 6S 30 29 32 

155.0 so• 37 so· 23 

• Experimentally limiting value 
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Fig. 4: Droplet size after shear application (d) divided by the initial droplet size (do) as a function of 
the shear rate (y) for emulsions stabilized by 25 (A), 50 (B), and 104*10~ mol sulfonate/g of alkyd 
(C), respectively. Closed signs represent emulsions stabilized by built-in surfactant groups, open 
signs represent emulsions stabilized by free surfactant. The vertical line at y 66,000 s·1 represents 
the shear rate at which the stability test with the high speed rotator was performed. 
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All alkyd emulsions stabilized by free smfactant formed a very thick foam layer (see Table 2) and 

gave complete phase separation after disappearance of the foam layer. Therefore, no increase in 

droplet size could be determined. At an apparent shear rate of85*103 s·1 it seemed that less foam 

was produced than at 66* 103 s·1. Probably, the foam layer itself was less stable to the higher shear 

forces. I 

The emulsions stabilized by built-in surfactant gave considerably less foam (see TJI,le 2}, and, more 

importantly, were stable in most cases, the only exception being the alkyd emulsiob with a sulfonate 
I 

group concentration of 155* 1 0.., mollg of alkyd. The alkyd in this emulsion preci~itated, but the 

precipitate could be stirred up to yield an emulsion again with only a slight increasb in droplet size. 

While the foam formed in the presence of free surfactant proved to be very stable, the foam formed 

in emulsions stabilized by built-in surfuctant disappeared within 15 minutes. 

The thickness of the foam layer showed an increase with increasing sulfonate group concentration 

for alkyd emulsions stabilized by free and by built-in surfactant (see Table 2). For alkyd emulsions 

containing a higher concentration ofbuilt-in sulfonate groups, foam formation was most probably 

caused by a progressively increasing concentration oflow molecular weight sulfonate group

bearing alkyd oligomers in the water phase. The effect of water-miscible oligomer$ on foam 

formation was further supported by the results presented in Table 3. Foam format~ibn was tested for 

emulsions prepared with alkyds with'built-in surfactant diluted with a regular alky , thus reducing 

the concentration of oligomeric water-miscible molecules per gram of alkyd. All t .ese emulsions 

TABLE3 • 
Thickness of the foam layers formed during high speed stirring for emulsions with !alkyds containing 
built-in sulfonate groups diluted with a regular alkyd. 

alkyd #1• alkyd #6• dirop foam layer (mm) 
(%) (%) (nm) 

0 

25 

50 

75 

100 

75 

50 

25 

250 

251 

260 

263 

30 

9 

0 

32 

23 

0 

• alkyd #6 containing a sulfonate group concentration ofl03.9*10-6 mol/g ofalkyq, alkyd #1 was 
prepared without built-in sulfonate groups (see Table I) I 
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were stable, both at rest and under shear. The foam fonnation was greatly reduced when the ratio 

of sulfonated alkyd to regular alkyd was decreased. The alkyd emulsion containing 75 % of regular 

alkyd in the solid phase gave no foam fonnation at all. 

The results described above, combined with results described by Ostberg et al 181 and by van Boeke) 

eta/. £71, lead to the conclusion that mechanical instability of alkyd emulsions stabilized by free 

surfactant is predominantly caused by removal of surfactant molecules from the alkyd-water 

interface by air inclusion leading to a redistribution of surfactant. 

Ostberg et al 181 examined the stability of alkyd emulsions in a turbulent flow field combined with 

the inclusion of air (for shear rates up to 30,000 s-1
). They found a considerable increase in the 

droplet size of emulsions stabilized by anionic free surfactant, already at shear rates between 20,000 

and 30,000 s·1. Van Boeke! eta/. 171 reported the relatively small effect that shear in turbulent flow 

(without the inclusion of air) has on the stability of emulsions. From these results and the results 

reported here, it may be concluded that instability of alkyd emulsions in turbulent flow is not 

predominantly caused by removal of surfactant molecules from the alkyd-water interface by high 

shear forces, as is often assumed, but rather by air inclusion leading to a redistribution of surfactant. 

Hence, surfactant molecules migrated from the alkyd-water interface to the newly fonned air-water 

interface, thus leaving the alkyd droplets less stabilized. This in tum resulted in flocculation and 

coalescence. 

Rheology The viscosity of an alkyd emulsion is an important parameter for its application in, for 

instance, coatings. The viscosity of the emulsions containing alkyds with built-in sulfonate groups 

was compared with the viscosity of alkyd emulsions stabilized by free surfactant, as a function of 

the shear rate. 

Generally, the viscosity of a liquid-liquid emulsion can be described as a function of the phase 

volume of the dispersed phase according to the Quemada equation 191: 

(1) 
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Fig. 5: Viscosity (TJ) versus shear rate (y) for emulsions stabilized by free surfact~t (A), and with 
built-in sulfonate groups (B). Sulfonate group concentrations and droplet diamete~ were as follows: 
Fig. SA: 25*10-6 moVg (-, 310 nm), 50*10-6 moVg ( .... , 239 nm), 104*10-6 moVE(--, 196 nm). 
Fig. 58: 25*10-6*10-6 moVg (upper-, 240 nm), 50*10-6 moVg ( .... , 312 nm), 104*10-6 moVg (-, 
265 nm), and 155*10-6 moVg (lower-,328 nm). 
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where 1] is the viscosity of the emulsion, 1]c the viscosity of the continuous phase, ; the phase 

volume of the dispersed phase, and ¢.,, the maximum phase volume. From Eqn. 1 it can be 

concluded that the efficiency of packing of the droplets strongly influences the viscosity of the 

emulsion: higher values for ¢., result in a lower viscosity. ¢., is governed by a number of parameters 
1101

, among which are the droplet size distribution, droplet deformability, and droplet-droplet 

interaction. 

A broader droplet size distribution, i.e. a higher polydispersity (dJdn), results in a more efficient 

packing and therefore in a higher value for ¢.,. When droplets are more easily deformed the packing 

becomes more efficient, because droplets distort to accommodate their neighbors. The non

Newtonian nature of emulsions can be explained by deformation of the droplets under shear. At 

rest ¢.,is 0.62, whereas at higher shear¢.,, can exceed 0. 7. In this respect the droplet size also plays 

a role, since smaller droplets are less deformable resulting in a lower¢., and a higher viscosity. For 

this reason smaller droplets should give a higher viscosity, all else being equal. Finally, the droplet 

interaction can have a pronounced effect when there is an overall attraction between the droplets, 

potentially resulting in flocculation. The effective phase volume can also be influenced by an altered 

effective droplet size after flocculation 110
•
111

. 

By comparing Figs. SA and 5B, it can be noticed that the viscosity ofboth types of emulsions was 

of the same order of magnitude. It is also important to notice that irrespective of the type of 

stabilization all alkyd emulsions were shear thinning. 

The viscosity of the alkyd emulsions stabilized by free surfactant was very much according to the 

theories described above in the sense that the viscosity decreased with increasing droplet size (see 

Fig. SA). Since the droplet size decreased with increasing surfactant concentrat~on (see Fig. 1 ), the 

viscosity of alkyd emulsions stabilized by free surfactant increased with increasing surfactant 

concentration. 

The viscosity of the alkyd emulsions stabilized by built-in surfactant behaved differently (see Fig. 

SB). There was no clear relation between viscosity and droplet size. The viscosity, however, clearly 

decreased with increasing surfactant concentration, this in contrast to the case of alkyd emulsions 

stabilized by free surfactant. 
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The explanation of this difference should be sought in tfi,, increasing with increasing sulfonate group 

concentration. tfin~ in tum, can be controlled through the following three parameters: 

Firstly, the viscosity of the alkyds and thus the tendency of the droplets to deform. This depends on 

the concentration of sulfonate groups [21• At low sulfonate group concentration the viscosity of the 

alkyd with built-in sulfonate groups was relatively low. At low sulfonate group concentration¢,. 

would therefore be higher, resulting in a lower viscosity of the emulsion. However, since the 

viscosity of the emulsion increased with decreasing sulfonate group concentratio~, it can be 
I 

concluded that¢,. was not significantly influenced by the deformability of the droplets. 

TABLE4 
Characteristics of the alkyd emulsions, sulfonate group concentration ([S03·], viscosity of the alkyd 
('tlalkyd), average droplet size of the emulsion (de"",), and polydispersity (D) 

[SOJl [S03.] 'tl.u,yd ddrop D 
(jree) (built-in) (Pa.s) (nm) (rJrn) 

25 0.9 310 1.9 

50 0.9 239 1.9 

104 0.9 196 1.7 

25 1.l 240 1.7 

50 1.7 312 1.3 

104 2.2 265 1.6 

ISO 13.6 328 1.4 

Secondly, a broader polydispersity of the droplet size distribution would result in a potentially more 

efficient packing of the droplets, and hence in a higher value for¢,.. From the polydispersity values 

given in Table 4 and the data presented in Fig. 1 it can be concluded that the variation in ¢,. was not 

caused by a difference in polydispersity either. 

A third possible explanation could be the lesser droplet-droplet interaction at high I sulfonate group 

concentration for emulsions stabilized by built-in surfactant. As described above, the surface charge 
I 
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density of droplets in alkyd emulsions stabilized by built-in sulfonate groups increases with 

increasing sulfonate group concentration. This, combined with the fact that built-in surfactant will 

not be able to move to and from the surface, will result in an efficient repulsion between the 

droplets and hence in a reduced droplet-droplet interaction. A decrease of the droplet-droplet 

interaction, and, hence, a decreased degree of flocculation, causes an increase in ;,., and, hence, a 

decrease in viscosity 1101. Therefore,¢.,, would increase for alkyd emulsions with higher built-in 

sulfonate group concentrations and hence the viscosity of the emulsion would decrease. 
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CHAPTER4 

Morphology prediction of alkyd-poly( methyl 

methacrylate) composite emulsions prepared by batch 

emulsion polymerization 

Summary Alkyd-pMMA composite emulsions were prepared under batch conditions. 
Models that predict particle morphology developed by Torza and Mason, based on 
spreading coefficients, and by Waters, based on the Young-Dupre relation, were tested 
for their validity in alkyd-pMMA composite emulsions. Interfacial tensions between 
aqueous phases and alkyds were measured directly by using the pendant drop 
technique, whereas interfacial tensions involving pMMA had to be estimated. The 
interfacial teosion between a pMMAJMMA solution, mimicking a certain conversion, 
and the other phases were measured, after which the interfacial tension was plotted 
against pMMA concentration and the curve was extrapolated to 1 000/o pMMA. 
Emulsions stabilized with free anionic surfactant gave hemi-sphere morphologies for all 
alkyds. This was in agreement with the models mentioned above. Emulsions stabilized 
with sulfonate groups built-in in the alkyd gave homogeneous particle morphologies so 
that there was no pMMA-water interface. In the latter case both models mentioned 
above predicted core-shell morphologies. The discrepancy between theory and practice 
is the fact that both models assume immiscibility between the three phases, while in this 
case complete miscibility between alkyd and pMMA was observed. A possible 
explanation for the increased miscibility may have been the presence of compatibilizing 
material, which was formed by grafting of pMMA oligomers onto alkyd. 

4.1 Introduction 

Now that waterborne alkyd-acrylic composite emulsions as an alternative for solvent-based binders 

for paints are available 111, the search for ways to predict and possibly optimize the morphology 

becomes an important research topic. In regular emulsion copolymerization many reports have 

appeared concerning particle morphology prediction 12"51 suggesting that particle morphology is 
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controlled by, among others, the viscosity in the particle, the molecular weights of the polymer 

phases, the degree of grafting between the polymer phases resulting in the formation of 

compatibilizing material, and the mode of monomer addition. Other publications stress the 

importance of the interfacial tensions in the system [6-
121. These authors describe the strong influence 

of the interfacial tensions between the different phases on the morphology of composite particles. 

The interfacial tensions between the different polymer phases and the water phase control the 

change in free energy of an emulsion through AG = !:y;jAij, where Yij is the interfaqial tension 

between liquids i and j, and A;i the interfacial area. When the morphology is changbd during the 

polymerization, for instance in the case of seeded polymerizations, the energy of the original 

polymer is substracted from the equation shown above. For these cases the chang~ in free energy is 

given by AG = :Ey;jAij - 'Y1,w.Ao', where Y1,w is the interfacial tension between the original polymer and 

the water phase, and Ao' is the interfacial area. 

Examining a system consisting of three immiscible fluids, Harkins 1131 defined the c~fficient for 

spreading of liquid 3 upon liquid I, in a continuum of liquid 2 as 

(1) 

Denoting this as S3 and defining 

sl = r 2,3 (r,,2 + r1.3) (2) 

and 

(3) 

Torza and Mason used the theory to propose a particle morphology for each set of spreading 

coefficients 1141• Assuming that the interfacial tension between liquids 1 and 2 ('YI,2) lis greater than 

that between liquids 2 and 3 (y2,3), where liquid 2 is the continuous phase, only three possible sets 

of values for S exist. In Fig. 1 the corresponding morphologies are shown for eac~ set of values for 

S;. Based on the same theories, others successfully described ways to explain the morphology 

development for oil-polyacrylate systems 1151. 
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eo 

eo 
S1 < o S1 < o S1 < o 

Sa< 0 Sa< 0 Sa> 0 

Sa> 0 S3 < 0 S3 < 0 

complete engulfing partial engulfing non-engulfing 

Fig. 1 : Possible equilibrium configurations corresponding to the three sets of relations for Si, where 
phase 2 refers to the continuous phase (aqueous phase). 

Another approach towards particle morphology prediction is based on the Y oung-Dupre relation 
1111. The Young-Dupre relation describes the degree of spreading of a drop over a flat surface in a 

certain medium: 

r1.2 -·ri,3 e 
=cos 

Y2.3 
(2) 

where Y1.2 is the interfacial tension between the substrate and the medium, YI.3 the interfacial tension 

between the substrate and the drop, Y2.3 the interfacial tension between the drop and the medium, 

and() the contact angle (see Fig. 2). 

Fig. 2: Spreading of a droplet (2) on a flat 
surface (I) in a continuum (3) with contact 
angle e. 
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Spreading of the droplet will occur on the substrate will occur when the contact angle is 0, and 

cos9 is 1. Applied to spherical surfaces the expression becomes more complicated but can be 

reduced to three limiting values. It has been shown [!!J that if: 

Yt.z Yt.3 > 1 
Yz,3 

(3) 

the spherical substrate will be completely engulfed by the drop and the polymers will show a core

shell morphology, if on the other hand 

r1.2- rl.3 
1 <-

Yz,3 
(4) 

no engulfinent will occur and the polymers will exist in separated particles. Finally, intermediate 

morphologies, like hemi-spheres, will be formed if 

1 
Y1.2 Yt.3 

1 - < < 
Yv 

(5) 

In this chapter particle morphology prediction according to the above mentioned tteories is applied 

to alkyd-pMMA composite emulsions. The primary goal was to relate theoretical! predicted 

morphologies with those experimentally observed for alkyd-pMMA composite emulsions 

containing alkyds either with or without built-in detergent groups. The purpose of this chapter will 

be to present morphology predictions for alkyd-pMMA composite emulsions, rathf than 

morphology development. The reason for this is that morphology development, i., .. particle 

morphology as a function of conversion, also depends on, for instance, polymerization kinetics and 

phase-separation kinetics, of which many details are not yet fully understood. 

Interfacial tensions were measured using the pendant drop method, but had to be estimated for the 

'"""where pMMA was involved. From these mterfilciru tension< morphologies r predicted 

and compared with the observed morphologies. 
1 

In this paper the morphology development will be discussed for batch polymerizations. For semi

continuous polymerizations morphology development will be discussed elsewhere in this thesis 1161• 
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4.2 Experimental 

The alkyds without built-in detergent groups were obtained from DSM Resins (ZwoUe, The 

Netherlands). The preparation of the alkyds with built-in sulfonate groups is described elsewhere in 

this thesis 1171. The characteristics of the alkyds are shown in Table l. 

TABLEt 
Characteristics of the alkyds without built-in surfactant (#1 and #2) and with built-in sulfonate 
groups (#3 and #4), 

alkyd#! alkyd#2 alkyd#3 alkyd#4 
oil length 74 84 58.5 58.2 
(%) 
OH-value 37.5 21.4 41.1 41.1 
(mg ofKOH/g of resin) 
acid value < 10 < 10 14 16 
(mg ofKOH/g of resin) 
[S03 . ) 50.1 103.9 
(*10 d) 

Poly( methyl methacrylate) (pMMA) was prepared in solution. The resulting polymer had a T8 of 

84°C, a number average molecular weight, M N, of 4000 glmol and a weight average molecular 

weight, Mw, of7400 glmol. 

Alkyd-acrylic composite emulsions with initially equal amounts of alkyd and acrylic monomer were 

prepared according to the following procedure: 200 g of alkyd was dissolved in 200 g of methyl 

methacrylate (MMA). 12 g of sodium dodecyl benzenesulfonate (SDBS, Rhone Poulenc) and 600 

g of water were added and the mixture was stirred until a milky white emulsion was obtained with a 

surfactant concentration of57*10.3 mol r1
. The average particle size of the pre-emulsion was 

further reduced with a high pressure homogenizer (Micro fluidizer Mil 0, Microfluidics 

Corporation), The entire pre-emulsion was added to the reactor, which was then thermostated at 

80°C. The polymerization was started by adding 1 g of2,2'-azobisisobutyronitrile (AIBN). 

Additional portions of I g of AIBN were added after one and two hours. Six hours after the start of 

the polymerization the emulsion was cooled to room temperature. According to this procedure all 

polymerizations reached a conversion of at least 98 %. For composite emulsions with alkyds with 

built-in sulfonate groups the procedure was the same except that no SDBS was added. 
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The morphology of a composite emulsion was examined with Transmission Electron Microscopy 

(TEM) using a JEOL 200 FX operating at 80 kV. Samples were diluted to 0.03 %solids and the 

alkyd phase was subsequently stained with Os04. The morphology of the pre-emulsion was 

examined with cryogenic TEM according to procedures described by Frederik eta/. IISJ. 

Interfacial tensions were determined with the pendant drop method. A schematic representation of 

the apparatus is given in Fig. 3. A pendant drop of the more dense fluid was formed at the tip of a 

glass syringe, while the tip was inserted in a cuvette filled with the other fluid. The temperature of 

the cuvette was kept at 80°C ± 0.5°C. Pictures of the drop, collected by means of a conventional 

light microscope, were visualized with the aid of a video set connected to a computer. Interfacial 

tensions can then be calculated from the shape and volume of the drop and the difference in density 

between the two phases £191
• Measurements were repeated thrice with a deviation between the 

separate measurements ofless than 0.3 mN m·1 from average. The cuvette was heated to 80°C, in 

correspondence with the polymerization temperature of the alkyd-MMA emulsions. The interfacial 

tension was taken as the value measured at the moment when the system had reached equilibrium, 

i.e. when the interfacial tension had become constant after repeated measurements with the same 

droplet. For the systems containing alkyds without built-in detergent groups interfacial tensions 

were measured between the alkyd or pMMA and an SOBS solution (55*10"3 mol f 1
). For the 

lighl cuvet 

Fig. 3: Schematic representation of the pendant drop apparatus. 

systems containing alkyds with built-in sulfonate groups interfacial tensions were measured 

between the alkyd or pMMA and water. 
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Interfacial tensions between alkyd and water and between alkyd and the SDBS-solution could be 

measured directly. Interfacial tensions between alkyd, water or soap solution on the one hand, and 

pl'viMA on the other, however, had to be estimated, because pure pMMA does not flow at 80°C. 

For this purpose p:MMAJMMA solutions were prepared with known pMMA concentrations. Each 

of these solutions was taken to represent the pMMAIMMA system of a specific point of 

conversion. After plotting the interfacial tension against the pl'viMA concentration the line could be 

extrapolated to 100% conversion. 

4.3 Results and discussion 

In Fig. 4 a typical TEM picture of a pre-emulsion is shown, where the droplets all have the same 

uniform shade of gray. This indicates that the pre-emulsion droplets were homogeneous solutions 

of alkyd in MMA, emulsified in water. Any morphology change of the alkyd-pMMA composite 

emulsion or any possible phase separation between alkyd and pMMA should therefore have 

occurred during the polymerization since it was not present at the start of the polymerization. 

Fig. 4: Cryo-TEM picture of a sample taken from the pre-emulsion of an alkyd-acrylic 
composite emulsions showing an homogeneous distribution of alkyd and MMA over the 
droplets ( 200 nm). 
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The plots of the interfacial tension for water, the soap solution, and four of the alkyds against the 

pMMAIMMA series are given in the Figs. 5A through 5F. The plot for alkyd #4 was identical to 

that for alkyd #3 and is therefore not explicitly shown in Fig. 5. In most cases where the interfacial 

tension between an alkyd and a pMMAIMMA solution, mimicking conversions between l 0 and 30 

w/w-%, was measured these values are considered to be rather unreliable, because of droplet 

deformation resulting from miscibility of the pedant drop with the fluid in the cuvette. 

When the interfacial tension between the pMMA in MMA solutions and an alkyd is plotted as a 

function of conversion ofMMA, this can be done in a nearly linear fashion (20J. After extrapolating 

the curves to 100% conversion ofMMA, the interfacial tensions between the alkyds and pMMA 

copld be estimated. The interfacial tensions between the alkyds and pMMA were all found to be 

between 2 and 3 mN m·1, as can be seen in Table 2. 

Plotting the interfacial tension between water, or the soap solution, and the pMMA in MMA 

solutions as a function of conversion ofMMA proved to be more difficult, since there are no 

conclusive data given in literature to support this. However, it is believed that these curves cannot 

be extrapolated in a linear fashion (20J. The 100% conversion values were, therefore, estimated in a 

different way. 

Since the interfacial tension values for the samples with the three highest pMMA concentrations in 

the case of the soap solution were 2.1 (± 0.2) mN m·1 (see Fig. 5E), it was believed that this should 

also be the best estimate for the 1 00% value. 

The plot of the interfacial tension between water and the pMMA in MMA solutions as a function of 

conversion ofMMA is shown in Fig. 5F. Upto a conversion ofMMA of35 % a plateau value was 

measured of 1.2 (± 0.2) mN m·1 followed by a steep increase to more than 10 mN m·1 at 800/0 

conversion. 

Winzor et al. calculated the interfacial tension between pMMA and water containing a natural 

pectin surfactant, as function of the volume fraction of polymer ( <j>p) in monomer [121
• They reported 

a plateau value of the interfacial tension, for $p between 0 and 0.4, of approximately 3 mN m·1 at 

room temperature, followed by a steep almost linear increase for <j>p between 0.4 and 1. 
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TABLE2 
Interfacial tensions, spreading coefficients, and predicted and observed morphologies for alkyd-pMMA composite emulsions . 

'YQ,pMMA ')'Q,SDBS-sol ')'Q,water spMMA• 

(mN/m) (mN/m) (mN/m) 
J,Q 

linseed oil 2.8 1.6 -3.3 

alkyd #I 2.1 0.4 -3.8 

alkyd #2 2.2 0.4 -3.9 

alkyd #3 2.2 0.7 - 17.2 

alkyd#4 2.2 0.3 - 17.6 

Continuous phase 

SDBS solutionc 2.1 

water 15.7 

~ 'Yalkyd,cont • ('YpMMA,all:yd + ')'pMMA,oonc) 

Se<mt = ')'pMMA,all:yd • (')'pMMA,oont + 'Yalkyd,cont.) 

salkyd 'YpMMA,oont - (YpMMA.alkyd + 
pMMA core, alkyd shell 
concentration is 55*10'3 mol.r1 

Soon~. • 

. 0.9 

-0.4 

-0.5 

• 14.2 

- 13.8 

Satkyi Y oung-Dupre predicted morphology observed 
relation morphology 

Torza & Mazon Waters 

-2.3 -1< <I hemi-sphere hemi-sphere hemi-sphere 

-0.4 -1<< I hemi-sphere hemi-sphere hemi-sphere 

-0.3 -1<< 1 hemi-sphere hemi-sphere hemi-sphere 

12.8 >l core-she lib core-shellb homogeneous 

particle 

13.2 >I core-shellb core-shellb homogeneous 

particle 
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Fig. 5: Interfacial tensions between pMMAIMMA solutions on the one hand and linseed oil (A), 
alkyd #I (B), alkyd #2 (C), alkyd #3 (D), a sodium dodecylbenzenesulfonate solution (55*10.3 mol 
r1

) (E), and water (F) as a function of the pMMA concentration ([pMMA]), mimicking conversions 
in polymerization. 
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Incorporating these data in Fig. SF, allowing the curve to rise linearly between 40 and 100% 

conversion ofMMA an interfacial tension between water and pMMA of approximately 15.7 mN 

m·1 was estimated. 

Sundberg et af.19l determined the interfacial tension between water and pMMA by measuring the 

contact angle of an aqueous drop on a pMMA-coated glass slide to be I7.I mN m"1 at 20°C. 

Winzor et af.P21 used a value of I5.9 mN m'1 for the interfacial tension between pMMA and water 

in their morphology predictions, which they derived from measurements performed by Sundberg et 

al. 191 between pMMA and a solution of a non-ionic surfactant (MXP XSS I 00). 

Compared to these values IS. 7 mN m·1 seemed quite acceptable, when considering that the 

interfacial tension is proportional to the reciprocal temperature. 

The estimated values for all combinations including pMMA and the measured interfacial tensions 

between the alkyds and water or the soap solution are given in Table 2. These interfacial tensions 

were used to calculate the spreading coefficients as postulated by Torza and Mason U4
l using the 

formula in eqn. I, S1 Y2.3- (YJ.2+ruJ. The subscripts I, 2, and 3 represent the three components 

that form the polymerization system: pMMA, water (or the soap solution), and alkyd, respectively. 

The spreading coefficients calculated from the interfacial tensions, together with the morphology 

predictions according to the theory ofTorza and Mason (see Fig. 1) are also given in Table 2. In 

the last column the morphologies as observed with TEM are given. 

The Young-Dupre predictions are also included in Table 2. As pointed out earlier, the morphology 

criteria for this test depend on whether the relation yields a value smaller than -1, larger than I, or in 

between -1 and I 1111• This information together with the corresponding morphology prediction is 

given in Table 2. 

In Fig. 6 TEM pictures are shown illustrating the morphologies of the composite emulsions 

obtained using linseed oil and four alkyds. Again, the results for composite emulsions with the 

alkyds #3 and #4 were indistinguishable and, therefore, the TEM picture of#4 is not shown. 

The observed morphologies corresponded well with the predicted morphologies for both theories 

in the case of the alkyd-acrylic composite emulsions containing free surfactant (linseed oil, alkyd #1, 

and alkyd #2). For all combinations a hemi-sphere type morphology was predicted and found. 
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For the combinations involving alkyds with built-in sulfonate groups, both theories predicted a 

core-shell morphology (see Table 2). In practice, however, morphologies were found where alkyd 

and pMMA were homogeneously distributed throughout the particles (see Fig. 6}. The main reason 

for this contradiction between theory and practice is that when free surfactant was omitted no phase 

separation was observed, while both models assume immiscibility of the three phases. Hence, 

accounting for the nonoccurrence of phase separation may again validate the theoretical models. 

Phase separation between alkyd and pMMA may be prevented when either the compatibility 

between the alkyd and pMMA phases is increased due to grafting, for which the models do not 

account, or when the miscibility between alkyd and pMMA is increased as a result of too low a 

molecular weight of pMMA In Chapter 5 it will be shown that, for batch polymerizations, grafting 

ofpMMA onto alkyd occurs to a significant extent. Alkyd-pMMA copolymer chains thus formed, 

will normally have a strong tendency to act as compatibilizing material between alkyd and pMMA 

homopolymers [t2] When enough of this compatibilizing material is formed, this may account for 

the homogeneous mixing between alkyd and pMMA. 

The molecular weight of the pMMA phase in alkyd-pMMA composite emulsions containing alkyds 

with built-in sulfonate groups was found to be lower than for systems prepared with free surfactant, 

i.e. 40,000 D instead of the regular 80,000 D [211. A molecular weight of approximately 40,000 D 

is, however, not low enough to prevent phase separation, as was shown with bulk polymerizations 

which will be described in Chapter 5 [2!1. 

Summarizing this discussion, the most likely explanation for the nonoccurrence of phase separation 

is the presence of compatibilizing material formed as a result of grafting of pMMA oligomers onto 

alkyd. Hence, there is indeed a logical explanation for the homogeneous particle morphology where 

a core-shell was predicted. There is also a chance, however, that phase separation took place but 

remained unnoticed due to the fact that TEM as an analytical technique was not sensitive enough 

and that posSible microdomains of pMMA in the alkyd droplets simply could not be made visible in 

Fig. 6D. 

For both cases., prevention of phase separation or phase separation indeed taking place, theory and 

practice may still be in agreement. Considering the high interfacial tension between pMMA and 

water compared with the much lower interfacial tension between the alkyd and water, the water

particle interface will most certainly be strongly enriched with alkyd. Hence, it is very likely 
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A L______j 200 nm 

B L______j 200 nm 
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c L_______j 200 nm 

D L_______j 2 00 nm 

Fig 6: TEM pictures of oil-pMMA and alkyd-pMMA composite emulsions prepared with linseed 
oil (A), alkyd #1 (B), alkyd #2 (C) and alkyd #3 (D). 
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that there was no pMMA-water interface formed for alk:yd-pMMA composite elnulsions 

contaj.ning alkyd with built-in sulfonate groups. Just as for a core-shell morphology, with a pMMA 

core, the polyacrylate phase was completely engulfed by alkyd. 

Summarizing this section, the particle morphology of alkyd-pMMA composite emulsions was 

strongly governed by the presence of free surfactant in the water phase. Due to tfe very high 

interfacial tension between pMMA and water compared with the much lower interfacial tension 

between pMMA and the SOBS-solution, a pMMA-water interface was not formed in the absence 

of free surfactant. These results were further confirmed by observations after dialysis of alkyd

acrylic composite emulsions. In the case of alkyd #I the morphology changed to a core-shell type 

after removal of the surfactant. (The interfacial tension between alkyd # 1 and water was determined 

to be 4 mN m·1 at 25°C, the other two combinations can be found in Table 2.) BJth the Waters 

approach using the Young-Dupre relation and the model described by Torza and Mason indeed 

predict a core-shell morphology for the alkyd #1/pMMA system in the absence ~SDBS (St =-

13.8, S2= -17.6, S3= 9.6, and Yt.rYI.3Y y;u>l. . 
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CHAPTERS 

Batch emulsion-like polymerization of methyl 

methacrylate in the presence of colloidally dispersed 

alkyd 

Summary In this chapter the polymerization mechanism of alkyd-.MMA composite 
emulsions is described qualitatively for a batch process. At the start of the 
polymerization the pre-emulsion consists of emulsified alkyd-.MMA droplets wherein 
both reactants are mixed homogeneously. During the polymerization, phase separation 
occurs between alkyd and pMMA within the droplets resulting in a hemi-sphere type 
morphology. Phase separation occurs essentially for systems containing free surfactant. 
The particle size and, hence, the particle number remains constant throughout the 
polymerization. The polymerization of.MMA in the presence of fully saturated alkyds 
in the presence of free surfactant is characterized by a high polymerization rate and 
high molecular weights for the p.MMA phase. These findings indicate the occurrence 
of a continuous gel-effect during the polymerization due to a precipitation-like 
polymerization, comparable to the bulk polymerization of acrylonitrile Ill. When 
unsaturated alkyds are used the polymerization rate and molecular weights are reduced 
due to a strong degenerative chain transfer activity of the alkyd fatty acid groups. As a 
result of the gel-effect, however, rate and molecular weights remain relatively high. 
Phase separation can be prevented by using alkyds with built-in sulfonate groups, 
resulting in considerably lower values for the polymerization rate and the molecular 
weights. From bulk polymerization experiments the value for z 'at high conversion, the 
critical chain length at which MMA oligomers become insoluble in the alkyd-.MMA 
environment and will precipitate, is determined to be less than 170. The value of z ', 
however, is expected to be conversion dependent. Alkyd radicals that are formed after 
chain transfer to alkyd are liable to combination with newly entering .MMA oligomeric 
radicals, thus leading to grafting of.MMA onto alkyd. 
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5.1 Introduction I 

Earlier results showed that the polymerization behavior of alkyd-acrylic composite emulsions was 

in many ways different from regular emulsion polymerization. For instance, a strong retardation of 

the radical polymerization of acrylic monomers was already noted. This was ascribed to a strong 

chain transfer activity of the unsaturated groups present in the alkyd [21. The exact fate of the 

resultant alkyd radicals, however, still needed to be accounted for: the radicals may either terminate 

by alkyd-alkyd crosslinking or alkyd-acrylic oligomer termination, or they may reihltiate aCI)'late 

1 
. . I 

po ymenzat1on. 

Phase separation between alkyd and acrylic polymer was observed in most cases, f!hich led to 

specific particle morphologies, depending on the interfacial tensions [31. Only for aljcyd-pBMA 

composite emulsions and for alkyd-acrylic composite emulsions prepared from alkyds with built-in 

sulfonate groups and any possible acrylic monomer no phase separation was obsered. 

This chapter will answer qualitatively some of the questions concerning the polymprization 

mechanism of methyl methacrylate in the presence of alkyd emulsified in water for batch 

polymerizations. For this purpose the polymerization efficiency, molecular weight (distribution), 

and chemical composition distribution will be determined as a function of the surfactant 

concentration and of the initiator concentration, and of whether or not the surfactant was free or 

built into the alkyd. The objective of the research described in this chapter is to quf!itatively explain 

the polymerization mechanism ofMMA In order to be able to better understand tbe influence of 

certain parameters, like for instance miscibility, on the polymerization mechanism, the 

polymerization ofBMA was included for comparison. j 
First the polymerization mechanism and morphology development of alkyd-acryli composite 

emulsions with fully saturated alkyds will be discussed to separate the effect ofthe unsaturated 

groups in the alkyd on molecular weight and polymerization efficiency from other ~effects. Next, the 

influence of the chain transfer-active unsaturated groups will be investigated. The semi-continuous 

preparation of alkyd-acrylic composite emulsions will be discussed elsewhere [41. 

5.2 Experimental 

All materials used were of technical grade. The unsaturated alkyd without built-in sulfonate groups 

(alkyd # 1, see Table 1) was supplied by DSM Resins (The Netherlands). The alkyis with fully 
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saturated fatty acids (alkyd #2) were prepared according to standard procedures 151• These alkyds 

had oil lengths (OL) of74 %. The alkyds with built-in sulfonate groups (OL = 60 %) (alkyds #3 

and 4) were prepared according to methods described elsewhere in this thesis r61. 

Alkyd-acrylic composite emulsions with initially equal amounts of alkyd and acrylic monomer were 

prepared according to the following procedure: 200 g of alkyd was dissolved in 200 g ofMMA or 

BMA. Sodium dodecyl benzenesulfonate (SDBS, Rhone Poulenc) and 600 g of water were added 

and the mixture was stirred until a milky white emulsion was obtained. The average particle size of 

the pre-emulsion was further reduced with a high-pressure homogenizer (Microfluidizer MilO, 

Microfluidics Corporation). The particle diameter could be controlled in two ways: by varying the 

surfactant concentration or by adjusting the pressure in the homogenizer. 

The entire pre-emulsion was added to the reactor, which was then thermostated at 80 °C. The 

polymerization was started by adding an aqueous solution of sodium persulphate (SPS). Next, the 

polymerization was allowed to proceed for a period of3 hours, after which the emulsion was 

cooled to room temperature. The theoretical solids content was 40 %. For a summary of the 

various SDBS and SPS concentrations, as well as the different alkyds used, see Table 1. All 

polymerizations were performed at least twice. 

The conversion of the polymerization was monitored gravimetrically by drying a sample at ISO °C 

and determining the solids content. Average particle sizes were determined with a Malvern 

Autosizer II (Malvern Instruments). 

The morphology of a composite emulsion was examined with Transmission Electron Microscopy 

(TEM) using a JEOL 200 FX operating at 80 kV. Samples were diluted to 0.03 %solids and the 

alkyd phase was subsequently stained with Os04. The morphology of the pre-emulsion was 

examined with cryogenic TEM according to procedures described by Frederik eta/. rn. 

Bulk polymerizations were performed according to the following procedure: into a round

bottomed flask 200 g of alkyd and 200 g ofMMA, or BMA, were charged. After the alkyd was 

dissolved in the acrylic monomer, the temperature was raised to 80 °C. Next, the initiator, 2,2-

azobis(isobutyronitrile) (AIBN), was added and the polymerization was allowed to proceed for 

three hours. 

Molecular weights were determined by gel permeation chromatography (GPC) with a Waters 

Millipore instrument equipped with a Hewlett Packard 3*mixbed column (calibrated with 

polystyrene standards up to 3 * 106 glmol) and GPC software. For the purpose of determining the 
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TABLE I 
Alkyd-:M:MA composite emulsion compositions and particle diameter. 

# alkyd type6 monomer {SDBS] [SPS] d" 
('"10'3M) (*10'3 M) (nm) 

E # 1 MMA 9.6 0.84 215-225 

2 E # 1 MMA 9.6 2.79 202 

3 E #1 MMA 9.6 6.96 I96 

4 E #I MMA 19.1 0.84 I8I-l84 

5 E #1 MMA 19.1 2.79 176-206 

6 E #1 MMA 19.1 6.% 179 

7 E # 1 MMA 38.5 0.84 176 

8 E #1 MMA 38.5 2.79 164 

9 E # 1 MMA 38.5 6.96 164 

10 E #I BMA 19.1 0.84 220 

ll E #I BMA 19.1 2.79 225 

12 E #2 MMA _d 0.84 146 

13 E #2 MMA -d 2.80 145 

I4 E #3 MMA 19.2 2.80 203-205 

15 E #3 BMA 19.2 2.80 2I6 

16 E #4 MMA .d 2.80 207 

I7 E #4 BMA .d 2.80 217 

{AIBN] 
(w/w-%)' 

18 B # 1 MMA 0.14 

19 B #I MMA 0.28 

20 B #I MMA 0.50 

21 B #I BMA 0.14 
22 B #I BMA 0.28 

23 B #1 BMA 0.50 

~mulsion type polymeri7lltion), ~(ulk polymerization). Each polymerization was performed 
at least twice 

b # 1 Com,entional unsaturated alkyd, # 2 unsaturated alkyd with built-in sulfonate groups, # 3 
conventional saturated alkyd, and # 4 saturated alkyd with built -in sulfonate groups. 
Highest and lowest measured particle diameters. Depending on the operating pressure of the 
high-pressure homogenizer particle sizes of different batches could vaty. 
No free surfactant, alkyd with built-in sulfonate groups instead. 
Weight% on monomer. 
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molecular weights of the polyacrylate fractions a refractive index (RI) detector was used. The 

molecular weights of the alkyd could be determined selectively by using a UV detector (254 nm). 

The molecular weights of the acrylic phase were calculated from the RI-GPC trace of the alkyd

acrylic composite by subtracting the RI-GPC trace of the pure alkyd. 

Chemical composition distributions were determined with Gradient Polymer Elution 

Chromatography (GPEC"), according to procedures described elsewhere 181• The column used was 

a Waters m-Bondapak CN (R.P.) 150*3.9 mm I.D. with a pre-column filter installed. The detectors 

were a Waters 486 UV detector (282 nm, filter 0.6) and an ACS 750/14 Evaporative Light 

Scattering Detector (ELSD) (110 °C, sensitivity 5). In the latter detector the eluent was nebulized 

by a nitrogen flow. The eluent gradient consisted ofiso-octane and THF. 

For recording NMR spectra of the alkyd and acrylic polymers in an alkyd-MMA composite 

emulsion, samples were first freeze-dried. The alkyd fraction was extracted from the resulting white 

powder by soxhlet extraction with heptane for 24 hours. 1H NMR spectra were recorded in CDCh 

with a Brucker AM400 400 MHz FT -NMR apparatus. 

5.3 Results and discussion 

Polymerization mechanism ofMMA in the presence of alkyd droplets colloidally dispersed 

in water The occurrence of inhomogeneities during emulsion polymerization can have a significant 

effect on the polymerization kinetics 191, due to, for instance, the influence that monomer 

partitioning and phase transfer effects may have on the polymerization 1101• Inhomogeneities were 

also observed during the acrylate polymerization in emulsified alkyd-acrylate droplets, depending 

on the choice of monomer and the type of colloidal stabilization. 

During the batch polymerization ofMMA, dispersed in emulsified alkyd droplets in the presence of 

free surfactant, phase separation between alkyd and pMMA occurred leading to a hemi-sphere type 

morphology 131. When free surfactant was omitted, which was possible by using an alkyd chemically 

modified with sulfonate groups to stabilize the emulsion, phase separation was prevented and a 

homogeneous particle morphology was found 13] Also with the use of more hydrophobic 

monomers, like for instance BMA, phase separation was prevented. For all batch polymerizations 

no secondary nucleation was observed and the particle number remained constant. 
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In Fig. 1 conversion-time curves are shown for the polymerization ofMMA in the presence of 

emulsified alkyd containing only fully saturated fatty acids in the presence of free surfactant and 

with built-in sulfonate groups. The polymerization ofMMA proceeded very rapidly both in the 

presence and absence of free surfactant, although a slightly lower polymerization rate was observed 

in the absence of free surfactant. For both polymerizations a conversion of95% was reached 

within 20 min. Comparing these data with conversion-time data for the emulsion 

homopolymerization ofMMA, Yu eta/. flll reported a conversion of90% reached after 20 

minutes for polymerizations performed at the same temperature and initiator concentration. The 

particle sizes for the experiments reported here and described by Yu et al were of the same order 

of magnitude. Yu et al. reported on emulsions with particle sizes reaching from 130 nm diameter to 

140 nm whereas the particle sizes for the polymerizations reported in Fig. 1 were considerably 

larger, i.e. between 203 and 207 nm (see Table 1). Hence, it must be concluded that taking notice 

of the comparable particle sizes, the polymerization ofMMA in emulsified alkyd droplets 

containing only saturated fatty acids proceeded very rapidly. 

The molecular weights found for polymerizations ofMMA in the presence of alkyds containing 

only saturated fatty acids are given in Table 2. The molecular weights found for polymerizations 

performed in the presence of free surfactant were higher (MN = 9.1 *105 glmol, Mw = 7.6*106 

glmol) than those found for polymerizations without free surfactant ( M N = 7.3 * 105 glmol, M w = 

I. 7* 106 glmol). 

For the emulsion homopolymerization ofMMA Gan eta/. £
121 reported values for M N varying 

between 5.4*105 and 1.2*106 glmol, for particles with diameters between 20 and 30 nm. Mw 

varied between 7*106 and 8*106 glmol for the same particle range. For a valid comparison between 

the molecular weight data described by Gan eta!. and the data presented here. one should, 

however, consider the large difference in average particle size. For particles typica11y an order of a 

magnitude larger, as was the case for the alkyd-acrylic composite emulsions, significantly lower 

molecular weights would have been expected. Nonetheless the molecular weights in the case of 

alkyd-pMMA composite emulsions with free surfactant were clearly in the same order of 

magnitude as the data presented by Gan eta/ [IZ] 
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Fig. 1: Conversion-time curves ofMMA for alkyd-acrylic composite emulsions with alkyds 
with fully saturated fatty acid groups. Emulsions stabilized with free surfactant and 
with surface-active groups built into the alkyd (- - - -), entries 14 and 16 (Table l ). 

Summarizing the results so far, the polymerization ofMMA in the presence of emulsified alkyd 

droplets containing only saturated fatty acids yielded very high molecular weights and a high rate of 

polymerization. When instead of performing the polymerization in the presence of free surfactant, 

alkyds containing sulfonate groups were used to stabilized the emulsion, thus making it possible to 

perform the polymerization in the absence of free surfactant, phase separation between alkyd and 

pMMA was prevented, and the rate of polymerization and the molecular weights were slightly 

lowered. 

Based on the data presented above and considering that the polymerization is initiated with a water

soluble initiator the following working hypothesis for the mechanism of the batch polymerization of 

MMA in the presence of emulsified alkyd droplets and free surfactant is postulated: 

After initiation in the water phase MMA oligomers will form in the water phase until they reach the 

critical chain length z, as described by Maxwell et al 1131. In agreement with the results 
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TABLE2 
Molecular weights of pMMA for alkyd-pMMA composite emulsions prepared with alkyds 
with fully saturated fatty acids, stabilized with free or built-in surfactant, compared with 
molecular weight data of emulsion homopolymerization ofMMA. 

<IN MN Mw D 
(nm) (g/mol) (g/mol) 

free surfactant 203-205 0.91 *106 7.65*106 8.4 

built-in surfactant 207 0.73*106 1.72*106 2.4 
------------------~----------------------------

Gan et al. fl 2l 20-30 0.54-1.2*106 7-8*106 7-13 

described by Gan et al. 1121 and Bleger et al. 1141 radical capture by the alkyd-MMA droplets 

dominates over entry of oligomers into MMA enriched micelles, of which the latt~ would 

ultimately lead to secondary nucleation. After entry in the alkyd droplets swollen tth MMA, the 

oligomers will grow until again they reach a certain second critical chain length. Af this chain 

length, to prevent confusion referred to as z ', the chains become insoluble in the alkyd-MMA 

environment. The polymer chains precipitate and form microdomains in which a gel-effect will 

dominate the polymerization. The dominating gel-effect will be referred to as bein~· continuous, 

because of the assumption that it occurs throughout the entire polymerization. As uming this seems 

valid in view of the high rates of polymerization and molecular weights observed ready at low 

conversion. The phenomenon is known in the bulk polymerization of acrylonitrile bod referred to as 

sedimentation polymerization [IJ. The polymerization proceeds in these domains in a regime of a 

continuous gel-effect, as strongly suggested by the very high molecular weights arid high rate of 

polymerization. With increasing conversion the gel-like microdomains will grow and start to 

flocculate 1151 until, finally, the typical particle morphology is formed, such as in this case a hemi

sphere. 

The main difference between the mechanism described above for the polymerizati~n in the presence 
! 

of free surfactant and the situation, in which alkyds with built-in sulfonate groups are used, will be 

the apparent nonoccurrence of phase separation and, hence, the nonoccurrence ofa continuous gel

effect in the microdomains. The apparent absence of phase separation is most probably caused by 

the distribution of the polar sulfonate groups throughout the alkyd droplets resulting in a better 
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compatibility between pMMA chains and the alkyd environment, as a result of which pMMA 

chains do not precipitate, or precipitate at a higher molecular weight which is not reached within 

the experimental setup. Since the polymerization in the absence of free surfactant proceeds in a 

continuous, non-gelly alkyd-MMA environment the polymerization rate goes down compared with 

the situation where free surfactant is present, as do the molecular weights. 

The degree of polymerization of a growing radical chain is determined, among others, by the local 

monomer concentration. A polymerization proceeding in two different types of environment, i.e. 

alkyd phase and pMMA domains, would yield a broader molecular weight distribution than one 

proceeding in a homogeneous environment, provided that the solubility of monomer in either phase 

is not alike. The very high polydispersity values found for the molecular weight of the pMMA 

phase of alkyd-pMMA composite emulsions prepared with free surfactant, therefore, seem to 

support the working hypothesis. When the polydispersity values for the molecular weight 

distribution for composite emulsions prepared with free and built-in surfactant, i.e. with and 

without apparent phase separation, are compared (see Table 2), it is clear that the polymerization 

performed in the absence of free surfactant resulted in a very low polydispersity. 

In reality alkyds containing only saturated fatty acids are not very likely to be used as binders for 

paints, since they lack the ability to undergo oxidative drying. For this purpose alkyds containing 

unsaturated fatty acids are used, but these alkyds are known to have a significant influence on the 

kinetics of the radical polymerization of acrylates [21. Hence, in view of the polymerization 

mechanism postulated above, it would make a big difference for the polymerization in the presence 

of such alkyds, if it proceeded in gel-like microdomains or in a semi-bulk alkyd-MMA environment. 

In Fig. 2 conversion time-curves of the polymerization ofMMA in the presence of alkyds 

containing unsaturated fatty acids are shown, comparing the polymerization in the presence of free 

surfactant (i.e. phase separation) with the polymerization with alkyds modified with sulfonate 

groups (i.e. no apparent phase separation). The polymerization without phase separation was 

indeed slower than the polymerization proceeding with free surfactant. In addition to not being 

subject to a continuous gel-effect, the radical chains in a polymerization without apparent phase 

separation were also continuously subject to the degenerative chain transfer activity of the 

unsaturated fatty acid fragments. These effects, however, proved not to be as dominant as expected 
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Fig. 2: Conversion-time curves ofMMA for alkyd-pMMA composite emulsions with alkyds 
with unsaturated fatty acid groups. Emulsions stabilized with free surfactant t"=:: Nc 
2.4*1017 dm-3

) and with surface active groups built into the alkyd(---, Nc =14.2*1017 dm-\ 
entries 7 and 12 (Table 1). 

as judged by the relatively small difference in conversion after 3 hrs .. This was as1ribed to the 

difference in droplet size in the pre-emulsion, and, hence, in particle number. Frot Fig. 3, where 

the conversion-time curves for MMA polymerizations in the presence of free surfactant are shown 

for different particle numbers (Nc) it can be concluded that the particle number strongly influenced 

the polymerization rate and final conversion. The polymerization rate increased clFarlY with 

increasing Nc, with Nc varying between 1.5*10~"7 dm-3 and 2.9*1017 dm-3. 

Hence, considering the large difference in particle number for composite emulsion prepared with 

free surfactant (Nc = 2.4*1017 dm-3) and with built-in surfactant (Nc = 4.2*1017 dm-3
) it must be 

concluded that the polymerization rate per particle was indeed severely retarded when phase 

separation apparently did not occur. 

I 
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Fig. 3: Conversion-time curves of alkyd-p.M:MA composite emulsions, with [SPS] 2. 79* 1 0"3 

M, for different particle numbers; Nc 2. 9* 1017 dm"3 
(- - - -, d 164 nm, entry 8, Table 1 ), 

2.0*1017 dm"3 
(--, d 188 nm, entry 5, Table I), 1.5*1017 dm"3 

(-·······, d = 206 nm, entry 5, 
Table 1). 

In Table 3 the molecular weights of the pMMA phase for polymerizations in the presence and 

absence of :free surfactant are compared for composite emulsion containing alkyds with unsaturated 

fatty acids. Due to the nonoccurrence of the gel effect for polymerizations performed with alkyds 

with built-in sulfonate groups, and hence, the continuous influence of the unsaturated fatty acid 

groups on the polymerization, considerably lower molecular weights were found. 

In conclusion, the increase in molecular weight comparing polymerizations where phase separation 

occurred and, hence, where the polymerization was dominated by a continuous gel-effect, with 

polymerizations where phase separation was prevented, was indeed more significant for 

polymerizations performed in the presence of unsaturated alkyds compared to polymerizations with 

fully saturated alkyds. 
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TABLE3 
Molecular weights of pMMA and pBMA of alkyd-pMMA and alkyd-pBMA composite 
emulsions prepared with alkyds with unsaturated fatty acids, stabilized with free or built-in 
surfactant. 

monomer surfactant MN Mw D 

(g/mol) (g/mol) 

MMA free 81.3*103 598*103 7.36 

MMA built-in 41.0*103 191 *103 4.67 

BMA free 97.7*103 539*103 5.52 

[SPS] = 0.84*10'3 M 

Another possibility of preventing phase separation was altering the choice of monpmers. The use of 

MMA caused phase separation to occur, but pBMA and alkyd remain miscible eJen at high 

conversion (as observed with Transmission Electron Microscopy). Hence, in ordt to support the 

working hypothesis, the use ofBMA instead ofMMA would have to result in lower rates of 

polymerization and lower molecular weights. 

In Fig. 4 the conversion-time curves for the polymerizations ofMMA and B~ t alkyd-acrylic 

composite emulsions containing alkyds with unsaturated alkyds and free su~::J. are compared. 

The polymerizations ofMMA clearly proceeded faster than those ofBMA, whichi was remarkable 

since MMA and BMAhave kp's that are of the same order of magnitude. (At 80 °C the kp of 

MMAis 1240 dm3.mor1.s·1 1161 compared to 1230 dm3.mol'1.s·1 forBMA 11~. At low initiator 

concentration, [I]= 0.84*10.3 M, a conversion ofBMAofonly 7% was reached raer 3 hours. At 

higher initiator concentrations the polymerization ofBMA proceeded more efficiently, but clearly 

lagged behind the polymerization rate ofMMA 

In Table 3 the molecular weight data for polymerizations in emulsion with MMA and with BMA in 

the presence of unsaturated alkyds are compared. Surprisingly, the polymerization: ofBMA (with 

free surfactant but without phase separation) resulted essentially in molecular weights comparable 

to those found for polymerizations ofMMA (with free surfactant and phase sepJtion). Although 

the kp values for MMA and BMA may be very much comparable, kinetic events like the rate of 

entry and exit, which affect the molecular 
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Fig. 4: Conversion-time curves for MMA (•) and BMA (+)for initiator concentrations of 
0.84*10.3 M (--)and 2.79*10.3 M (--- -). MMA entries 4 and 5, BMA entries 10 and 11, 
respectively (Table 1 ). 

TABLE4 
Molecular weights of pMMA and pBMA and conversion after 3 hrs. (X) of MMA and BMA 
as a function of initiator concentration for bulk polymerizations. 

[AIBN] X MN Mw D 
(w/w-%) (%) (g/mo1) (g/mo1) 

MMA 0.14 41.0 58.5*103 245*103 4.16 

0.28 71.5 60.5*103 198*103 3.27 

0.50 92.9 91.8*103 296*103 3.22 

BMA 0.14 13.8 -· -. -• 
0.28 12.4 19.8*103 103*103 5.21 

0.50 51.7 41.1*103 123*103 2.98 

• not determined 
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weights of the polymer to a great extent [l&J, are likely to be different for MMA and BMA 1131. In 

order to eliminate the influence of kinetic parameters like entry and exit and focuJ on the effect that 

phase separation during polymerization has on the molecular weights, polymerizations were 

performed in bulk in the absence of water. For this purpose the acrylic monomer was mixed with 

the alkyd and subsequently polymerized using a hydrophobic initiator. Molecular leight data of 

these experiments are summarized in Table 4. 

I 

Although the molecular weights were strongly influenced by the conversion of m0nomer to 

polymer (which was always lower for BMA than for MMA) it is clear that with MMA higher 

molecular weights were reached than with BMA. I 

With bulk polymerizations interesting observations were made with respect to the miscibility of the 

polymers. As mentioned earlier, the pBMA-alkyd mixture was translucent at all conversions and 

molecular weights. PMMA-alkyd mixtures, on the other hand, were hazy with 4 important 

exceptions. Firstly, clear translucent pMMA-alkyd mixtures were obtained when the average 

degree of polymerization (DP) of the pMMA chains was kept below 170. This may give a hint as 

to the value of z ', i.e. the critical chain length at which the pMMA chains become I insoluble in the 

alkyd-MMA mixture. Secondly, clear solutions were obtained when conversion was at least lower 

than 41 %. Since, at these conversions number average molecular weights were ftund exceeding 

17,000 (i.e. DP > 170) it must be concluded that z' is likely to be varying with COfversion, or 

better, with monomer concentration. 

Summarizing this section, the conclusion seems justified that the polymerization JMMA in the 

presence of colloidal alkyd droplets proceeds in pMMA-domains dispersed in the alkyd droplets. 

These domains originate from precipitated MMA oligomeric chains. Due to the high viscosity in 

these domains a gel effect occurs and the decreased rate of termination causes a Jgh rate of 

polymerization and high molecular weights. 
I 

The formation of domains in which the gel effect becomes manifest may be preve1ted either by 

excluding the presence of free surfactant or by using another monomer. In this stutly it was seen 

that, for instance, BMA does not give phase separation with alkyd. When phase separation is thus 

prevented lower rates of polymerization and molecular weights are found. For sysfems with built-in 

surfactant and, hence, without phase separation, lower molecular weights of the pMMA phase 
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were measured. These facts support the conclusion that pMMAI.MMA gel domains exist during the 

polymerization ofMMA in the presence of colloidal alkyd droplets stabilized with free surfactant. 

Fate of the alkyd radicals following chain transfer During the polymerization of the acrylic 

monomer an increase in molecular weight of the alkyd phase was observed. For alkyd-pMMA 

composite emulsions this increase in molecular weight is visualized in Fig. 5 where the average 

molecular weight ofthe alkyd is plotted against the conversion ofMMA. After a steep increase 

during the first 10 % conversion the number average molecular weight levelled off afterwards. The 

weight average molecular weight increased up to a conversion ofMMA of 60 % to reach a plateau 

value. For reasons not fully understood the increase in molecular weight depended on particle 

number, Nc, rather than on initiator concentration. This is shown in Table 5 where the molecular 

weight values of the alkyd phase at the end of the polymerization are given for polymerizations at 

different initiator concentrations and for the polymerization ofBMA, all at the same Nc. For all 

initiator concentrations the increase in molecular weight of the alkyd was equal and, remarkably, 

this was also found for the polymerization of alkyd-pBMA composite emulsions. 

In view of these results and considering the degenerative chain transfer activity of the alkyd, due to 

which living radicals are formed on the fatty acid groups of the alkyd, it is postulated that the 

molecular weight increase is caused by radical combination of acrylic oligomers with alkyd radicals. 

TABLES 
M N and M w of the alkyd phase as a function of the initiator concentration at constant Nc. 

[SPS] MN· Mw• D 
(*10.3 M) (glmol) (glmol) 

MMA 0.84 3.9*103 45*103 11.54 

MMA 2.79 4.0*103 45*103 11.25 

MMA 6.90 4.3* 103 45* 103 10.47 

BMA 2.79 3.9*103 45*103 11.54 

Nc=l.1*1017 (dnf3
) 

"values for pure alkyd: M N = 3.0*103
, M w =- 22.0*103

, D = 7.33 
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Fig. 5: Molecular weight development of the alkyd phase versus conversion ofMMA. Nc = 
1.1*1017 dm-3 

(--- -, d 225 nm, entry 1, Table 1), and Nc = 2.4*1017 dm·3 
(--, d = 176 

nm, entry 7, Table 1). 
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Another possible explanation for the increase in molecular weight could be alkyd-alkyd radical 

combination. Very much in accordance with crosslinking reactions known from the oxidative 

curing mechanism of alkyds and oils, the combination of two alkyd radicals would also result in an 

increase of the average molecular weight. In order to distinguish between these possibilities, 

Gradient Polymer Elution Chromatography (GPEC"1, was used to determine the chemical 

composition distribution of the alkyd-acrylic composite emulsion. In Fig. 6 the GPEC® plots of 

alkyd-p:MMA and alkyd-pBMA composite emulsions are shown and compared with a GPEct' plot 

of the pure alkyd. PBMA and p:MMA eluted only after 18 and 30 min, respectively, and are not 

shown. Hence, the difference in solubility in the present gradient was greater for alkyd and p:MMA 

c 

B 

A 

s 7 9 11 13 16 

elution time (minutes) 

Fig. 6: GPEC® plots of the alkyd (A), the alkyd phase of an alkyd-BMA composite emulsion 
(B), and of the alkyd phase of an alkyd-MMA composite emulsion (C). 
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than that for alkyd and pBMA The three regions in Fig. 6 are shown in order to distinguish 

between three possible clusters of alkyd molecules, although these clusters were never determined 

analytically. The first region, which contains molecules that dissolved best in iso-octane, is believed 

to represent polyols containing few polyacid molecules, but with a high functionality of fatty acids. 

The molecules represented by the third cluster, and needing the most THF in ord+ to dissolve, are 

believed to be mostly polyester containing the least fatty acid groups. The second cluster should be 

representing molecules with a fatty acid functionality somewhere in between those of clusters 1 and 

3. 

Grafting of pMMA chains onto alkyd molecules would lead to a change in chernidru composition of 

the alkyd chains, which would become less soluble in iso-octane and need more T~ in order to 

dissolve. Grafting of pBMA onto alkyd, on the other hand, would not lead to a significant change 

of the solubility of the alkyd molecules, since the solubility ofpBMA and alkyd in iso-octane/THF 

and, hence, the elution times compare far better than those of alkyd and pMMA. Besides, since the 

critical change length for entry, z, is significantly smaller for BMA than it is for M¥A [!31, grafting 

of the much smaller pBMA oligomer will change the nature of the alkyd chain to~ much lesser 

extent than grafting of the longer pMMA oligomer. Hence, any grafting of pMMA onto alkyd 

would become evident by a different solubility pattern in the iso-octane/THF gradient, whereas 

grafting of pBMA would most probably not. t' 

The combination of alkyd radical chains would probably also lead to changed solu ility patterns. It 

seems reasonable to assume, however, that, since the increase in molecular weight of the alkyd 

phase was equal for polymerizations ofBMA and MMA (see Table 5), the chemical composition 

distribution of the alkyd phase should also be identical, if the cause for the increas~ of the molecular 

weight was combination of alkyd radicals rather than grafting. The plots shown in fig. 6 do not 

seem to support this. Whereas the solubility of the alkyd phase of the alkyd-pBMA composite 

emulsion was hardly affected, compared to the pure alkyd, the alkyd phase of the aikyd-pMMA 

composite emulsion was very much changed, especially in the first two clusters. In Table 6 the 

relative peak areas for the three clusters are given for the pure alkyd and the alkyd phases of alkyd-
i 

pBMA and alkyd-pMMA composite emulsions. The peak areas of the pure alkyd and the alkyd of 

the alkyd-pBMA composite emulsion were indeed very much comparable. The cltfters I and 2 for 

the alkyd from the alkyd-pMMA composite emulsion, on the other hand, were grea.tly reduced in 

comparison to the third cluster. 
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TABLE6 
Relative peak areas for the peaks 1, 2, and 3 for the GPEC plots in Fig. 10. 

peak 1 peak 2 peak 3 

pure alkyd 100 155 151 

alkyd-BMA composite emulsion 100 162 173 

alkyd-MMA composite emulsion 100 391 469 

Summarizing the discussion, the chemical composition distribution of the alkyd phase changed for 

alkyd-pMMA composite emulsion, whereas it did not change for alkyd-pBMA composite 

emulsions. The molecular weight of the alkyd phases increased to the same extent, however. 

Hence, the conclusion is jusJified that during the preparation of alkyd-acrylic composite emulsions 

the average molecular weight of the alkyd phase increases due to grafting of acrylic oligomers onto 

alkyd. 

Using proton 1H-NMR the presence ofMMA groups in the alkyd phase could be visualized as long 

as in the region of the methyl ester groups not too much interference with the alkyd would occur. 

For this purpose an alkyd-MMA composite emulsion was freeze dried, after which the alkyd phase 

was extracted from the resulting powder by soxhlet extraction with heptane. The alkyd and pMMA 

phases were subsequently checked for pMMA and alkyd traces, respectively, with GPEC® and 

found to be pure. Unfortunately, in the NMR spectrum of the alkyd between 3.5 and 4 ppm, where 

the peak of the methyl ester group ofMMA may be found, a large number of small peaks were 

observed that would seriously hamper the detection of newly occurring small peak from grafted 

MMAgroups. 

However, by comparing the number of aromatic hydrogen atoms, between 7 and 7.5 ppm, with the 

number of hydrogen atoms between 3.5 and 4 ppm an estimate could be made as to the possibility 

of grafting. The ratio between the number of hydrogen atoms between 3.5 and 4 ppm divided by 

the number of hydrogen atoms between 7 and 7.5 ppm had increased with 12% for the alkyd

MMA composite emulsion compared to the pure alkyd. This result seemed to support the earlier 

conclusion that the change of solubility of the alkyd phase was indeed caused by grafting of pMMA 

onto alkyd. 

83 



The molecular weight-conversion curves in Fig. 5 seem to suggest that at approximately 65 % 

conversion ofMMA no active interchange of radicals between the alkyd and acrylic phase occurred 

anymore. Would there be any more interaction between alkyd and pMMA at conversions beyond 

65 %, the molecular weight of the alkyd phase would still be increasing. Although, due to practical 

reasons no confirmation with TEM could be obtained, the conversion ofMMA where phase 

separation is believed to become definite by clustering of the polymerizing domairls into only one 

pMMA phase resulting in the typical hemi-sphere type morphology seemed to ockr a conversion 

of approximately 65 %. 
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CHAPTER6 

Semi-continuous polymerization in emulsion of methyl 

methacrylate in the presence of colloidal alkyd 

droplets; particle formation and morphology 

Summary In this chapter the morphology development and mechanism of particle 
formation for semi-continuously prepared alkyd-pMMA composite emulsions are 
described. The particle morphology of semi-continuously prepared alkyd-MMA 
composite emulsions is governed mainly by the presence of free surfactant. For 
composite emulsions containing free surfactant a second population of particles 
containing only pMMA is formed resulting in an individual particle morphology with 
alkyd and pMMA separated in distinct particles [IJ. When the polymerization is carried 
out without free surfactant a particle morphology is obtained where alkyd and pMMA 
are mixed homogeneously throughout each particle. The surfactant concentration in 
the pre-charge to the reactor governs the mechanism of particle formation to a great 
extent. For polymerizations carried out at a surfactant concentration in the pre-charge 
above the CMC, micellar nucleation is the prime mechanism of particle formation. The 
polymerization proceeds in all-pMMA particles resulting in an individual particle 
morphology. The alkyd, therefore, has no significant influence on the molecular 
weights of the pMMA phase. When the polymerization is carried out at a surfactant 
concentration in the pre-charge to the reactor below the CMC, the exact mechanism of 
particle formation is not clear, but in accordance with literature !I.2J homogeneous 
nucleation is assumed to be the prime n~,~cleation event. The primary particles coagulate 
until the final particle number is reached and the polymerization proceeds in these all
pMMA particles. The result is again an individual particle morphology and molecular 
weights that are independent of the fatty acid groups of the alkyd. For polymerizations 
in the presence of free surfactant the alkyd droplet's main function is to serve as 
monomer reservoir. When the polymerization proceeds in total absence of free 
surfactant, droplet nucleation is the main event for particle formation. Alkyd droplets 
capture MMA oligomeric radical chains so that the polymerization proceeds in the 
swollen alkyd droplets. The formation of a second population of particles, containing 
only pMMA, is prevented by the fact that these particles can not be stabilized. The 
result is a homogenous particle morphology and very low molecular weights of the 
pMMAphase. 
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6.1 Introduction 

In the previous chapter two important aspects of the polymerization ofMMA during the batch

wise preparation ofalkyd-pMMA composite emulsions were established 131. 

Firstly, the particle number (Nc) remained constant during the polymerization. but in the presence 

of free surfactant, phase separation occurred resulting in a typical hemi-sphere type morphology. In 

the absence of free surfactant, which was possible by using alkyds with built-in sulfonate groups to 

provide ionic colloidal stability, a homogeneous particle morphology was observed with alkyd and 

pMMA homogeneously distributed throughout each particle, as judged by TEM. 

Secondly, it was concluded that the polymerization proceeded in pMMA micro-dpmains dispersed 

in the alkyd-MMA droplets, in which a gel-effect dominates the polymerization. As a result of the 

polymerization proceeding in micro-domains very high molecular weights and polymerization rates 

were observed, provided that the alkyd contained only fully saturated fatty acids. When the alkyd 

contained unsaturated fatty acids the polymerization still proceeded in micro-domains, but due to 

the strong chain transfer activity 141 of the fatty acids the molecular weights and rate of 

polymerization were reduced significantly compared to the case where fully saturated alkyds were 

used. 

In this chapter work will be reported on the kinetics and morphology development of semi

continuously prepared alkyd-acrylic composite emulsions. The emphasis will be ojl a qualitative 
' 

description of the process. First the stage of particle formation will be described. The stage of 

particle formation is of utmost importance for the outcome of an emulsion polymerization. Factors 

like particle size and particle size distribution are determined mainly in this stage 15j. Particle size and 

particle size distribution, in tum, are among the eminent parameters determining polymerization 

kinetics and final properties like morphology and film formation. 

Depending on the polymerization conditions and the monomer properties several mechanisms of 

particle formation have been proposed (see Fig. 1): micellar nucleation (A) 161, ern~lsified droplet 

nucleation (B) l7J, and homogeneous 181 or coagulative nucleation (C, E) 191. It is very difficult to 

distinguish between these processes, in fact most of them operate at the same time 1101. 

For the research described in this chapter the influence of the surfactant concentration in both the 

pre-charge to the reactor and in the pre-emulsion, or monomer feed, on particle formation was 

investigated. Molecular weights and morphology development of semi-continuously prepared 
I 
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Fig. 1: Possibilities for particle nucleation. Micellar nucleation (A), droplet nucleation (B), 
homogenous (coagulative) nucleation (C, E), and indirect droplet nucleation via capture of 
primary particles referred to as hetero-coagulation (C, D). 

alkyd-MMA composite emulsions with fully saturated alkyds and unsaturated alkyds, both in the 

presence of free surfactant or for alkyds with built-in surfactant were studied, and these values were 

also compared to results found for batch polymerizations fl,llJ. 

Next, the mechanism of particle formation in the presence of free surfactant and with alkyds with 

built-in sulfonate groups will be discussed, leading to a qualitative description of the mechanism of 

particle formation. 

6.2 Experimental 

All chemicals used were of technical grade. The alkyds with fully saturated fatty acids, in this case 

stearic acid, were prepared according to standard procedures 1121. Alkyds with built-in sulfonate 

groups were prepared according to procedures described elsewhere in this thesisU31• The other 

alkyd, with unsaturated fatty acids and without built-in sulfonate groups was obtained from DSM 
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Resins {The Netherlands). All alkyds had an acid value ofless than 10 mg ofKOH/g of alkyd. The 

alkyd with built-in sulfonate groups had an oil length of 60 %, the other alkyds of74 %. 

A semi-continuous polymerization with equal amounts of alkyd and methyl methacrylate {MMA), 

started with the preparation of a pre-emulsion which was subsequently fed to the :reactor. A typical 

polymerization procedure was as follows: 

300 g of alkyd was dissolved in 300 g ofMMA. Sodium dodecylbenzenesulfonate (SDBS, CMC = 

1.15 * 1 0"3 M, Rhone Poulenc) and approximately 800 g of water were added and the mixture was 

stirred until a milky white emulsion was obtained. The average particle size of th~ pre-emulsion was 

further reduced with a high-pressure homogenizer (Microfluidizer M11 0, Micro~uidics 
Corporation). The pre-emulsion was fed to a reactor that was initially charged wi~h a pre-charge 

consisting of0.1 L. of a surfactant solution or water. The final alkyd-acrylic composite emulsion 

had a theoretical solids content of 40%. For a summary of the various SDBS concentrations, as 

well as the different alkyds used, see Table 1. The initiator, 0.18 g of sodium pers~fate (SPS), was 

charged to the reactor as an aqueous solution at the start of the addition of the prf-emulsion. The 

pre-emulsion was added over a period of2 hours (approximately 12 glmin). The polymerization 

temperature was kept at 80 °C. After complete addition of the pre-emulsion the polymerization was 

allowed to proceed for three hours after which the emulsion was cooled. All polymerizations were 

done at least twice. 

The conversion of the polymerization was monitored gravimetrically by drying a $an1ple at 150 °C 

for 30 min and determining the solids content. The average particle size of the pre-emulsion was 

determined with a Malvern Autosizer II (Malvern Instruments). Particle sizes of the particles in the 

:final composite emulsion were determined with Transmission Electron MicroscoJ!y. 

The morphology of composite emulsions was examined with Transmission Electln Microscopy 

(TEM) using a JEOL 200 FX operating at 80 kV. Samples were diluted to 0.03 + solids and the 

alkyd phase was stained with Os04. The morphology of the pre-emulsion was examined with 

cryogenic TEM according to procedures described by Frederik eta/. P41. 

Molecular weights were determined by gel permeation chromatography (GPC) with a Waters 

Millipore instrument equipped with a Hewlett Packard 3 *mixbed column (calibrated with 

polystyrene standards up to 3 *I 06 glmol) and GPC software. For the purpose of'determining the 

molecular weights ofthe polyacrylate fractions a refractive index (RI) detector was used. The 

molecular weights of the alkyd could be determined selectively by using a UV detector (A.= 254 
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run). The molecular weights of the acrylic phase were calculated from the RI-GPC trace of the 

composite by subtracting the RI-GPC trace of the pure alkyd [ISJ. 

Chemical composition distributions were recorded with Gradient Polymer Elution Chromatography 

(GPECll\ according to procedures described elsewhere 1161. The column used was a Waters J..l.· 

Bondapak: CN (R.P.) 150*3.9 mm I.D. with a pre-column filter installed. The detectors were a 

Waters 486 UV detector (282 nm, filter 0.6), and an ACS 750/14 Evaporative Light Scattering 

Detector (ELSD) (11 0 °C, sensitivity 5). In the latter detector the eluent was nebulized by a 

nitrogen flow. The eluent gradient consisted ofiso-octane and THF. 

TABLE 1 
Alkyd-lvtMA composite emulsion compositions and particle diameter'. 

[SDBS] dPEb dn,acrylic 
(*10"3 M) (nm) 

pee totalc 

0 9.5 215 

2 0 15.8 211 

3 7.66 15.8 223 

4d 7.66 15.8 185 

sr 0 0 146 

• [SPS] = 0.83*10"3 M. 
b Particle size of the pre-emulsion. 
" In the pre-charge to the reactor, and in the final emulsion. 
d Alkyd with fully saturated fatty acids. 
• Particle size was not determined. 

(nm) 

73 

57 

40 

1438 

Dacrylic dn,alkyd 
(dJdn) (nm) 

1.24 167 

1.23 162 

1.04 171 
c 

1438 

Dalkyd 
(dJdn) 

1.11 

1.03 

1.08 

f Alkyd with built-in sulfonate groups, sulfonate group concentration approximately 15.8*10"3 M. 
8 Particle size of alkyd-pMMA particles (dynamic light scattering). 

6.3 Results and discussion 

Pa1'ticle morphology With cryogenic Transmission Electron Microscopy ( cryo-TEM) it was 

observed that the droplets in the pre-emulsion consisted of a homogeneous mixture of alkyd and 

MMA. No separate MMA- or alkyd droplets were seen (Fig. 2). 
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In semi-continuous polymerizations the presence of free surfactant caused the fonnation of a 

second crop of particles containing only pMMA. Already 15 min after the start of adding the pre

emulsion a large population of very small particles was observed with cryo-TEM (Fig. 3 ). The final 

composite emulsion had an individual particle morphology where alkyd and pMMA were 

completely separated in two distinct particle populations (Fig. 4). The quantitative degree of 

separation of alkyd and pMMA over the two populations was shown with sedimentation field flow 

fractionation (SF-3) 141. 

From the particle size data given in Table 1 it can be concluded that the surfactant concentration in 

the pre-charge to the reactor was of major importance to the stage of particle fo~tion. When, for 

instance, the overall surfactant concentration was increased from 9.5*10-3 M to ~5.8*10"3 M for 

polymerizations without surfactant in the pre-charge, the number of pMMA partlcles doubled 

(2.60*1018 r' vs. 5.46*1018 r') but the polydispersity remained practically unchanged. When the 

surfactant concentration in the pre-charge was increased to 7. 7* 1 o·3 M for an ov~rall surfactant 

concentration of15. 8* 1 0"3 M the number of pMMA particles increased from 5 .4~* 1018 1"1 to 

1.58*1019 r' and, more importantly, the particle size polydispersity was lowered bonsiderably. The 

effect of the surfactant concentration- either the overall concentration or the concentration in the 

pre-charge - on the particle size of the alkyd droplet population was negligible. The reason for this 

should be sought in the fact that the droplet size of the pre-emulsion was strongly governed by the 

pressure applied using the homogenizing equipment and that only small variationt in droplet size 

occurred due to process parameters. The reason for the negligible influence of the surfactant 

concentration on the alkyd droplet size will be further elaborated on in Section 6.6. 

The fact that formation ofpMMA particles was observed already at a very early stage of the 

polymerization and the strong influence of the surfactant concentration in the pre-charge to the 

reactor indicate that the formation of a second crop of particles containing only p~ indeed 

originated from the nucleation stage and was not a result of phase separation durilng polymerization 

as was suggested in literature 1171• In terms of differentiating between the mechanisms of particle 

formation as depicted in Fig. 1, the above results lead to the conclusion that capture of radical 

chains by alkyd-MMA droplets (B) and hetero coagulation between pMMA primary particles and 

alkyd-MMA droplets are not the obvious mechanism of particle formation for seqn-continuous 

polymerizations in the presence of free surfactant. 
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Fig. 2: Cryo-TEM picture of a sample taken from the pre-emulsion of a semi-continuous 
polymerization of an alkyd-acrylic composite emulsions showing a homogeneous distribution 
of alkyd and MMA over the droplets ( 200 nm). 

Fig. 3: Cryo-TEM picture of a sample taken from a semi-continuous polymerization of alkyd
acrylic composite emulsions after 0. 5 hour of adding the pre-emulsion showing a new 
population of small particles ( 200 nm). 
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In contrast to alkyd-acrylic composite emulsions stabilized with free surfactant no formation of 

pMMA particles occurred and only one particle population was found when an alkyd with built-in 

sulfonate groups was used (Fig. 4). Alkyd and p:MMA were mixed homogeneously in these 

particles, as was also found for batch polymerizations with alkyds with built-in sulfonate groups [II. 

The average droplet size and, hence, the particle number remained virtually constant (see Table 1). 

The average droplet size was comparable to the particle size found for the batch polymerization 

(i.e. 143 nm for the semi-continuous polymerization vs 145 nm for the batch process). 

A B 

Fig. 4: TEM pictures of semi-continuously prepared alkyd-pMMA composite emulsions 
containing a regular alkyd and free surfactant (A) and an alkyd with built-in sulfonate groups 
(B) ( 200 nm). Note that the small particles in (A) are considerably lighter than 
those in (B). 

Molecular weight of the pMMA phase In Table 2 the molecular weights of the pMMA phase in 

semi-continuously prepared alkyd-acrylic composite emulsions are given for the same emulsions as 

depicted in Table 1 (page 87), and these are compared with results obtained for batch 

polymerizations. The molecular weight of the p:MMA phase for emulsions stabilized with free 

surfactant (see entries 1-4) were all ofthe same order of magnitude. Even when comparing 

saturated and unsaturated alkyds (entries 3 and 4, Table 2) no significant influence 0fthe alkyd on 

the molecular weights of the pMMA phase was found. These data strongly suggest that during the 

semi-continuous polymerization ofMMA in the presence of colloidal alkyd droplets the living 
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pMJ\1A oligomeric radical chains polymerized largely in the absence of alkyd. With respect to the 

question as to whether the polymerization proceeded thence in separate pMJ\1A particles or in 

pMJ\1A domains present in the alkyd droplet as described for the batch process, the former 

possibility seems the most valid. 

When the molecular weight data for batch and semi-continuous polymerizations with free 

surfactant and fully saturated alkyds are compared it is clear that the very high molecular weights 

for the batch process (entry 7, Table 2), which were ascribed to the gel effect in the microdomains, 

were not reached with the semi-continuous process (entry 4, Table 2). Hence, it can be concluded 

that during a semi-continuous process the polymerization could not have proceeded in pMJ\1A 

micro-domains but had to occur in separate pMJ\1A particles. 

TABLE2 
Number average molecular weight, M N, and weight average molecular weight, M w, of 
pMJ\1A polymerized in semi-continuous alkyd-MMA composite emulsions. 

[SPS] MN Mw D 
(M) (glmol) (glmol) 

0.83*10-3 135.0*103 598*103 4.4 

2 0.83*10-3 139.1*103 513*103 3.7 

3 0.83*10"3 155.3* 103 681 *103 4.4 

4" 0.84*10"3 143.7*103 551*103 3.8 

5b 0.84*10"3 39.1 *103 147*103 3.8 

6c 0.84*10"3 115.6*103 597*103 5.2 

7a,c 2.80*10"3 911.0*103 7649*103 8.4 

gb,c 0.84*10"3 41.0*103 191*103 4.7 

• Alkyd with fully saturated fatty acids. 
b Alkyd with built-in sulfonate groups. 
c Batch polymerization. 

When alkyds with built-in sulfonate groups were used (entry 5, Table 2) a clear decrease of the 

molecular weights was observed. This suggests a strong influence ofthe unsaturated fatty acid 

groups of the alkyd on the polymerizing pMJ\1A radical chains. Compared to batch polymerizations 

in the presence of alkyds with built-in sulfonate groups (entry 5 vs 8, Table 2) the molecular 
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weights were in the same order of magnitude. Hence, and in view of the homogeneous particle 

morphology found for semi-continuous polymerizations with alkyds with built-in sulfonate groups, 

it seems valid to conclude that without free surfactant the polymerization proceeded in the swollen 

alkyd droplets as was also found for batch polymerizations. The significance of these data to the 

polymerization mechanism will be elaborated on in Section 6.6. 

i 

Molecular weight of the alkyd phase In Table 3 the molecular weights of the alkfd phase are 

given for the polymerizations as introduced in Table 1 (page 87). The molecular w~ight of the alkyd 

phase was increased without a significant difference for polymerizations with differ~nt surfactant 

concentrations. The higher molecular weights of the alkyd phase for a typical batch polymerization 

(entry 4, Table 3) were also very well comparable to the values found for semi-continuous 

polymerizations. The very good comparison ofthe increase of alkyd molecular weights, compared 

to the pure alkyd, between semi-continuous and batch polymerizations led to the believe that the 

cause was the same. After entry of an MMA radical into the swollen alkyd droplet chain transfer to 

alkyd occurs. The resultant alkyd radical combines with newly entering MMA radical chains to 

yield grafting ofMMA chains onto the alkyd backbone. 

For the discussion of this conclusion the reader is referred to Section 5.4, where it ~hould be added 

that in this case the trends found with GPEC and NMR were not significantly diffejent from those 

in batch polymerization. 

I 

TABLE3 
Number average molecular weight, MN, and weight average molecular weightJ Mw, of the 
alkyd phase of alkyd-acrylic composite emulsions prepared in a semi-continuoJs process•. 

[SPS] MN Mw D 
(M) (g/mol) (g/mol) 

························································································································································ 

0.83*10"3 3.9*103 45.0*103 

2 0.83*10"3 3.9*103 42.3*103 

3 0.83*10"3 4.2*103 40.0*103 

4b 0.84*10"3 3.9*103 45.0*103 

a Values for the pure alkyd: MN = 3.0*103 g/mol, Mw = 22.0*103 g/mol, 0=7.33. 
h Values for batch alkyd-MMA composite emulsion [31. 
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Mechanism of particle formation The data presented above lead us to conclude that the 

surfactant concentration in the pre-charge to the reactor is of eminent importance to the stage of 

particle formation. An explanation of the mechanism of particle formation would therefore need to 

make the distinction between a surfactant concentration in the pre-charge above the CMC, or 

below the CMC, or a polymerization without free surfactant. 

For a polymerization with a surfactant concentration in the pre-charge above the CMC (entry 3, 

Table 1) the most striking observation would be the very small polydispersity found for the particle 

size distribution. This suggests a very short stage of particle formation compared to the other two 

polymerizations with free surfactant 1181. In view of the possible mechanisms of particle formation as 

shown in Fig. 1 the most obvious conclusion would therefore seem to be particle formation through 

micellar nucleation. Following the formation of a second crop of particles containing only pMMA 

the polymerization proceeded exclusively in these particles. The alkyd droplets added to the reactor 

were not only too few in number compared to the pMMA particles to compete effectively in 

capture of newly formed radicals in the water phase, at an early stage in the polymerization the 

alkyd droplets were also drained with MMA on addition to the reactor. Since the water phase was 

unsaturated with MMA any monomer added with the alkyd droplets of the pre-emulsion would 

have migrated very rapidly to the water phase leaving the alkyd droplets effectively empty of 

monomer. Capture ofMMA radical chains by alkyd droplets could therefore not have resulted in 

rapid propagation. The alkyd-MMA droplets in the pre-emulsion, therefore, only served as 

monomer reservoirs for the polymerization proceeding in the pMMA particles. This was confirmed 

by comparison of the average size of the alkyd droplets at the end of the polymerization with the 

calculated size based on half the volume of the alkyd droplets in the pre-emulsion. If the swollen 

alkyd droplets in the pre-emulsion served only as monomer reservoirs and considering that the 

alkyd/MMA ratio was 1/1, then they could be expected to shrink to half the initial volume during 

the polymerization. The average droplet diameter at the end of the polymerization was 171 nm 

(Table 1) whereas the calculated diameter based on shrinkage to half the volume would have been 

175 nm. 

This postulate would account for the complete indifference of the polymerization towards the 

presence of unsaturated fatty acid groups in the alkyd, for the very low particle size polydispersity, 

and for the fact that the alkyd droplets shrank to half their initial volume. 
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In the total absence of free surfactant, particle formation, through either micellar or homogeneous 

nucleation and subsequent homo~coagulation, was impossible since there was no surfactant present 

to stabilize primary particles or form micelles. The data presented above lead to the following 

postulate regarding the initiation stage in the total absence of free surfactant: 

Following initiation in the water phase MMA oligomers proceed to grow in the water phase until 

they reach the stage where they become insoluble in water. Next they will start to precipitate onto 

the alkyd droplets, since no surfactant is present to stabilize pMMA primary particles. Very much 

like in a batch polymerization in the absence of free surfactant, the polymerization proceeds further 

in a homogenous mixture of alkyd, pMMA and MMA, rather than in pMMA domains, accounting 

for the homogenous particle morphology and very low molecular weights. The cause for the fact 

that phase separation between pMMA and alkyd was not observed for polymerizations without free 

surfactant may be twofold: Either phase separation does occur but remains undetectable or phase 

separation is indeed prevented. 

It is not very likely that phase separation is completely prevented. Compatibility between alkyd and 

pMMA will not be influenced a great deal due to the presence ofbuilt~in sulfonate groups. As was 

shown in Chapter 4, the interfacial tension between alkyd and pMMA is not significantly influenced 

by the presence ofbuilt~in sulfonate groups and in Chapter 3 it was shown that the majority of the 

sulfonate groups is located near the alkyd-water interface and not in the bulk of the alkyd droplet. 

In order for the postulate presented above to be valid we have to account for the non~occurrence of 

homogenous nucleation followed by hetero-coagulation between pMMA primary particles and 

alkyd droplets. The most important reason to discount this possibility is that the chances of hetero~ 

coagulation were very small. Von Smoluchowski derived an equation for the number of collisions 

per unit of time between particles of different sizes f191
: 

B(iJ) = j(g) N(i) N(j) [dp(i) + dp0)f (I) 

whereB(iJ) is the number of collisions between particles in size classes i andj,f{g) a 

proportionality constant, N(i) the number of particles in size class i, and d(i) the diameter for 

particles in size class i, respectively 1191
• The possibility of collision of one particle with a particle in 

size class i thus increases with increasing particle size and concentration of particles in size class i. 

Since the number of alkyd droplets could be neglected compared to the number of primary particles 
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during the nucleation stage if they were formed at all, the chances of homo-coagulation would have 

exceeded the chances of hetero-coagulation to a great extent. Homo-coagulation between primary 

pMMA particles would have caused the formation oflarge unstabilized pMMA particles which in 

tum would have led to a substantial reactor fouling which did not occur. Hence, the possibility of 

homogenous nucleation followed by hetero-coagulation was neglected. 

For a polymerization performed with free surfactant but at a concentration in the pre-charge below 

the CMC, it is very hard to distinguish between mi9ellar and homogeneous nucleation. Since 

differentiating between these two possibilities of particle formation has been the subject of a number 

of papers that did not yield a satisfYing result the present chapter will not pursue an attempt to solve 

the discussion. For the sake of argument homogeneous nucleation will be considered the main 

event for particle formation for polymerizations proceeding at these surfactant concentrations l2.3l, 

but this does not seem to be limiting to the description of the polymerization mechanism. 

The data as presented earlier led to the following postulate regarding the polymerization mechanism 

at a surfactant concentration in the pre-charge below the CMC: Following initiation in the water 

phase the pMMA oligomers will grow until they reach the chain length at which they become 

insoluble in water. Primary particles will be formed which will grow and start to flocculate, at a rate 

depending on the surfactant concentration, until the final population of pMMA particles is formed. 

The alkyd droplets will thus again serve only as monomer reservoirs. After addition to the reactor 

the monomer added with the swollen alkyd droplets diffuses through the water phase to the pMMA 

particles where polymerization takes place. Ultimately two particle populations are formed, one 

containing only pMMA the other only alkyd. This postulate would account for the occurrence of 

the second crop of particles, and again for the fact that the unsaturated groups in the alkyd did not 

influence the molecular weights of the pMMA phase, and for the reduction of the alkyd droplet size 

to halve their initial volume. 
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CHAPTER7 

The polymerization of methyl methacrylate using an 

autoxidized alkyd emulsified in water as initiator 

Summary Alkyd emulsions are autoxidized with the use of atmospheric air at elevated 
temperatures. The rate of oxidation increases with increasing temperatures. At 80 °C, 
however, the hydroperoxide value (HPV) increase stops after approximately 10 h, 
probably due to competitive thermal breakdown of the peroxide groups. At 60 °C the 
HPV build-up is fast enough for practical use and thermal breakdown of 
hydro peroxide groups is negligible within the reaction time. The rate of polymerization 
ofMMA initiated by the redox couple Fe-SFS with alkyd peroxides and the final 
conversion, increase with increasing SFS/hydroperoxide group ratio. With GPEC 
grafting ofpMMA onto alkyd can be demonstrated. Particle morphology, deviating 
from theoretical predictions, suggests that compatibilizing polymer chains have been 
formed. Grafting of alkyd onto pMMA-dominated polymer chains could not be 
detected, however. 

7.1 Introduction 

The particle morphology of alkyd-acrylic composite emulsions is of utmost importance for the final 

coating properties. The more homogeneous the mixing of both polymers is, the more promising the 

application results are Ul. 

The morphology development of alkyd-acrylic composite emulsions has already been described 

elsewhere in this thesis for batch and semi-continuous conditions [2,
31. Apart from the case where 

free surfactant was omitted by using alkyds with built-in sulfonate groups 121, these emulsions 
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always yielded morphologies where the polymers had undergone phase separation. 

A way to prevent phase separation and, hence, increase the homogeneity of the mixture of 

polymers may be grafting. A well known example of grafting of radical polymerizable monomers 

onto alkyds is the concept of styrenated alkyds, where alkyd and styrene are heated in bulk in the 

presence of a suitable initiator 141• 

In the present study the acrylic polymer is grafted onto the alkyd by using the alkyd as the initiator 

for the radical polymerization of the acrylic monomer. In the literature, examples of using a 

preformed network as initiator for radical polymerizations have been described in which the 

initiating preformed polymers were modified with thermolabile azo groups [S,6,7J. Others described 

the use of triglyceride oils modified with azo groups as initiators to prepare styrenated oils 181. 

The intrinsic crosslink capacity of alkyds and oils can also be used for the in situ preparation of 

radical polymerization-initiating groups on the alkyd. Alkyds and oils normally crosslink by means 

of dissociating hydroperoxide groups formed after autoxidation of the unsaturated fatty acids (see 

Fig. I). In alkyd paints decomposition of hydro peroxides is promoted by using metal ion catalysts, 

like cobalt(II) and manganese(II) as reducing agents (see Fig. 2). The so formed radicals give the 

desired crosslinking of the alkyd or oil. If the crosslinking process could be stopped after the stage 

of autoxidation one would have an alkyd with a seemingly perfect initiator group for the radical 

graft polymerization of acrylic monomers, namely the hydroperoxide group. The hydroperoxide 

groups could be dissociated even at low temperatures by using a reducing agent. 

The concept of using alkyd peroxide groups for the initiation of a radical polymerization is not 

entirely new. Already in 1949 a paper appeared suggesting that the copolymerization between 

styrene and blown oils proceeds through the use of peroxide groups as initiators for the 

polymerization of styrene 141. 

The intentional functionalization of alkyds with hydroperoxide groups was previously done by 

Gooch et al 19'
10

] In order to decrease the tack free time of coatings prepared from alkyd emulsions 

Gooch eta/. tried to pre-crosslink the alkyd polymer. Pre-crosslinking was achieved by bubbling 

oxygen through an alkyd emulsion, to which metal ions known to catalyze the oxidative curing of 

alkyds, had been added. By adding these metal ions, however, Gooch et al. lost control over the 

hydroperoxide build-up. 
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Fig. 1: Autoxidation of unsaturated fatty acid fragments of alkyds and oils yielding a 
hydroperoxide. The reaction product as depicted here is the kinetic product, which will be formed 
when reactants are present abundantly '111 

Fig. 2: Hydroperoxide group cleavage by a metal ion catalyst. 
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The combination of oxidizing alkyd emulsions and using the so formed hydroperoxide groups in a 

subsequent step as initiator for a radical polymerization has never been applied before. In this 

chapter the controlled autoxidation of alkyd emulsions is described, followed by a discussion of the 

possibilities of using the hydroperoxide groups as initiators for the polymerization of methyl 

methacrylate. Firstly, the fatty acid fragments of the alkyd emulsion are allowed to1react with 
I 

oxygen as described in Fig. 1, yielding built-in peroxide groups that may act as an initiator for 

emulsion polymerization of methyl methacrylate (MMA). Next, these hydroperoxi~e groups are 

used to initiate the graft polymerization ofMMA onto the alkyd. For this purpose rhe peroxide 

groups were heterolytically dissociated using a redox couple, in this case Fe2+-sodi1-1m formaldehyde 

sulfoxylate (SFS). Finally, the alkyd-MMA composite emulsions were tested qualitatively for any 

possible grafting. 

7.2 Experimental 

Methyl methacrylate (MMA) was used without purification. The alkyd, with an oil length of74 %, 

and based on isophthalic acid, pentaerythritol, and talloil fatty acids, was supplied iy DSM Resins 

(The Netherlands). The alkyd emulsions were stabilized with sodium dodecyl be~enesulfonate 
(SDBS, Rhone Poulenc). I 

Alkyd emulsions were prepared according to methods described in literature [121
• T~e emulsions 

were prepared with a solids content of 50 % and subsequently diluted with distilled water to a 
! 

solids content of25 %. Prior to the autoxidation reaction 0.1 w/w-% of an anti foam agent (Agitan 

295) was added to the emulsion. 

The reaction between the alkyd emulsion and oxygen was performed in a roundbottomed flask, 

equipped with a mechanical stirrer, a gas inlet, and a steam jacketed condenser. Peroxidation was 

started by bubbling atmospheric air through the emulsion at a rate of 1. 5 dm3 /minute as soon as the 

reaction temperature was reached. The concentration ofhydroperoxide groups (HydroPeroxide 

Value, or HPV, expressed in moVg of alkyd) was determined by titrating iodometricaUy in 2-

propanoVacetic acid [!3] All autoxidation reactions were performed at least twice and titrations 

were performed in duplicate. 

Alkyd-pMMA composite emulsions were prepared by mixing 350 g of alkyd emul~ion (with a 

solids content of25 % and with a known HPV) with 87.5 g ofMMA so that the alkyd-MMA ratio 
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was 1. At the intended polymerization temperature the alkyd droplets were allowed to swell with 

MMA for at least 0.5 h. Next, the polymerization was started by adding a catalytic amount of iron 

salt (4 ml of a 0.15 w/w-% solution ofFeS04 in water) and feeding an aqueous solution of 

reductor, in this case sodium formaldehyde sulfoxylate (SFS, Fluka), during the polymerization. 

The amount ofSFS was controlled so that the ratio between the peroxide groups and SFS was 

known for each polymerization. The polymerization was allowed to proceed for 3 h. Samples for 

conversion, molecular weight, and chemical composition distribution determinations were mixed 

with hydroquinone monomethyl ether (0.1 w/w-%) to prevent crosslinking of the alkyd, which 

would make the mixture insoluble in most organic solvents. 

Conversion ofMMA was determined with an HPLC 1141 using a UV detector monitoring the 

concentration ofunpolymerized MMA. The degree of conversion was calculated by comparing the 

MMA concentration in the sample with the MMA concentration at the start of the polymerization. 

Samples were measured twice, and MMA concentration values were averaged. 

Particle sizes were determined using a Malvern Autosizer II (Malvern Instruments). 

Chemical composition distributions were recorded with Gradient Polymer Elution Chromatography 

(GPEC~, according to procedures described elsewhere [tSJ. The column was a Waters ~-Bondapak 

CN (R.P.) 150*3.9 mm I.D. with a pre-column filter installed. The detectors were a Waters 486 

UV detector (282 nm, filter 0.6) and an ACS 750114 Evaporative Light Scattering Detector 

(ELSD) (110 °C, sensitivity 5). In the latter detector the eluent was nebulized by a nitrogen flow. 

The eluent gradient consisted of iso-octane and TIIF. 

Differential Scanning Calorimetry (DSC) was performed with a Perkin Elmer DSC 7 Differential 

Scanning Calorimeter. The heating rate was 10 °C/min from 0 °C to 200 °C. During the 

measurements samples were kept in a nitrogen atmosphere at all times. Alkyd-MMA composite 

emulsions were freeze-dried, yielding a white powder, prior to the DSC measurements. 

7.3 Results and discussion 

Peroxidation and decomposition of the hydro peroxide groups Autoxidation is defined as the 

reaction with molecular oxygen (02). In principle, the autoxidation of unsaturated fatty acids can 

only yield hydroperoxides 116
'
171

• The formation of di-fatty acid group peroxides during the 

peroxidation of alkyds in emulsion, after dissociation of the hydro peroxides and subsequent radical 
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combination. can not completely be excluded, though. However, this is of only minor concern since 

the precise nature of the peroxide group does not influence the titration for analytical purposes, nor 

does it influence the rate of reductive dissociation later on [17). 

In Fig. 3 the rate of oxidation of alkyd emulsions at four different temperatures as,a function of 

reaction time is shown. It can be clearly seen that the rate of peroxidation increas~ with 

temperature. At 20 oc not much happened; even after more than 30 hours only a ~light increase in 

the HPV was observed. Even at 40 °C the oxidation reaction was still too slow with an HPV of 

only 15 J.UllOVg of alkyd after 40 hours. The oxidation proceeded most efficiently it 60 °C. 

HPV (.umole/g alkyd) 
60 

40 

• •• 
"" 20 • 

• ..... •· 
• -0 .·.·:·.: 

0 10 20 30 40 

time (hours) 

Fig. 3: Hydroperoxide group (HPV) formation versus time at 20 °C (II), 40 °C (+), 60 °C (.A.), 

and 80 °C (e). 

At 80 °C oxidation proceeded rapidly at first, but levelled off after approximately I 0 h. The reason 

for this is probably competitive thermal breakdown of the hydroperoxide groups. This possibility 

was tested by measuring the HPV decay at elevated temperatures. 

At 80 oc the HPV was indeed rapidly reduced to halfits original value in approximately 8 hours 

(see Fig. 4). Thermal breakdown of the hydroperoxide groups would have to lead to crosslinking 

and, therefore, to reduced solubility of the alkyd. Indeed the solubility of the alkyd emulsions in 

106 



nonnally good organic solvents like THF or 2-propanol gradually decreased with increasing 

reaction time during peroxidation at 80 °C, which did not occur to such an extent at lower 

temperatures. 

HPV (.J.irnol/g of alkyd) 

4 ' 25 _j ' 

.l 
~ 

I ' ' I ' I ' I j • I I ' I I I • I 

0 25 50 75 100 125 150 

time (hours) 

Fig. 4: Hydroperoxide group decay as a function of time at 60 °C (•) and 80 °C (.&). 

At 60 oc the halflife time of alkyd peroxides was more than 120 h (see Fig. 4). Therefore, 

competitive breakdown of hydroperoxide groups of any significance is not to be expected at this 

temperature. Indeed the HPV increased gradually in time at 60 °C (Fig. 3). Up to a HPV of25 

J..tmol/g of alkyd (i.e. after± 25 h, see Fig. 3) no increase in molecular weight of the alkyd was 

observed either. 

Concluding this discussion, oxidation of alkyd emulsions under the aforementioned conditions 

proceeded most efficiently at 60 °C. For reasons of comparison with polymerizations using a 

regular initiator, as described elsewhere in this thesis [2'
181

, HPVs between 7.1 and 55.7 J.JmoVg of 

alkyd were aimed at. Because ofincreased reaction times for the higher HPV s, i.e. those needing 

reaction times exceeding 24 hours, this meant that HPVs of9.1 and 17.6 J.Jmol/g of alkyd were 

used for the polymerizations. 
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Although the experimental set up for the oxidation reaction as described above serves its purpose, a 

faster HPV build-up could possibly be realized if, instead of air, pure oxygen was used or if 

autoxidation was done photochemically, following an ene-reaction with oxygen in the excited 

singlet state, 10 2. 

The polymerization ofMMA initiated by alkyd hydroperoxide groups Prior to the 

polymerization the alkyd droplets had to be swollen with MMA. This proved to be necessary in 

order to prevent competitive droplet nucleation ofMMA droplets. TEM pictures oflatexes that 

were not allowed to swell indeed showed that a secondary particle population was formed during 

the polymerization (see Fig. 5). If swelling was allowed to proceed for 0.5 h secondary nucleation 

was prevented and the average droplet size after addition of the monomer and, hence, the particle 

number remained constant during the polymerization. The polymerization ofMMA using the alkyd 

hydroperoxide groups as initiator thus resulted in a particle morphology where alkyd and pMMA 

were homogeneously distributed throughout the particles (see Fig. 5B). These results would 

suggest that allowing the alkyd emulsion to swell with MMA for 0.5 h prior to the start of the 

polymerization is enough to eliminate the occurrence ofMMA droplet nucleation. 

For the initiation of the graft polymerization ofMMA the redox couple Fe-SFS was used. 

Polymerizations had to be carried out at 20 °C because SFS proved to be able to generate radicals 

itself at higher temperatures. For example at temperatures of 60 °C and higher a conversion of 100 

% was reached within 3 hours for the emulsion homo polymerization ofMMA without any initiator 

being added other than SFS. At 40 °C a conversion of94% was reached, and only at 20 °C no 

detectable polymerization ofMMA occurred within 3 h. Andersen eta/. 1191 suggested that the 

breakdown of SFS producing radicals proceeds through direct reduction of the peroxide by SFS. 

Andersen eta!. also mentioned a strong effect of temperature on this reaction 1191. 

For the polymerization ofMMA initiated by alkyd hydroperoxide groups the concentration of 

hydroperoxide groups on the alkyd, as well as the concentration of the reducing agent (SFS) and its 

feeding time were varied. 

The addition ofhydroquinone monomethyl ether to samples taken from the reactor for purposes of 

analysis was necessary because, otherwise, even at a HPV of 17.6JJ.moVg of alkyd or less and at 
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A 

B 

Fig. 5: TEM pictures ofalkyd-pMMA composite emulsions prepared with a pre-oxidized alkyd as 
initiator, where the polymerization was started without swelling the alkyd droplets with MMA first 
(A), and where swelling was allowed to proceed for 30 min prior to the polymerization (B) 
( = 200 nm). 
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room temperature, the solubility of the alkyd phase in THF gradually became troublesome, because 

of crosslinking as a result of continuing breakdown of peroxide groups. The possirility of this 

continued hydroperoxide group breakdown may not be negligible, since unreactedl SFS may still be 

present even after 3 h of polymerization. 

In Figs. 6 and 7 the conversion-time curves are shown of the polymerization ofMMA initiated by 

the alkyd hydroperoxide:Fe2
+ -SFS redox couple. In Figure 6 conversion-time curv~s are compared 

for two different HPVs, 9.1 *10-<> moVg of alkyd and 17.6*10-<> moVg of alkyd, wh~re 1 equivalent 

of SFS based on HPV was added in 1. 5 h. The third curve in Fig. 6 represents the ~olymerization 
where 2 equivalent of SFS on HPV was added over 1. 5 h. In Fig. 7 the influence of the SFS 

feeding rate, 0.5 hand 1.5 h, for emulsions with an HPV of9.1 *10-<> moVg of alkyd (a) and 

17.6*10-<> moVg of alkyd (b) is shown. The curves in Figs. 6 and 7 show some scat~ering which may 

be caused by column interactions during the fast-GPC measurements needed for t~e detennination 

of the MMA conversion. Although the error margin for each point may be large, it is believed that 

the curves do show a trend. 

All three curves in Fig. 6 show a rapid increase in conversion during the first 2 hoJs. Following the 

initial rapid increase in conversion, the rate of polymerization slowed down until th~ reaction was 

finally quenched. For both polymerizations performed with an SFS:HPV ratio of I, a conversion of 

± 87 % was reached after 2 h; longer reaction times did not result in higher conversions. An 

incr"""' of the SFSIHPV rnt;o to 2 "suited ;n a rugOO- polymerization mt~ wh"' r oonvernon of 

70% was reached after 15 min. At the end of the experiment a conversion of97 o/<! was reached. 

Hence, increasing the SFS:HPV ratio did not only result in a higher rate of polymerization but a 

higher end conversion was found too. 

After examining the curves depicted in Fig. 6 two conclusions can be drawn. Firstly, the influence 

of the HPV seems to be negligible; there is very little difference between the conv;tsion-time curves 

found for HPVs being 9.1 *10-6 moVg of alkyd and 17.6*10-6 moVg of alkyd. Seco1dly, the 
' 

influence of the SFS:HPV ratio on the other hand has a significant influence on the conversion. 

The increased rate of polymerization at a higher SFS:HPV ratio, the higher end conversion, as well 
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Fig. 6: MMA conversion-time curves for aJk:yd-MMA composite emulsions with alkyds with HPV, 
SFS:HPV ratio and particle number as follows 
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Fig. 7a: MMA conversion-time curves for alkyd-MMA composite emulsions with ~kyds with HPV 
= 9.1 *10-6 moVg of alkyd; I equiv. ofSFS fed over 0.5 h, Nc = 2.4*1016 dm-3 (II), ~ equiv. ofSFS 
fed over 1.5 h, Nc 2.4*1016 dm·3 (.&.). 1 
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Fig. 7b: MMA conversion-time curves for alkyd-MMA composite emulsions with alkyds with 
HPV = 17.6*10-6 moVg of alkyd; 1 equiv. ofSFS fed over 0.5 h, Nc = 2.4*1016 dm· (II), 1 equiv. 
ofSFS fed over 1.5 h, Nc = 1.6*1016 dm-3 (.&.). 
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as the relative insignificance of the HPV to the rate of polymerization and the final conversion may 

be explained with the conclusion of Andersen eta/. that the reaction between Fe and SFS is rate 

determining in the redox cycle used here# (see Fig. 8)[191. A higher SFS concentration yielded a 

more efficient reduction ofFe2
+ and, hence, a higher radical flux and a higher rate of 

polymerization. After ending the SFS feed, the radical flux rapidly reduced and the polymerization 

was effectively quenched due to the degenerative chain transfer of the alkyd's unsaturated fatty acid 

groups. (Note that for an HPV ofl7.6*10-6 moVg of alkyd only 3.1% of the unsaturated groups in 

the alkyd had to react with oxygen). Since the particle morphology of these composite emulsions is 

one where alkyd and pMMA are homogeneously distributed (Fig. SB) it seems valid to assume that 

growing radical chains were indeed constantly subject to the chain transfer activity of the 

unsaturated fatty acid groups. 

R-OOH 2Fe a+ [red]+ 

"" 
/ 

X /\. 
R-0• 2Fe 3+ [red] 

Fig. 8: Alkyd hydroperoxide:SFS redox cycle with Fe-ion acting as mediator. 

Based on the conclusion stated above one would predict that feeding the reductor at a higher speed 

would result in a higher SFS concentration for a short period of time and, therefore, in a higher rate 

of polymerization during the feed. In Figs. 7a and 7b the conversion-time curves are compared for 

polymerizations performed with 1 equivalent ofSFS on HPV, but fed at two different rates, i.e. 0.5 

# When using Co2
+ instead ofFe2

+ as metal ion catalyst in a similar experiment the emulsion turned green 
immediately and remained that colour throughout the experiment, indicating that the reaction between the 
metal ion and the reducing agent was indeed rate limiting. (Green is the colour of most Co3+ salts, whereas 
most Co2+ salts have a deep blue colour). 
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hand 1.5 h. It was indeed observed that feeding the SFS at a higher rate resulted in a more rapid 

increase of conversion for both HPVs, but when the reductor was added over 0.5 h the 

polymerization stopped effectively at the end of the SFS feed. 
i 

Although a high level of SFS seems beneficial for the polymerization, such high concentrations may 

also speed up the crosslinking reactions following the decomposition ofhydroperoxide groups, as 

was mentioned earlier. 

Summarizing this section it can be concluded that the polymerization ofMMA, initiated by the 

alkyd-hydroperoxide group:Fe2+-SFS redox couple, proceeds effectively at 20 °C. he reductor 

concentration is rate limiting for the polymerization through the reaction between the reductor and 

the intermediate iron(Ill) ion. 

Grafting Grafting ofMMA onto alkyd was tested with Gradient Polymer Elution ~hromatography 

( GPEC~ and Differential Scanning Calorimetry (DSC). With the first technique th~ solubility of a 

(co)polymer can be determined by applying a solvent/non-solvent gradient as eluent for HPLC. The 

second technique is used to determine the glass transition temperature (T g) of the (co )polymer. 

In Fig. 9 a typical GPEC® plot of the alkyd region for a supposedly 'graft' alkyd-:MMA composite 

emulsion is compared with the pure alkyd and the alkyd phase of a conventional (batch) alkyd

MMA composite emulsion. Only the alkyd region of the composite emulsion is shdwn because for 

the present solvent/non-solvent combination pMMA elutes typically after 30 minutes with a sharp 

peak; involving this peak would not result in additional information. The three peak clusters 

depicted in Fig. 9 are shown in order to distinguish between three possible clusters of alkyd 

molecules, although these clusters were never characterized individually. The first ~egion, for 
! 

molecules which dissolved best in iso-octane, is believed to represent polyols containing very few 

polyacid molecules, but with a high functionality of fatty acids. The molecules contained in the third 

cluster, which needed the most THF in order to dissolve, were believed to be mostly polyester 

containing the least fatty acid groups. The second cluster should represent molecules with a fatty 

acid functionality somewhere in between those of clusters 1 and 3. Any grafting ofiMMA by 

initiation of alkyd hydro peroxide groups was therefore believed to have the strongest impact on 

material eluting in region I, i.e. fatty acid-rich material. In Chapter 5 the decrease of the peak area 

for the peak in region I compared to the peak areas for the regions 2 and 3 was explained with 

grafting of pMMA 
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Fig. 9: GPEC® plots of the alkyd region for the pure alkyd (A), a conventional alkyd-MMA 
composite emulsion, prepared according to a batch procedure (B), and a graft alkyd-MMA 
composite emulsion (C). (ELSD detector). 

chains onto alkyd. Biradical combination of alkyd fatty acid groups, following chain transfer to 

alkyd, is not believed to be the most likely cause for the changed solubility of the alkyd phase 121. 

In Table 1 the relative peak areas for the three curves per region are given for the pure alkyd, a 

batch alkyd-pMMA composite emulsion (as described inCh. 5 ), and a 'graft' composite emulsion. 

When the figures in Table 1 are compared it is clear that for the 'graft' composite emulsion a 

significant reduction of material soluble in iso-octane was brought about as compared to 

conventional alkyd-pMMA composite emulsions. Since only a small portion of the unsaturated 

groups of the alkyd had reacted with oxygen, in order to yield 17.6 J.tmol/g of alkyd, no significant 

influence on the solubility of the alkyd was expected to be caused by the oxidation step. Hence, it 

must be concluded that polymerizing MMA according to the procedure described in this chapter 

indeed resulted in a significantly higher degree of grafted polymer chains. The grafting efficiency, 

given by the weight of grafted material divided by the total weight of polymerized MMA, was, 
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however, low. For all composite emulsions prepared according to the present procedure a. 

significant peak was detected after 30 minutes. When using a UV detector no absorption was 

detected at the elution time of pMMA., indicating that no alkyd was grafted onto pMMA

dominated polymer chains. 

TABLEt 
Relative peak areas for the peaks shown regions 1, 2, and 3 in Fig. 9. 

peak 1 peak2 peak3 

pure alkyd 100 155 151 

conventional composite emulsion 100 391 469 

'graft' composite emulsion 100 442 818 

Grafting may explain why the particle morphology deviated from theoretical predictions £181
• 

Whereas for a regular batch polymerization a hemi-sphere type morphology was found [1
81

, which 

was explained by taking into account the interfacial tensions between alkyd and pMMA and 

between both polymers and water, a homogeneous particle morphology was found for composite 

emulsions prepared by using an oxidized alkyd as initiator (see Fig. 5). 

When as a result of an increased extent of grafting more polymer chains are formed that can act as 

compatibilizing agent between the alkyd and pMMA phases this may lead to a reduction of the 

alkyd-pMMA interfacial tension. For the alkyd used in the work described in this chapter this 

would imply that the interfacial tension between alkyd and pMMA would need to be reduced with 

0.6 mN/m in order to change the morphology from a hemi-sphere type to a core-shell, with the 

alkyd being the shell (see also Table 2, Chapter 4). Thus, the different particle morphology itself 

seems to be proof of grafting. 

If any grafting had occurred, this should be reflected in a change of the T 8 of the polymers and lead 

to an additional transition for the newly formed polymer. When Differential Scanning Calorimetry 

(DSC) is applied to alkyd-pMMA composite emulsions to determine the T8 of the pMMA phase of 

freeze-dried samples, a strong exothermic peak is detected between 50 °C and 200 °C, with a peak 

116 



maximum at 150 °C. This peak was also found for conventional alkyd-MMA composite emulsions 

described in Chapters 5 and 6 of this thesis, that did not have an HPV, but for supposed ·graft' 

alkyd-MMA composite emulsions a second peak was found at 125 °C (see Fig. 10). Both peaks 

were not found when the sample was measured again. In that case no signal whatsoever was found 

between -50 °C and +250 °C. The pure polymers, both alkyd and pMMA, do not show any 

exothermic behavior, neither in the presence nor in the absence of a radical initiator. Due to the 

strong exothermic peak no glass transition between -50 and 100 °C could be determined. Hence, 

DSC as analysis technique for detection of grafting was unsuitable. 

However, the question remains what causes the exothermic peaks. The small peak at 125 °C may 

be ascribed to the presence of remnants of (hydro )peroxide groups, because this peak is only seen 

in DSC plots of autoxidized alkyd. The cause for the second large exothermic peak, however, 

remains uncertain. Hortensius et al. 1201 described DSC plots of alkyds during the oxidative curing at 

elevated temperatures. When they performed these measurements in an oxygen-rich atmosphere, 

they found an exothermic behavior for a drying alkyd comparable to that shown in Fig. I 0. They 

ascribed the exothermic peak to the crosslinking reactions typical of oxidative crosslinking. This 
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Fig. I 0: DSC plot for a supposed ·graft' alkyd-MMA composite emulsion. 
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explanation may hold for the alkyd-pMMA composite emulsions prepared with o~dized alkyds, 

since oxidizing the alkyd is the first step of the curing reactions and crosslinking n~'1'ctions may 

occur thereafter. Conventional alkyd-pMMA composite emulsions could not cure Cj>xidatively 

during DSC measurements, however, since no oxygen was allowed to react with the alkyd, neither 

during the polymerization nor during the DSC measurement itself Hence, the occurrence of 

oxidative curing reactions is not a plausible explanation for the occurrence of the second large 

exothermic peak. 

The DSC measurements described in this chapter, however, were performed under nitrogen flow, 

hence, any influence of oxidative curing reactions of the alkyd may be excluded. The possible 

thermal polymerization of remnant MMA can also be excluded, since it was shown with NMR that 

no free MMA was present in the freeze-dried samples. 
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Epilogue 

The primary aim of the work described in this thesis was to gain insight in the polymerization 

mechanism and morphology development of alkyd-acrylic composite emulsions. Through a better 

understanding of the mechanism of polymerization of alkyd-acrylic composite emulsions, it was 

expected to become possible to design procedures to improve the efficiency of the polymerization. 

The polymerization mechanism will, in tum, affect the particle morphology development. Since the 

behavior of polymer binders used in coatings during film formation is strongly determined by the 

particle morphology, knowledge of and control over the morphology development was considered 

to be of utmost importance for improving the performance of these types ofbinders 

In behalf of the study on particle morphology an alkyd was developed containing built-in sulfonate 

groups. The use of this alkyd allows for the preparation of alkyd emulsions and alkyd-acrylic 

composite emulsions containing essentially no free surfactant Alkyd emulsions containing alkyds 

with built-in sulfonate groups have significant advantages as compared with alkyd emulsions that 

need free surfactant for colloidal stability. In the present investigation it was shown that mechanical 

stability of alkyd emulsions containing alkyds with built-in sulfonate groups is greatly improved as 

compared with alkyd emulsions stabilized by free surfactant. Since many processes for making 

paints from polymer binders as well as many techniques of paint application involve the application 

of both high shear and vigorous stirring, stability of the emulsion towards these conditions is of 

eminent importance. A second advantage of emulsions stabilized by built-in surfactant as compared 

with those stabilized by free surfactant is that free surfactant may negatively affect the film 

formation process. In fact, unpublished results point out that the hardness build-up of films cast 

from alkyd emulsions with free surfactant or with built-in surfactant, progresses significantly faster 

for the latter. 
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The final particle morphology of alkyd-acrylic composite emulsions has a strong effect on the final 
I 

properties, and is strongly governed by the interfacial tensions between the alkyd, te polyacrylic, 

and the continuous phase of the composite emulsion. By using the alkyd with built~m sulfonate 
I 

groups, composite emulsions can be prepared with a homogeneous particle morphtlogy. When 

comparing the film formation of a composite emulsion with a homogeneous particlf morphology 

with an emulsion where alkyd and pMMA are completely separated in distinct partlcles, i.e. an 

individual particle morphology, it was found that increasing the homogeneity of mixing of the two 

polymers greatly improves film formation: the minimum film formation temperature drops and 

20/60 ° gloss increases. A similar result can be obtained for composite emulsions where pMMA is, 

at least partly, grafted on alkyd chains, hence obtaining a more homogeneous mixing of the 

polymers. 

The work described in this thesis aims at opening new routes and gaining more insight rather than 
I 

at complete coverage of all scientific, technical and economic aspects. For each of 1he different 

topics investigated a number of recommendations for future research, both of acad mic and 

industrial interest, can be suggested. 

Alkyds with built-in surfactant groups were shown to be extremely useful. It woul however, be 

very interesting to replace the sulfonate groups by other anionic groups, such as p sphate or 

phosphonate groups, or by cationic groups. By using phosphate or phosphonate gr ups an 

additional increase in adhesion properties of the alkyd may be obtained. Cationic st~bilization 

possibly opens an entirely new field of applications for alkyd emulsions and alkyd-acrylic composite 

emulsions. 

The alkyd emulsions used in this research were prepared with a high pressure homogenizer. This, 

however, is not the most widely applied procedure for emulsification of alkyds. It should therefore 

be investigated whether alkyds with built-in sulfonate groups can be emulsified with commercially 

more favorable techniques, such as by high speed stirring. 

The role of compatibilizing agents in the alkyd-acrylic composite emulsions is yet ~clear. Although 

in a number of cases the presence of such molecules, expectedly consisting of poly~crylic blocks 
I 

grafted on alkyd chains, was deduced from the observed morphology development! and the 

behavior of the alkyd phase during GPEC, their isolation has not yet been achieved By influencing 

the particle morphology development, compatibilizing agents will undoubtedly al1 affect the 

polymerization rate and final conversion, because by increasing the compatibility tween alkyd and 
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polyacrylic the miscibility of growing acrylic chains with the highly chain transfer active alkyd will 

increase. Both the in situ formation of compatibilizing agents and their role in polymer compatibility 

and morphology development will be of interest to other emulsion polymerization systems as well. 

Finally, for the graft polymerization of acrylic monomers onto alkyd three major improvements can 

be recommended. Firstly, the autoxidation reaction of the alkyd emulsion can be performed more 

efficiently by using pure oxygen instead of atmospheric air. An even greater advantage would be to 

use, instead of oxygen in its regular triplet ground state, excited oxygen in the singlet state. In the 

latter case autoxidation could be performed at room temperature preventing the disadvantageous 

hydroperoxide group breakdown observed at higher temperatures. Secondly, it is recommended to 

investigate the use ofbuild-in nitrile groups as initiator for the radical polymerization instead of 

hydroperoxide groups. This would lead to two important advantages: the initiator concentration 

could be controlled far better and it would not be necessary to teed a reductor. Thirdly, advanced 

analytical techniques should be developed that allow a more detailed investigation of the degree of 

grafting. For this purpose it is recommended not to use alkyds prepared from natural oils, but those 

prepared from purified fatty acids. 

The insights obtained in the present investigation have led to a strongly improved control of particle 

morphology in relation with some crucial end properties of alkyd-acrylic composite emulsions and 

have led to a solid basis for further fundamental and application-oriented research in the area of 

composite emulsions comprising different polymers. 
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Summary 

This thesis describes a study on the polymerization and the morphology development of alkyd

actylic composite emulsions. Alkyd-actylic composite emulsions may offer interesting opportunities 

towards the development of solvent-free binders in paints, in which the better properties ofboth 

alkyd and actylic polymers are combined in one binder. Previous work suggested that increasing 

the homogeneity of the alkyd/acrylic polymer blend on particle scale might result in an improved 

combination of application properties. 

In order to allow for the preparation of alkyd-actylic composite emulsions containing no free 

surfactant, alkyds were developed with built-in sulfonate groups. These alkyds were prepared 

according to a three-stage polymerization process. 

It was observed that by incorporating sulfonate groups the color of the alkyd is strongly affected. 

This effect can be suppressed by adding a base during the second step of the polymerization 

process. The viscosity of alkyds with built-in sulfonate groups increases at sulfonate group 

concentrations in excess of 1 00* 1045 moVg of alkyd. The interfacial tension between alkyd and 

water was found to decrease sharply up to a sulfonate group concentration of 25*10-6 moVg, after 

which a plateau value is reached. 

Emulsification of alkyds with built-in sulfonate groups, resulting in alkyd emulsions without free 

surfactant, was found to be more efficient at higher sulfonate group concentration. At vety high 

sulfonate group concentration the droplet size increases again, however, as a result of the 

increasing viscosity of the alkyd. 

Poor mechanical stability of alkyd emulsions is usually ascribed to the removal of surfactant from 

the alkyd-water interface by shear, which destabilizes the alkyd droplets. In this study it was shown 

that the major cause of instability is in fact the inclusion of air, thus causing the formation of foam, 
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resulting in a redistribution of the surfactant molecules from the alkyd-water interface to the air

water interface. It was shown that alkyd emulsions stabilized by built-in sulfonate groups have an 

enhanced mechanical stability compared to emulsions stabilized by free surfactant. 

The viscosity of alkyd emulsions normally increases with increasing surfactant concentration, due to 

a decrease in particle size and, hence, an increase in total particle surface. For alkyd emulsions 

stabilized by built-in surfactant it was surprisingly found, however, that the viscosity decreases with 

increasing sulfonate group concentration, probably due to a more efficient repulsion between the 

particle surfaces at higher surface charge densities. 

The particle morphology of alkyd-pMMA composite emulsions was investigated by comparing the 

morphology of batch-wise prepared alkyd-pMMA composite emulsions with theoretical 

morphology predictions, based on models by Torza and Mason and by Waters, both describing the 

morphology as a function of the interfacial tensions between alkyd-pMMA, alkyd-water and 

pMMA-water. It was shown that for alkyd-pMMA composite emulsions stabilized by free 

surfactant the resultant morphology, i.e. a partially engulfed type morphology, corresponds well 

with model predictions. For composite emulsions without free surfactant the predicted 

morphology, i.e. a core-shell type, was not found: no phase separation between alkyd and pMMA 

was observed, resulting in an apparently homogeneous blend of both polymers in each particle. The 

disagreement between the theoretical model predictions and the experimental results described in 

this thesis can be explained by the fact that both models do not account for the expected presence 

of compatibilizing material, formed in the process of preparing the alkyd-acrylic composite 

emulsion stabilized by built-in surfactant. 

The polymerization of batch-wise prepared alkyd-pMMA composite emulsions was investigated 

qualitatively. It was found that the batch-wise polymerization ofMMA in the presence of alkyds 

yields unexpectedly high molecular weights and polymerization rates. This finding was explained by 

proposing that the polymerization ofMMA occurs in gel-like microdomains dispersed in the alkyd 

droplet. The microdomains are formed when pMMA chains become insoluble in the alkyd-MMA 

environment, which, in tum, is determined by the molecular weight of the pMMA chains and the 

conversion. The high polymerization rates and molecular weights were not found when alkyds with 

built-in sulfonate groups were used. Since in emulsions containing alkyds with built-in sulfonate 
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groups apparently no phase separation occurs between alkyd and pMMA, growing pMMA radical 

chains will be continuously subject to the degenerative chain transfer activity of the unsaturated 

fatty acid groups of the alkyd. Also the fact that the polymerization in this case does not proceed in 

a regime governed by a continuous gel-effect contributes to the reduced molecular weight and 

reaction rate. 

It was observed that the molecular weight of the alkyd phase increases during the polymerization of 

the acrylic component, which was explained by the occurrence of grafting of acrylic oligomers onto 

alkyd chains, which was confirmed by Gradient Polymer Elution Chromatography, whereas no 

evidence was found for the presence of any alkyd in the pMMA phase. 

For semi-continuously performed polymerizations no significant differences in molecular weights 

were observed for composite emulsions containing either fully saturated or unsaturated alkyds. The 

reason for this should be sought in the fact that for this type of process the polymerization proceeds 

in all-acrylic particles, resulting in an individual particle morphology. A polymerization mechanism 

for the semi-continuous process was proposed that explains these experimental findings. 

For semi-continuously prepared alkyd-pMMA composite emulsions stabilized by built-in sulfonate 

groups, however, a homogenous particle morphology was found. The molecular weight of the 

pMMA chains was found to be significantly lower when alkyds with built-in sulfonate groups were 

used than in the case that free surfactant was used, indicating that the growing radical chains were 

subject to the chain transfer activity of the fatty acid groups. 

Finally, a start was made with the investigation aimed at increasing the extent of grafting of pMMA 

onto alkyd through functionalization of the alkyd with groups capable of initiating a radical 

polymerization. In this approach the intrinsic, oxidative, crosslink capacity of alkyds was used. 

The reaction between alkyd and oxygen, added as atmospheric air, was most effectively done at 

60 °C. Lower temperatures yielded only a very slow built-up of the hydro peroxide group 

concentration, whereas at higher temperatures competitive breakdown ofhydroperoxide groups 

posed an upper limit to the hydroperoxide value and caused an increase in molecular weight of the 

alkyd phase. 

Polymerizations were initiated by using the hydroperoxide groups in combination with the Fe/SFS 

redox couple. Since SFS is capable of generating radicals itself at higher temperatures 

polymerizations were performed at 20 °C. The polymerization rate was primarily dominated by the 
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concentration ofreductor. It was observed that the particle morphology ofalkyd-pMMA 

composite emulsions prepared according to this procedure deviates from the theoretical 

predictions, as described in Chapter 4 .. No phase separation occurs, most probably due to grafting 

and, hence, the formation of compatibilizing polymer chains. 

On the basis of the study described in this thesis alkyd-acrylic composite emulsions with various 

particle morphologies can now be prepared for testing in an application program. 
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San1envatting 

Dit proefschrift beschrijft een studie naar de polymerizatie en de morfologieontwikkeling van alkyd

acrylaat composiet emulsies. Alkyd-acrylaat composiet emulsies zouden een interessante optie voor 

de vervanging van oplosmiddel-gebaseerde verven kunnen zijn, waarbij de gunstigere 

eigenschappen van zowel de alkyd als het acrylaatpolymeer gecombineerd kunnen worden in een 

bindmiddel. In eerder onderzoek werd aangetoond dat naarmate de homogeniteit waarin alkyd en 

acrylaat op deeltjesniveau gemengd zijn toeneemt ook de applicatieeigenschschappen verbeteren. 

Om alkyd-acrylaat composiet emulsies te kunnen bereiden zonder vrije emulgator werden alkyden 

ontwikkeld met ingebouwde sulfonaatgroepen. Deze alkyden werden bereid volgens een drie-staps 

process. 

Door het inbouwen van de sulfonaatgroepen wordt de alkyd echter erg donker van kleur. Door een 

base toe te voegen tijdens de tweede stap van de bereiding kan dit effect onderdrukt worden. De 

viscositeit van alkyden met ingebouwde sulfonaatgroepen stijgt met toenemende 

sulfonaatconcentratie vanaf 1 00* 10-6 mol per gram alkyd. De grensvlakspanning tussen alkyd en 

water daalt eerst sterk, maar voor sulfonaatconcentraties hoger dan 25 * 10-6 mol per gram alkyd 

bleek een plateauwaarde bereikt te worden. 

De druppelgrootte van alkydemulsies bereid door emulgering van alkyden met ingebouwde 

sulfonaatgroepen kan efficienter verkleind worden naarmate de sulfonaatconcentratie toeneemt. Bij 

extreem hoge sulfonaatconcentraties echter bleek de druppelgrootte weer toe te nemen, als gevolg 

van de toenemende viscositeit van de alkyden. 

De onvoldoende mechanische stabiliteit van alkydemulsies wordt vaak toegeschreven aan de 

verwijdering van emulgatormoleculen van het druppeloppervlak onder invloed van de 

afschuifspanning, waardoor de druppel gedestabilieerd raakt. In dit onderzoek werd aangetoond 
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dat de belangrijkste oorzaak van de slechte mechanische instabiliteit de insluiting van Iucht in de 

emulsie is, resulterend in schuimvorming, waardoor een redistributie optreedt van de 

emulgatormoleculen van het alkydruppelgrensvlak naar het nieuwe lucht-watergrensvlak. 

Aangetoond werd dat de mechanische stabiliteit van alkydemulsies gestabiliseerd door ingebouwde 

sulfonaatgroepen duidelijk beter is dan die van emulsies gestabiliseerd door vrije emulgator. 

De viscositeit van alkydemulsies neemt normaliter toe met toenemende emulgatorconcentratie, 

doordat de deeltjesgrootte afheemt en daarmee het totale deeltjesoppervlak toeneemt. Voor 

alkydemulsies gestabiliseerd door ingebouwde sulfonaatgroepen b\eek verrassend genoeg dat de 

viscositeit afheemt met toenemende sulfonaatconcentratie. Dit wordt waarschijnlijk veroorzaakt 

door een efficientere repulsie tussen de druppeloppervlakken bij hogere oppervlaktebeladingen. 

De deeltjesmorfologie van alkyd-pMMA composiet emulsies werd onderzocht door de morfologie 

van batch-gewijs bereide alkyd-pMMA composiet emulsies te vergelijken met theo~etische 

voorspellingen op basis van modellen van Torza en Mason en van Waters. Beide mrdellen 

beschrijven de deeltjesmorfologie als functie van de grensvlakspanningen tussen alkfd en pMMA, 

tussen alkyd en de continue fase en tussen pMMA en de continue fase. Het bleek dtt voor 

composiet emulsies gestabiliseerd door vrije emulgator de uiteindelijke morfologie, een zgn. 

gedeeltelijk-omhulde morfologie, goed overeen komt met de voorspelde morfologi,. Voor alkyd-
1 

pMMA composiet emulsies gestabiliseerd door ingebouwde emulgator bleek de vobrspelde 

morfologie, een zgn. kem-schil morfologie, niet gevonden te worden. In de praktijk werd geen 

fasescheiding tussen alkyd en pMMA aangetoond, maar werd een morfologie gevonden waarbij 

alkyd en pMMA homogeen gemengd waren op deeltjesniveau. De tegenspraak tussen theorie en 

praktijk kan verklaard worden met het gegeven dat in de theoretische modellen geen rekening 

gehouden wordt met de aanwezigheid van compatibiliserend materiaal, wat gevormd wordt tijdens 

de bereiding van de alkyd-pMMA composiet emulsies. 

De polymerisatie van batch-gewijs bereide alkyd-pMMA composiet emulsies werd ikwalitatief 
I 

onderzocht. De batch-gewijze polymerisatie van MMA in de aanwezigheid van alid bleek in 

opvallend hoge molgewichten van de pMMA-fase en polymerisatiesnelheden te re~lteren. Dit 

resultaat werd verklaard door een mechanisme voor te stellen waarbij de polymeri tie van MMA 

plaats vindt in gel-achtige microdomeinen, die gedispergeerd zijn in een alkyddrup . I. De 
I 
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microdomeinen worden gevormd wanneer pMMA ketens onoplosbaar worden in de alkyd-MMA 

omgeving. Deze oplosbaarheid van pMMA in alkyd-MMA wordt ondermeer bepaald door het 

molgewicht van de pMMA ketens en de conversie. De hoge polymerisatiesnelheden en 

molgewichten werden niet gevonden wanneer alkyden met ingebouwde sulfonaatgroepen werden 

gebruikt. Omdat in composiet emulsies die alkyden met ingebouwde sulfonaatgroepen bevatten 

ogenschijnlijk geen fasescheiding optreedt, blijven de groeiende pMMA ketens continu 

onderworpen aan de degeneratieve ketenoverdracht activiteit van de onverzadigde vetzuurketens 

van de alkyd. Tevens het feit dat de polymerisatie niet optreedt in een regime van een continu 

geleffect draagt bij aan de lagere molgewichten en reactiesnelheden. 

Het molgewicht van de alkydfitse neemt toe tijdens de polymerisatie van de acrylaatmonomeren, 

wat veroorzaakt wordt door enting van pMMA oligomeren op de alkydketens. Enting van pMMA 

op alkyd werd inderdaad aangetoond met Gradient Polymere Elutie Chrornatografie, terwijl geen 

bewijs werd gevonden voor de aanwezigheid van alkyd in de pMMA fase. 

Voor semi-continu uitgevoerde polymerisaties werd geen significante invloed van de concentratie 

van onverzadigde groepen in de alkyd op het molgewicht van de pMMA ketens gevonden. De 

oorzaak hiervan rnoet gezocht worden in het feit dat de polymerisatie tijdens een semi-continu 

proces in separate deeltjes plaats vindt die enkel acrylaatpolymeer bevatten en geen alkyd. Hierdoor 

ontstaat een zgn. individuele-deeltjesrnorfologie. Een polymerisatiernechansrne werd voorgesteld 

dat de experirnentele resultaten verklaart. 

Tijdens de semi-continue polyrnerisatie van alkyd-pMMA cornposiet ernulsies gestabiliseerd door 

ingebouwde sulfonaatgroepen werd echter een deeltjesrnorfologie gevonden waarbij alkyd en 

pMMA hornogeen gernengd zijn. Het rnolgewicht van de pMMA ketens bleek significant lager te 

zijn dan dat van pMMA ketens van een batch-gewijs bereide reguliere cornposiet ernulsie. Dit geeft 

aan dat de groeiende pMMA radicaalketens vrijwel constant onderhevig zijn aan de keten

overdracht activiteit van de vetzuurgroepen van de alkyd. 

Tenslotte, werd een start gernaakt met het onderzoek dat gericht was op een verhoging van het 

gehalte geent pMMA op alkyd. Dit werd bereikt door de alkyd te functionaliseren met groepen die 

als initiator van een radicaalpolyrnerisatie kunnen dienen. Hiervoor werd gebruik gemaakt van het 

intrinsieke, oxidatieve, vernettingsmechanisme van alkyden. De reactie tussen alkyd en zuursto( dat 

toegevoegd werd als atmosferische Iucht, verliep het meest efficient bij 60 °C. Bij lagere 
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temperaturen verliep de reactie zeer traag, terwijl bij hogere temperaturen comopetatieve afbraak 

van de hydroperoxidegroepen optrad. Hierdoor nam de hydroperoxideconcentratie na het bereiken 

van een bepaalde waarde niet meer verder toe maar nam het molgewicht van de alkyd wei toe. 

Polymerisaties werden gelnitieerd door een combinatie van de hydroperoxidegroepen en het 

Fe/SFS redoxkoppeL Omdat SFS bij hogere temperaturen zelf radical en kan genereren, werden de 

polymerisaties uitgevoerd bij 20 °C. De polymerisatiesnelheid bleek voornamelijk bepaald te 

worden door de reductorconcentratie. De deeltjesmorfologie van composiet emulsies die op deze 

wijze werden bereid bleek afte wijken van de theoretische voorspellingen, zoals beschreven in 

Hoofdstuk 4. Er kon geen fasescheiding aangetoond worden, waarschijnlijk als gevolg van de 

aanwezigheid van compatibiliserende ketens, die gevormd werden na enting van pMMA op alkyd. 

Op basis van het onderzoek beschreven in dit proefschrift zullen in de toekomst alkyd-acrylaat 

composiet emulsies bereid kunnen worden met een varieteit aan deeltjesmorfologien, met als doe! 

deze te testen te worden in een applicatieprogramma. 
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