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SUMMARY 

Emulsion polymerization is an important industrial process for the production of 

latex paints, rubbers, coatings and adhesives. Although the process has been used 

for a long time, relatively little attention has been paid to the engineering aspects of 
' the polymerization. In the work described in this thesis batch emulsion 

polymerization has been investigated from an engineering point of view with the 

objective to imprave the operation of current processes and to allow for 

improvements in the development of navel emulsion polymerization processes. For 

this purpose, different issues have shown to he important, for which this work has 

been focused on four topics: emulsification, colloidal stability, rheology and flow 

in high sohds polymerization and heat transfer. These topics have been studied 

using the polymerization of styrene and vinyl acetate as two representative model 

systems. 

In the first stage of the polymerization, emulsification of the monoroers is 

important, because insufficient emulsification influences the product properties. 

This is due to the fact that once poor emulsification has affected the polymerization 

in terrus of a broad partiele size distribution, the consequences of insuftleient 

emulsification work out through the further course of the reaction. From 

visuahzation experiments and polymerizations in combination with reaction 

calorimetrie studies, a critica! impeller speed, N*, can accurately be determined for 

a particular reactor setup and a given recipe. Impeller speeds equal or above N* 

guarantee intrinsic polymerization rates. Then the monoroer dropiets are small 

enough to eosure a sufficiently high mass transfer coefficient, thus making the 

reaction the rate limiting step. For the emulsion systems investigated, it has nat 

been possible to properly measure monoroer droplet sizes. Nevertheless, an indirect 

method, the visual criterion for suftleient dispersion based on N* has proven to be a 

reliable tooi to study emulsification in emulsion polymerization systems rather than 

monoroer droplet size measurements. The results show that styrene/water mixtures 

are more difficult to emulsify than vinyl acetate/water mixtures. This is a result of 

the difference in physico-chemical properties, in which the density of the dispersed 

monoroer phase plays a major role. For the samereactor configuration, more power 

input for suftleient emulsification is required for styrene/water mixtures than for 

vinyl acetate/water mixtures. Small and large turbine and pitched blade impeliers 

have been tested for emulsification purposes. In genera!, a large turbine impeller 



appears to be more effective in emulsifying monoroer/water dispersions than a 
pitched blade impeller. 

For studying the colloidal stability of polystyrene and polyvinyl acetate latex 
systems, emulsion polymerizations as well as coagulation experiments without 
polymerization have been performed. In order to study coagulation properly, 
sufficient emulsification is required. The experimental results clearly show that 
Brownian coagulation is the predominant mechanism in emulsion polymerization. 
This condusion is supported by the fact that the model developed at the ETH 
Zürich by Melis and Morbidelli, which considers Brownian coagulation based on 
the DLVO-theory, agrees well with our experimental data. Shear effects are 
negligible, since the polymer particles are smaller than the Kolmogorov microscale 
of turbulence. In order to provide sufficient colloidal stability, proper stabilization 
by emulsifier and a low ionic strength are required. This implies that the recipe 
dominates the coagulation behavior rather than the process conditions. 

The rheological properties and flow have been stuclied for the high solids emulsion 
polymerization of styrene. The increasing volume fraction of monoroer swollen 
polymer particles causes an increase in viscosity. At the same time the rheology 
changes from Newtonian into pseudo-plastic behavior, which results from the 
orientation of the polymer particles in the flow. Due to the shear ra te distribution in 
the reactor, the pseudo-plastic behavior results in intensive mixing in the vicinity of 
the impeller, while relatively low mixing rates occur in the almost stagnant zones 
far from the impeller. The partiele size distribution has a significant influence on 
the rheology and flow. Latices with a bimodal partiele size distribution show 
Newtonian rheology and have a lower viscosity at the same solids content as 
compared to latices with a narrow and unimorlal partiele size distribution. This 
implies that generation of a bimodal partiele size distribution by secondary 
nucleation can avoid stagnant zones and thus can improve the mass and heat 
transfer in high solids emulsion polymerization. 

Reaction calorimetry has been applied to determine the partial heat transfer 
coefficient at the reaction side in batch emulsion polymerization of styrene and 
vinyl acetate. It has been shown that system properties such as solids content and 
monoroer type have a strong influence on the ra te of heat transfer. A large turbine 
impeller provides the highest heat transfer coefficient under the same conditions as 
compared to pitched blade impellers. 



ccc 
overall 

electrolyte 
concentration 

i CE.ecrit 

insufficient emulsification I 
heat transfer 

N* 
· ____... impeller speed 

aeration I surface 

N** 

Schematic representation of the operaring window of a particu/ar batch emulsion 

polymerization system andreactor configuration. 

Some implications of this work for industrial emulsion polymerization processes 

have been addressed. The most critica! parameters for batch emulsion 

polymerization process design are the recipe in terms of emulsifier and electrolyte 

concentrations, the energy dissipated into the reaction mixture, the heat transfer 

and the rheology of the reaction mixture. The limits between which a batch 

emulsion polymerization process can be operated are schematically summarized in 
the operating window, as shown in the accompanying figure. 



SAMENVATTING 

Emulsiepolymerisatie is een belangrijk proces voor de productie van o.a. verf, 
rubbers, coatings en lijmen. Hoewel het proces reeds lang op technische schaal 

wordt uitgevoerd, is relatief weinig aandacht besteed aan de proceskundige 
aspecten. In het m dit proefschrift beschreven onderzoek 1s batch 

emulsiepolymerisatie onderzocht vanuit een procestechnologische invalshoek met 

als doel bestaande processen te verbeteren en de ontwikkeling van nieuwe 

emulsiepolymerisatie processen te bevorderen. Hiertoe is het onderzoek opgesplitst 
in vier deelonderwerpen: emulsificatie, colloïdale stabiliteit, reologie en stroming 

alsmede warmteoverdracht. De emulsiepolymerisatie van styreen en vinylacetaat 
zijn als modelprocessen gebruikt. 

Tijdens het eerste stadium van de polymerisatie is emulsificatie van de monomeren 

belangrijk, aangezien onvoldoende emulsificatie de producteigenschappen in sterke 
mate beïnvloedt in termen van een verbrede deeltiesgrootteverdeling. Met behulp 

van visualisatie- en polymerisatie-experimenten in combinatie met 
reactiecalorimetrie kan een ondergrens voor het toerental, N*, vastgesteld worden 
voor een bepaalde reactorconfiguratie en receptuur. Toerentallen hoger dan of 
gelijk aan N* garanderen intrinsieke kinetiek Aangezien de monomeerdruppels in 
dat geval klein genoeg zijn voor voldoende stoftransport, wordt de reactie de 

snelheidsbepalende stap. Voor de onderzochte emulsiesystemen is het niet mogelijk 
gebleken de monomeerdruppelgrootte te meten. Hoewel het criterium voor N• 
gebaseerd op visualisatie-experimenten en polymerisaties een indirecte methode is, 

blijkt het een meer betrouwbare methode te zijn voor de bestudering van 
emulsificatie dan de druppelgroottemeting. De resultaten van het emulsificatie 
onderzoek geven aan dat styreen/water mengsels moeilijker te emulgeren zijn dan 
vinyl acetaat/water mengsels. Dit is een gevolg van de verschillen in fysisch

chemische eigenschappen, waarbij de dichtheid van de disperse monomeer fase 
een belangrijke rol speelt. Voor een identieke reactorconfiguratie vraagt het 
emulgeren van styreen/water mengsels meer vermogen dan vinyl acetaat/water 
mengsels. In het algemeen blijkt een grote turbineroerder effectiever 

monomeer/water mengsels te emulgeren dan een schuine blad roerder. 

In het onderzoek naar de colloïdale stabiliteit van polystyreen en polyvinylacetaat 
latices zijn zowel polymerisaties als coagulatie experimenten zonder reactie 
uitgevoerd. Om coagulatie op juiste wijze te onderzoeken is voldoende 



emulsificatie vereist. De experimentele resultaten laten zien dat Brownse 
coagulatie het bepalende mechanisme is in emulsiepolymerisatie. Deze conclusie 
wordt ondersteund door het feit dat de berekeningen met een model, ontwikkeld 
aan de ETH Zürich door Melis en Morbidelli, goed overeenkomen met de 
experimentele data. Dit model beschouwt Brownse coagulatie gebaseerd op de 
DLVO theorie. Afschuifeffecten zijn verwaarloosbaar, aangezien de 
polymeerdeeltjes veel kleiner zijn dan de Kolmogorov microschaal voor 
turbulentie. Om voldoende colloïdale stabiliteit te garanderen is een goede 
stabilisatie door emulgator en een lage ionsterkte vereist. Dit impliceert dat de 
receptuur van veel groter belang is voor het beheersen van de colloïdale stabiliteit 
tijdens reactie dan de procescondities. 

Tijdens hoog vaste stof emulsie polymerisatie van styreen zijn de reologische 
eigenschappen en de stroming onderzocht. De toenemende volume fractie van met 
monomeer gezwollen polymeerdeelijes veroorzaakt een toename in viscositeit. 
Tevens verandert de reologie veelal van Newtons naar pseudo-plastisch. De 
oriëntatie van de polymeerdeelijes in de stroming veroorzaakt het pseudo-plastisch 
gedrag van het reactiemengseL Vanwege de verdeling van de afschuifsnelheid in 
de reactor, resulteert het pseudo-plastisch gedrag in intensieve menging in de buurt 
van de roerder, terwijl relatief lage vloeistofsnelheden optreden ver van de roerder. 
De deelijesgrootteverdeling heeft een significante invloed op de reologische 
eigenschappen en stroming. Latices met een bimodale deelijesgrootteverdehng 
vertonen Newtonse reologie en hebben een lagere viscositeit bij gelijke volume 
fractie deeltjes dan latices met een smalle unimodale deeltjesgrootteverdeling. Dit 
impliceert dat door het genereren van een bimodale deeltjesgrootteverdeling 
middels secundaire nucleatie, de stagnante zones vermeden worden, waardoor de 
stof- en warmteoverdracht bevorderd worden. 

Reactiecalorimetrie is toegepast om de partiële warmteoverdrachtscoefficiënt aan 
de reactiezijde te bepalen voor de batch emulsiepolymerisatie van styreen en vinyl 
acetaat. Systeemeigenschappen zoals het vaste stof gehalte en het monomeertype 
hebben een sterke invloed op de snelheid van warmteoverdracht. Een grote 
turbineroerder geeft de hoogste warmteoverdrachtscoefficiënt onder gelijke 
condities in vergelijking met schuine blad roerders. 
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Schematische weergave van het werkgebied voor een specifiek batch 

emulsiepolymerisatie proces met een bepaalde reactorconfiguratie. 

In het laatste hoofdstuk zijn enkele implicaties van het in dit proefschrift 

beschreven werk voor industriële emulsiepolymerisatie beschouwd. De meest 

kritische parameters voor het procesontwerp van batch emulsiepolymerisatie 

processen bestaan uit de receptuur in termen van emulgator en electroliet 

concentraties, de energiedissipatie ten gevolge van roeren, de warmteoverdracht en 

de reologische eigenschappen van het reactiemengseL De grenzen waarbinnen een 

batch emulsiepolymerisatie proces bedreven kan worden is schematisch 

samengevat in het werkgebied, zoals in de bijbehorende figuur is weergegeven. 
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1 INTRODUCTION 

1. 1 lndustrial emulsion polymerization 

Emulsion polymerization is frequently used in industry to produce latex paints, 

rubbers, coatings and adhesives. Approximately 15% of the Western worlds 108 

tons/year of polymers is produced in emulsion polymerization processes (Gilbert, 

1995). Emulsion polymerization is a free radical polymerization performed in a 

heterogeneaus reaction system, yielding submicron solid polymer particles 

dispersed in an aqueous medium. Initially, the reaction mixture consists of water 

containing dispersed monoroer droplets. A characteristic feature of many emulsion 

polymerization processes is the application of surfactants. The surfactants form 

micelles, which are required for partiele formation by micellar nucleation. 

Additionally, the surfactants provide colloidal stability for the monoroer dropiets 

and the polymer particles. Emulsion polymerization has some clear advantages as 

compared to other types of free radical polymerization, being bulk, solution and 

suspension polymerization. These advantages are a relatively high reaction rate, a 

moderate viscosity increase for high solids polymerization and a relatively good 

control of heat transfer (Reichert and Moritz, 1989). 

Industrial emulsion polymerization is often performed as a (semi-) batch process. 

Emulsion polymerization has been used for a long time, which can be illustrated by 

the fact that the patent rights have been sold in 1932 (Luther and Hueck, 1932). 

Meanwhile, a lot of research has been carried out on the fundamentals of the 

process. However, less attention has been paid to the engineering aspects of the 

polymerization. Although the total volume of the scientific literature on emulsion 

polymerization is huge, there appears to be insufficient understanding on the 

influence of physical phenomena such as emulsification, agitation, solids content, 

and scale of operation on the outcome of the polymerization, particularly in terms 

of the product properties. Important characteristics of the latex product are e.g. 

partiele ( distribution), molecular weight distribution, chemica! composition 

distribution and flow properties. The choice of the recipe, reactor configuration and 
the process conditions strongly determine the quality of the latex product. The 

ability to control the emulsion polymerization process is essential to guarantee 

constant product properties (Congalidis and Richards, 1998). 
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In industry, as a result of environmental constraints, the demand for high solids 

emulsion polymerization is increasing. High solids emulsion polymerization 

complicates the process in terms of reactor fouling and less uniform flow. Severe 

reactor fouling often causes expensive reactor shutdowns. Other typical problems 

in semi-batch operation include difficulties in feeding the monomer and emulsifier 

streams into the reactor (Soares and Hamielec, 1997). Thermal runaway can be a 

serious problem in industrial polymerizations as well (Poehlein, 1997). 

Additionally, the increasingly stringent environmental requirements ask for the 

reduction of energy consumption in production and processing as well as for a 

minimum production of waste material in terms of off-spec products and 

wastewater. To make significant improvements on the above-mentioned issues, it 

will be obvious that a thorough understanding of the physical and chemica} 

phenomena goveming the emulsion polymerization process is required. 

1. 2 Objectives 

Figure 1.1 shows the conversion time history of a typical batch emulsion 

polymerization of a sparsely water-soluble monomer. As the polymerization 

proceeds, different issues are important. 

In the beginning of the polymerization emulsification and nucleation govem the 

course of the process. The monomer draplets have to be small enough to provide a 

negligible resistance to monomer transport from the dropiets through the aqueous 

phase to the growing partiel es. In this case the actual ra te of polymerization is only 

determined by the intrinsic rate coefficients of all fundamental reaction steps 

involved and by the occurring phase equilibria, i.e. monomer partitioning. It should 

be noted that insufficient emulsification affects the nucleation stage and hence the 
course of the polymerization process. As a result insuftkient emulsification 

strongly determines the properties of the final product in terms of conversion and 

partiele size distribution. 

During the stage of partiele growth colloidal stability is a key issue. If colloidal 

stability is lost, coagulation will occur, which may result in off-spec products and 

troublesome operation. In the later stages of emulsion polymerization rheology, 

flow and heat transfer become more important, especially for recipes resulting in 

high partiele volume fractions, i.e. high solids polymerizations. In contrast to low 
solids polymerization, in high solids emulsion polymerization the apparent 
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viscosity of the reaction mixture increases significantly with conversion. This 

implies that for high solids processes, the choice of the reactor configuration and 

process conditions is crucial. 

high solids: rheology & flow 

c: 
0 

'i?! 
(],) 
> c: 
8 

& nucleation 

III-----

• ~ heat transfer 

time 

colloidal stability 

Figure 1.1: Schematic representation of the various important issues in ab-initio 

batch emulsion polymerization of sparsely water-soluble monomers. 

In this thesis, these critica! aspects of the emulsion polymerization process have 

been studied separately. The results of this work enable the impravement of the 

currently operated emulsion polymerization processes, and will provide guidelines 

for the development ofnovel polymerization processes. For this purpose, a detailed 

experimental program with different monomers, recipes, equipment, and operating 

procedures has been carried out. 

1.3 Selection of model systems 

In this study, the batch emulsion polymerization of styrene and vinyl acetate has 

been chosen as representative model systems for many industrial processes. The 

styrene and vinyl acetate systems differ, among several other characteristics, in 

water solubility of the monomers and in polarity of the resulting polymer partiele 

surface. In emulsion polymerization there is a complicated interaction between the 

polymerization reaction and a number of physical phenomena. The water solubility 

of the monomer strongly influences the kinetics of the polymerization. During 

batch emulsion polymerization of sparsely water soluble monomers such as 

styrene, three time-separated intervals can be distinguished, see Figure 1.1: partiele 

formation (I), polymerization with (II), and without (lil) monomer dropiets present 



4 CHAPTER 1 

(Harkins, 1947; Smith and Ewart, 1948). Partiele formation is dominated by 

micellar nucleation. Once the initiator is added, which is in our case completely 

water soluble, thermal decomposition into radicals occurs. The actual 

polymerization starts in the aqueous phase by reaction of a monomer molecule 
with an initiator radical. After a few propagation steps in the aqueous phase, the 

oligomer radical enters a monomer-swollen micelle and a partiele is formed. In this 

freshly formed polymer particle, i.e. the locus of polymerization, a polymer chain 

starts growing. At the end of interval I all micelles have disappeared and partiele 

nucleation stops. The surfactants, initially present as micelles have then become 

polymer particles or are adsorbed onto the surface of the growing particles to 

provide colloidal stability. During the second stage of the process, the 

polymerization takes place in the monomer-swollen particles. The third interval 

starts when the monomer dropiets have disappeared. In this stage, the reaction rate 

declines due to a decrease of the monomer concentration in the polymer partic les. 

For monomers with a moderate water solubility such as vinyl acetate, 

homogeneous nucleation plays an important role (Hansen and U gel stad, 1978). The 

oligomers grow in the aqueous phase until the solubility limit is reached. Then the 

oligomers precipitate to form partially stabilized primary particles. The polymer 

particles grow by absorbing monomer, and by polymerization as well as by 

coagulation. Contrary to the emulsion polymerization of sparsely water-soluble 

monomers, it is difficult to observe distinct intervals during emulsion 

polymerization of moderately water-soluble monomers. 

For the emulsion polymerization of both styrene and vinyl acetate, sodium dodecyl 

sulfate, sodium persulfate and sodium carbonate have been used as emulsifier, 

initiator and buffer, respectively. The monomer fraction in the recipe bas been 

varied between 25 percent by weight of monomer, teading to a relatively low solids 

content latex product, and 50 wt% monomer in the recipe, teading to a so-called 

high solids latex product. 

Conceming the reactor equipment, two different impeller types have been chosen: 

a turbine impeller, which provides radial acceleration of the fluid at the impeller 

blades, and a pitched blade impeller, which generates axial acceleration of the fluid 

at the impeller blades. In order to study scale-effects, three different reactor scales 

have been investigated. 
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1.4 Scope of this thesis 

F or providing a general basis, chapter 2 gives an overview of the materials, reactor 

equipment and experimental procedures used in this study. Subsequently, the next 

chapters describe the different key issues in emulsion polymerization, as shovm in 
Figure 1.1. In chapter 3, the influence of emulsification of the monomer in the 

aqueous phase on the polymerization process is discussed. A visual criterion is 
described tor determining the lowest impeller speed for sufficient emulsification. 

Chapter 4 deals with the colloidal stability of latex systems. The influence of recipe 
and process conditions on the coagulation behavior of polystyrene and polyvinyl 

acetate latices has been investigated in batch emulsion polymerization experiments 
as well as using experiments in absence of polymerization. Chapter 5 focuses on 
the rheology and flow in high solids emulsion polymerization of styrene. 

Additionally, the relation between the partiele size distribution and the rheology 

and flow of the reaction mixture is discussed. In chapter 6, reaction calorimetry is 
shown to be a versatile tooi for the determination of the heat transfer coefficients in 
batch emulsion polymerization. The effect of the physico-chemical properties of 
the reaction mixture as well as the process conditions on heat transfer has been 

investigated. Finally, chapter 7 discusses some implications of the work described 
in this thesis for industrial emulsion polymerization process design. This thesis has 

been set up in such a way, that each chapter can be read separately. As a 
consequence, some crucial information has been repeated in the subsequent 

chapters. 
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2 EXPERIMENTAL METHOOS 

This chapter describes the materials, the reactor equipment and the various 

experimental procedures used in this study. Additionally, charaeterization 

techniques used for the experiments as described in the next chapters, are 
discussed. 

2.1 nnaterials 

Table 2.1 gives the chemieals used for the (semi-) batch experiments described in 

this thesis. 

Table 2.1: Chemieals used for the experiments described in this thesis. 

Chemica! Purity Supplier Function 

styrene 
. 

industrial grade DSM Research monomer 

vinyl acetate * industrial grade DSM Research monomer 

sodium dodecyl sulfate industrial grade DSM Research emulsifier 

sodium persulfate laboratory grade Janssen initiator 

sodium carbonate Iaberatory grade Merck buffer 
hydroquinone Iaberatory grade A cros short stop agent 

argon 5.0 laboratory grade Hoekloos removal of oxygen 
phosphotungstic acid laboratory grade Merck staining 

uranyl acetate laboratory grade Me rek staining 

ethylene glycol dimethacrylate laboratory grade Aldrich crosslinking agent 

carboxy methyl cellulose Iabaratory grade Aquaion visualization medium 

acidic acrylate latex industrial grade Johnson Polymer visualization medium 

mono ethanol amine laboratory grade Merek neutralization agent 

* Distilled under reduced pressure to remove the inhibitor 4-tert.-butylcatechol (TBC). TBC 

influences the course and outcomc ofthe emulsion polymerization process (Kcmmere et aL, I 999). 

2. 2 Reactor equipment 

2.2.1 Emulsion polymerization reactors 

Batch emulsion polymerization experiments as well as coagulation experiments 

without polymerization were performed in three stainless steel stirred tank reactors 

of different scale (0.935, 1.85 and 7.48 dm3
, respectively), all equipped with four 

haffles and with extemal jackets for heating and cooling. For all experiments the 

liquid height was taken equal to the vessel diameter. Rushton six-bladed turbine 
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impellers and 45° pitched downflow six-bladed impeliers of one third and one half 

of the vessel diameter, respectively, were used. The clearance of the impeller from 

the bottorn was always taken one half of the vessel diameter. Additionally, 

emulsion polymerization experiments were performed in a reaction calorimeter 

(RC1e), having a slightly deviating reactor geometry. Tables 2.2-2.4 summarize the 

dimensions of the equipment, whereas Figure 2.1 shows a schematic view of the 

reactor contiguration as well as the impeliers used in this study. 

Table 2.2: Dimensions (mm) ofthe polymerization reactors used 

scale [dm3
] 0.935 1.85 7.48 0.833 (RC1e) 

internal diameter, D 106 133 212 102 
liquid height 106 133 212 102 

clearance of impeller, C 53 66 106 51 

diameter baffles, db 10 13 20 -
thickness baffles, tb 1 1.5 2 -

Table 2.3: Dimensions (mm) ofthe Rushton turbine impellers*. 

scale [dm3
] 0.935 1.85 7.48 0.833 (RC1e) 

D/d ratio 3 3 2 3 2 3 2 

impeller diameter d 35 44 66 71 106 34 51 
blade width w 7 9 13 14 21 7 10 

blade length I 9 11 16 18 26 9 13 
blade thickness 1 1.5 1.5 1.5 1.5 1 1 
disk diameter 27 33 50 53 79 26 38 
disk thickness 1 1.5 1.5 1.5 1.5 1 1 
shaft diameter 7 7 7 10 10 10 10 

shaft holder diameter 9 12 12 18 27 12 15 

power number NP [-] 5.01) 5.2 4.9 4.4 4.4 5.01) 5.01) 

circulation number Ne [-] 2.32) 2.32) 2.32) 2.32) 2.32) 2.32) 2.32) 

• For symbols, see Figure 2.1; ll, 2l Taken from literature, Kusters, 1991 and Thoenes, 1994, 

respectively. 

The power number Np for each impelier/tank combination was determined from the 

torque exerted on the impeller shaft, except for the 0.935 and 0.833 dm3 reactors. 

In those cases, the power number was taken from literature for lack of a torque 

meter. Torque measurements were carried out in glyceroVwater mixtures. Although 

in principle the power number is a function of the Reynolds number (Bates et al., 
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1963), the variations in power number with Reynolds during the polymerization 

experiments have shown to be rather limited. Therefore, the power number was 

assumed to be constant during all the experiments. 

Tab ie 2.4: Dimensions (mm) of the 45 a pitched downflow six~bladed impeliers *. 

scale [dm3
] 1.85 7.48 0.833 (RCle) 

D/d ratio 3 2 3 2 3 12 
impeller diameter d 44 66 71 106 34 51 
blade width w 9 13 14 21 7 10 
blade length 1 16 26 26 40 11 18 

blade thickness 1.5 1.5 1.5 1.5 1 1 

shaft diameter 7 7 10 10 10 10 

shaft holder diameter 12 12 18 27 12 15 
power number NP [-] 2.6 2.1 1.6 1.3 1.41) 1.41) 

circulation number Ne [-] 1.42) 1.42) 1.42) 1.42) 1.42) 1.42) 

• For symbols, see 

respectively. 

2.1; 1l, z) Taken from literature, Bates et al., 1963 and Thoenes, 1994, 

H 

Figure 2.1: Schematic view of the equipment used in this study. 
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The circulation number Ne of a particular reactor setup is a product of the pump 
number and the circulation ratio (Thoenes, 1994). With the circulation number, the 
average circulation time of the liquid starting from and retuming to the impeller 
region can be calculated. 

The glass vessels used for the visualization experiments had the same geometry as 
the 1.85 and 7.48 dm3 polymerization reactors. 

2.2.2 Reaction calcrimetry 

A commercially available reaction calorimeter (RCle, HP60 reactor, Mettler
Toledo GmbH, Switzerland) was used in this study. A detailed description of the 
characteristics and possibilities of this piece of equipment has been given by 
Varelade la Rosa et al. (1996) and Sáenz de Buruaga et al. (1997). The dimensions 
of the reactor have been given in the previous section, see Tables 2.3 and 2.4. The 
configuration of the reaction calorimeter was slightly different from the 
polymerization reactors. However, during all the experiments the liquid height 
equaled the vessel diameter and the sensors served as baffles. The RCle was 

operated in the isothermal mode at a set reactor temperature of 50.0 °C. Overall 

heat transfer coefficients were determined by calibrations, in which a given amount 
of energy was supplied to a non-reacting fluid by an electrical heater over a period 
of 10 minutes. If during a calibration run the reactor temperature remains constant 
and no other heat effects occur in the system, the overall heat transfer coefficient 
follows from equation (2.1): 

t2 t2 

UA fCTr -Ta) dt = JQc dt (2.1) 

in which A represents the heat transfer area, t1 and t2 are the starting and end times 
of the calibration, Qc stands for the cabbration heat, Tr and Ta are the reactor and 
corrected jacket temperature, respectively. Part of the heat flow from the jacket 
liquid into the reactor is used to heat or cool the reactor wall and is therefore not 
transferred into the reactor contents. The corrected jacket temperature Ta, 
calculated from the real jacket temperature Tj, compensates for this effect. Note 
that the calculation of U according to equation (2.1) assumes a perfectly mixed 
reactor. The overall heat transfer coefficient was measured in duplicate for each 
setup. In most cases the deviation in U remained below 1%. 
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At the beginning and the end of a temperature ramp, the heat capacity of the 

reactor contents, Cp,r. can be determined according to equation (2.2), provided no 

other heat effects occur in the system: 

(2.2) 

in which m; and Cp.i represent the mass and heat capacity of the inserts (i.e. stirrer, 

temperature sensor, electrical heater etc.), respectively. The symbols dT/ dt, mr and 

Cp,r stand for the heating rate, the mass and the heat capacity of the reactor 
contents, respectively. 

2.3 Experimental procedures 

2.3.1 Ab-initia batch emulsion polymerization 

During an ab-initio batch experiment all three intervals according to Smith-Ewart 

kinetics (Harkins, 194 7, Smith and Ewart, 1948) occur successively. Prior to use, 

the water and monomer were flushed with argon separately to remove the oxygen. 

The emulsifier and buffer were dissolved in distilled water. The reactor was 

charged with both the aqueous and monomer phase. Subsequently, the reaction 

mixture was stirred and heated until the desired reaction temperature was reached. 

Finally, the reaction was started by adding the aqueous initiator solution. 

2.3.2 Seeded batch emulsion polymerization 

In seeded batch polymerization, the nucleation period is skipped and the reaction 

starts in interval II. A dialyzed, well-defined, monodisperse seed-latex was mixed 

with the aqueous phase. The subsequent procedures were identical to those 

mentioned for ab-initio batch emulsion polymerization. 

2.3.3 Coagulation experiments without polymerization 

Since the time scale of limited coagulation is small as compared to the time scale 

of partiele growth by simultaneous reaction and monomer absorption (Mayer et al., 

1995), we decided to study the coagulation behavior of latex particles as a function 

of electrolyte concentration without performing emulsion polymerization. The 

reactor was charged with seed-latex and monomer, but no initiator was added. The 
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mixture was stirred and heated until the desired temperature was reached. The 

polymer particles were allowed to absorb monoroer up to maximum swelling (Noë! 

et al., 1995). After the particles were completely swollen, a sample was taken for 

partiele size analysis. After sampling more electrolyte was added, 30 minutes were 
allowed for further coagulation, after which another sample was taken, and so on. 

The swelling methad is particularly suited to study the coagulation behavior of 

polyvinyl acetate latices because homogeneaus secondary nucleation will occur 

during seeded emulsion polymerization of vinyl acetate. 

2.3.4 Visualization experiments for studying emulsification 

A visual criterion was applied to determine the impeller speed just sufficient for 

proper emulsification (N. vis), see Figure 2.2. The stirrer speed was increased 

stepwise. After each speed increment the system was allowed to reach the new 

pseudo equilibrium. The impeller speed at which the macro-phase separation just 

disappeared was denoted as N• vis· In glass vessels the influence of emulsifier 

concentration, monoroer to water ratio, temperature and mixing conditions on the 

emulsification of styrene and vinyl acetate emulsion systems was studied. 

Figure 2.2: Still camera pictures of visualization experiments to delermine !I vis 

needed for sufficient emulsification. CE,ov = 0 kmollmw3• T, = 20 °C, M = 0.27, 

Rushton turbine impel/er with d = l/3D on 7.48 dm3 scale. Stirrer speed: A: 100 

rpm; B: 150 rpm; C: 200 rpm; D: 320 rpm = N•vis· 

2.3.5 Visualization experiments for studying pseudo-plastic behavier 

In order to get a qualitative insight into the overall flow behavior of high solids 

latices, visualization experiments were carried out in transparent, pseudo-plastic 
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liquids. Several media were evaluated for this purpose. An acidic acrylate latex 

was neutralized with mono ethanol amine (MEA) to imprave the transparency. 

Unfortunately, the microstructure of the particles as well as the pseudo-plastic 

rheological behavior disappeared upon neutralization. Aqueous 0.5 wt% carboxy 

methyl cellulose (CMC) solutions appeared to have rheological properties 

camparabie with those of high solids latex products, see Figure 2.3. Observation of 

the decoioring process after injection of a pulse of contrast fluid into the vessel 

containing an aqueous 0.5 wt% CMC salution provided insight into the flow 

behavior on a macroscale during high solids emulsion polymerization. As aresult 

of the presence of dissolved cellulose chains in aqueous solutions of CMC, 

micromixing characteristics may be expected to differ considerably from those in a 

high solids emulsion polymerization. However, the macroscopie flow pattems of 

aqueous CMC solutions and high solids latex products in stirred tanks showed to 

be qualitatively the same. 
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Figure 2.3: Rheological behavior of several media. •: 50 wt% polystyrene latex 

(CNa+ = 0.12 kmollmw3); \/: 0. 5 wt% aqueous CMC-solution; 1'!: acidic acrylic 

latex (44 wt%); 0: transparent acrylic latex after neutralization with mono 

ethanol amine (15 wt% solids). 
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2.4 Characterization techniques 

2.4.1 Conversion 

Monomer conversion was detennined gravimetrically. Samples were taken from 

the reactor and transferred directly into a dry, clean aJuminurn cup, where the 

reaction was short-stopped by addition of hydroquinone. The sample was weighed, 

the free liquid was evaporated on a steambath and the resulting product was dried 

in an oven at 80°C, until a constant weight was obtained. For ab-initio emulsion 

polymerizations, the conversion X was calculated according to equation 2.3, see 

the list of symbols in chapter 8. 

X = ( D - E) - ( F - E)fds 

(F-E)fM 
(2.3) 

For seeded emulsion polymerization the conversion was detennined according to 

equation 2.4, in which the polymer of the seed is included in the calculation of the 

conversion. Using the gravimetrical method, the conversion could be detennined 

within 1% accuracy. 

X= (D-E)-(F-E)·fds 

(F-E) ·!M+S 

2.4.2 Partiele size (distribution) 

(2.4) 

The average partiele size and partiele size distribution are important parameters for 

the quality and applications of a latex product. The partiele size and the partiele 

size distribution were detennined by two different methods: dynamic light 

scattering (DLS) and transmission electron microscopy (TEM). 

Dynamic Light Scattering 

Dynamic light scattering (Berne et al., 1976; Sclunitz, 1990) is a relatively rapid 

method for detennining partiele sizes. The particles in a latex exhibit Brownian 

motion due to collisions of the fluid (water) molecules with the particles. This 

motion is random and the smaller the particles, the faster they move. In DLS the 

intensity of the scattered light beam is measured at a certain fixed angle to the 

primary beam as a function of time. In this study a Malvern Autosizer Ilc was used 
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(laser: 5 mW, He-Ne, À= 633 nm, angle: 90°, T = 25°C). The intensity-weighed 

average diameter was measured. For small particles (dp::;; 60 nm) the scattering is 

isotropie and the Rayleigh approximation is valid. When particles become larger, 

they tend to scatter more in forward direction (Mie theory, van de Hulst, 1957). In 

this regime, scattering shows angular dependenee and the measurement is more 

complex than for small particles. In this case it is important to use the correct 

refractive indices for the particles and the medium, respectively. Samples with a 

broad partiele size distribution are generally difficult to characterize with DLS. 

Transmission Electron Microscopy 

In Transmission electron microscopy, the electron beam passes through a thin 

sample, thus producing an image on a fluorescence screen or photo negative. With 

this technique very small particles (1 nm) are detectable and it is possible to obtain 

a complete partiele size distribution. For the determination of the partiele size 

distribution of latex products, a Jeol 2000 FX transmission electron microscope 

was used. 

Because of the high glass transition temperature, polystyrene particles are stabie 

enough in the electron beam to provide sufficient contrast for taking micrographs. 

Since polyvinyl acetate has a low glass transition temperature (Tg = 29 °C), in 

principle the use of a cryo-TEM technique is required. Unfortunately, cryo-TEM 

facilities were not available in our laboratory. In order to prepare the polyvinyl 

acetate particles for common TEM analysis several techniques were applied. In 

hterature phosphotungstic acid (PTA) (Shaffer et al, 1983; Spit, 1962) as well as 

uranyl acetate (UAc) (Spit 1967; Hodge et al., 1977) are reported as suitable 

species for staining polyvinyl acetate particles. Our experiments reveal that 

staining with 0.5 wt% UAc solution led to a better contrast around the particles, 

than staining with 2 wt% PTA solution, see Figure 2.4. However, background 

artifacts are more pronounced in the case of U Ac staining as compared to staining 

with PTA. Hardening of the particles by crosslinking with ethylene glycol 

dimethacrylate or treatrnent with UV-light does not improve the TEM-images. 

Using the technique described above, it is in principle possible to use common 

TEM -analysis for characterization of polyvinyl acetate la ti ces, however, this 

appeared to be rather time consuming. Therefore, DLS was used to characterize the 

polyvinyl acetate latices throughout. 
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Figure 2.4: TEM photographs of polyvinyl acelate particles of the same latex

sample stained with PTA (A) and with UAc (B). Figure 2.4C shows an excellent 

example of U Ac staining of polyvinyl acelate partiel es. 

2.4.3 Partiele Concentratien 

After partiele size analysis, the partiele concentration (number of particles per unit 

volurne aqueous phase) can be calculated from the monomer conversion and the 

volume averaged partiele diameter, according to equation 2.5: 

N= x CMO MW( 

:(dP_J 3 pP 
(2.5) 

2.4.4 Viscosity 

For rheological measurements an Epprecht Rheomat 15 and a Cantraves Rheomat 

115 were used. Both instruments are concentric cylinder rheometers of the Searle 

type (Macosko, 1994; Blom et al., 1991 ). A rotating bob was placed in the cup 

filled with sample liquid. The torque necessary to obtain a certain shear rate was 

measured. Although a relatively large sample volume (70 ml) was required, these 

rheometers appeared to be suitable for latex products. 
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2.4.5 Dialysis 

lnorganic salts and part of the emulsifier were removed from the seed-latex by 

dialysis, using a Lundia Alpha 500® artificial kidney membrane module 

containing Cuprophan regenerated cellulose sheets of 8 Jlm dry thickness and 

demineralized water as the extraction liquid. The membrane module had an 

effective surface area of 1.0 m2
. Although classica! dialysis is not the most 

appropriate methad to remave electrolyte (Brodnyan et al., 1964; Ottewill et al., 

1966; Force et al., 1967; Edelhauser, 1969), dialysis with a membrane cell has 

showed to be efficient for cleaning relatively large amounts (10 dm3
) of seed latex. 

The influence of the dialysis proeedure used on the ultimate partiele size 

( distribution) of seed latices appeared to be negligible. 

2.4.6 Fractional surface coverage of particles with emulsifier 

After dialysis of a latex, the partiele surface coverage with emulsifier cannot be 

calculated from the emulsifier concentration in the recipe, because part of the 

surfactant is removed during the dialysis process. When bath the critical micelle 

concentration, CcMc, and specific surface area covered by one male of emulsifier, 
AE, are knovvn, the procedure reported by Maron (1954a) and Abbey (1978) can be 

used to determine the fractional surface coverage of the particles with emulsifier. 

When a given amount of latex is titrated with a standard surfactant salution and 

either the surface tension or conductance is measured as a function of the amount 

of emulsifier added, an intersection point can be determined, at which the particles 

are completely occupied with emulsifier and the aqueous phase is saturated at the 

critica! micelle concentration, sec figure 2.5. The titrated soap is assumed to adsorb 

preferentially on the partiele surface. The amount of adsorbed emulsifier on the 

latex/air surface is assumed to be negligible as compared to the adsorbed emulsifier 

on the partiele surface, since the partiele surface area is several orders of 

magnitude larger than the latex/air surface. 

From the amount of emulsifier required to reach the intersection point, mE,tot,addect, 

the amount of emulsifier taken up by the latex particles, CE,p can be approximated 

by equation 2.6. 

mE,tot,added :::: mE.p + point (2.6) 
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The hypothetical emulsifier concentration, CE*, needed to occupy the completely 

empty surface of the particles follows from equation 2. 7. 

(2.7) 

where Ap is the partiele surface per unit volume of the water phase, given by 

equation 2.8, for which the surface average diameter (dp,s) and the partiele 
concentration (N) can be obtained from TEM analysis. 

(2.8) 
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Figure 2.5: Surface tension as a function of added amount of emulsifier salution 

(CE,solution = 0.014 kmollmw3
; T 25 '(:';sample: 5 ml25 wt% polystyrene latex). 

The fractional surface coverage ofthe latex sample, e, follows from equation 2.9. 

A ·(c· -mE,tot,added - c vw,/atex J 
E E V CMCV () = w,int.point w,int.point 

Ap 
(2.9) 

The last term in the numerator of equation 2.9 represents a correction for the 
emulsifier already present in the aqueous phase of the latex sample. Figure 2.6 
illustrates the titration method. 
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Figure 2.6: Schematic representation of the tilration method of Maron to 

characterize the surface cover a ge of latex particles with emulsifier 

The method of Maron gives a rather accurate estimation of the fractional surface 

coverage with emulsifier. Note that for small particles a systematic error may be 

introduced, due to the curvature of the particles (Piirma et al., 1980). In order to 

obtain a reliable value of the fractional surface coverage, it is important to 

accurately perfarm the characterization technique of Maron with different latex 

concentrations. 

The influence of the electrolyte concentration on the CcMc and AE is an important 

factor for the determination of e, see equation 2.9. The Figures 2.7 and 2.8 show 

the effect of the electrolyte concentration on the CcMc and AE, respectively. 
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Figure 2. 7: Effect of electrolyte concentration on CcMc according to Morbidelli et 

al., 1983. 
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Figure 2.8: Effect of electrolyte concentration on AE according to Piirma et al., 

1980. 

In this study the surface tension during titration of the latices was measured at 

25°C with a Krüss digital tensiometer KlOT. This metbod is based on the 

measurement of the force required to detach a frame, in this case a platinum plate, 

from the surface of the latex. This metbod works quickly, is rather simpte, and does 
not require large volumes of latex. We found that the intlucnee of temperature on 

the determination of the intersection point is negligible, which is in agreement with 
Maron (1954b). 

2.4. 7 Torque maasurement 

The power transferred into the reaction mixture by agitation and the corresponding 
mean energy dissipation can be determined by measuring the torque exerted on the 

impeller shaft. In this study the torque applied by the impeller was measured by a 
Staiger Mohilo torque meter, installed between the motor and the impeller shaft. 

Two torque meters operating between 0 and 0.1 Nm and between 0 and 1 Nm were 
used for the 1.85 and 7.48 dm3 vessel, respectively. 
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3 EMULSIFICATION IN EMULSION POLYMERIZATION 

Abstract 

Dispersion of liquid-liquid systems is commonly applied in industrial processes 

such as extraction, suspension and emulsion polymerization. In this chapter, the 

influence of the quality of emulsification on the course and outcome of the batch 

emulsion polymerization of styrene and vinyl acetate has been studied. For this 

purpose, a visual criterion has been applied for determining the lowest impeller 

speed for suftkient emulsif1cation (N* vis). In polymerization experiments at the 

same conditions, N* vis is the critica! value above which no further increase in 

polymerization rate can be observed (N*po1). The results show that styrene/water 

emulsions are more difficult to emulsify than vinyl acetate/water emulsions. In 

general, a large turbine impeller appears to be more effective in emulsifying 

monomer/water dispersions than a pitched blade impeller. 

Main part of this chapter has been accepted for pubheation as M.F. Kemmere, 1. Meuldijk, A.A.H. 

Drinkenburg, and A.L Gerrnan, "Emulsification in batch emulsion polymerization', 1. Appl. Polym. 

Sci. 
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3. 1 Introduetion 

At the beginning of a batch emulsion polymerization the monomer is mainly 

present in dropiets dispersed in the continuous phase. The dropiets serve as 

monomer reservoirs, from which mass transfer of monomer occurs through the 

aqueous phase into the polymer particles. A typical size ofthe monomer dropiets is 

about 5 f.!m (Gilbert, 1995). During emulsion polymerization stirring is necessary 

to keep the monomer phase properly dispersed. If the emulsification is not 

sufficient, the rnass transfer of the monomer from the monomer phase to the 

partiele phase may be limiting. Obviously, such mass transfer limitation affects the 

course and outcome of the polymerization process. The quality of emulsification of 

the monomer is important for the product properties of the ultimate latex product in 

terms of e.g. partiele size ( distribution). This chapter combines the general 

understanding of emulsification with the specific characteristics of the emulsion 

polymerization process. 

3.2 Emulsification 

Emulsification is the process of preparing an emulsion by mechanica} agitation of a 

system containing two approximately immiscible liquids (Becher, 1977). To 

facilitate emulsi:fication, in many cases a surfactant is added. As a result of the 

Gibbs free energy necessary to maintain large oil/water surface areas, emulsions 

are thermodynamically not stable. The droplet size distribution is governed by a 

dynamic equilibrium between break up and coalescence of the droplets, the 

required energy being supplied by the stirrer. 

3.2.1 Droplet size 

In a stirred dispersion, deformation of the dropiets occurs as a result of the shear 

forces in the turbulent flow field. The dropiets experience viscous shear stresses, 

pressure variations along their surface and turbulent velocity fluctuations (Hinze, 

1955; Shinnar, 1961). Break up occurs if the hydrodynamic forces exceed the 

stahilizing forces originating from the interfacial tension and drop viscosity 

(Baldyga et al., 1997). Deforrnation and break up is characterized by the Weber 

number, which is proportional to the ratio of inertia forces and surface tension 

forces. Break up occurs if the Weber number exceeds a critical value. 
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(3.1) 

where Pc, ddrop and cr stand for the density of the continuous phase, droplet size and 

interfacial tension, respectively. The mean square of relative velocity fluctuations 

between two diametrically opposite points on the surface of dropiets is represented 

by u2 (Shinnar, 1961). 

In ernulsion polymerization, monomer droplet sizes are usually smaller than the 

Kolmogorov microscale of turbulence. In the case of isotropie homogeneaus 

turbulence, the viscous shear forces are then dominant in the deformation process. 

In the case of isotropie homogeneaus turbulence, the largest stabie droplet size 

before break up occurs is given by (Shinnar, 1961; Sprow, 1967a): 

dmax = C' (3.2) 

in which T]c, T]d, Vc and Eav represent the dynamic viscosity of continuous phase and 

dispersed phase, the kinematic viscosity of continuous phase and the mean energy 

dissipation, respectively. <P(T]d/T]c) is a function of the ratio of the dynamic 

viscosity of the continuous and the dispersed phase. 

Coalescence of dropiets in a turbulent liquid-liquid systern is affected by the 

relative volumes of tbc continuous and the dispersed phase, the hydrodynamic 

forces as well as the physico-chemical properties of both phases and of the 

interface (Pacek et al., 1997). The rate of coalescence is determined by the 

callision frequency and coalescence efficiency. The latter strongly depends on the 

th1ckness and physico-chemical properties of the thin liquid film between two 

approaching droplets. According to Ivanov (1980), the ra te of film thinning and the 

critica] film thickness at which film rupture occurs, are both influenced by the 

emulsifier present at the interface of the droplets. For monomer dropiets smaller 

than the Kolmogorov rnicroscale, the smallest stabie droplet size before 

coalescence occurs can be given by (Sprow, 1967a): 

dmin = C'' [~ r25 
E: av ) 

(3.3) 
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in which F represents the interaction force between two droplets. Since a pseudo 

steady state is reached at equal rates of break up and coalescence, the average 

monomer droplet size in a particular emulsion system is between the droplet size 

calculated with equation 3.3 and the one calculated with equation 3.2. 

3.2.2 Lowest impeller speed for sufficient emulsification 

The emulsification efficiency of a given reactorfirnpeller combination is often 

expressed in terms of the lowest impeller speed N* vis. required for sufficient 

emulsification of a liquid-liquid system. This stirrer speed has been defined by 

Skelland and Seksaria (1978) as the lowest impeller speed just sufficient to 

completely disperse one liquid into the other, so that no clear liquid is observed at 

either the top or the bottorn of the stirred vessel. In literature empirica} relations 

have been reported, which èan predict N• vis· Variables include physical properties 

of the liquid-liquid system, impeller diameter and impeller type. Van Heuven and 

Beek (1971) have developed empirica} relation 3.4 for waterlhexane and 

water/octanol mixtures. Relation 3.4 is based on their results of emulsification 

experiments in stirred tanks of various scales equipped with Rushton turbine 

impellers. Volume fractions of the dispersed phase up to 40 vol% have been 

investigated. 

( 
A )0.385 0.0769 0.0769 (1 + 2 SA. )0.897 

N*. = 3.28 gup 1lc 0' · 'l'v 
VIS d 0. 769 0.538 

PM 
(3.4) 

Skelland and coworkers (1987, 1989) have reported equation 3.5 based on 

experiments with various impeller types and four different liquid systems on a 7.64 

dm3 tank scale: 

(
D)a ( L\ )0.416 0.084 0.042 A. 0.053 

N*. = C''' - g p 17 M 0' 'l'v 
VIS d d0.71 0.542 

PM 
(3.5) 

In equation 3.4 and 3.5, ~v, 11M, PM, and L\p stand for the volume fraction of the 

dispersed phase, the dynamic viscosity of the mixture, the density of the mixture, 

and the difference in density between the continuous and the dispersed phase, 

respectively. D and d represent the vessel and impeller diameter, respectively. 

Equations 3.2-3.5 show that emulsification is influenced by the equipment and 

energy dissipated into the liquid mixture as well as by the physico-chemical 

properties ofthe system. In order to apply the concept ofN*vis to reacting emulsion 
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systems, polymerization experiments have to be carried out to determine the lowest 

impeller speed to allow for polymerization with maximum ra te, N* pol· The question 
is whether N• pol equals N* vis as determined from visualization experiments without 
reaction. 

3.3 Energy dissipation 

The energy dissipation in a liquid-liquid system depends on the tank configuration, 

scale of operation, impeller speed, impeller geometry and the liquids used. The 
power (P) transferred into the liquid mixture can be determined from the torque on 

the impeller shaft, see equation 3.6, or can be estimated using the dimensionless 

power number (Np), see equation 3.7. The power number depends on the tank 
configuration, the flow pattem, impeller type and speed, and the physical 
properties of the mixture. The Reynolds number, see equation 3.8, is an important 

parameter to characterize the flow in a stirred vessel. In the turbulent flow regime, 
the power number appears to be mainly dependent on the impeller type and the 

geometrical arrangement (Bates et al., 1963). 

(3.6) 

(3.7) 

Re (3.8) 

in which N, I q, and NP stand for the impeller speed, torque and power number, 
respectively. 

The mean energy dissipation Bav. the power input per unit of mass, is given by: 

p 
Eav = 

MM 
(3.9) 

in which MM is the mass of the mixture. 

The critica! droplet size for break up and coalescence is proportional to the mean 

energy dissipation to the power -0.5 and -0.25, respectively, see equations 3.2 and 
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3.3. For exact Rushton geometry (MM oc VM oc D3 oc d\ the mean droplet size for 

simultaneous break up and coalescence of dropiets in an emulsion is expected to 

scale with: 

with 0.25 s P s 0.5 (3.10) 

The Rushton turbine impeller generates a radial circulation profile, while a pitched 

blade impeller gives an axial circulation. Within one circulation, an element of 

emulsified fluid is exposed to regions with different energy dissipation (Salager et 

al., 1997). The distribution of the power transferred into the mixture by the 

impeller depends strongly on the geometrical arrangement, i.e. the reactor 

dimensions in combination with the location, type and diameter of the impeller. 

Since the shear rates and energy dissipation are the highest in the impetter region 

(Okamoto et al., 1981; Wu and Patterson, 1989), break up is 1ikely to prevail bere. 

According to Schäfer et al. (1998), the trailing vortices near the impeller blades are 

the major flow characteristics governing phenomena such as drop break up. 

Coalescence is expected to be dominant in the circulation region of the vessel 

where shear rates are relatively low (Sprow, 1967b ). The circulation time of the 

liquid in the vessel is defined as the ratio between reaction volume and discharge 

rate Q (Thoenes, 1994): 

(3.11) 

where Ne is the circulation number, see chapter 2. 

3.3.1 Scale-up rules 

In general, for translating a process from laboratory scale to larger scale, a choice 

between the following scale-up rules can be considered: 

• constant impeller speed: N; = constant 

• constant impeller tip speed: Ni d = constant 

• constant circulation time: te oc ( d3
/ Ni d3

) oc N;-1 = constant 

• constant Reynolds number: Re oc N; d2 = constant 

• constant power input: P oc Ni3 d5 =constant 

• constant mean energy dissipation: Eav oc (N? d5
/ d3

) oc Ni3 d2 = constant 
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Several authors have investigated the scale-up of emulsification processes. Esch et 

al. (1971) have suggested that sealing-up of reactors for heterogeneaus liquid 
systems requires a constant batch mixing time. The batch mixing time is defined as 

the product of the circulation time and the number of cycles required to obtain a 

uniform distribution of the dispersed phase throughout the vessel. Esch ·et al. 
(1971) use the relationship Ni d 0

.
15 constant to predicta constant batch mixing 

time on different scales. Van Reuven and Beek (1971) have reported different 

scale-up rul es for both droplet size and N* vis· According to the results reported by 

Van Reuven and Beek, the droplet size will be constant by sealing-up on the basis 

of a constant mean energy dissipation. To predict N* vis on different scales, they use 

N1 d 077 = constant, see equation 3.4. According to Skelland and Ramsay (1987), 

N* vis can be predicted by sealing-up with N1 d o.n = constant, see equation 3.5. 

According to Zhou and Kresta (1998a, 1998b) both energy dissipation and flow are 
important factors in consiclering the scale-up of liquid-liquid dispersions. These 

authors have suggested that the mean drop size distribution is better correlated to 
the maximum local energy dissipation rate than to either the average power input 

per unit mass of the dispersion or the impeller tip speed. 

3.4 Physico-chemical properties of the system 

3.4.1 Emulsifier 

The emulsifier used in the system affects the emulsification of the monomer and 

other aspects of the polymerization process, such as nucleation and colloidal 
stability. The present study deals with the effects of the anionic surfactant sodium 

dodecyl sulfate. The type as well as the concentration of the surfactant are 

important. Hoedemakers (1990) has observed considerable differences in 
emulsification of styrene/water mixtures when using rosin acid soap or sodium 
dodecyl sulfate as emulsifier. This work, however, only discusses the influence of 

surfactant concentration. 

The effect of the surfactant concentration on emulsification is twofold. The 
emulsifier lowers the interfacial tension, thus making the shear generated by the 

stirring device more effective in breaking up droplets. Additionally, surfactant 
retards the film thinning between two approaching droplets. This results in a lower 
coalescence efficiency and hence in a lower coalescence rate. Effects of adsorbed 



30 CHAPTER 3 

emulsifier on the droplet surface are likely to be more important when neighboring 
interfaces are close, which is the case for high monomer fractions (Salager et al., 
1997). The overall effect of surfactant in the emulsion system is a smaller droplet 

size at higher emulsifier concentration up to the critica} micelle concentration, 

CcMC· Above the CCMc, the interfacial tension does not change upon a further 
increase of the emulsifier concentration. In this case the break up is hardly 
sensitive to changes in emulsifier concentration (Salager et al., 1997). 

The presence of the surfactant also affects the emulsion polymerization itself. For 
case 2 kinetics, which is generally obeyed by the emulsion polymerization of 
styrene, Smith and Ewart (1948) have derived the following relation for the 

partiele number (N) and polymerization rate (Rp): 

(3.12) 

where C1,0 and CE,ov stand for the initial concentrations of initiator and emulsifier, 
respectively. CcMc is the critica} micelle concentration. Increasing the emulsifier 
concentration results in a higher polymerization rate. Apparently, for 
polymerization the excess emulsifier over the CcMc is relevant. Consequently, the 
time constant of monomertransfer from the monomer dropiets through the aqueous 

phase to the growing polymer particles should be sufficiently short to avoid any 
limitations in the polymerization rate. The monomer-water interfacial area has to 
be large enough to ensure that the polymerization rate will be governed by intrinsic 
kinetics. 

A different mechanism applies for the emulsion polymerization of more water
soluble monomers such as vinyl acetate. In this case, homogeneous nucleation 
plays an important role (Hansen and Ugelstad, 1978). A kinetic relation has been 
developed for the period of constant reaction rate, basedon U gelstad et al. (1967), 
see equation 3.13 (Nomura, 1982; Meuldijk et al., 1992). In the case of 
homogeneous nucleation, the emulsifier concentration has no influence on the 

reaction rate. 

R oc C 05 
p 1 (3.13) 
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3.4.2 Monomer 

Both the type and volume fraction of monomer affect the emulsification of the 

system. In this study the emulsification of styrene and vinyl acetate emulsions has 

been investigated. Physical properties such as the density, water solubility and 

viscosity of the monomer as well as the interfacial tension between the water and 

monomer phase are important parameters. Fontenot and Schork (1993) have 

observed that less water soluble monomers such as styrene are more difficult to 

emulsifY as compared to more water soluble monomers like vinyl acetate, due to 

differences in physico-chemical properties. 

A higher volume fraction of monomer in the system results in a higher col lision 

frequency of the dropiets and consequently in a higher coalescence rate. The 

viscosity of the emulsion also changes, due to the increased mutual interaction 

between the dropiets at a high monomer fraction in the system. According to 
equations 3.12 and 3.13, the monomer concentration doesnotaffect the rate of 

polymerization of styrene and vinyl acetate. 

3.4.3 Reaction temperature 

The temperature affects both emulsification and polymerization. An increase in 

temperature can have different effects on droplet size (Salager et al., 1997). Due to 

a higher temperature, the intemal phase viscosity decreases, thus enhancing the 

droplet break up rate. On the other hand, a higher temperature reduces the 

surfactani adsorption, increasing the interfacial tension. A high interfacial tension 

favors coalescence and lowers the break up of droplets. Depending on the system 

used and the magnitude of the temperature change, one of both effects prevails. 

The emulsion polymerization reaction is affected by temperature, since both the 

initiator decomposition rate and propagation rate are dependent on temperature 

according to the Arrhenius equation. Since higher temperatures result in higher 

polymerization rates, the requirements for sufficient emulsification of the monomer 

become even more stringent. 

3.5 Results and discussion 

Initially, two methods for droplet size measurement in emulsion systems have been 

applied: off-line laser diffraction speetrometry using a Malvem 2600HSL partiele 
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sizer (Hoedemakers, 1990) and an on-line laser back-scattering technique, using a 

Partee 100 apparatus (van den Boomen and Akhssay, 1997). Both methods have 

shown limitations for the investigation of emulsification. Applying the off-line 

method, samples are strongly diluted, approaching the water solubility of the 

monomer. Because of this strong dilution, the dropiets may dissolve partially in the 

aqueous phase. Besides that, the samples have to be stabie for a period of at least 

10 minutes, which is not very likely consiclering the low internat viscosity of the 

monomer droplets. The results obtained by Hoedemakers (1990) deviate from 

results reported in literature (Nomura et al., 1972), probably for this reason. Also, 

the on-line method will not give reliable quantitative information on droplet sizes 

(van den Boomen and Akhssay, 1997) as aresult ofthe disturbance by air bubbles. 

Nevertheless, it is possible to observe trends in droplet size as a function of energy 

dissipation and monomer volume fraction. Conceming styrene/water emulsions 

without emulsifier, the results indicate that for low volume fractions of dispersed 

phase (< 10 vol% styrene), the break-up mechanism (13;:::; 0.5, see equation 3.10) 

appears to be dominant, whereas for high volume fractions of dispersed phase (> 

25 vol% styrene) the coalescence ofthe dropiets is the predominant mechanism (13 

;:::; 0.25, see equation 3.10). Major drawback of the on-line back-scattering 

technique is that it is impossible to measure droplet sizes in liquid-liquid systems 

with surfactants. In those systems the monomer dropiets are generally too small to 

be measured with this technique. As the measurement of a critica! droplet size only 

results in a certain arbitrary defined number, we have chosen to use the visual 

observation of sufficient emulsification based on N• vis throughout. 

In addition to emulsification experiments, emulsion polymerizations have been 
performed in common stirred tank reactors as well as in a reaction calorimeter in 

order to study emulsification under reaction conditions. The recipe used for the ab

initia emulsion polymerization experiments and the reaction calorimetrie studies is 

given in Table 3 .1. 

Table 3.1: Recipe used for the ab-initia emulsion polymerization experiments of 

styrene and vinyl acetate. 

monomer volume fraction [-] 0.25 

CE [k:mollmw3
] 0.010 I 0.020 

C, [kmollmw3
] 0.010 

Cs [kmollmw3
] 0.0090 
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3.5.1 Emulsification in styrene/water mixtures 

Visualization and polymerization experiments have been performed on both 1.85 
and 7.48 dm3 scale, for which the results are given in Appendix A. 

Visualization experiments for studying emulsification 

The cri ti cal stirrer speeds N* vis as determined by visualization experiments on 1.85 

dm3 scale, have been collected in Table A. L The results show that the influence of 

emulsifier on N* vis is twofold. 1be difference between N* vis for water/styrene 

mixtureswithand without emulsifier is considerable (e.g. 550 rpm versus 320 rpm, 

respectively for the given examples, see experiments 1 and 2). Increasing the 

emulsifier concentration from 0.01 to 0.08 kmollmw3 only slightly influences N* vis· 

These results support the explanation given by Salager et al. ( 1997), that for 

emulsifier concentrations above the critica} micelle concentration no significant 

influence of emulsifier concentration on the emulsification process can be 

expected. 

An increase in the monomer weight fraction from 0.25 to 0.50 does not change 

N* vis under further equal circumstances, see e.g. experiments 1 and 3. All systems 

used in this study have rather high monomer concentrations. Apparently, the 

emulsif'îcation is not significantly sensitive to variations in monomer concentration 

for systems at the monomer concentration level used. This result is in contrast with 

diluted systems in which the concentration of dispersed phase significantly 
int1uences the emulsification (Pacek et aL, 1997). 

At higher temperature (50 oe versus 20 oq, a higher N*vis for emulsification is 

found, see e.g. experiments 2 and 5. A possible explanation is, that higher 

temperatures result in a higher interfacial tension. The opposite effect of a lower 

internal viscosity of the dispersed phase resulting from an increase in temperature, 

(Salager et al., 1997) appears to be not significant for the dispersions investigated 

in this study. The viscosity of the monomer dropiets only varies slightly with 

temperature. 

Visualization experiments have also been carried out in the presence of latex 

particles. In Table A. I these experiments are marked with T. The results show that 

the presence of polymer particles increases N• vis in all cases, but in particular in the 
experiment with a pitched blade impeller of d = 1/3D, see experiment 19. 

Apparently, this impeller is less effective for emulsification. The increase in N* vis 
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as compared to visualization experiments without latex particles probably results 

from a redistribution of the overall amount of emulsifier in the system. As a result 
of adsorption of the emulsifier on the surface of the latex particles, there will he 
less emulsifier available for the stabilization of the monomer droplets. 

In Table A.2 the values of N* vis. determined on a 7.48 dm3 scale with a monomer 
volume fraction of0.25, are collected. The results on 1.85 dm3 scale concerning the 
influence of temperature and the presence of polymer particles in the system, are 
confirmed by the results on a 7.48 dm3 scale. 

The results given in the Tables Al and A.2 demonstrate a significant intlucnee of 

the impel/er type and diameter on N* vis· In agreement with Johansson and Godfrey 
( 1997), our results show that the Rushton turbine impeller requires less power per 

unit of mass than the pitched b1ade impeller for the same emulsion system. The 
different performances of the impeliers used are even more pronounced on the 
larger scale. The results indicate that for the same average power input per unit of 
mass, a Rushton turbine provides better emulsification as compared to a pitched 

blade impeller. This different performance of the two impeller types originates 
from a different flow pattem and a different energy dissipation distribution in the 
vessel: a turbine impeller generates a less uniform energy dissipatioh distribution 

than a pitched blade impeller (Tiljander et al., 1997). It has, however, to he noted 
that the torque on the impeller shaft determined on 1.85 dm3 scale bas a limited 
accuracy. This limited accuracy originates from the low absolute value of the 
torque for low viscosity mixtures. Consequently, the differences between 'torque'
based and 'power number' -based mean energy dissipation are significantly larger 

as compared to the 7.48 dm3 scale, because of the better accuracy of the torque 
measurement on the larger scale. Despite the different flow pattems of the turbine 

and the pitched blade impeller, the circulation time, as calculated with equation 
3.11, and the experimentally determined N*vis• do notshow remarkable differences 

between the two impellers. 

The results of the various scale-up rules for N* vis on sealing-up from 1.85 dm3 to 
7.48 dm3 are presented in Table A.3. The experimentally observed values ofN*vis 

on both scales arealso given in Table A.3. The underlined stirrer speed gives the 
ciosest approach to the experimentally determined value ofN*vis on 7.48 dm3 scale 
for a particular system. When using a constant Reynolds number or a constant 
power input for scale-up, the experimentally determined values of N* vis are always 
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underestimated, while the other scale-up rul es overestimate the experimental N* vis 

in most cases. For the turbine impeller, scale-up based on constant impeller tip 
speed appears to be the most appropriate. The se ale-up of N* vis for the pitched 

blade impeller is more complicated, although scale-up with constant impeller tip 
speed gives a rough estimate. To make sure no mass transfer limitations occur 

during polymerization with a pitched blade impeller, it is recommended to keep the 
mean energy dissipation constant for predicting the lowest impeller speed for 

sufficient emulsification. It has to be realized, however, that the differences in scale 
are rather small and only two reactor scales have been investigated. The reliability 

of the determination of the most suitable scale-up rule for emulsification may 
therefore be limited. 

Table 3.2: Physical constanis for styrenelwater (SIW) and vinyl acelate (VAc/W) 

disperstons usedfor the prediefion ofN*vis according to equations 3.4 and 3.5. 

g [m/s2] 9.81 

rrs!W [N/m] without emulsifier1 0.012 

a s;w [N/m] with emulsifier1 0.0012 

a vAc/w [N/m] without emulsifier1 0.006 

a vAc!W [N/m] with emulsifier1 0.0006 

Pwater [kg/m3
] 

2 1000 

Pstyrene [kg/m3
] 

3 878 

Pvinyl acetate [kg/m3
] 

2 934 

Pmixture [kg/m3
] 

4 
(1 r/JJ Pc + r/Jv Pd 

Tl water [Pa S] 
2 1.00. 10-3 

Tlstyrene [Pa S] 3 0.691 . 10-3 

11 vinyl acetate [Pa S] 2 24.0. 10-3 

Tl mixture [Pa S ]
4 

__!1,_ [1 + 1.5 ~' ,P, J 
1 r/Jv 1Jd+1Jc 

C"' [-] turbine4 0.53 

a[-] turbine4 1.7 

C'" [-] pitched b1ade4 0.84 

a[-] pitched blade4 1.97 
1 estlmated, 2 Ltde (1997-1998), 3 Yaws (1977), 4 Skelland and Moet1 (1989) 
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In Table A.4 the values of N* vis, predicted with the empirica/ relations 3.4 and 3.5 
are given for the experimental setup used in this study. The physical constants used 

have been collected in Table 3.2. For equation 3.4 as wellas for equation 3.5, the 

trends in terms of impeller type and impeller diameter are in qualitative agreement 
with the experimentally observed values of N* vis· The effect of monomer fraction in 
the recipe on N*vis is overestimated by both equation 3.4 and 3.5 in all cases. 
Equations 3.4 and 3.5 underestimate the influence ofthe emulsifier as expressed in 

the interfacial tension cr. Note that the values of the interfacial tension of the 

various emulsion mixtures are estimated. From these results it can be concluded 

that equation 3.5, developed by Skelland and Ramsay (1987) approaches the 

experimentally observed N* vis closer than equation 3.4, given by van Reuven and 
Beek (1971). In general, equation 3.5 gives a rough estimate ofthe lowest impeller 

speed necessary for sufficient emulsification of a particular system. 

Emulsion polymerizations in common stirred tank reactors 

Several ab-initio experiments ofthe emulsion polymerization of styrene have been 
performed with varying impeller speeds, see Table A.5 and Figure 3.1. From 
Figure 3.1 it can be concluded that there is an impeller speed above which no 

significant change in conversion time history can be observed (N*po1). Within the 
experimental error, the values ofN*pot and N*vis are equal for this particular system. 
For the system shown in Figure 3.1, N*vis equals 360 rpm. During the 

polymerization experiments with a stirrer speed below N* vis. the emulsification is 
not sufficient. In interval I a small difference in conversion time history can be 
observed for the polymerization with Ni = 250 rpm, as compared to the 
experiments at higher stirrer speeds. The interval of partiele nucleation lasts Jonger 
than for polymerization with sufficient emulsificatiort. The particles grow slowly, 

and the consumption of emulsifier by adsorption onto the partiele surface is less 
than for polymerizations with intrinsic reaction rate. Consequently, more micelles 
are available for nucleation over a longer period of time. This effect results in a 
large number of small particles as compared to the polymerizations with proper 
emulsification. As a result of the poor emulsification, a slightly higher reaction rate 
is observed in the first interval. This effect probably results from the higher partiele 
number. During interval II both the conversion and partiele size hardly increase for 

experiments with impeller speeds of 250 and 275 rpm. The following explanation 
can be given for the sudden stop of the reaction. When the dispersed monomer in 
both dropiets and particles has been completely consumed, the only monomer 
available for polymerization is in the top layer. The rate of mass transfer from the 
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monomer layer is low as a result of the small interfacial area. The amount of 

monomer in this layer is larger for lower impeller speeds, see Figure 2.2. 
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Figure 3.1: Ab-initia emulsion polymerization experiments of styrene with a 

turbine impeller 1/3D on 1.85 dm3 scale. A Conversion time history B Partiele size 

versus time. Stirrer speed [rpm]: X 250; 0: 275; •: 360 (IV viJ; +: 500: A: 800. 

0.5 0.5 
A B 

0.4 0.4 

:;:0.3 :;:0.3 

" c 

~ Ul __ j 
~ 

~0.2 

~:.: r 0.1 

-~ 
30 50 70 90 110 30 50 70 90 110 

partiele aize [nm] partiele sl:te [nm] 

30 50 70 90 110 30 50 70 90 110 
partiele sizo [nm] portioio slze [nmj 

Figure 3.2: Partiele size distribution of final latices of the polymerization 

experiments ofstyrene with a turbine impeller of 113D on a 1.85 dm3 scale. A: N1 = 

27 5 rpm, Xfinal = 0. 70; B: M = N* vis 360 rpm, Xfinal = 0.95; C: N, = 500 rpm, Xfinal 

0.94; D: 800 rpm, Xfinal = 0.91. 

Figure 3.2 shows the correspondingparticle size distributions ofthe finallatices of 

the experiments shown in Figure 3 .1. The partiele size dis tribution of the 

experiment with Ni = 275 rpm is very broad. This broad partiele size distribution 
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originates from the large difference in growth time between early formed particles 
and particles formed at the end of interval L The partiele size distributions of the 
experiments with Ni = 360, 500 and 800 rpm are approximately the same. The 
results show that once poor emulsification has affected interval I, it will determine 
the further course of the reaction, and it will be very difficult to compensate for 
these effects. 

In Table A.5 the molecular weight of the final product is given for most of the 
experiments. The molecular weight of the latices has been analyzed by size 
exclusion chromatography (Manders, 1997), using 0.5 mg/ml solutions ofpolymer 
in tetrahydrofuran. The molecular weight of the polymer produced during the 
experiments with Ni = 250 and 275 rpm, is significantly lower than the molecular 
weight of the polymer produced in the other experiments on a 1.85 dm3 scale. 
Figure 3.3 presents the molecular weight distributtons of the polymer produced in 
the polymerization with N = 250 rpm. Since no chain transfer agent has been used, 
the molecular weight is rather high. The absolute value of such a high molecular 
weight of the polymer is not very accurate. The shape of the molecular weight 
distribution, however, is reliable. When the conversion time history starts to 
deviate from the other experiments, see Figure 3 .2, more low molecular weight 
polymer is formed, probably as a result of severe mass transfer limitations. An 

explanation may be that the polymer ebains are shorter, because the monomer 
concentration in the polymer particles is lower than at equilibrium conditions. The 
polymer chains grow slower and as a consequence the termination rate increases. 
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Figure 3.3: Molecular weight distributton during the polymerization experiment of 

styrene with a turbine impel/er of 113D on 1.85 dm3 scale with an impeller speed of 

250 rpm. X[-]: - 0.29;- 0.34;- 0.38. 
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Figure 3.4 shows the effect of temperafure and impeller t}pe on the ab-initio 

emulsion polymerization of styrene with a stirrer speed equal to N* vis in all cases. 

At a reaction temperature of 50 oe, the conversion time history of the experiment 

with the pitched blade impeller of d 1/2 D shows a significant deviation from the 

conversion time history of the experiment with the Rushton turbine impeller of d = 
li3 D. This effect is probably due tosome traces of oxygen present in the reaction 

mixture. The development of partiele size with time is only slightly different for 
both experiments. The partiele size distribution of the polymerization with the 
pitched blade impeller is not broader than the partiele size distributions of Figure 
3.2B, e and D, i.e. forintrinsic polymerization. The molecular weight distribution 

is identical to the molecular weight distributions of the turbine impeller 

experiments with Ni = 360 and 800 rpm. 

At a reaction temperature of 75 oe, the differences in conversion time history and 

partiele size development between the turbine and pitched blade impeller are not 
significant. The higher reaction temperature increases the polymerization rate as 

compared to the 50 oe polymerization, but the visually determined N* vis is for both 

impellers sufficient to guarantee intrinsic polymerization rates. 
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Figure 3.4: Ab-initia emulsion polymerization experiments ofstyrene with different 

impel/er types andreaction temperatures on 1.85 dm3 scale. A Conversion time 

history B Partiele size versus time .• .- 1/3T, Ni= 360 rpm (Nvis), T, 50.0 oe: .A.: 
1/2P, Ni 195 rpm (!{vis), 1~ = 50.0 °C; 0: l/3T, Ni 370 rpm (N*vis), T, 75.0 

°C,· A: l/2P, N; 210 rpm (N*vis), Tr 75.0 oe. 

In Figure 3 .SA the results of several ab-initio emulsion polymerization experiments 

of styrene on a 7.48 dm3 scale are presented. For an equal emulsifier concentration 

of0.02 kmollmw3
, both 7.48 dm3 experiments follow the curve fit ofthe conversion 

time history on 1.85 dm3 scale. No difference in conversion time history between 
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the two experiments on a 7.48 dm3 scale is observed. The results in Figure 3.5A 

indicate that on a 7.48 dm3 scale no significant influence of the impeller speed on 

the conversion time history can be expected for N; ~ N* vis· 

The evolution ofthe partiele size with time for the experiments on 7.48 dm3 scale 

has been presented in Figure 3.5B. The results in Figure 3.5B show that for 

conditions where the polymerization rate equals the intrinsic rate, the mean partiele 

size on the 7.48 dm3 scale deviates from the one observed on a 1.85 dm3 scale. The 

deviation is significant for reaction times beyond 40 minutes. The evolution of the 

partiele size for small scale experiments is given by a curve fit for experiments 

with intrinsic polymerization rates, see Figure 3.1B. 

At a low emulsifier concentration of 0.01 kmollmw3
, some influence of impeller 

speed on the conversion time history has been observed, see Figure 3.5A. The 

conversion in the experiment with N; = N* vis is somewhat different from that in the 

experiment with N; > N* vis and the partiele size distribution of the experiment with 

N; = N* vis is slightly broader than the partiele size distribution of the experiment 

with N; > N* vis· Close to the critica} micelle concentra ti on, the stirrer is probably 

less efficient in breaking up the monoroer dropiets into smaller ones. Consequently, 

the overall surface area of the monoroer dropiets for mass transfer is smaller 

relative to high emuisifier concentrations. The polymerization rate increases with 

emulsifier concentration, but not as predicted by equation 3 .12. 
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Figure 3.5: Ab-initio emulsion polymerization experiments of styrene with a 
turbine impeller 113D on 7.48 dm3 scale. A Conversion time history B Partiele size 
versus time . ... CE,ov = 0.02 kmollmw3

, N; = 205 rpm (Nvis); .A.: CE,ov 0.02 

kmollmw3
, N; 450 rpm; Q; CE,ov = 0.01 kmollmw3

, N; = 205 rpm (Nv;5 ); ~: CE,ov = 

0.01 kmollmw3
, M = 450 rpm; -: curve fit of polymerization experiments with 

turbine impel/er of 113D with impeller speed 360, 500 and 800 rpm on 1.85 dm3 

scale, see Figure 3.1. 
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Comparison of the duplicate experiments of the pitched blade impeller with N; = 

195 rpm and the turbine impeller with N; 275 rpm, show that beside 
emulsification, other effects, such as different levels of oxygen in the reaction 
mixture may have influenced the course of the reaction. 

Emulsion polymerizations in a reaction calorimeter 

During emulsion polymerization experiments with the reaction calorimetrie 

equipment the rate of heat production On the heat of polymerization L'lrH, the 

calorimetrie conversion X, the final partiele size dp.vfinab and the final solids content 
S have been measured. Figure 3.6A shows some examples ofthe time evolution of 

the heat of reaction, Or· In Figure 3.6B the corresponding fractional reaction 
calorimetrie conversion versus time is given. Note that the calorimetrie conversion 

differs from the gravimetrical conversion, since the calorimetrie conversion is the 

ratio of the partial heat of reaction evolved at time t and the total heat of reaction at 
the end of the experiment. From the data presented in Figure 3.6, the heat of 
reaction can he obtained as a function of the calorimetrie conversion, see Figure 

3. 7. During the experiments with intrinsic polymerization ra te, the shape of the 
heat of reaction curve is similar. The following explanation can he given for the 
shape of the heat of reaction curves. According to Varela de la Rosa et al. ( 1996), 

the nucleation period is indicated by the increase in the rate of polymerization up to 
the maximum. Accordingly, our results show a relatively long nucleation period, 

which is in agreement with the results obtained by Varelade la Rosa et al. (1996). 
The deercase in the rate of polymerization results from the disappearance of the 

monomer dropJets and the reduction of monoroer concentration in the polymer 
partic les. The second maximum in the reaction rate may be caused by the gel-effect 

(Varela de la Rosa et al., 1996). 

The results of the experiments with the turbine and pitched blade impeller of 113D 
are summarized in the Tables 3.3 and 3.4 and the Figures 3.6 and 3.7. The 

distinction between insufficient and proper emulsification is quite precise. In 
addition to visualization experiments and common emulsion polymerization, 

reaction calorimetry can accurately determine the required process conditions for 
sufficient emulsification. From the results follows that N* pol for the turbine impeller 

is between 400 and 410 rpm, whereas for the pitched blade impeller N* pol is 

between 575 and 585 rpm. 
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Figure 3. 6: Reaction calorimetrie study of the emulsion polymerization of styrene 

with a turbine impel/er 1 /3D A Rate of heat production by polymerization as a 

function of time B Fractional reaction calorimetrie conversion as a function of 

time. 

Table 3.3: Results of ab-initia emulsion polymerization experiments of styrene with 

a turbine impel/er 1 13D, performed in the reaction calorimeter. 

Exp. Ni ArH dp,vfinal 

[rpm] [kJ/mol] [nm] 

1 300 40.5 73.7 

2 350 60.1 75.6 

3 375 66.2 81.3 

4 400 68.6 74.6 

5 410 69.7 78.4 

6 425 70.9 78.1 

7 450 70.7 80.6 

8 475 69.6 78.3 

9 500 69.0 74.3 

10 600 70.1 71.3 

11 700 68.6 73.1 
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Figure 3. 7: Heat production rate as a function of fractional calorimetrie 

conversion for the emulsion polymerization of styrene. A,B: J/3T; C,D: l/3P; A,C 

Poor emulsification B,D Sufficient emulsification. 

Table 3.4: Results of ab-intio emu/sion polymerization experiments of styrene with 

a pitched blade impeller J/3D, performed in the reaction calorimeter. 

Exp. IN; I ArH 
I f~;Jal is 

[rpm] i [kJ/mol] [-] 

12 500 37.8 67.8 0.135 

13 550 68.3 . 75.7 0.243 
.. _ 

14 575 I 68.5 71.0 0.245 

15 585 70.5 75.1 0.245 

16 600 i 70.6 75.7 0.247 

17 700 71.1 75.2 0.246 

18 800 69.3 75.1 0.249 

3.5.2 Emulsification in vinyl acetata/water mixtures 

In addition to the study on the emulsification effects in styrene/water mixtures, the 

emulsification of a more water-soluble monomer such as vinyl acetate has been 
investigated as well. 

Visualization experiments for studying emulsification 

The stirrer speeds N* vis for vinyl acetate/water mixtures as determined by 

visualization experiments on a 1.85 and a 7.48 dm3 scale have been collected in 

Table A.6. The results obtained for the styrene/water mixtures conceming the 

effects of temperafure and emulsifier are similar to the results of the vinyl 

acetate/water emulsions shown in Table A.6. Increasing the monomer weight 

fraction in vinyl acetate/water emulsions causes a slight increase in N*vis· 
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Consiclering the influence of impeller type, the turbine impeller with a diameter of 
1/3D requires less power than the pitched blade impeller with a diameter of 113D. 
Ho wever, for the larger impeller diameters the influence of impeller type declines. 

Table A. 7 gives the prediction of N*, based on the various scale-up ru/es by 

sealing-up from 1.85 dm3 to 7.48 dm3
, from RCle (0.833 dm3

) to 1.85 dm3
, and 

from RCle to 7.48 dm3
, respectively. The results do notshow a clear trend. Here 

also, it has to be noted that the reliability of the determination of the most 
appropriate scale-up rule for emulsification, is limited because of the relatively 

small ditierences in scale. From Table A.7 it follows that scale-up with constant 
mean energy dissipation probably provides the best estimate of N* on larger scale. 

In Table A.8 predictions ofN*vis• calculated with the empirica! relations 3.4 and 3.5 
are collected for the vinyl acetate/water mixtures on both reactor scales. The 
required physical constants can be found in Table 3.2. Conceming the turbine 

impeliers of l/3D and l/2D, the relation by Skelland and Ramsay (equation 3.5) 
gives a better estimate than the equation by van Heuven and Beek (equation 3.4), 
whereas for the pitched blade impeliers the equation by Skelland and Ramsay 
severely overestimates the N* vis· The similarity between the experimentally 

determined N* vis and the calculated N* vis is worse as compared to the styrene 
experiments, see Table A.4. This difference may be caused by the inaccuracies in 

both the experiments and calculations. Foam formation in the visualization 
experiments has complicated the determination of the experimental determined 
N* vis, while the values for the interfacial tension have been estimated in order to 
calculate N*vis with equation 3.4 and 3.5. 

Emulsion polymerizations in common stirred tank reactors 
Several ab-initio emulsion polymerizations of vinyl acetate have been performed, 
see Table A.9 and Figures 3.8-3.10. As for the polymerization of styrene, in these 
experiments the influence of the stirrer speed is significant also. Again, there is a 
critical stirrer speed, required to obtain a maximum polymerization rate, coinciding 

with the formation oflarger particles. In some polymerization experiments with the 
pitched blade impeller, polymerization rates are slightly lower. Figures 3.8 and 3.9 
show that N*pol is approximately 290 and 425 rpm for the turbine and pitched blade 
impeller on 1.85 dm3 scale, respectively. According to Figure 3.10, N*pol lies 
between 100 and 150 rpm for the turbine impeller on 7.48 dm3 scale. In all cases, 

the visually determined N*vis agrees reasonably well with N*po~, see Table A.7. Note 
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that on the 1.85 dm3 scale N* vis has been determined at a lower temperature than 

N* pol· Consequently, N* pol is underestimated using the visualization results. The 
course of the reaction and the partiele size development are approximately the 
same for all the polymerization experiments with sufficient emulsification, except 
for some experiments with the pitched blade impeller, which show a slight 
difference in conversion time history. This is probably due to some inhibition 
effects. 
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Figure 3.8: Ab-initia emulsion polymerization experimentsof vinyl acelate with a 

turbine impel/er 113D on 1.85 dm3 scale. A Conversion time history B Partiele size 

versus conversion Stirrer speed [rpm]: · 175; 0: 225; L1: 240; 0: 280; e: 300; 

À: 415; .: 500 (N*vis 250 rpm, T = 20 "C). 
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Figure 3.9: Ab-initia emulsion polymerization experimentsof vinyl acelate with a 

pitched blade impel/er liJD on 1. 85 dm3 scale. A Conversion time history B 

Partiele size versus time. Stirrer speed [rpm]: tl: 300; 0: 425,· À: 460; ... 500 

(N*vis = 400 rpm, T 20 "C); -: curve fit of polymerization experiments with 

turbine impel/er of 113 D with impel/er speed 300, 415 and 500 rpm on 1.85 dm3 

scale, see Figure 3.8. 
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Figure 3.10: Ab-initio emulsion polymerization experiments of vinyl acetate with a 

turbine impeller 113D on 7.48 dm3 scale. A Conversion time history B Partiele size 

versus time. Stirrer speed [rpm]: 0: 100; .Á: 150,· •: 300 (N*vis = 140 rpm, T 50 

'C); -: curvefit ofpolymerization experiments with turbine impeller of 113D with 

impeller speed 300, 415 and 500 rpm on 1.85 dm3 scale, seeFigure 3.8. 

Emulsion polymerizations in a reaction calorimeter 
The results of the reaction calorimetrie study on emulsification effects during the 

emulsion polyrnerization of vinyl acetate are collected in Tables A.l O-A.13 and 
Figure 3.11. In Table 3.5 the values ofN*pol as obtained with the RC1e equipment 

are reported for the different impeliers used. In correspondence with the reaction 

calorimetrie experiments of styrene, the results of the emulsion polyrnerization of 
vinyl acetate show that N• pol can accurately be deterrnined with reaction 

calorimetry. The results in Table 3.5 pointtoa minor effect ofthe impeller type on 

N* pol· However, larger impeller to vessel ratios lead to considerably lower values of 

N*pol· 

Table 3.5: N pot for vinyl acelate emulsion polymerization as determined from 

reaction calorimetrie studies. 

impeller type N*pol [rpm] 

l/3T 410 425 

l/2T 135-142 

1/3P 410-425 

112P 150- 160 
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Figure 3.11: Heat production ra te as a function of fractional calorimetrie 

conversionfor the emulsion polymerization ofvinyl acetate. A,B: l/3T; C,D: 112T; 

E,F: J/3P; G,H 112P; A,C,E,F Poor emulsification B,D,F,H Sufficient 
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Pre-mix experiments 

The visualization experiments have shown that vinyl acetate/water emulsions 
exhibit relatively long stability after the stirrer has been stopped. Assuming good 
emulsion stability over a sufficiently long period of time, it may be convenient to 
pre-mix an emulsion polymerization reaction mixture at a rather high impeller 

speed and perform the reaction with a lower stirrer speed. The impeller speed 

should then be lowered just before initiator addition, see Figure 3.12. In principle 
the use of a pre-mixer reduces the overall energy consumption (Maa and Hsu, 
1996). An additional advantage of the pre-mix setup for the emulsification process, 
is the possibility to adapt the stirring device during polymerization to the pseudo

plastic rheology ofhigh solids latices in orderto improve heat transfer. This will be 
discussed in more detail in chapter 6. 

impeller 
speed 

t 

,.._ initiator addition 

'"""'" '"""""''""''""'+"··"'"""'''"''''''''''''''''''"'''''''''''''""""""''''"'''"'''''" * N pol 

___.,. time 

Figure 3.12: Schematic time-schedule of a pre-mix experiment for the emulsion 

polymerization of vinyl acetate. 

The Figures 3.13 and 3.14 show the results ofthe pre-mix emulsion polymerization 
on a 1.85 dm3 scale as well as the results obtained with the reaction calorimeter, 
respectively. The results indicate that the polymerization of vinyl acetate can be 

performed at N1 < N* pot by pre-mixing the reaction mixture at Ni > N* pol· The vinyl 
acetate/water emulsion remains relatively stabie during polymerization, which 

guarantees intrinsic polymerization rate. 
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Figure 3.13: Ab-initia emulsion polymerization experiments of vinyl acelate with a 

turbine impeller 113D on 1.85 dm3 scale. A Conversion time history B Partiele size 

versus time. Stirrer speed [rpm]: 0: 225; ..&: 3001225 (pre-mix experiment); ... 

300 (N*pol 290 rpm). 
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Figure 3.14: Rate of heat production as a function of fractional calorimetrie 

conversionfor the emulsion polymerization of vinyl acetate with a turbine impel/er 

l/3D (N*pol 420 rpmf 

3. 6 Conclusions 

The results of this study on emulsification in batch emulsion polymerization of 

styrene and vinyl acetate show that the lowest impeller speed for sufficient 

emulsification, as determined by a visual criterion, in most cases corresponds with 

the impeller speed above which polymerization with maximum rate occurs. The 

required process conditions for sufficient emulsification can accurately be 

determined with visualization experiments for studying emulsification, in 

combination with polymerization experiments in both common stirred tank 

reactors and areaction calorimeter. 
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Conceming the impel/er type and diameter as well as the physico-chemical 

properties of the liquid-liquid mixture, the following detailed conclusions can be 
formulated: 

• Our results show that dispersion with a turbine impeller requires less power per 

unit of mass to obtain su:fficient emulsification as compared to a pitched blade 
impeller, except for the larger impeller diameter used in case of vinyl 

acetate/water emulsions. This is in agreement with the findings of Johansson 
and Godfrey (1997). 

• A larger impeller diameter requires less power per unit of mass for proper 

emulsification. 

• Addition of emulsifier to the mixture considerably reduces the required stirrer 
speed for sufficient emulsification. 

• At elevated temperatures, the coalescence rate of the monoroer dropiets is 
higher and consequently the critica! impeller speed for sufficient emulsification 
increases. 

• For styrene/water emulsions, introduetion of polymer particles in the mixture 
increases the lowest impeller speed for su:fficient emulsification. 

• In agreement with Fontenot and Schork (1993), our results show that the 
emulsification of styrene/water mixtures requires more power input for 
su:fficient emulsification as compared to vinyl acetate/water mixtures. 

• The empirica} relation reported by Skelland and Ramsay (1987) provides a 

rough estimate for the critica! impeller speed for su:fficient emulsification for a 
particular styrene/water system. For vinyl acetate/water emulsions, however, 
the deviations are rather large. 
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4 COAGULATION IN EMULSION POLYMERIZATION 

Abstract 

The influence of recipe and process conditions on the colloidal stability of 

polystyrene and polyvinyl acetate latices has been studied. For this purpose, 

emulsion polymerizations as well as coagulation experiments without 

polymerization have been performed. The experimental results show that Brovmian 

coagulation is the predominant mechanism. Shear effects appear to be negligible. 

This condusion is supported by the model developed at the ETH Zürich by Melis 

and Morbidelli, basedon Brownian coagulation, which agrees reasonably well with 

our experimental data. The recipe in terms of the emulsifier and electrolyte 

concentrations, dominates the coagulation behavior rather than the process 

conditions. For the systems investigated, the solids content has no influence on the 

colloidal stability up to 50 wt%. 

This chapter is publisbed in the following papers: 
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M.F. Kemmere, J. Meuldijk, A.A.H. Drinkenburg, A.L. German, 'Colloidal stability of high solids 

polystyrene and polyvinyl acetate latices', J. Appl. Polym. Sci., in press 

Stefano Melis, Maartje Kemmere, Jan Meuldijk, Giuseppe Storti, Massimo Morbideli i, 'A model for 

the aggregation ofpolyvinyl acetate particles in emulsion', Chem. Eng. Sci., in press 
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4. 1 Introduetion 

The product of an emulsion polymerization is a dispersion of submicron polymer 
particles in a continuous aqueous phase. The average partiele size and the partiele 
size distribution (PSD), are important characteristics of the product latex, because 
they affect the rheology as well as the film formation properties. The partiele size 
and PSD are among others influenced by coagulation during the stage of partiele 
growth by simultaneous absorption of monomer and reaction. In commercial 
processes coagulation may result in off-spec products as well as in troublesome 
operation. It is therefore important to control the partiele size during the 
polymerization. 

Coagulation is caused by a loss of colloidal stability of the latex particles. The 
colloidal stability of the polymer particles is mainly govemed by electrostatic 
repulsion when ionic surfactauts are used. Coagulation will occur if the kinetic 
energy of the particles is sufficiently high to overcome the potential energy harrier, 
being the sum of the Van der Waals attraction energy and the electrostatic repulsion 
energy. Destabilization may be accelerated by reducing the height of the potential 
energy harrier (physico-chemical influences determined by the recipe) as well as 
by increasing the average kinetic energy of the particles (process related 
influences). The next two sections discuss the physico-chemical and process 
related influences separately. Conceming the colloidal stability during emulsion 
polymerization of vinyl acetate, steric stabilization mayalso be involved. Section 
4.4 and 4.5 give some background information on steric stabilization and reactor 
fouling, respectively. In this chapter, the influence of recipe i.e. solids content, 
emulsifier and electrolyte concentration as well as the influence of process 
conditions i.e. impeller speed, reactor scale, impeller type and diameter on the 
coagulation behavior ofpolystyrene (PS) and polyvinyl acetate (PVAc) latices has 
been studied. For this purpose, three types of experiments have been carried out: 
ab-initio polymerization, seeded polymerization and coagulation experiments 
without polymerization. One of the objectives is to determine which parameters in 
terms of recipe and operating conditions are most critica! for the coagulation in 
emulsion polymerization systems. Other objectives are the determination of the 
impact of Brownian and shear coagulation in emulsion polymerization. 
Additionally, the effect of steric stabilization and reactor fouling has been 
investigated. 
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4.2 Physico-chemical influences determined by the recipe 

The recipe used in emulsion polymerization influences the colloidal stability of the 
polymer particles. Important parameters for electrastatic stabilization are the ionic 

strength, type and concentra ti on of the emulsifier, solids content and the monomers 
used. 

Every emulsion polymerization recipe contains some electrolyte originating from 

the initiator, emulsifier and pH-buffer. Industrial recipes often contain a large 
number of additives, which may increase the electrolyte concentration even more. 

A high electrolyte concentration results in a lower energy harrier for approaching 
particles to coagulate. 

Emulsifier accupies the partiele surface. The extent of adsorption of emulsifier on 

the surface of the polymer particles often determines the stability of the latex 
system (Ahmed et al., 1980). A high emulsifier concentration increases the surface 

charge, resulting in a high electrastatic repulsion. Neighboring particles experience 

a high energy harrier to coagulate. Colloidal stability is ensured when the fractional 
surface coverage of the growing partiele with emulsifier remains above a critica} 

value, Bent (Meuldijk et al., 1992; Mayer et al., 1995). 

The area occupied by one mole of emulsifier, AE, is affected by the emulsifier used, 

temperature, electrolyte concentration, partiele size and nature of the polymer 
surface (Piirma and Chen, 1980). According to Gu and coworkers (1991, 1992), 

the adsorption of surfactant is different for low and high surface concentrations of 
emulsifier. At low surface concentrations the emulsifier is adsorbed through the 

interactions between emulsifier and partiele surface. Single emulsifier molecules 
adsorb on the partiele surface (Brown and Zhao, 1993). At higher surface 
concentration hydrophobic interactions between the adsorbed surfactani molecules 
play a role (Gu and Zhu, 1992). The emulsifier molecules adsorb cooperatively 

(Brown and Zhao, 1993), favoring so-called surface micellization (Zhu and Gu, 
1991). The adsorption isotherm of emulsifier on the surface of latex particles can 

have various shapes. Adsorption isotherms can be divided into three types: 
Langmuir (L-) type, S shape (S-type) or the intermediate form, the LS-type (Zhu 

and Gu, 1991 ). 'Ibe adsorption of sodium docecyl sulfa te on polystyrene particles 
obeys Langmuidan behavior (Ahmed et al, 1980), whereas the adsorption isotherm 
for polyvinyl acetate latices is of the S-type, characteristic for adsorption on a 
porous substrate or absorption of emulsifier by the substrate (Ahmed et al, 1980; 
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Verezhikov et al., 1993). For polymerization of polar monomers, the polar groups 

of macromolecules near the partiele surface tend to orient towards the aqueous 
phase (Verezhikov et al., 1993; Yeliskeyeva et al., 1973). For this reason, they act 

as stabilizers as well. 

The AB value of a particular surfactant in a latex system strongly depends on the 
nature of the polymer partiele surface (Vijayendran, 1980; 1979). AB increases with 
increasing polarity of the partiele surface (Vijayendran, 1980; 1979; Pax ton, 1969; 
Zuikov et al., 1975). Fora higherpolarity ofthe polymer surface, the density ofthe 
adsorbed emulsifier on the partiele surface is lower, resulting in a reduced colloidal 
stability (Yasilenko et aL, 1983). The higher the polarity of the polymer partiele 

surface, the stronger the affinity among the emulsifier molecules themselves as 

compared to the affinity between the surfactant and the partiele surface (Piirma and 
Chen, 1980). Despite the diminished stabilization by the surfactant, polar polymer 
particles may exhibit self-stabilization due to the orientation of the pol ar groups of 
the polymer at the partiele surface (Vijayendran, 1979). 

Even though coagulation phenomena have been studied extensive1y, little attention 
has been paid to coagulation in complex high solhls latex systems instirred tanks 
under reaction conditions (Lowry et al., 1984). Usually, recipes of commercial 

emulsion polymerization processes contain 50 wt% of monomer, resulting in a 
high solids latex product. In contrast with low sohds emulsion polymerization, the 
apparent viscosity of the reaction mixture increases significantly with conversion 

during high solids emulsion polymerization in a batch process. The product is a 
relatively viscous pseudo-plastic latex, see chapter 5. Considering the colloidal 
stability of high solids latices, the average interpartiele distance becomes an 
important factor in the interaction between two particles (Chern et al., 1996). At 
high solids content, the classica} DLVO theory is no Jonger applicable (Hsu and 

Liu, 1998) and multiparticle interactions have tobetaken into account (Sengupta 

and Papadopoulos, 1998). The presence of particles surrounding two interacting 
particles reduces the total interaction energy between the latter and consequently 
increases the probability of coagulation (Hsu and Liu, 1998). 
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4.3 Process re/ated influences 

Two mechanisms play a role for process related influences on the coagulation rate 
of submicron polymer particles: Brownian and shear coagulation. Particles 

considerably smaller than the Kolmogorov microscale for isotropie turbulence 

exhibit no inertial effects (Kruis and Kusters, 1997). The effect of surface 
coagulation is minimized by cantrolling the gas-liquid surface area. 

Brownian or perikinetic coagulation is related to the Brownian motion of the 
polymer particles in the latex. The intensity of the Brownian motion is directly 

proportional to the temperature and inversely proportional to the partiele diameter. 

For simîlar sized particles Von Smoluchowski (1917) bas shown that the rate of 

Brownian coagulation is govemed by a second order rate equation: 

(4.1) 

where 11, W Br and N stands for the dynamic viscosity, the Brownian stability 

coefficient and the number of particles per unit volume, respectively. 

Shear or orthokinetic coagulation is due to the motion of the surrounding liquid. 
Agitation increases the force as well as the frequency of the collisions between 

polymer particles. For monodispersed particles smaller than the Kolmogorov 
microscale the ra te of coagulation may be approximated by: 

c (&p y.s 
Sh . 

1J ) WSh 

(4.2) 

where Csh, E, p, dP and W sh stand for the coagulation coefficient, energy 

dissipation, density of the liquid, partiele diameter and shear stability coefficient, 

respectively. In literature different values are reported for the coagulation 

coefficient (Camp and Stein, 1943; Saffman and Turner, 1956; Levich, 1962; 
Delichatsios and Probstein, 1974; Rigashitani et al., 1983). 

From equations 4.1 and 4.2 follows the ratio of Brownian and shear coagulation: 

(4.3) 
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Ifhydrodynamic forces are neglected and War equals Wsh, it follows from equation 
4.3 that Brownian coagulation dominates over shear coagulation for submicron 
particles. In latex systems, however, hydrodynamic and colloidal forces modify the 

trajeetori es of the colliding partiel es, i.e. War ::F W Sh (Kusters et al., 1997). W Sb 

deercases with increasing shear rate, whereas War is independent ofthe shear rate. 

The shear rate in the reactor depends on the power transferred into the mixture, due 
to stirring. Reactor configuration, scale of operation, impeller speed and impeller 
type determine the power input. The mean energy dissipation, the power input per 
unit of mass, is given by: 

N N 3d5 p p i 
8 = -- = __;c.__ __ 

av p VR VR 
(4.4) 

where P, V R, NP, Ni and d stand for the power input, volume of reaction mixture, 
power number, impeller speed and impeller diameter, respectively. 

In the turbulent flow regime, the empirica! power number is determined by the 

impeller type and the geometrical arrangement (Rushton et al., 1950). The energy 
dissipation distribution in the reactor has been determined for a Rushton turbine 
impeller using a hot film anemometer (Okamoto et al., 1981) and laser doppier 
velocimetry, LDV (Costes and Couderc, 1988; Kajbic, 1995). Although the 

absolute values of the energy dissipation vary, these papers all indicate large 
differences of local energy dissipation between impeller and circulation zone of the 
tank. In our laboratory preliminary results of the local energy dissipation have been 
determined from LDV measurements in vessels of different size but with equal 
Rushton geometry (Kajbic, 1995). Intemal vessel diameters ranging from 0.2 to 0.8 
m and a power input of 1 W /kg have been used. These experiments reveal that the 

energy dissipation distribution is similar for different reactor scales at equal mean 
energy dissipation. 

The circulation time of the liquid back to the impeller region might be important 
for shear coagulation when there is coagulation and break up in different areas. The 
circulation time is defined as the ratio of the reaction volume and the discharge rate 

Q (Thoenes, 1994): 
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VR t =-
c Q 
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(4.5) 

where Ne is the cireulation number whieh is a produet of the pump number and the 
eirculation ratio. Table 4.1 shows the dependency of the rate of shear coagulation 
and circulation time on the process conditions. The imposed variations in process 

conditions result in significant differences in the rate of shear coagulation and 
cireulation time. 

Table 4.1: Dependency of the rate of shear coagulation and circulation time on 

stirrer speed, impeller diameter and type as wel/ as reactor scale. 

Parameter I 11 JshriJshH tc/ten 
impeller diameter [m] 1/2 D 1/3 D 2.8 0.30 

impeller type turbine pitched blade 1.8 I o.61 

i (Np 5.0, Ne= 2.3) 
1 

(Np 1.5, Ne= 1.4) 

impeller speed [1/s] 15.0 
! 8.33 2.4 0.56 

reactor scale [ dm3
] 0.935 1.85 1.4 0.51 

4.4 Steric Stabilization 

In addition to electrastatie stabilization originating from the anionic emulsifier 
used, PVAc particles may also exhibit steric stabilization. At the surface of the 

PVAc partieles, partial hydralysis of acetate groups into hydroxyl groups may 
occur, see Figure 4.1. The partially hydrolyzed polyvinyl acetate at the partiele 

surface shows some resemblance with polyvinyl acetate ( anchor polymer) used in 
combination with polyvinyl alcohol (stabilizing moiety) to provide steric 
stabilization in aqueous dispersions, see e.g. Napper (1983) and Blackley (1997). 

CH3 CH3 

I I 
O=C O=C 

I I 
0 0 

~ 

CH3 

I 
O=C 

H I 
0 0 

~ 
Figure 4.1: Schematic view of the partial hydralysis of vinyl acelate groups into 

vinyl alcohol groups and acetic acid. 
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Steric stabilization of colloidal particles is govemed by macromolecules that are 

chemically or physically attached to the surface of the particles (Napper, 1983; 

Hiemenz and Rajagopalan, 1997). Steric stabilization bas both entropie and 

enthalpie (osmotic) origins (Walker and Grant, 1998). The steric interaction energy 

can be regarded as the sum of the volume restrietion interaction, caused by the loss 

of configurational freedom of the attached chains, V rn and the osmotic interaction, 

which results from an increase in the local concentra ti on of attached ebains close to 

the partiele surface, Vos (Romero-Cano, et al., 1998; van de Pas, 1993). The 

combination of electrastatic and steric stabilization is often referred to as 

electrosteric stabilization (Hiemenz and Rajagopalan, 1997; Romero-Cano, et al., 

1998). The overall potential energy is assumed to be the sum of all attractive and 

repulsive contributions (Romero-Cano, et al., 1998): 

(4.6) 

where Vvnw, V6 and V8 stand for Van der Waals attraction, electrostatic repulsion 

and steric repulsion, respectively. 

Steric stabilization requires certain characteristics of the attached stahilizing 

molecules: 

• The macromolecules should form a layer thickness ö, for which the distance 2ö 

is sufficient to substantially reduce the effect of the Van der Waals attraction 
(Ottewill, 1997). 

• The macromolecular layer should have sufficient density to provide steric 
interference (Blackley, 1997). 

• One end of the macromolecules have to stay firmly attached to the surface 
(Ottewill, 1997). 

• The macromolecular ebains should be sufficiently solvated by the dispersing 
medium (Blackley, 1997), for emulsion polymerization mixtures the water 

molecules of the continuous phase. 

There are various types of steric stabilizers (Ottewill, 1997): non-ionic surfactants, 

random coil polymers, linear block copolymers, brush copolymers, grafred 

polymer chains and globular molecules. Conceming steric stabilization, the degree 

of surface coverage of the attached chains is important as well as the orientation, 

which is dependent on the molecular structure (Walker and Grant, 1998; Romero

Cano, et al., 1998). In the case of vinyl alcohol segments on polyvinyl acetate 
particles, the polymer ebains are irreversibly bound to the surface. For terminally 
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attached, isolated chains two limiting cases are considered: the 'mushroom' 

structure and the 'pancake' structure where the chain revisits the surface (Fleer et 
aL, 1993). When the average chain density on the surface increases and chain 

overlap occurs, the structure becomes stretched into a brush form (Hiemenz and 

Rajagopalan, 1997; Fleer et al., 1993). Romero-Cano et al. (1998) have studied the 

colloidal stability of polystyrene particles with polyethylene oxide chains on the 
surface as steric stabilizers. The results reported by these authors point to a 
conformational change resulting in an extension of the chains when the chain 
lengthof the surfactani molecules increases. This conformational change results in 

a better colloidal stability due to a larger distance between the chain-ends and the 

partiele surface. Romero-Cano et al. (1998) also have found that a more 

hydrophobic surface provides a more extended conformation, resulting in better 
colloidal stability. According to Walker and Grant (1998), the length as well as the 

flexibility of the chains affect the conformation of the macromolecules at the 
partiele surface and consequently the colloidal stability of the system. Liu et al. 
( 1997) have studied the colloidal stability of polystyrene partiel es, synthesized 

with macromonomer polyethylene oxide as polymerizable stabilizer. According to 

Liu et al. (1997) only a small fraction of the partiele surface has to be covered with 
macromolecules in order to provide sufficient steric stability of the latex system. 

Steric stabilization also depends on the relative size of the PVAc particles as 
compared to the size of the stahilizing vinyl alcohol segments (Walker and Grant, 

1998; Ottewill, 1997). Only if the partiele size is considerably larger than the 
radius of gyration of the macromolecules, steric stabilization will occur. 

Electrostatic and steric stabilization differ in several ways: 

• Sterically stabilized dispersions are relatively insensitive to the presence of 
electrolyte as compared to electrostatically stabilized systems (Napper, 1983). 
Steric stabilizers can be effective at high electrolyte concentrations where 

electrical double layers are shielded to such an extent that they are almost 
unable to provide colloidal stability (Blackley, 1997). However, when the 

polymer chain is charged and/or the partiele surface carries a charge, 
electrolyte as well as pH become important for the electrostcric stability (both 

electrostatic and steric interactions) of the colloidal system (Walker and Grant, 

1998; Fleer et al., 1993). 

• Steric stabilization is more sensitive to temperature than electrostatic 

stabilization (Blackley, 1997). 
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• The efficiency of steric stabilization is usually equal for latex systems with low 

or high solids content (Napper, 1983; Russel et al., 1989). As a consequence 
of the interactions between the charge clouds of the electrical double layers 

surrounding the particles, an increased solids contents leads to a considerably 
more pronounced increase in the viscosity for electrostatically stabilized latex 

systems as compared to sterically stabilized latex sytems. 

• When the interpartiele distance deercases by an increase in solids content, the 
beginning of the steric repulsion is quite sudden, while the electrastatic 

repulsion operates over rather long distances (Ottewill, 1997). There is little 

steric repulsion between the attached ebains on different particles when they 

are far apart. However, once the layers approach each other there is a sudden 
increase in the repulsive forces. 

4.5 Reactor fouling 

Reactor fouling often occurs during high solids emulsion polymerization at about 

60-70% conversion, see chapter 5. Two types of fouling can be distinguished: 

coagulum formation in the latex and polymer build-up on the wall, impeller and 

haffles of the reactor (Vanderhoff, 1981 ). Reactor fouling causes several problems 
in the production of latices (Lowry et al., 1984). It decreases the yield of the latex 
produced (Vanderhoff, 1981) and increases the heat transfer resistance to the 
reactor wall. The quality and properties of the finallatex product are also affected 

(Kostansek, 1996) and reactor fouling shortens the time intervals between reactor 
shut downs for cleaning (Chem et al., 1996). 

The formation of coagulum in the latex is caused by a loss of colloidal stability of 
the particles, which may eventually form microscopie andlor macroscopie 
coagulum (Vanderhoff, 1981). Once a floc is formed, it quickly aggregates with 

polymer particles to form more coagulum (Lowry et al., 1986). Coagulum can also 
result from the entry of radicals into separate layers of monoroer causing bulk 

polymerization (Vanderhoff, 1981). A few very large particles, incidentally formed 
by droplet polymerization, may act as nuclei for coagulum formation (Rodrigues 

and Schork, 1997). Coagulum is relatively easily formed when the fractional 
surface coverage of the particles is low or at high electrolyte and partiele 

concentrations (Chern and Kuo, 1996). The hydrophobicity of the 
monomer/polymer in the reacting system may also influence the formation of 
coagulum (Kostansek, 1996). Note that for particles with a low fractional coverage 
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of the surface with ionic groups, a significant part of the partiele surface may have 

a hydrophobic 'non-wettable' character (Sjöblom, 1996). Particles with such 

hydrophobic areas may associate, so minimizing their contact-surface with water 

(Sjöblom, 1996). 

The amount of coagulum formation may increase considerably for recipes with 

monomer weight fractions above 0.40 (Chem and Hsu, 1996). According to Chem 

et al. (1996), the impeller speed has no significant influence. For low sohds content 

mixtures, Kusters (1991) has studied the influence of the hydrodynamics on the 

turbulent aggregation of 1 ~m polystyrene particles in baffled turbine agitated 

vessels. Attention has been focused on the dependenee of aggregate on the 

stirrer speed, solids concentration, electrolyte concentration and vessel size. The 

results show that a dynamic equilibrium exists between aggregate growth in 

regions of low turbulent shear stress, i.e. the circulation zone, and break-up of 

aggregates in regions of high shear stress, i.e. the impeller region. The question is 

how important the break-up meehanism is for the formation of coagulum during 

emulsion polymerization. Kemoun et al. (1997) have studied the influence of 

hydrodynamics on the aggregation of clay in agitated vessels. In contrast with 

Chern et al. ( 1996), the results by Kemoun et al. ( 1997) point to a dynamic 

equilibrium between aggregate size and local hydrodynamic conditions. A higher 

stirrer speed corresponds with smaller average floc sizes. At the discharge flow 

locations of the impeller, considerably smaller floc sizes have been measured than 

elsewhere in the vessel. Extrapolation of these results to emulsion polymerization 

systems suggests that the energy dissipation distribution influences the formation 

of coagulum. The energy dissipation distribution appears to be independent of 

vessel size at constant power input (Schoenmakers et al., in prep.). In that case 

coagulum formation is expected to be scale independent, unless the kinetics for 

break up of coagulum are affected by the circulation time. At the same mean 

energy dissipation the circulation time increases with scale. From the foregoing it 

can be concluded that, large, radial flow impellers, which produce a relatively 

uniform power input (Henzler and Biermann, 1996) are probably more suitable for 

prevention of coagulum formation than small axial flow impellers. 

The polymer on the reactor wall, impeller and haffles results from surface 

polymerization (Vanderhoff, 1981) as well as from deposition of polymer particles 

(van de Ven, 1998). Polymer build-up depends among others on the material ofthe 

vessel surface. Glass-lined reactors are less sensitive to polymer deposition than 
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stainless steel reactors (Vanderhoff, 1981 ). Sulface polymerization is related to the 

smoothness of the surfaces in the reactor, because scratches are dominant locations 

for the fixation of polymer or radical carrying oligomeric species (Vanderhoff, 

1981 ). Wetting of the reactor surface by the monomer/polymer phase is facilitated 

by surface roughness (Vanderhoff, 1981). Since the specific surface area is lower 

on larger scales, the effect of polymer build-up on the yield and properties of the 

latex product will become less important on a larger scale. However, in industrial 

emulsion polymerization, the inevitable cleaning of reactor surfaces is still a 

considerable problem. 

Conceming the attachment of particles on the reactor surface, three phenomena are 

involved: deposition, blocking, i.e. collisions between free particles and deposited 

particles resulting in a partiele flux away from the surface, and detachment (van de 

Ven, 1998). The mechanism of partiele deposition is govemed by the physico

chemical properties of the latex and the surface characteristics of the equipment 

used as well as by the hydrodynamic conditions in the stirred latex (van de Ven, 

1998). Van der Waals, electrostatic and hydrophobic interactions play a role in the 

deposition of colloidal particles onto equipment surfaces (van de Ven, 1998). 

4.6 Results 

In emulsion polymerization, the coagulation process is mainly influenced by the 

initia! conditions of the system. Both the recipe (i.e. solids content, monoroer type, 
electrolyte, and emulsifier concentration) and the operating conditions (i.e. reactor 

scale, stirrer speed, impeller diameter and type), determine the initial conditions of 

the system. Additionally, the coagulation process is also influenced by the 

changing conditions during polymerization as a result of partiele growth. In this 
work coagulation kinetics are probably of minor importance, since the time scale 

of coagulation is small as compared to the time scale of polymerization. During the 

whole polymerization process, equilibrium conditions are assumed to be valid. 

4.6.1 Colloidal stability of polystyrene latices 

Both the impact of physico-chemical and process related influences on the 

coagulation behavior of polystyrene latices have been investigated during seeded 

emulsion polymerization. An overview ofthe polystyrene seed-latices, recipes and 
polymerization experiments is given in the Tables 4.2-4.4. 
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Table 4. 2: Characteristics of the polystyrene seed-latices. 

seed-latex PS I PS Il PS III 
Xfinal [-] 0.98 0.97 0.84 
dp,v [nm] 40.3 38.0 57.7 
N [1 021 llmw3

] 9.23 10.8 2.66 
CNa' [kmoiim/] 0.13 0.12 0.12 
CE [kmoi/mw3

] 0.13 0.12 0.12 
8 [-] 0.81 0.72 0.81 

Table 4.3: Overview ofthe recipes usedfor the styrene polymerization experiments. 

Component I sI S2 i s 3 S4 
M [-] 0.25 0.25 0.35 0.50 
CE [kmol!m/] 0.016 0.013 0.02 0.081 
cl [kmol/mw3

] 0.010 0.010 0.010 O.û!O 
CB (kmol/mw3

] 0.0090 0.0090 0.0090 0.0090 
CNa+ [kmollmw3

] 0.18/0.25/0.30 O.I8 0.18/0.25 0.18 

Table 4. 4: Overview of the seeded emulsion polymerization experiments of styrene. 

exp seed recipe • reactor [ dm3
] 

1 PS I SI 0.935 
2 PS I s 1 0.935 
3 PS I SI 0.935 
4 PS I SI 0.935 
5 PS I SI 0.935 
6 PS I SI 1.85 
7 PS I SI 1.85 
8 PS I SI 1.85 
9 PS II S I 1.85 
JO PS II SI 1.85 
II PS II SI 1.85 
I2 PS II SI 1.85 
13 PS II S I 7.48 
14 PS I! SI 7.48 
15 PS Tl s 1 7.48 
16 PS 11 S3 0.935 
17 PS 11 S3 0.935 
18 PS Il I s 2 0.935 
I9 PS !I ! s 4 0.935 
20 PS III S4 0.935 
21 PS III S4 0.935 
22 PS III S4 0.935 
23 PS liJ S4 1.85 
24 PS III S4 1.85 
25 I PS UI S4 1.85 
26 PS IIl S4 1.85 

* calculated with Eav,power =P!Mrm [W/kg] with P 
** calculated with Eav.torque = P/Mrm [W/kg] with P 

stirrer I N;[rprn] I Eav,power Eav,torque 

l/3 T 500 0.16 -
1/3 T 500 0.16 -
1/3 T 500 0.16 -
113 T 700 0.45 -
1/3 T 900 0.95 -
113 T 467 0.22 -
1/3 T 654 0.60 -
113 T 841 1.28 -
1/3 T 869 1.41 -
113 p 1435 3.17 -
1/2 T 431 1.23 -
1/2 p 712 2.38 -
1/3 T ' 621 1.18 -

112 T 319 1.18 -

112 p 526 1.57 -

I/3 T 500 0.16 -
1!3 T 500 0.16 . -
1/3 T 500 0.16 -
1/3 T 500 0.16 ; 

1/3 T 500 • 0.16 -
1/3 T 1 7oo i 0.45 -
113 T I 9oo 0.95 -
1/3 T 796 1.08 0.93 
112 T 396 0.95 0.80 
113 p 1314 2.43 1.9 
112 p 653 1.83 1.5 

Prm N/ d5
, for values of NP see chapter 2 

2n Ni Tq 

.. 
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Physico-chemical influences determined by the recipe 

Conceming the influence of the recipe on the colloidal stability of polystyrene 
latices, two parameters have been investigated: the electrolyte concentration and 
the solids content. The influence of the sodium ion concentra ti on on the conversion 
time history and the partiele concentration as a function of conversion is shown in 
Figure 4.2 for a 25 wt% emulsion polymerization. The reported sodium 

concentrations of coagulation experiments include all counter ions in the system, 

originating from the seed-latex, added salt, initiator, emulsifier and buffer. The 

results point to colloidal stability for CNa+ = 0.18 kmollmw3
• Fora highersodium 

ion concentration of 0.25 kmollmw3
, gradual partiele coagulation occurs. At an 

electrolyte concentration of 0.30 kmollmw3
, uncontrolled coagulation occurs 

directly after the start of the seeded reaction. When, the partiele number is plotted 
as a function of conversion (Figure 4.2B), it can he observed that the partiele 

number at the beginning of the reaction is sametimes slightly larger than its initia! 
value. There are two possible explanations for these observations: (1) The 

experimental accuracy of the partiele number is less in the beginning of the 
experiment than in later stages of the polymerization. The relatively large error in 

partiele size and conversion determination in the early stages of the polymerization 
might mask the results slightly. (2) Some samples are taken only a few minutes 

after the moment of initiator addition. Start up effects might occur as well as some 

secondary nueleation. After 10 minutes of polymerization the observed effects 
have vanished. 
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Figure 4.2: Influence of electrolyte concentration on the colloidal stability during 

seeded 25 wt% emulsion polymerization of styrene. A Conversion time history. B 

Partiele number as aJunetion of conversion. •: seed-latex PS I; CNa+ [kmollmw3J: 
+ 0.18, exp 1; e 0.25, exp 2; .A. 0.30, exp 3. 

The development of the partiele size distribution (PSD) due to partiele growth by 
polymerization and monomer absorption, and by controlled coagulation during the 
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seeded emulsion polymerization of styrene has been stuclied in detail using TEM, 

see Figure 4.3. The partiele number deercases due to coagulation. For an 
elcctrolyte concentration of 0.25 kmollmw the PSD changes as a result of 

coagulation, but remains narrow apart from some stochastic broadening. In this 
case thc coagulation proccss is controlled, hcnce the amount of coagulum formed 

during thc polymerization is negligible. The method of collecting scrap, which 
gives besides the partiele number an indication of coagulation, as described by 

Chem et al. (1996) has therefore notbeen applied. The recipe of the experiment 
depicted in Figure 4.3 is a good starting point to investigate the influence of 

process conditions on the coagulation behavior of PS. 

Conceming the emulsion polymerization with higher solids content, the results 

reported in Figure 4.4 reveal that the electrolyte concentration has a considerable 

influence on the colloidal stability of the seeded 35 v.rt% solids content emulsion 
polymerization. Reactor fouling and a significant broadening of the partiele size 

distribution have been observed for polymerizations with CNa+ = 0.25 kmollmw3 

and conversions higher than 60%. This reactor fouling and the broadening of the 
partiele size distribution may be caused by some limited coagulum formation. 
Compared to the influence of electrolyte concentration on the seeded 25 wt% 
solids content emulsion polymerization of styTene, emulsion polymerizations with 
higher solids content have sho\Vn to be more sensitive to the electrolyte 

concentration in terms of reactor fouling. High solids content emulsion 
polymerization of styrene needs a robust recipe, i.e. a low electrolyte 

concentration, to guarantee colloidal stability during reaction and to minimize 
fouling formation. 

In order to study colloidal stabihty of polystyrene latices during emulsion 

polymerization without the confusing effects of reactor fouling, the overall 
electrolyte concentration in the recipe was set to 0.18 kmol/m\/. For these 

conditions, it follows from Figure 4.5 that the influence of solids content on the 
colloidal stability is not significant, within the experimental error. Partiele grov.rth 

and development of partiele size distribution are approximately the same for the 

three polymerization experiments, reported in Figure 4.5. Note that in the later 
stages of the 50 \\<i% solids content emulsion polymerization, some scattering in 
the data points occurs. lbis scattering probably results from the more complicated 
sampling when relatively viscous, pseudo-plastic reaction mixtures are involved. It 
can be concluded that in the cases where recipes are chosen with low or moderate 
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(up to 0.18 kmollmw3
) electrolyte concentrations, the colloidal stability of the 

polystyrene latex is not affected by the solids content. 
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Figure 4.3: Development of partiele size distributton during seeded 25 wt% 

emulsion polymerization of styrene, determined with TEM, exp 2, CNa+ = 0.25 
kmollmw3
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2 

A 
0 A 

0.8 0 0 
",.. 1.5 

0 "' i _o.s 0 

..:.. " " 1 
>< 0.4 <> ;. 

0 "' :!:. 0 " "' z 0.5 "' "' 0.2 

0 0 
0 50 100 150 200 250 0 0.2 0.4 0.6 0.8 

t[mln] X[•] 
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Process related influences 
The influence of process conditions on the coagulation behavior of PS-latices has 

been investigated for both low and high solids recipes. The influence of the 

impeller speed and reactor scale on the coagulation behavior during 25 wt% 

polymerization is presented in Figure 4.6. No significant influence of scale and 

mean energy dissipation on the conversion time history and the development of the 

partiele number as a function of conversion have been observed. During interval II 

of the polymerization, when the particles grow rapidly due to polymerization and 

absorption of monomer, the partiele number decreases significantly. 
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Figure 4. 6: Influence of impeller speed and reactor scale on the colloidal stability 

during seeded 25 wt% emulsion polymerization of styrene. A Conversion time 

history. B Partiele number as a function of conversion. •: seed-latex PS I, N; 

[rpm}: +: 500, exp 2; e: 700, exp 4; .6.: 900, exp 5; <?: 467, exp 6; 0: 654, exp 7; 

~: 841, exp 8. 
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The influence of impel/er type and diameter is shown in Figure 4. 7. The Rushton 
turbine impeller generates a radial circulation profile, while a pitched blade 
impeller gives an axial flow. Despite the different macroscopie flow pattems 
generated by the turbine and pitched blade impeller, the collision frequency of the 
particles in the smallest eddies and with that the time scale of coagulation is not 
significantly different for both impellers at the same mean energy dissipation. The 
results presented in Figure 4.7 also indicate that within the experimental error an 
increasing impeller diameter does not increase the coagulation rate, although the 
circulation time strongly decreases, see Table 4.1. The reproducibility of these 
experiments is not perfect, probably due to the presence of variabie traces of 
oxygen. Note that in Figures 4.6 and 4.7, coagulation occurs due to the chosen 
electrolyte concentration in the recipe. 
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Figure 4. 7: lnfluence of impel/er type and diameter on the colloidal stability 
during seeded 25 wt% emulsion polymerization of styrene. A Conversion time 
history. B Partiele number as a function of conversion. Q· seed-latex PS IL 
impeller type:+: T, d=l/3D, exp 9; e: T, d= 112D, exp 11,· .: S, d=113D, exp 12; 

.Ä: S, d l/2D, exp 12; v: T, d=l/3D, 13; 0: T, d = 112D, exp 14; A: S, d = 112D, 

exp 15. 

In Figures 4.8 and 4.9, the effects of operating conditions (impeller speed, type and 

diameter) on the colloidal stability of 50 wt% solids content emulsion 
polymerizations are shown. 
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Figure 4.8: Influence of impel/er speed on the colloidal stability during seeded 50 

wt% emulsion polymerization of styrene. A Conversion time history B Partiele size 

as ajunetion of conversion . ... seed-latex PS 111; Ni [rpm] · 500, exp 20; 1!: 700, 

exp 21; 0: 900, exp 22. 

The results in Figure 4.8 indicate that the impeller speed has no significant 

influence on the colloidal stability of high solids content latices. No differences in 

the development of the partiele size distribution between the three experiments 
have been observed until 50-60% conversion. At the end of the polymerization, 

however, the amount of reactor fouling increases with stirrer speed. Therefore, it 

can be concluded that the impeller speed slightly affects the reactor fouling in high 
solids emulsion polymerization. 

Figures 4.9A and B show that the colloidal stability of high solids polystyrene 

latices is not affected by the impeller type and diameter. During the polymerization 

experiments shown in Figure 4.9A and B, the torque on the impeller shaft has also 

been measured. Figure 4.9C shows the mean energy dissipation Eav.torque calculated 

from the torque exerted on the impeller shaft. In the beginning of the 

polymerization ~av.mroue agrees reasonably well with the mean energy dissipation 

calculated from the power number, Eav,powen sec Table 4.4. Figure 4.9C shows that 

at about 60% conversion Eav,torque starts to deviate from Eav,power· The increase in 

Eav,torque indicates the extent of reactor fouling. The results shmvn in Figure 4.9C 

point to a considerable influence of impeller type and diameter on the amount of 

reactor fouling. Note that the impeller speeds of the different impeller types have 
been chosen in such way that the mean energy dissipation is not the same for the 

experiments 23-26, sec Table 4.4. The pitched blade impeller with the smallest 

diameter in duces the largest amount of reactor fouling, whereas the large Rushton 
turbine impeller causes the smallest amount of fouling. These results confirm the 
expectation mentioned earlier that at constant mean energy dissipation large radial 
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flow impellers, which generate a relatively uniform power input, are most suitable 

for avoiding reactor fouling. In contrast to the small polymer particles formed by 

emulsion polymerization ( and possibly followed by limited coagulation), flocs 

formed by coagulum formation may become significantly larger than the 

Kolmogorov microscale of isotropie turbulence. For particles or aggregates larger 

than the Kolmogorov microscale shear coagulation may becóme more dominant. 

Since shear coagulation is affected by the energy dissipation (distribution) in the 

vessel, it is very likely that variations in energy dissipation distribution induced by 

different impeller speeds, type or diameter will influence the extent of reactor 

fouling. 
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Figure 4. 9: Influence of impel/er type and diameter on the colloida/ stability 
during seeded 50 wt% emulsion polymerization of styrene. A Conversion time 
history B Partiele size as a function of conversion C Energy dissipation as a 

function of conversion. •: seed-latex PS JIJ,· impeller type <?: J/3T, exp 23,· ~: 

l/2T, exp 24,· Cl: 1/3P, exp 25; 0: 112P, exp 26. 

Coagulation experiments without polymerization have also been used to study the 

coagulation behavior of PS latices. The results of these experiments are similar to 

those obtained from investigating polymerization reactions. 
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4.6.2 Colleidal stability of polyvinyl acetate latices 

Conceming the colloidal stability of polyvinyl acetate latices, both coagulation 

experiments without polymerization (see chapter 2 for the procedure), as well as 

ab-initio emulsion polymerization experiments have been performed. Table 4.5 

gives the properties of the polyvinyl acetate seed latices used. Table 4.6 presents 

the initia! composition of the reaction mixtures for the vinyl acetate 

polymerizations. An overview of coagulation experiments without polymerization 

and emulsion polymerizations is given in Table 4.7. Note that the solids content of 

the coagulation experiments without polymerization, see Table 4.7 exp. 1-14, has 

been calculated based on the mass fraction of monoroer-swollen po1ymer particles 

in the dispersion. 

Table 4. 5: Characteristics of the polyvinyl acetate seed-latices. 

seed-1atex PVAcl PVAc 11 PVAc 111 

Xfinal [-] 0.97 0.99 0.92 

dp,v [nm] 150 112 130 

N [1021 11mw3
] 0.170 0.417 0.250 

CNa+ [kmol/mw
3

] 0.078 0.078 0.074 

CE [kmollmw3
] 0.020 0.020 0.017 

8 [-] 0.34 0.25 0.25 

Table 4.6: Recipe usedfor the vinyl acetate polymerization experiments. 

Component VAc1 

M [-] 0.25 

CE [kmollmw3
] 0.020 

cl [kmo1/mw3
] 0.020 

CB [kmo1/mw3
] 0.0090 

CNa+ [kmol/mw
3

] 0.078 
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Table 4. 7: Overview ofthe experiments with vinyl acetate. 

exp seed/ reactor stirrer N solids Eav,power 
recipe [dm3

] [rpm] [%] [W/kg] 

1 PVAc III 0.935 1/3 T 500 25 0.16 
2 PVAc III 0.935 1/3 T 500 25 0.16 

3 PVAc III 0.935 1/3 T 500 35 0.16 

4 PVAc III 0.935 1/3 T 500 50 0.16 

5 PVAci 0.935 1/3 T 500 50 0.16 

6 PVAci 0.935 1/3 T 700 50 0.45 

7 PVAci 0.935 1/3 T 900 50 0.95 
8 PVAcl 1.85 1/3 T 467 50 0.22 

9 PVAcl 1.85 113 T 841 50 1.28 

10 PVAc III 7.48 1/3 T 500 50 0.61 

11 PVAc II 1.85 113 T 841 50 1.28 

12 PVAc II 1.85 1/3 p 1392 50 2.89 

13 PVAcii 1.85 1/2 T 429 50 1.21 

14 PVAc 11 1.85 112 p 709 50 2.35 

15 VAc1 0.935 1/3 T 500 25 0.16 

16 VAc1 0.935 113 T 900 25 0.95 

17 VAc1 1.85 113 T 429 25 0.17 

18 VAc1 1.85 1/3 T 771 25 0.98 

19 VAc1 7.48 1/3 T 477 25 0.61 

Physico-chemical influences determined by the recipe 

The influence of the recipe used during coagulation experiments without 

polymerization has been studied by variation of emulsifier concentra ti on and solids 

content, see the Figures 4,10 and 4.11, respectively. Figure 4.10 shows that the 

emulsifier concentration strongly affects the colloidal stability of polyvinyl acetate 

latices. For increasing electrolyte concentrations, the latex with the higher 

emulsifier concentration is able to maintain a higher partiele number, until the 

electrastatic stabilization is completely lost at about CNa+ = 0.30 kmollmw3
. As a 

result of the higher surface coverage of the particles with emulsifier, the latex with 

the higher emulsifier concentration exhibits initially a better colloidal stability. For 

CNa+ ~ 0.30 kmollmw3 steric stabilization is dominant. Since the same seed-latex is 

used for bath experiments, the effect of the steric stabilization appears to be the 
same. Consequently, the partiele size and partiele number become approximately 

equal for high electrolyte concentrations. 
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Apart from a different starting point due to the variation in solids content, Figure 

4.11A does not show any influence of solids content on the colloidal stability. At 

high electrolyte concentration where only steric stabilization is operative, all three 
experiments shovvn in Figure 4.11B reach the same stabie partiele number within 
the experimental error. 

0.1 

0.08 

10.06 6 
<> 6 

l <> " 0.04 " " z 0 

" 0.02 0 " <> 

0 
0 0.05 0,1 0.15 0.2 0.25 0.3 0.35 
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Figure 4. I I: lnjluence of solids content on the colloidal stability of polyvinyl 

acelate latices in coagulation experiments without polymerization. A Partiele size 

as a function of electrolyte concentration B Partiele number as a function of 

electrolyte concentration. •: seed-latex PVAc JIJ; rjJ [-] • 0.25, exp 2; i>.: 0.35, 

exp 3; 0: 0.50, exp 4. 

Process related influences 
In the Figures 4.12 and 4.13 the influence of process conditions on the coagulation 

behavior of polyvinyl acetate latices is shown. For the experiments shown in 
Figure 4.12, a different seed-latex has been used than for those presented in Figure 
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4.13. Apart from a different starting point, the coagulation behavior appears to be 

the same. In both Figures 4.12 and 4.13 two regionscan be distinguished: for CNa+ 

~ 0.2 kmollmw3 the partiele number deercases as a function of the electrolyte 

concentration, whereas for CNa+ :2: 0.2 kmo11mw3 the partiele number is almast 

independent of the electrolyte concentration. In the first region the electrastatic 

repulsion between the latex particles deercases due to an increasing electrolyte 

concentration. In the second region, the electrastatic repulsion no langer 

contributes to the colloidal stability of the latex system. Steric stabilization is the 

only stahilizing mechanism left. As a consequence, there is a remaining resistance 

for the particles against a close approach. Conceming Figure 4.12, a different seed

latex bas been used for the experiment on 7.48 dm3 scale. This experiment, i.e. exp. 

10 in Table 4.7, starts of course with a different partiele number. The final partiele 

number of the latex in exp. 10 is also different from the final partiele numbers of 

the other experiments, because the amount and characteristics of the vinyl alcohol 

blocles on the surface ofthe PVAc III seed-particles is not the sameasin the case of 
the experiments performed with seed-latex PVAc I. Figure 4.12 clearly shows that 

the impeller speed and reactor scale do not influence the colloidal stability of 

polyvinyl acetate latices. In agreement with the polystyrene experiments, process 

conditions such as impeller speed, reactor scale, impeller type and diameter have 
no significant influence on the coagulation behavior. The lines in the Figures 4.12 

and 4.13 represent a model developed by Melis and MorbideBi of the ETH in 

Zürich. This model considers Brownian coagulation based on the DLVO theory 

(Melis et al., 1999). The results of the model calculations agree reasonably well 
with our experimental data. 
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Figure 4.12: Injluence of impel/er speedandreactor scale on the colloidal stability 

of polyvinyl acelate latices in coagulation experiments without polymerization. 

Partiele number as a function of electrolyte concentration. • seed-latex P VAc JIJ; 

.&.: seed-latex PVAc I; N; [rpm]?: 500, exp 5; ~: 700, exp 6; 0: 900, exp 7; +: 
467, exp 8; e: 841, exp 9; U: 500, exp JO; - , - :model calculationfor 
system with seed-latex PVAc I and PVAc JIJ, respectively (Melis et al., 1999). 
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Figure 4.13: Injluence of impeller type and diameter on the colloidal stability of 

PVAc- lattees in coagulation experiments without polymerization. Partiele number 

as a function of electrolyte concentration. 0: seed-latex PVAc IJ; impel/er type: 0 

113T, exp 11; .1 113P, exp 12; e 112T, exp 13; A 112P, exp 14; : model 

calculationfor system with seed-latex PVAc IJ (Melis et al., 1999). 

As long as sufficient emulsification is guaranteed (Ni ~ N*, see chapter 3 ), it is 

possible to study coagulation during ab-initio emulsion polymerization of vinyl 

acetate. Figure 4.14 presents several ab-initio 25 wt% sohds content emulsion 

polymerization experirnents of vinyl acetate with varying impeller speed and 

reactor scale. In spite of a considerable experimental error in the data frorn the 

emulsion polyrnerizations of vinyl acetate collected in Figure 4.14, the results 
agree with the results of the coagulation experiments without polyrnerization. In 

coagulation experiments without reaction and in polymerizations the colloidal 

stability of 25 wt% polyvinyl acetate latices is not significantly affected by 
impeller speed and scale of operation. 
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Figure 4.14: Influence of impeller speedandreactor scale on the colloidal stability 

of polyvinyl acelate lattees during ab-initia emulsion polymerization of vinyl 

acetate. A Conversion time history B Partiele size as a function of convers ion. Ni 

[rpm]+: 500, exp 15; À: 900, exp 16; <.>: 429, exp 17; .1: 771, exp 18; 0: 477, 

exp 19. 
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4. 7 Discussion 

The effect of agitation during emulsion polymerization has been studied before 

(Omi et al., 1969; Nomura et al., 1972; Lowry et al., 1984; 1986). In agreement 

with Omi et al. (1969), the emulsion polymerization of styrene is not affected by 

stirring provided sufficient emulsification. Nomura et al. (1972), however, have 

reported that at higher stirrer speeds the partiele number decreases during ab-initio 

emulsion polymerization of styrene, while at lower impeller speeds the partiele 

number remains constant. Lowry et al. (1986) have observed an increase in 

coagulum formation with impeller speed for an industrial 35 wf/o solids latex. 

These authors, however, have not measured partiele numbers during the 

polymerization itself. Lowry et aL (1984) suggest that for the high solids (up to 50 

wt%) latices used in their study, shear coagulation dominates over Brownian 

coagulation. The ditierences in results observed by Lowry et al., as compared to 

our findings, may be caused the fact that they have studied colloidal stability in ab

initia emulsion polymerization by determination of coagulum formation, whereas 

we have studied coagulation in seeded polymerization by detailed TEM-analysis. 

Several authors have reported about coagulation of latex systems without reaction 

(Heller and Lauder, 1971; de Boer et al., 1989; Spieer et al., 1996; Kusters, et al., 

1997). In agreement with Heller et al. (1971), our PS latex system starts to 

coagulate after addition of about 0.20 to 0.25 kmollmw3 electrolyte. Spieer et al. 

( 1996) have studied the effect of impeller type (Rushton six bladed turbine and 45° 

pitched four bladed impeller) and shear rate on floc size and structure during shear

induced flocculation of 870 nm PS-particles with Ah(S04) 3 as destabi1izing agent. 
Their results indicate that the steady state floc size is dependent on the circulation 

time, see equation 4.5 and Table 4.1, and the characteristic velocity gradient, which 

is mainly determined by the impeller type. As compared to our results, the work of 

Spieer et al. uses a relatively large floc size (> 100 f..!.m), a low initial con centration 

of PS particles and the strongly destabilizing aJuminurn salt. 

In their studies on the turbulent coagulation of PS particles of approximately 1 f..!.ID, 

which are considerably larger than those in our experiments, but still smaller than 

the Kolmogorov microscale, De Boer et al. (1989) and Kusters et al. (1997) have 

found a dependency on impeller speed. These authors have studied low solids 

content systems in which the agglomerates of particles could break up, while 

during polymerization disropture of coagulated particles is not likely to occur as a 
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result of the complete coalescence for temperatures above the glass transition 
temperature. 

In contrast to several results reported in literature, our study on coagulation 
indicates that the stage of partiele growth, i.e. interval II, for 25 wt% solids PS- and 

PVAc-latices is not determined by the process conditions for reactor scales up to 
7.5 dm3

. The influence of process conditions on coagulation for much larger se ales, 
e.g. up to 50 m3

, may be different. For instance, we always have provided 
suff'icient emulsification in our systems, excluding creaming of the monomer, 

which may cause mass transfer limitations. During industrial emulsion 

polymerization, the emulsification might not be that good, affecting the whole 

polymerization process. Besides that, in industry a lot of ingredients are added in 

semi-batch operation. If such an addition contains electrolyte originating from e.g. 
initiator, severe coagulation can occur near the addition point if the mixing of the 
feed stream with the reactor contents is not fast enough. 

4. 8 Conclusions 

According to the experimental results on colloidal stability shown in this chapter, 
Brmvnian coagulation appears to be to the predominant mechanism for polystyrene 

and polyvinyl acetate latex systems. This condusion is supported by the fact that 
the model developed by Melis et al. (1999) based on Brownian coagulation agrees 

reasonably well with the experimental data. Shear effects appear to be negligible. 
The recipe, i.e. the emulsifier and electrolyte concentration, dominates the 
coagulation behavior. Process related influences are not important with respect to 
coagulation in both low and high solids content latex systems. 

The following more detailed conclusions can be given: 

• Although changing the impeller type and impeller diameter strongly influences 
the flow behavior on macroscale, it hardly affects the coagulation behavior of 
polymer particles within the Kolmogorov microscale of isotropie turbulence 

studied for reactor scales up to 7.5 dm3
. However, it is very unlikely that this 

would be different on larger scale. 

• At moderate electrolyte concentration, the colloidal stability of polystyrene 
latices is not affected by the solids content up to 50 wt%. 
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• High solids, i.e. 50 wt%, emulsion polymerization of styrene appears to he 

more sensitive to electrolyte in terms of reactor fouling than low solids, i.e. 25 

wt%, emulsion polymerization. The operating conditions have some influence 

on the extent of reactor fouling. Turbine impeliers are more suitable for clean 

operation than pitched blade impeliers at the same mean energy dissipation. 

• In order to avoid secondary nucleation in studying the coagulation behavior of 

polyvinyl acetate latices, coagulation experiments without polymerization are 

useful. The results show that the emulsifier and electrolyte concentration have 

a considerable influence on the colloidal stability in the electrostatic 

stabilization regime, while solids content and operating conditions have no 

significant influence. In line with the coagulation experiments without 

polymerization, the ab-initio emulsion polymerization experiments of vinyl 

acetate show no clear dependency of the colloidal stability on the operating 

conditions. 
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5 RHEOLOGY AND FLOW IN HIGH SOLlOS 

EMULSION POLYMERIZATION 

Abstract 

83 

Commercial emulsion polymerization processes are aften carried out with high 

solids recipes (50 percent monomer by weight), resulting in relatively viscous, 
pseudo-plastic reaction mixtures. Upon reaction, the increasing volume fraction of 

monomer swollen polymer particles causes an increase in viscosity. At the same 
time the rheology changes from Newtonian into pseudo-plastic behavior, which 
results from the orientation of the polymer particles in the flow. The change in 

rheological behavior during high solids emulsion polymerization potentially 
complicates the process opera ti on in terms of imperfect mixing and reactor fouling. 

This chapter discusses the rheological properties and flow during high solids 
emulsion polymerization of styrene. The partiele size distribution strongly 
influences the rheology and consequently the course of the reaction. 

Thîs chapter has been publîshed as M.F. Kemmere, J. Meuldijk, A.A.H. Drinkenburg, and A.L. 

Gennan, 'Rheology and flow during high solids emulsion polymerization' Polym. React. 

(1998), Q, (3&4), 243 
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5. 1 Introduetion 

Industrial emulsion polymerization is usually perfonned with high solids recipes. 

One of the advantages of producing high solids latices is that for latex applications 
there is little or no need to remove water after production (Leiza et al., 1997). The 

difference between high and low solids polymerization is caused by the higher 

final solids content (50 wt% versus e.g. 25 wt% of polymer) as well as a stronger 
increase in solids content during ab-initio emulsion polymerization. In contrast 

with low solids emulsion polymerization, the apparent viscosity of the reaction 
mixture increases significantly during high solids emulsion polymerization, 

resulting in a viscous pseudo-plastic reaction medium. The change in rheological 

behavior during high solids emulsion polymerization complicates the process 

operation in tenns of imperfect mixing and reactor fouling. 

5.2 Rheology 

For the purpose of descrihing the rheological behavior of a high solids emulsion 
polymerization, the reaction process can conveniently be divided into two stages: 

interval I and the intervals 11 and lil taken together. 

5.2.1 Interval I 

At the beginning of the polymerization the monomer is mainly present in droplets, 
dispersed in the continuous aqueous phase. Typical size of the monomer dropiets is 

about 5 J.Lm (Gilbert, 1995). The droplet size can be controlled by adjusting the 

energy dissipated into the vessel as well as by adjusting the interfacial tension 
(emulsifier concentration). The dropiets break up easily and coalesce. A pseudo 
steady state is reached for equal rates of break-up and coalescence (Skelland and 
Kanel, 1990), see chapter 3. Since the flow is disturbed by the monomer droplets, 

the viscosity of the emulsion will be somewhat higher than that of any of the 

separate components (Macosko, 1994). 

During interval I the monomer dropiets dominate the rheological behavior, because 
the volume fraction of the polymer phase is still low. At the end of the nucleation 

period the reaction mixture still exhibits Newtonian rheological behavior and the 
viscosity has not changed from the initia! situation. 
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5.2.2 Intervals 11 and 111 

After the partiele nucleation during interval I, the polymerization takes place in the 

monomer swollen polymer particles at the expense of the monomer droplets. Then 

the small polymer particles (order of magnitude of 100 nm) start to govern the 

rheologîcal behavior of the reaction mixture. The viscosity increases with 
increasing volume fractîon of the polymer particles. In interval UI the partiele 
volume fraction deercases slightly due to shrinkage of the monomer swollen 

particles, sînce the polymer bas a higher densîty than the monomer. Figure 5.1 

shows the partiele volume fraction as a function of conversion. The volume of 

monomer swollen polymer particles in intervals II and III can be calculated by 
equations 5.1 and 5.2, respectively. 

(5.1) 

l
/ x 1 

Mmon -+ 
Pp Pm 

(5.2) 

The mass fraction of monomer in the polymer partieles, ~m, can be determined 

from the conversion at which the monomer dropiets disappear (Xm), assuming 
thermodynamic equilibrium between the different phases involved. This 
assumption is valîd, since mass transfer rates are very much higher than reaction 

rates. In the case of styrene emulsion polymerization Xm equals 0.43 (Harada et al., 

1972) and consequently ~m equals 0.57. The real changeover from interval II to III 

is more gradual than suggested by Figure 5.1. The discontinuity in Figure 5.1 is 

caused by the switch in calculation from equation 5.1 to equation 5 .2 at a 

conversion of0.43. 
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Figure 5.1 - : Calculated volume fraction of monomer swollen particles during 

a 50 wt% solids emulsion polymerization of styrene as a function of conversion . ... 

Effective apparent viscosity of the reaction mixture during a 50 wt% solids 

emulsion polymerization of styrene, determined with equation 5. 7 and Table 5.2. 

The pseudo·plastic rheological behavior of high solids emulsion polymerization 
mixtures can be described by the Ostwald·De Waele or power law equation 
(Macosko, 1994): 

_ 1: _ K ·n-1 
17app --:-- r r 

(5.3) 

(5.4) 

The pseudo·plastic behavior of high solids latices cannot be explained by 
deformation of the monomer swollen polymer particles themselves, since the 
particles behave like rigid spheres, because of the stiff surfactant layer around 
them. Cross (1965), however, has suggested that the pseudo·plastic behavior is 
associated with formation and rupture of structural linkages between the polymer 
particles in latices. The groups of linked particles as reported by Cross ( 1965) are 
formed as a result of Brownian motion, while both shear and Brownian movement 
break the links. At low shear rate the distribution of particles remains essentially 
undisturbed. The particles necessarily have to move around each other, which 
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results in a relatively large resistance against flow and high viscosity (Barnes et al., 

1989). On the contrary, at higher shear rate, clusters of particles are forrned. These 

groups of linked particles orient in the flow and pass each other relatively easily. 

This effect lowers the viscosity. The Cross model is applicable to a wide range of 

matcrials (Barnes et al., 1989). 

5.3 Flow behavior 

To provide suftleient emulsification and to enhance mass and heat transfer, stirring 

is necessary during emulsion polymerization. During high solids emulsion 

polymerization, the rheological behavior of the reaction mixture changes from 

Newtonian into pseudo-plastic behavior, as indicated above. At the same time a 

change from almost fully turbulent flow into much less developed turbulence 

occurs. The Reynolds number is an important parameter for characterizing the flow 

in a stirred vessel. For liquids in stirred vessels the Reynolds number is given by 

equation 5.5. 

(5.5) 
'lapp 

The flow is laminar for Re< 10 and fully turbulent for Re> 104
. The density ofthe 

reaction mixture can be calculated according to equation 5.6. 

(5.6) 

When the viscosity 1s known, the Reynolds number can be calculated for 

Newtonian liquids. For pseudo-plastic liquids in stirred vessels the calculation of 

the Reynolds number is more complicated, since the apparent viscosity varies with 

shear rate. The Reynolds number has been calculated based on an effective shear 

rate given by equation 5.7. 

(5.7) 

The constant K depends on the impeller type. For a Rushton turbine impeller K 

equals 11.5 (Bakker and Gates, 1995). From the effective shear rate an effective 

apparent viscosity for the pseudo-plastic liquid has been deterrnined, sec equation 
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5.4. This experimentally measured apparent viscosity has been used to calculate 

the Reynolds number according to equation 5.5. A typical range for the Reynolds 
number in high solids emulsion polymerization is 500 <Re< 5000, see Table 5.2. 

The power transferred into the reaction mixture by the impeller can he determined 

from the torque on the impeller shaft (equation 5.8), or can he estimated using the 

dimensionless power number (equation 5.9). The power number depends on the 
reactor configuration, impeller speed, impeller type and the kind of liquid. In the 

turbulent flow regime, the power number is only dependent on the impetter type 
and the geometrical arrangement. Although in principle the power number is a 
function of the Reynolds number (Rushton et al., 1950), the variations in power 

number with Reynolds during the polymerization experiments have shown to he 

rather limited. Therefore the power number is assumed to he constant in all the 

experiments. 

The mean energy dissipation Eav is given by equation 5.10: 

p 
E(lV =-

M,m 

(5.8) 

(5.9) 

(5.10) 

Due to the shear rate distribution in the reaction mixture, the pseudo-plastic 
rheological behavior of high solids latices results in intensive mixing in the vicinity 
of the impeller, while relatively low mixing rates occur in other regions of the 
vessel. 

5.4 Effects of partiele size distribution on rheology and flow 

The PSD has a significant effect on the rheology, and consequently on the flow in 
the reactor and on the course of high solids emulsion polymerizations. In general, a 
bimodal PSD will result in a lower viscosity at the same high solids content than a 
narrow and unimorlal partiele size distribution, since the small particles can occupy 

the voids between the larger particles (Macosko, 1994). The decrease in viscosity 
depends on the volume fraction ofsmall particles (f1) as wellas the ratio (R) ofthe 
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diameters of the large and small partiel es. The minimum viscosity occurs at about 

f1 0.3 (Chong et al., 1971) and R = 7 (Buckmann et al., 1995). Bimodallatices 

can be produced by either blending two monodisperse latices with sufficiently 

different partiele sizes or by generating a second erop of smal! particles by 

addition of a putse of emulsifier into the reaction mixture during polymerization, 

causing secondary nucleation (Chem et al., 1997). From the conditions given by 

Chong et al. (1971) and Buckmann et aL (1995), tagether with the ratio of the 

concentration of small particles N 1 and large particles N2, depicted in Figure 5.2, it 

can be concluded that a significant deercase in viscosity of a high solids latex 

requires a large amount of small partiel es. 

N1 I N2 [-] 200 

• 200-250 150 
0150-200 10 
0100-150 
•50-100 
lfi 0-50 R [·] 

Figure 5.2: Ratio in partiele concentration between smal! and large particles as a 

function of the volume fraction of smal! particles fi and the ratio of the diameter of 

the large and smal! particles R, calculated according to equation 5.11. 

(5.11) 

When an emulsifier feedstream is added to a viseaus reaction mixture, the mixing 

can be relatively slow. If the time se ale of mixing is large as compared to the time 

scale of nucleation, this may result in local secondary nucleation even if the overall 
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averaged emulsifier concentration in the aqueous phase remains below the critical 

micelle concentration (CE,aq,ov < CcMc, while temporarily: CE,aq,loc > CcMc), see 
Figure 5.3. lfthis leadstoa sufficient amount offreshly formed small particles, the 

viscosity of the reaction mixture is expected to decrease, resulting in an increase of 

the Reynolds number. 

E 

CE,aq,ov < CcMC 

CE,aq,loc > CcMC 

Figure 5.3: Schematic view ofpoor mixing of an added emulsifier feed stream with 

a viscous pseudo-plastic high solids emulsion polymerization mixture. 

5.5 Experimental setup 

To study the effect of PSD on the viscosity of high solids latices, two kinds of 

experiments have been performed: blending two latices with different partiele sizes 

(type I) and semi-batch seeded high solids emulsion polymerizations with 

secondary nucleation (type IJ). The latter have been carried out with addition of 

emulsifier at different degrees of conversion. During the type II experiments the 

overall emulsifier concentration CE,aq,ov has never exceeded the critical micelle 

concentration, CcMC· Temporarily the local emulsifier concentration might have 

exceeded the CcMc, see Figure 5.3. To obtain an indication of the effect of 

secondary nucleation, the following equations have been used (Chem et al., 1997): 

d • ( Mmon Jd p,v = 1 +--X final p,vseed 
Mseed 

(5.12) 
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(5.13) 

If a bimodal PSD is obtained at the end of the polymerization, it is difficult to 

determine dp,v final and consequently the value of X will not be very reliable. Note 

that in tbc case of a bimodal PSD, the averaged partiele size is taken for dp,v final· 

Therefore, x only gives an indication of the effect of secondary nucleation on the 

development of partiele size during the polymerization. 

5.6 Results and discussion 

5.6.1 High solids emulsion polymerization 

During the experiments at the 1.85 and 7.48 dm3 scale, the apparent viscosity and 

torque on the impeller shaft have been measured. Figure 5.4 shows a typical 

example ofthc apparent viscosity ofthe emulsion as a function ofthe shear rate for 

different monomer conversions. The viscosity does not change up to a conversion 

of 30%. The rheological behavior shown in Figure 5.4 confirms the idea that the 

monomer dropiets dominate the rheology during interval I of the emulsion 

polymerization. In Table 5.1 the effective apparent viscosity is given for different 

conversions. The power law exponent and the consisteney index have been 

determined from tbc experimentally observed relation between the apparent 

viseosity and the shear rate. According to Figures 5.1 and 5.4, the effeetive 

apparent viseosity qualitatively follows the partiele volume fraction during 

intervals II and III. Above 30% conversion the volume fraetion of the monomer 

swollen polymer partieles beeomes important. The viscosity inercases and the 

rheological behavior changes from Newionian to pseudo-plastic. The slight 

deercase of the viscosity at conversions of 82% and 90% as compared to that at 

60% conversion can be ascribed to the shrinkage of the partiel es. 
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Figure 5.4: Apparent viscosity as a function of shear rate during 50 wt% solids 

emulsion polymerization of styrene on 7.48 dm3 scale. Conversion [-]: L\ 0; Q 

0.089; 0 0.30; x 0.61; <> 0.82; + 0.90 

Table 5.1: Calculated parameters as a function of conversion (Yeff = 91 s'1
) during 

50 wt% solids emulsion polymerization of styrene on 7.48 dm3 scale. 'l/app,eff 

determined from equation 5. 7; Re calculated with equation 5.5. 

x[-] TJapp. etr [ 1 0·3 Pa s] K [Pa sn] n [-] Re[-] 

0 7.4 - - 5020 

0.089 7.5 - - 5004 

0.30 36 0.076 0.83 1059 

0.61 73 0.36 0.65 539 

0.82 63 0.25 0.69 641 

0.90 64 0.33 0.64 624 

Table 5.1 shows that during the polymerization the flow inthetank changes from 

almost fully turbulent into less developed turbulent flow. 

Figure 5.5 shows the volume averaged energy dissipation calculated frorn torque 
measurement, see equation 5.8, and the power number, see equation 5.9, 

respectively. The experimentally determined values agree reasonably well with the 
calculated values except for high conversions. The change of the rheological 
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behavior at a bout 30% conversion in Figure 5.4 can hardly be detected by the 

measured torque on the impeller shaft. The torque measurements tend to scatter 
somewhat more for conversions larger than 30%. At the end of the polymerization, 

i.e. at about 70% conversion, the increase in torque and consequently energy 

dissipation originates from the experimentally observed occurrence of reactor 

fouling. The impeller diameter apparently increases by deposition of polymer on 
the impeller blades. Other experiments at the 1.85 dm3 scale exhibit the same 

behavior in torque and rheology. Apparently, the power number deercases as the 

viscosity goes up and Reynolds becomes less than 1000. 
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Figure 5.5: Mean energy dissipation as a function of conversion during 50 wt% 

solids emulsion polymerization of styrene on 7.48 dm3 scale; ... calculated 

according to equation 5.8, basedon torque measurement; Cl: calculated according 
to equation 5. 9, basedon an assumed value of the power number. 

5.6.2 Effect of partiele size distribution on rheology and flow 

Blending two latices with different partiele sizes 
The effect of PSD on rheology bas been studied by blending two approximately 

monodisperse polystyrene latex products with different partiele sizes (type I 
experiments). Figure 5.6 shows the apparent viscosity as a function of the volume 

fraction of small particles for different solids contents. At higher solids content the 
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limited experimental data are in reasonable agreement with Sudduth's metbod for 
predicting the viscosity of suspensions containing particles with bimodal PSD 
(Sudduth, 1993). 
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Figure 5. 6: Apparent viscosity at a shear rate of 117 s-1 versus the volume fraction 

of smal/ (38 nm) particles as a function of total solids content for a mixture of 38 

and 108 nm latex particles. Solids content [wt%]: + 35; • 40; A 44. The lines 

represent the calculated viscosity basedon Sudduth 's model (1993). Solids content 

[wt%]: - 35; ····· 40; --- 44 

The reduction in viscosity is more pronounced for increasing solids content, since 
the volume fraction of the polymer particles in the continuous phase becomes more 
important. In agreement with Chong et al. (1971 ), the minimum viscosity has been 
found at about 30 vol% of small particles. When the fraction of small particles 

approaches 30 vol%, the rheological behavior also changes from pseudo-plastic 
into Newtonian, see Figure 5.7. 
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Figure 5. 7: Apparent viscosity versus shear rate as a function of the volume 
fraction of smal! (38 nm) particles for a 44 wt% solids content mixture of 38 and 

108 nm polystyrene particles. Volume fraction smal! particles [-]:0 0; 0 0.1 0; 1.'\ 

0.30; <> 0.50 

Semi-batch high solids emulsion polymerization with secondary nucleation 

To study the effect of emulsifier addition, simulations with a dynamic model of the 
batch emulsion polymerization of styrene (Mayer, 1995) have been carried out. 

The resulting partiele concentration and the PSD are shown in the Figures 5.8 and 

5.9. Note the small number of particles in Figure 5.9C in the range around 75 nm. 
To visualize this effect on the scale, the partiele concentration has been multiplied 

by 10. Table 5.2 gives the characteristics of the simulations. If emulsifier is 
injected at 40% conversion, no new particles are formed. Injection at 10% 

conversion results in a significant number of newly formed partiel es. However, the 
difference between the diameter of the original and the freshly formed generation 

of particles is too small to recognize a bimodal PSD. Injections at conversions of 

20% and 30% lead to a bimodal PSD, but the number of freshly nucleated particles 
deercases with increasing conversion at which the extra emulsifier is added. 

According to these simulations, the best conversion to add emulsifier in order to 

get a bimodal PSD, is about 20%. 
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Figure 5. 8: Partiele concentration as a function of conversion of a simulated semi

batch 50 wt% solids emulsion polymerization of styrene. Extra emulsifier added at 

conversion [-]: - 0.10;- 0.20; - 0.30; - 0.40 (for characteristics 
simulations, see Table 5.1). Note that the lines of XE 0.30 and 0.40 overlap. 

The simulations have been carried out for a perfectly mixed reactor, in which the 
overall emulsifier concentration in the aqueous phase exceeds the critica} micelle 

concentration (CE,aq,ov > CcMd· The results of these simulations are expected to 
give an indication of the injluence of the conversion at which emulsifier is injected 

on the partiele concentration and PSD during high solids emulsion polymerization 
with slow mixing of the added emulsifier feedstream with the viscous reaction 
mixture (this situation is schematically sketched in Figure 5.3). 

Table 5.2: Characteristics of simulations and experiments for 50 wt% solids 

emulsion polymerization of styrene. Concentrations in kmollmw3
• 

Ingredient experiments simulations 

Styrene 9.6 9.6 

Initial added SDS 0.080 0.080 

Sodium persulfate 0.0090 0.0090 

Sodium carbonate 0.012 0.012 

SDS after addition variabie 0.15 
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Figure 5.9: PSD offinallatex {90% conversion) of a simulated semi-batch 50 wt% 

solids emulsion polymerization of styrene. Emulsifier added at conversion [-]: A 

0.10; B 0.20; C 0.30; D 0.40;for characteristics simulations, see Table 5.1. 

The experimental results of the semi-batch high solids emulsion polymerization of 

styrene with extra added emulsifier at different conversions are shO\vn in Table 5.3 

(type II experiments). In agreement with the simulations, the effect of partiele size 

is most pronounced at XE ;::; 20%. No significant difference in viscosity of the final 

latices could be observed as compared to a high solids latex without secondary 

nucleation. The results reveal that secondary nucleation with CE,aq,ov < CcMc, 

(temporarily: CE,aq,Joc > CcMc) is limited. The mixing time of the added emulsifier 
pulse is probably too short to nucleate a significant number of micelles. The 

micelles dissolve quickly to stabilize the already existing particles and the 

competition between particles and micelles to catch a radical is largely in favor of 

the partiel es. The total surface area of the micelles in the 'isolated' zone, see Figure 
5.3, is small as compared to the total surface area of the particles present in that 

particular zone. Besides that, this volume with extra emulsifier is expanding since 

the mixing process of the emulsifier pul se with the reaction mixture proceeds. This 

expanding volume results in more consumption of emulsifier by adsorption onto 
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partiele surface and consequently less micelles will be available as precursors for 

new partic les. 

Table 5.3: Results of semi-batch seeded 50 wt% solids emulsion polymerization of 

styrene with varying conversions XE at which a pulse of emulsifier has been added. 

Recipe: see Table 5.2, situation according to Figure 5.3. 

XE 
CE,ov * Xfinal dp,v final dp,v' x PSD 

H 
[kmoVmw3

] [-] [nm] [nm] [%] bimodal 

0.18 0.10 0.90 88 108 46 a little 

0.21 0.095 0.89 76 100 58 yes 

0.34 0.094 0.95 99 115 36 no 

0.40 0.095 0.95 99 112 32 no 

0.46 0.11 0.93 100 112 29 no 

0.80 0.094 0.98 102 114 31 no 

From the study on the effect of PSD on the rheology of high solids la ti ces (type I 

experiments ), it follows that a bimodal PSD reduces the viscosity of the latex, and 
changes the rheology from pseudo-plastic into Newtonian behavior. Consequently, 

a bimodal PSD will improve the overall mixing of the latex in a stirred vessel. 
However, to apply this concept to high solids emulsion polymerization (type II 

experiments), at a specific conversion (XE ~ 20%) a large amount of emulsifier 

should be added (CE,aq ov > CcMc), which results in a large number of secondarily 

nucleated particles (Chern et al. 1997, Mayer et al. 1994). These new freshly 

formed particles should have a partiele size significantly different from the first 

generation of particles to cause a considerable decrease in viscosity. 
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5. 7 Conc/usions 

The rheological properties and flow in high solids emulsion polymerization of 

styrene have been studied. The observed increase in viscosity during 

polymerization is caused by the increasing volume fraction of monomer swollen 

polymer particles in the latex. At the same time the rheology changes from 

Newtonian into pseudo-plastic behavior. The pseudo-plasticity results from the 

orientation of the polymer particles in the flow according to the Cross model. The 

change in rheological behavior during high solids emulsion polymerization at 

about 30% conversion can hardly be detected by measuring the torque exerted on 

the impeller shaft. However, at the end of the polymerization an increase in torque 

is observed, due to the occurrence of reactor fouling. The energy dissipation 

calculated from the power number agrees reasonably well with the one derived 

from the measured torque applied on the impeller shaft, except for high 

conversions if reactor fouling occurs. 

In a high solids latex system with a bimodal partiele size distribution, a minimum 

in viscosity occurs at about 30 vol% of small particles. This is in agreement with 

Chong et al. (1971). A possibility to improve the overall mixing rate during high 

solids emulsion polymerization is the generation of a bimodal partiele size 

distribution, which indoces a lower viscosity at the same high solids content. 

However, to create a significant deercase in viscosity due to secondary nucleation, 

a large amount of small freshly formed particles is needed with a significant 

difference in partiele size from the first generation of particles. Therefore a specific 

recipe should be applied (Chern, et al., 1997, Mayer et al., 1994). 
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6 HEAT TRANSFER IN EMULSION POLYMERIZATION 

Abstract 

The heat transfer in batch emulsion polymerization of styrene and vinyl acetate has 

been stuclied using reaction calorimetry. The effect of the properties of the reaction 
mixture (monomer to water ratio, polymer to water ratio, type of 

monomer/polymer used in the system and the conversion from monoroer to 

polymer) as well as the influence of process conditions (impeller speed and 
impeller type) on the overall heat transfer coefficient (U) have been investigated. In 

order to apply these results to heat transfer during emulsion polymerization in 

general, the partial heat transfer coefficients inside the vessel (hi) have been 
calculated from the overall heat transfer coefficient. Once hi is known from 

reaction calorimetrie measurements on Iabaratory scale, the heat transfer on larger 
scale can reliably be estimated using dimensionless correlations. System properties 

such as solids content and monoroer type have a strong influence on the rate of 
heat transfer. 

This chapter has been submîtted for pubHeation as M.F. Kemmere, J. Meuldijk, A.A.H. Drinkenburg, 

and A.L. German, 'Heat transfer in batch emulsion polymerization', Polym. React. Eng. 
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6.1 Introduetion 

In industry emulsion polyrnerization processes are, among other advantages, 

applied for their proper control of heat transfer. The heat generated by the free 

radical polyrnerization reaction is in the first place taken up and dispersed by the 

aqueous phase. Heat transfer to the cooling jacket, however, can be a major scale

up problem in emulsion polyrnerization. If geometrie similarity is part ofthe scale

up criteria, the area for heat transfer per unit volurne of reaction mixture changes 

inversely to the diameter for a jacketed stirred tank reactor. A change in reaction 

temperature severely affects the course and outcome of the polymerization process, 

since the reaction rate increases exponentially with increasing temperature 

according to Arrhenius' law. Proper knowledge ofthe heat transfer is essential for 

controlling product properties by the reaction temperature and for preventing 
therrnal runaway (Riesen and Choudbury, 1987). 

6.2 Heat transfer in agitated vesse/s 

Jacketed stirred (semi-)batch reactors are widely used in the chemica} industry. The 

heat flux q through the reactor wall is proportional to the driving force of the 

overall temperature difference between the hot and cold liquid (Th-Tc). The heat 

flow through the reactor wall depends on the chemica} process (type of reaction, 

reaction rate and heat of reaction), the physico-chemical properties of the liquid 

inside the vessel, the heating or cooling liquid in the jacket as well as the 

equipment used (reactor wall, thickness and material, impeller type, diameter and 
speed). Instirred batch reactors heat transfer is governed by forced convection and 

conduction. 

(6.1) 

The proportionality factor U is denoted as the overall heat transfer coefficient, see 

e.g. McCabe and Smith, 1976. Several resistances in series deterrnine the value of 

U. Note that the heat transfer coefficient Ui in equation 6.2 is basedon the inside 

area. 

(6.2) 
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in which h; and ho represent the partial heat transfer coefficients in the vesscl and 

the jacket, respectively; kw stands for the thennal conductivity coefficient of the 

wal!; hdi and hdo are the fouling factors for the inner and outer si de of the wall; D; 

and Do are the inner and outer diameter of the vessel. In a reasonably clean reactor, 

a typical fouling factor for common industrial fluids lies in the range of 1500-6000 

W/(m2 K) (McCabe and Smith, 1976). 

For estimation of the partial heat transfer coefiicient h;, the following empirical 

relation for the Nusselt number Nu; can be applied (Brooks and Su, 1959): 

- 0 75 R 213 p 113 v,·O.I4 - . e; r; z 

where the Reynolds number Rei, and the Prandtl number Pr; stand for: 

TJ; C p,r 

k; 

(6.3) 

(6.4) 

(6.5) 

For Newtonian liquids, the viscosity number Vi is the ratio of the viscosities of the 

reaction mixture at the temperature in the bulk and at the temperature at the inner 

wal I. 

For the partial heat transfer coefficient h0 the following empirica} relation for the 

Nusselt number NUo can be applied (Oldshue and Gretton, 1954; Thoenes, 1994): 

Nu a = hok d" 0.023 Reo 0.8 Prol/3 ViOJ4 
0 

(6.6) 

where Re0 and Pro stand for: 

(6.7) 

Pr = _'7_o_,_ 
0 k 

0 

(6.8) 
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in which dh represents the hydraulic diameter of the jacket defined as: 

dh = 4 ]OC t { 
v. ke } 

Ainner wal/ jacket 

(6.9) 

In general for sealing-up chemica} processes, proper scale-up of the heat transfer 

has to be considered. The ratio of the partial heat transfer coefficients hi in a 

laboratory reactor (hi,L) and a plant reactor (hi,P) is then via equation 6.3 given by: 

(6.10) 

If full geometrie similarity of the equipment, i.e. reactor contiguration and 

impeller, is applied in sealing-up a chemica} process, the rule hiP = hiL can be 

chosen to scale-up the process, see Siegmüller et al. (1992). 

The relations 6.3-6.8 reveal that both process conditions in terms of impeller 

diameter and speed as well as the properties of the liquid in the vessel and the 

jacket are important for the rate of heat transfer in agitated vessels. The physical 

liquid properties are commonly integrated into the thermal diffusivity: 

(6.11) 

6.3 Experimentalpart and procedures 

The overall heat transfer coefficient of several monomer/water and polymer/water 

mixtures has been determined with reaction calorimetry as a function of impeller 

speed, impeller type and monomer/polymer fraction in the system. Beside the 

standard impeliers described in chapter 2, a 45° pitched downflow four-bladed 

impeller (4P, d = 0.44 D) has been used as well. In Table 6.1 the physical properties 

of the relevant components used in this study are collected. Note that the values 

marked with 3 are estimated values, calculated from empirica! equations. The heat 

capacities obtained in this way are probably slightly different from the actual 

values. The calculated value of the thermal diffusivity for vinyl acetate might 

deviate from its actual value. Conversion of styrene into polystyrene decreases the 
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heat capacity and thermal conductivity of the reaction mixture, whereas the 

opposite appears to be valid for conversion of vinyl acetate into polyvinyl acetate. 
Compared to water, the constants Cp.n k; and a are significantly lower for both 

monomers and polymers. 

Table 6.1: Physical properties of relevant components at 50 oe. 
Component p; [kg/m3

] Cp,r [kJ/(kg K)] k; [W/(m K)] I a [10.9 m2/s] 

Water 9882 4.182 0.6442 156 

Styrene 8784 1.844 o.Be 81.1 
Polystyrene 1053 1 1.261 0.1161 87.4 

Vinyl acetate 9342 1 11 3 0.08193 79.0 
Polyvinyl acetate 11701 1 0.159 1 

I 76.8 
1 Brandrup and Immergut, (1989); 2 Lide (1997-1998), 3 Sinnott, (1996); 4 Yaws (1977) 

The parameters used for the calculation of the partial heat transfer coefficient h; of 

the reaction calorimeter according to equations 6.2, 6.6, 6.7 and 6.8, are presented 
in Table 6.2. The fouling factors have been neglected and Viistaken equal to unity 

for the jacket liquid. The liquid velocity in the jacket has been estimated from the 

jacket geometry and the constant flow inside the jacket, assuming a uniform 

velocity profile in the jacket. Although the calculated values of h; may deviate 
slightly from the real values, the observed trends in h; as a function of process 

conditions and properties ofthe reaction mixture are reliable. 

Table 6.2: Parameters used for the calculation of the partial heat transfer 

coefficient h; according to equations 6.2, 6. 6-6. 8. The properties of jacket liquid 

have been specified by Mettler- Toledo GmbH. 

Parameter Value 

Cp,o [kJ/(kg K)] 1.675 

dh [m] 0.015 

D; [m] 0.102 

D0 [m] 0.112 

dw [m] 0.0048 

k0 (W/(m K)] 0.1345 

kw [W/(mK)] 50 

V 0 (m/s] 2 

11o [PaS] 0.0126 

Po [kg/m3
] 930 
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The partial heat transfer coefficient h; can also be determined by using the Wilson 
method (Choudhury et al., 1990), an experimental short-cut method based on 
equation 6.2. In order to simplify equation 6.2, the resistance against heat transfer 

originating from the wall and the jacket liquid are combined in one resistance term 

<ll{T R). Assuming that h; is solely dependent on the impeller speed and temperature, 

equation 6.2 simplifies into: 

<I>(TR) + f3 Ni [ J
-2/3 

N,,O 
(6.12) 

in which N;,o is a reference impeller speed. The re si stance term <P(T R), h; and the 

slope f3 are obtained from the determination of U; at various impeller speeds and 

subsequent linear regression. To apply the Wilson method correctly, at least five 
impeller speeds have to be investigated to give reliable h; values for a particular 
setup. Besides the fact that the Wilson method is more time consuming for the 
determination of hb it does not give any insights in the sensitivity of U; to the 
parameters of the reactor wall and jacket liquid, i.e. thermal conductivity of reactor 
wall, liquid velocity, and thermal conductivity of the liquid. The Wilson method is 

only valid for one reactor configuration. Moreover, some probieros with the Wilson 
method have been reported (Choudhury et al., 1990). For one setup, the results of 
the detailed calculation of h; based on equations 6.2 and 6.8 have been compared 

with the results obtained with the Wilson method. For the limited number of 
impeller speeds studied, the agreement is satisfactory. The results reveal that the 
detailed calculation of h; according to equations 6.2, 6.6-6.8 is more reliable than 
the Wilson method. Therefore the detailed calculation of h; has been used 
.throughout. 

6.4 Results and discussion 

6.4.1 Partial heat transfer coefficient h; 

Reaction calorimetry has been applied to determine the overall heat transfer 

coefficient U;. Using equations 6.2 and 6.6, the partial heat transfer coefficient h; 
has been calculated from the experimentally determined U;. The obtained values of 
both U; and h; are collected in Appendix B. According to McCabe and Smith 
(1976), the partial heat transfer coefficient of water lies in the range of 300-20000 
W/(m2 K), depending upon the process conditions. Hicks and Gates (1975) have 
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estimated clean-wall hi values of about 350 W/(m2 K) for general emulsion 

systems. 

According to Figure 6.1, hi deercases with increasing monomer and polymer 

weight fraction, respectively. At the same monomer to water ratio, and the same 

impeller type and speed, vinyl acetate dispersions appear to have higher hi values 

as compared to styrene dispersions. Additionally, polyvinyl acetate latices show 

higher heat transfer coefficients and consequently lower heat transfer resistance 
than polystyrene latices, under equal conditions. 

Camparing experiment 6 ofTable B.6 with experiment 18 ofTable B.8, conversion 

of vinyl acetate into polyvinyl acetate raises the heat transfer coefficient in the 

emulsion polymerization mixture. Conversion of styrene into polystyrene slightly 

deercases the value of hi, see experiment 2, Table B.5 and experiment 13, Table 
B.7. The heat transfer coefficient deercases somewhat during the emulsion 
polymerization of styrene. The results for conversion of vinyl acetate and styrene 

into their respective polymers agree with the trends in specific heat capacity, 
thermal conductivity and thermal diffusivity, shown in Table 6.1. 
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Figure 6.1: Part ia! heat transfer coefficient hi as a function of monomer and 

polymer weight fraction in the recipe, respectively. +: (poly)styrenelwater 

dispersions, 6T, 113 D; • (poly)styrenelwater dispersions, 6P, 113 D v: (poly)vinyl 

acetafelwater dispersions, 6T, 113 D; 0 (poly)vinyl acetafelwater dispersions, 6P, 

1/3 D (stirrer speed in all cases 500 rpm). 

Figurcs 6.2-6.4 show that the process conditions in terms of impeller type and 
impeller speed have an important impact on the partial heat transfer coefficient. In 

agreement with Strek and Karcz (1997), the Rushton turbine impeller provides a 
higher value of hi than the pitched six-bladed impeller under otherwise the same 

conditions. 



108 

6000 .--------------, 

52' 4000 

11 
~ 
~ 2000 

• • 

• 

• 
" • 

• 

" • 
0'----~-----L...------' 

200 400 600 800 

N1 [rpm) 

CHAPTER6 

6000 I . B 

52' 4000 

Ë 
! . 

~ 2~ 1'---·-~--; _--L.._ __ • _ ____j 

• 

• 

200 400 600 800 

N, [rpm) 
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Figure 6.3: Partial heat transfer coefficient h1 as a function of stirrer speed for the 

Rushton turbine impel/er of 1/3 D A Polystyrenelwater dispersions B Polyvinyl 

acetafelwater dispersions. Polymer weight fraction in the recipe [-] <?: 0; 0: 0.1 0; 

A: 0.15; 0: 0.20; X: 0.25. 
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Figure 6.4: Partial heat transfer coefficient h1 as a function of impel/er typefora 

0.25 styrene!water dispersion +: 6T, 1/3 D; .&.: 6P, 113 D; e: 4P. 
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In Figure 6.5, experimental values of Nu; for water and two impellers are plotted 

against Re;213 Prt3
, see equation 6.3 with Vi 1. Although only three data points 

are available per impeller, the trends correspond with the results reported by Strek 

and Karcz (1997), namely the slope of the data points of the Rushton turbine 

impeller is steeper than the slope of the data points of the pitched blade impeller. 
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Figure 6.5: The Nusselt number as ajunetion of Re213 Pr113 for waterstirred with a 

Rushton turbine impeller, 6T {0) or a pitched six-bladed impeller, 6P (!J.); - : 

Rushton turbine impeller, according to Strek and Karcz, (1997); : pitched six

bladed impeller, according toStrek and Karcz, (1997). 

An example of scale-up basedon h;p h;L of a 25 wt% emulsion polymerization 

process equipped with a six-bladed Rushton turbine impeller and four baffies is 
given in Table 6.3. Note that in general scale-up ofthe reactor equipment results in 

a deercase in heat transfer area, which can be compensated by choosing h;p > hiL· 

Table 6.3: Scale-up of a styrene emulsion polymerization system in a stirred tank 

basedon constant hi. 

Parameter Laboratory reactor Plant reactor 

Vessel contents [ dm3
] 0.833 50000 

Vessel diameter [m] 0.102 4.00 

Impeller diameter [ m] 0.034 1.33 

h; [W/m2 K] 1378 1378 

N; [rpm] 500 80 
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The result shown in Table 6.3 is only valid for full geometrie similarity, equal 

viscosity numbers and no significant occurrence of reactor fouling. The calculated 

stirrer speed for the large scale is rather high. To estimate the overall heat transfer 

coefficient U ofthe large reactor, the characteristics ofthe reactorwalland cooling 

liquid in the jacket ofthe plant reactor should be known. 

6.4.2 Specific heat capacity of the reaction mixture, Cp,r 

Consiclering temperature control and heat transfer in emulsion polymerization, the 

specific heat capacity of the reaction mixture is important. Table 6.4 shows the 

specific heat capacities of several dispersions as determined with reaction 

calorimetry. 

The measured Cp,r values for water, styrene and vinyl acetate are rather high as 

compared to the values reported in literature, see Tables 6.4 and 6. 1. Although the 

absolute measured values might deviate from the real values, the relative difference 

in specific heat capacity between the various dispersions as compared to water is 

clear. When the monomer/polymer fraction in the mixture increases, the specific 

heat capacity of the mixture decreases. Vinyl acetate and polyvinyl acetate 

mixtures have higher specific heat capacities than styrene and polystyrene 

mixtures, respectively. The difference in Cp,r between a 25 wt% vinyl acetate/water 

mixture and a 25 wt'l/o polyvinyl acetate latex is negligible. This indicates that 
during the emulsion polymerization of vinyl acetate, the specific heat capacity of 

the reaction mixture changes only slightly. The difference in Cp,r between 25 wt'l/o 

styrene/water mixture and a 25 wt'l/o polystyrene latex is significant. The results 

collected in Table 6.4 indicate that during the batch emulsion polymerization of 

styrene, the capacity of the reaction mixture to keep the temperature within a 

certain range by absorbing the heat of the reaction, will decrease. 
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Table 6. 4: Specific heat capacity Cp,r and standard deviation a of various 

disperstons determined with reaction calorimetry at 50 "C. 

System [w/w] Cp,r [kJ/(kg K)] a [kJ/(kg K)] Cp,J Cp,w [-] 

Water 4.54 0.07 1 

Styrene (S) 2.26 0.02 0.50 
Vinyl acetate (VAc) 2.44 0.03 0.54 

0.25 s 3.98 0.08 0.88 
0.50 s 3.30 0.07 0.73 
0.10 PS 4.24 0.06 0.93 
0.15 PS 4.10 0.07 0.90 
0.20 PS 4.00 0.06 0.88 
0.25 PS 3.79 0.07 0.83 

0.25 VAc 4.08 0.04 0.90 
0.50 VAc 3.62 0.05 0.80 
0.10 PVAc 4.34 0.04 0.96 
0.15 PVAc 4.21 0.05 0.93 
0.20 PVAc 4.13 0.07 0.91 
0.25 PVAc 4.09 0.08 0.90 

6.4.3 Heat transfer in emulsion polymerization 

Figure 6.6 shows the heat production rate as a function of time for the emulsion 

polymerization of styrene and vinyl acetate under camparabie conditions (same 
impeller type and speed, and identical recipes). Note the difference in sealing ofthe 

y-axis. The reaction rate, and consequently the rate of heat production, Or is much 
higher tor the emulsion polymerization of vinyl acetate as compared to the 

emulsion polymerization of styrene. The heat of polymerization, as determined 
from our own reaction calorimetrie measurements is -95 kJ/mol for vinyl acetate 

and -70 kJ/mol for styrene. These values agree with those reported in literature 
(Joshi, 1963). Additionally, for the polymerization of vinyl acetate the heat is 

produced in a considerably shorter period of time as compared to the 
polymerization of styrene. Bath effects ask for a sufficiently fast heat transfer to 
the reactor wall in order to control the reactor temperature during the emulsion 

polymerization of vinyl acetate. 
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Figure 6. 6: Rate of heat production during 25 wt% solids emulsion polymerization, 

determined with reaction calorimetry. Á Emu/sion polymerization of styrene. B 

Emu/sion polymerization of vinyl acetate. 

Combination of the heat flow balance and the reaction rate equation results in 

equation 6.15. 

(6.13) 

(6.14) 

(6.15) 

Based on the data obtained from the calorimetrie experiments, the time needed to 

in duce, for example, a temperature rise of 10 oe and a conversion increase of 0.10 

can roughly be estimated with equation 6.15. Consirlering the polymerization as 

shown in Figure 6.6, a vinyl acetate reaction system needs 0.9 seconds, whereas for 

a styrene reaction system it takes 1.5 seconds to raise the temperature by 10 °C and 

the conversion by 10%. Although the properties of the reaction mixture result in a 

high heat transfer coefficient for vinyl acetate emulsion polymerization as 

compared to styrene emulsion polymerization, the rate of heat production by 

polymerization is high for vinyl acetate. For this reason, the heat transfer during 

the emulsion polymerization of vinyl acetate is considerably more difficult to 

control than in the case of styrene emulsion polymerization. 
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6.4.4 Heat transfer in high solids emulsion polymerization 

Since the calorimeter used in this study is based on the heat flux through the 

reactor wall, it is not possible to measure heat transfer effects in non ideally mixed 

systems such as high solids latices. Industrial emulsion polymerization processes 

are often carried out with high solids recipes (up to 50 wt% ofpolymer in the latex 

produced). The viscosity and the amount of reactor fouling increase with solids 

content, and the rheology changes from Newtonian into pseudo-plastic behavior 

(Mayer et al., 1994; Kemmere et al., 1998). During high solids emulsion 

polymerization, process operation in terms of proper heat transfer is seriously 

hampered (Meuldijk et al., 1998). Moreover, the results of the present study reveal 

that the partial heat transfer coefficient hi, as well as the specif1c heat capacity Cp,r 

and thermal diffusivity a, deercase with increasing solids content. To raise the heat 

transfer coefficient in high solids emulsion polymerization systems, several 

approaches can be considered: 

Lower jacket temperatures 
Lowering the jacket temperature may not be adequate since the viscosity of the 

reaction mixture at the wall temperature may become very high. Heat transfer and 

mixing will then be reduced by formation of stagnant regions near the wall 

(Reichert and Moritz, 1989). Additionally, the cooling capacity of large-scale 

reactors is often limited by the specif1c heat transfer area. 

Installation of additional heat transfer area 

Extra heat transfer area can be installed inside or outside ( externalloop) the reactor 

to enhance the rate of heat remaval (Poehlein, 1997). However, introduetion of 

extra surface may be accompanied with additional reactor fouling. 

Increasing power inpnt dne to stirring 

In agreement with Hicks and Gates (1975) and Meuldijk et al. (1998), the results of 

this study reveal that a larger impeller diameter as well as increasing the stirrer 

speed will raise the heat transfer coefficient. Application of this concept to 

industrial high solids emulsion polymerization faces limitations with regard to the 

impeller investment capita! and operation casts due to the pseudo-plasticity of the 

high solids reaction mixture (power input). Note that a larger impeller and a higher 

speed may also increase reactor fouling due to shear. This would result in a 

decreasing heat transfer coefficient. 
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Application of a close contact impeller 
In order to improve the mixing and increase the heat transfer in the entire pseudo

plastic high solids emulsion polymerization mixture, a close contact impeller, such 

as a helical ribbon impeller can be used. In genera!, helical ribbon impeliers are 

more suitable than turbines, for pseudo-plastic liquids. They create a better 

circulation, less chances for fouling, and they will probably result in a better heat 

transfer to the vessel wall (Choplîn and Villermaux, 1996). However, in the 

beginning of the emulsion polymerization, turbulent flow conditions are necessary 

for proper ernulsification of the monoroer in the aqueous phase. Our experiments 

show that a double helical ribbon impeller with two additional Rushton impeliers 

all mounted on the same shaft have not provided sufficient emulsifïcation during 

high solids emulsion polymerization, since the rotational speed is much too low for 

the turbine. A low conversion has been obtained and severe reactor fouling has 

occurred on the surface of the impellers. Analogous to the stirrer device proposed 

by van Dierendorrek et al. (1980), a helical ribbon impeller with turbine impeliers 

assembied on separate shafts might be much better. For radical addition 
polymerization, Yamamoto et al. (1998) have developed a special impeller suitable 

for a wide viscosity range. The impeller is a combination of paddie impellers for 

the low viscosity range and half ellipse impeliers for the pseudo-plastic rheological 

behavior. These kinds of impellers may be suitable for high solids emulsion 

polymerization. Another approach is to use a premixer for the emulsification 

process and to adapt the stirring device in the reactor to the pseudo-plastic 

rheology, assuming good emulsion stability during polymerization, see chapter 3. 

Non-isothermal operanon 
Non-isothermal operation might also be a solution to the limited capacity of heat 
removal during industrial high solids emulsion polymerization. The reaction can be 

started at a lower temperature and the heat capacities of the reactor and the reaction 

mixture can be used to take up part of the heat of reaction (Poehlein, 1997). Note 

that non-isothermal operation also affects the product properties, such as the 

molecular weight distribution, which may or may not he beneficia!. 

6.5 Conclusions 

The heat transfer in batch emulsion polymerization dispersions has been studied 

with reaction calorimetry. Both the properties of the reaction mixture and the 
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process conditions determine the partial heat transfer coefficient at the reaction 
side, hi. The following conclusions can be formulated from this study: 

The process conditions strongly influence the partial heat transfer coefficient. In 
agreement with Hicks and Gates (1975) and Meuldijk et al. (1998), a larger 

impeller diameter will increase the heat transfer coefficient at the same specific 

energy dissipation ra te. The impeller type used is important for the values of hi. In 

agreement with Strek and Karcz (1997), the Rushton turbine impeller provides a 
higher heat transfer coefficient than the pitched six-bladed impeller under the same 

conditions. 

Conceming the influence of the reaction mixture, emulsion polymerization of vinyl 

acetate provides a higher heat transfer coefficient than emulsion polymerization of 
styrene at the same low volume fraction of polymer, i.e. 25 wt%. The determined 

values of the heat transfer coefficient are higher for both vinyl acetate and 
polyvinyl acetate in water dispersions as compared to styrene and polystyrene 
dispersions. At increasing solids content, the heat transfer coefficient decreases. In 

high solids emulsion polymerization, i.e. 50 \Vt% of polymer, the effect of the 
partiele size has to be considered as well. Conversion of vinyl acetate into 

polyvinyl acetate raises the heat transfer coefficient in the emulsion polymerization 
mixture. Conversion of styrene into polystyrene slightly reduces the value of the 

heat transfer coefficient. 
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7 IMPLICATIONS OF THE CURRENT RESULTS FOR 
INDUSTRIAL PROCESS DESIGN 

In the preceding chapters vanous key issues involved in batch emulsion 

polymerization have been addressed. This chapter describes how the combined 
results obtained in this work can be used to imprave the operation of running 

emulsion polymerization processes. Additionally, this leads to guidelînes for the 

design of novel emulsion polymerization processes. 

7. 1 Introduetion 

Typically, an industrial polymerization process consists of three steps: preparation, 

polymerization and post-processing (Reichert and Moritz, 1989). The preparation 

step involves purification and mixing of the reactants. Purification is important 

since inhibitors, which have been added to the monomers in order to prevent 

undesired autopolymerization during storage, can significantly affect the 
polymerization process (Kemmere et al., 1999). Proper mixing of the reaction 
mixture before and during the polymerization is essential to minimize 
concentration and temperature gradients as well as to provide sufficient dispersion 

of the monomers into the aqueous phase (Oldshue, 1983). The polymerization 

reaction itself has special physical features which require specific reactor design 
(Brooks, 1997). For example the reactants usually have a relatively low viscosity, 
as compared to the viscosity of the final product. Moreover, emulsion 

polymerization is a rather complex process as it is based on a multipbase reaction 
system. Since almost all polymerization reactions are exothermic, isothermal 
operation asks for proper heat remaval from the reaction mixture (Klostermann, 

1998). With regard to the postprocessing step, emulsion polymerization has a 
major advantage, since in many latex applications the product latex can be used as 

such. Nevertheless, in order to meet product specification sametimes a purification 
step such as filtering of coagulum is necessary. 

In the following sections some chemica} engineering aspects concerning batch 
emulsion polymerization are discussed, as well as the impact of the polymerization 

process on product properties in terms of the partiele size distribution. 
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7.2 Critica/ parameters for batch emulsion polymerization 

The results of the work described in this thesis show that the most critica! 
parameters with respect to the batch emulsion polymerization process are the 
recipe in terms of the emulsifier and electrolyte concentrations, the energy 
dissipated into the reaction mixture, the heat transfer ( cooling) and the rheology of 
the reaction mixture. In Figure 7.1, the limits between which a batch emulsion 
polymerization process can he operated are schematically summarized in an 
operating window for a particular emulsion polymerization system and reactor 
configuration. 

ccc 
overall 

electrolyte 
concentration 

t CE,9crlt 

insufficient emulsification I 
heat transfer 

insufficient stabilization 

N* 
__.. impeller speed 

aeration I surface 

N** 

Figure 7.1: Schematic operating window of a particu/ar batch emulsion 
polymerization system and reactor configuration. 

As the overall electrolyte concentration affects the electrostatical stabilization of 
the polymer particles (see chapter 4), it will influence the partiele size ofthe latex 
product Every emulsion polymerization recipe contains some electrolyte 
originating from the initiator, emulsifier and pH-buffer. A minimum emulsifier 

concentration is required to facilitate emulsification and, even more important, to 
ensure colloidal stability of the polymer particles during polymerization. This 
lower limit in emulsifier concentration is deterrnined by the critica} surface 

coverage of the particles with emulsifier below which coagulation occurs, ecrit 

(Mayer et al., 1995). Note that in some cases controlled coagulation due to a 

surface coverage below 8crit is applied in order to obtain a desired partiele size. 
With respect to the upper limit, industrial recipes usually contain a large number of 
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additives, which increase the electrolyte concentration significantly. Above the 

critica! coagu.lation concentration (CCC) all electrastatic repulsion is lost and 
uncontrolled coagulation occurs. Since uncontrolled coagulation complicates the 

process opera ti on in terms of severe reactor fouling, the CCC forms the upper limit 

of the overall electrolyte concentration of a particular emulsion polymerization 
rec1pe. 

The mean energy dissipation in a stirred tank reactor is determined by the scale of 
operation, stirrer speed and impeller characteristics, i.e. type and diameter. For a 

particular reactor configuration, the impeller speed determines the operating 
window for emulsion polymerization. Undesired aeration of the reaction mixture 

limits the stirrer speed at the high speed side, as for instanee vortices can induce 

surface coagulation. The use of baffles is important in order to avoid vortex 

formation as much as possible. The lower limit in stirrer speed is determined by 
emulsification and heat transfer, see Figure 7 .1. Regarding the emulsification 

process, the lowest impeller speed for suilleient emulsification, N•, as defined in 
chapter 3, forms a critica! parameter. Typically, in batch emulsion polymerization 

with good emulsion stability, the power consumption can be reduced by lowering 
the impeller speed during the process. Also, heat transfer limits the emulsion 

polymerization process, especially in relation to the rheological behavior of the 
reaction mixture. In the beginning of a high solids polymerization, the reaction 

mixture has a relatively low viscosity with Newtonian rheological behavior. 
However, during the course of the batch process the reaction mixture becomes 

more viscous and in many cases the rheological properties change from Newtonian 
into pseudo-plastic behavior, see chapter 5. The change in viscosity and rheological 

behavior may strongly reduce the heat transfer rate during emulsion 
polymerization. Supposing good emulsion stability during polymerization, a 
practical approach would be to use a pre-mixer suitable for the emulsification 
process and to adapt the stirring device in the reactor to the pseudo-plastic 
rheology, see chapter 6. 

Summarizing Figure 7.1, the emulsion polymerization process is limited by the 

Jack of colloidal stability of the latex-particles above, below and right to the 

operating window. Obviously, the colloidal stability is affected by different causes. 
Left to the production window, emulsification and heat transfer limit the process. 
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7.3 Thermal runaway 

Although in principle emulsion polymerization processes have the possibility of 
proper temperature control, thermal runaway is still a potential risk. Runaway can 
occur as aresult of a variety ofunfavorable reaction and/or operating conditions, as 
well as heat transfer limitations (Siegmüller et al., 1992). One of the most common 
errors causing thermal runaway is mischarging of one of the reactants. In semi
batch operation, heat transfer limitations have to be considered in the calculation of 
the optima! reactant addition profile. For instance, in copolymerizations in which 
the most reactive monomer is added to the reactor, the monomer feed rate has to be 
adjusted to the cooling capacity of the reactor (Arzamendi and Asua, 1991). 
Monomer accumulation a1so forms a potential risk for thermal runaway. Feed-back 
control based on reaction calorimetry as showed by Saenz de Buruaga et al. (1997) 
can avoid monomer accumulation in the reactor and can consequently prevent 
potenttal thermal runaways. 

Important parameters with respect to heat transfer in an industrial reactor are the 
overall heat transfer coefficient, the ratio of the heat transfer area and the reactor 
volume, the reaction temperature and the temperature of the cooling fluid. In 
chapter 6, reaction calorimetry has been applied to determine the partial heat 
transfer coefficient at the reaction side, hi, during batch emulsion polymerization. 
In the case of geometrie similarity and similar recipes, the overall heat transfer 
coefficient of an industrial reactor can be reliably estimated based on hi determined 
by reaction calorimetry, the characteristics of the reactor wall, and the physical 
properties ofthe cooling fluid. 

System properties such as solids content and monomer type have a strong impact 
on the heat transfer coefficient, see chapter 6. Vinyl acetate is a reactive monomer, 
and many incidents involving the runaway polymerization of vinyl acetate are 
known (Gustin and Laganier, 1998). Figure 7.2 shows an example of a runaway 
during the high solids emulsion polymerization of vinyl acetate, studied with 
reaction calorimetry. Note that because of the relatively viscous, pseudo-plastic 
nature of the high solids reaction mixture, the reactor is not perfectly mixed. 
eonsequently, the profile of the rate of heat production is not very accurate. The 
reaction calorimeter has been operated in an isothermal mode during the 
experiment shown in Figure 7.2. Nevertheless, the course of the reactor 
temperature clearly shows the thermal runaway from 50 oe to about 65 oe. 
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Figure 7.2: Reaction calorimetrie experiment in isotitermal mode of the 50 wt% 

batch ab-initio emulsion polymerization of vinyl acetate with thermal runaway. 

In order to reduce the potential risk of thermal runaway incidents during emulsion 
polymerization of reactive monoroers such as vinyl acetate, reaction calorimetrie 
studies are important. In particular, heat effects induced by variations in the recipe 

or by changes in addition profiles in semi-batch operation have to be considered in 

this respect. 

7.4 Control of partiele size distribution 

The partiele size and partiele size distribution are important issues as they 
determine the application properties of the latex product, such as rheological and 

film formation behavior. Nucleation, partiele growth by polymerization and 
coagulation jointly determine the final partiele size distribution of a latex product. 

In the case of insufficient emulsification, a very broad partiele size distribution will 

he developed during the nucleation period (i.e. interval I, see chapter 3). For both 
styrene and vinyl acetate emulsion polymerization, sufficient emulsification is a 

prerequisite for control of the primary nucleation step, sec chapter 3. Secondary 

nucleation induced by feeding additional emulsifier in the course of the reaction 

can lead to a bimodal partiele size distribution. The results reported in chapter 5 
show that a bimodal partiele size distribution results in a lower viscosity of the 

reaction mixture at the same high solids content as compared to a narrow unimodal 
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partiele size distribution. Secondary nucleation, induced by a momentary addition 
of emulsifier during high solids emulsion polymerization, leads to a considerable 

impravement of temperature control as compared to a regular high solids emulsion 
polymerization (Mayer et aL, 1994). In this mode of operation, the heat transfer is 

facilitated, because the lower viscosity prevents stagnant zones near the reactor 
wall, see e.g. Meuldijk et aL (1998). 

Proper mixing of monomer, initiator and emulsifier streams in semi-batch emulsion 

polymerization processes is essential in cantrolling the partiele growth by 

polymerization. For example, if the time constant for mixing of an initiator feed 

stream with the reaction mixture is larger than the time constant for coagulation, 
severe coagulation may occur near the addition point due to a locally high 

electrolyte concentration. In case of poor mixing of an emulsifier feed stream with 
the reaction mixture, the added emulsi:fier cannot provide sufficient colloidal 
stability over the entire reactor contents, while locally high emulsi:fier 
concentra ti ons may give rise to some secondary nucleation, see chapter 5. 

It follows from the results with sodium dodecyl sulfate as the emulsifier (chapter 4) 
that coagulation of the latex particles can he controlled by a 'robust' recipe in 

terms of proper stabilization with emulsi:fier and a low ionic strength. In this case, 
Brownian coagulation is the predominant mechanism, whereas shear effects are 
negligible. Operating conditions in terms of reactor scale, impeller type, diameter 

and speed do not affect the colloidal stability of the submicron polymer particles 
(Kemmere, et al, 1998; Melis et al., 1999) . 

. In this chapter some major implications of the work described in this thesis for 
industrial emulsion polymerization processes have been discussed. The results of 
the emulsion polymerization of styrene and vinyl acetate with sodium dodecyl 

sulfate as the emulsifier are representative for many other emulsion polymerization 
processes. Styrene and vinyl acetate emulsion polymerizations are systems that 
differ extremely in their properties in terms of water solubility (nucleation 

mechanism) and reactivity of the monomers. This implies that most monoroers 
show intermediate behavior. Some differences might occur between laboratory 
work and industrial practice. For instance, in in dustry puri:fication of monoroers by 

distillation is not common practice. The presence of inhibitors in the reaction 
mixture influences both the course of the emulsion polymerization and the product 
properties (Kemmere et al., 1999). Another example is the application of 
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disproportionated rosin acid soap (DRAS), which is commonly used as the 
emulsifier in the in dustrial production of rubbers. Since DRAS is a natural product 
obtained from pine trees, it contains all kinds of inhibiting and/or retarding 
components, in varying amounts. Significant effects of the retarders present in 

DRAS on the polymerization rate have been shown by Mayer et al. (1995). In 
industrial emulsion polymerization processes, control of product properties 
requires to work with well-defined raw materials. This implies that at least the 
effects of impurities on the kinetics of emulsion polymerization have to be known. 

The present insights enable the selection of a process design that guarantees 
sufficient emulsification, colloidal stability, control of partiele size distribution, and 
proper heat transfer. Nevertheless, it has to be kept in mind that only a proper 
balance between the recipe and process conditions allows for a robust operation, 
yielding high-quality products. 
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8 NOTATION 

1/2 p 

1/2 T 

113 p 

1/3 T 

4P 

6P 

6T 

Ainner jacket wall 

Ap 
c 
C' 

C" 

CE,aq,loc 

CE,aq,ov 

CE,solution 

c1 
CMo 

CMC 

45° pitched six-bladed impeller with d 112 D 

Rushton turbine impeller with d 1/2 D 

45° pitched six-bladed impeller with d = 1/3 D 

Rushton turbine impeller with d == 113 D 

45° pitched downflow four-bladed impeller 

45° pitched downflow six-bladed impeller 

Rushton turbine impeller 

thermal diffusivity [m2/s] 

heat transfer area [ m2
] 

area occupied by one emulsifier molecule [m2/mol] 

total intemal wall surface of jacket [m2
] 

partiele surface per unit volume of aqueous phase [m21mw3
] 

clearance of impeller from tank bottorn [m] 

constant for maximum droplet size equation 3.2 [-] 

constant for minimal droplet size equation 3.3 [-] 

constant f or N' vis equati on 3. 5 [-] 

buffer concentration [kmollmw3
] 

critical micelle concentration [kmollmw3
] 

overall emulsifier concentration [kmollmw3
] 

hypothetical emulsifier concentration, needed to occupy 

completely empty partiele surface [kmollmw3
] 

local emulsifier concentration in the aqueous phase near added 

emulsifier feed stream [kmollmw3
] 

overall emulsifier concentration in the aqueous phase 

[kmollmw3
] 

overall emulsifier concentration [kmollmw3
] 

overall emulsifier concentration after addition of extra emulsifier 

[kmollmw3
] 

emulsifier concentration in titration solution [kmollmw3
] 

initiator concentration [kmollmw3
] 

initial morromer concentration [kmollmw3
] 

carboxy methyl celluloses 

overall electrolyte concentration [kmol/m,/] 

specific heat capacity of inserts in reactor [J/(kg K)] 
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ddrop 

d'p,v 

dmax 

dmin 

do 
dp 

dp 

dp,s 

dp,v 

dp,v final 

dw 
E 
EGDMA 

F 
F 

fl 

f2 
fds 
fm 
fm+s 

fparticles 

g 
H 

specitic heat capacity of liquid inside jacket [J/(kg K)] 

specific heat capacity ofliquid inside reactor [J/(kg K)] 

coefficient for shear coagulation [-] 

impeller diameter [ m] 

mass of dry cups, equations 2.3 and 2.4 [kg] 

intemal tank diameter [ m] 

droplet size [m] 

CHAPTER 8 

calculated volume averaged diameter of finallatex when there is 
neither secondary nucleation nor limited coagulation during 

polymerization [m] 

diameter haffles [ m] 

hydraulic diameter given by equation 6.9 (m] 

inner diameter of reactor [ m] 

impeller diameter oflab reactor [m] 

dynamic light scattering 

maximum stabie droplet size before break up occurs [m] 

minimal stabie droplet size before coalescence occurs [m] 

outer diameter of reactor [m] 

impeller diameter of plant reactor [m] 

partiele diameter [ m] 

surface averaged partiele diameter [ m] 

volume averaged partiele diameter [m] 

volume averaged partiele diameter of finallatex [ m] 

thickness of reactor wall [m] 

mass of empty cups [kg] 

ethylene glycol dimethacrylate 

mass of full cups, equations 2.3 and 2.4 [kg] 

interaction force between two dropiets [N] 
volume fraction of small particles [-] 

volume fraction of large particles [-] 

mass fraction of solids except for polymer [-] 

mass fraction of monomer in the recipe [-] 

mass fraction of monomer and seed [-] 

volume fraction of monomer swollen particles in the reaction 

mixture[-] 

acceleration due to gravity [m/s2
] 

height of reactor [ m] 
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LDV 

M 
MEA 

mE,tot,added 

mE,p 

mi 

n 
N* 

N*pol 

N*seed 

N*vis 

fouling factor ofwall inside reactor [W/(m2 K)] 

fouling factor ofwall outside reactor [W/(m2 K)] 

height of reactor filled with liquid [ m] 

partial heat transfer coefficient inside reactor [W/(m2 K)] 

partial heat transfer coefficient outside reactor [W/(m2 K)] 

coagulation rate for Brownian coagulation [ llmw3 s] 

coagulation rate for shear coagulation [llmw3 s] 

consistency index [Pa sn] 

Boltzmann constant [J/K] 

conductivity ofliquid inside reactor [W/(m K)] 

conductivity of liquid inside jacket [W /(m K)] 

conductivity of reactor wall [W/(m K)] 

impeller blade length [m] 

laser doppier velocimetry 

monomer weight fraction in recipe [-] 

mono ethanol amine 

amount of emulsifier added at intersection point [mol] 

amount of emulsifer taken up by latex particles [mol] 

mass of inserts in reactor [kg] 

mass ofliquid-liquid mixture [kg] 

mass of initia! added monomer [kg] 

mass of liquid in reactor [kg] 

mass of reaction mixture [kg] 

mass ofpolymer inseed-latex [kg] 

molecular weight 

partiele number [11mw3
] 

power law exponent [-] 

lowest impeller speed for proper emulsification [1/s] 

127 

lowest impeller speed for proper emulsification as determined 

by polymerization experiments [1/s] 

lowest impeller speed for proper emulsification with polymer 

particles present in the mixture [lis] 

lowest impeller speed for proper emulsification as determined 

by visualization experiments [1/s] 

initia! partiele number [llmw3
] 

partiele number of small particles [llmw3
] 

partiele number of large particles [llmw3
] 
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Ne 

Ni 

Ni,O 

NiL 

NiP 

Np 

Nui 

Nu0 

p 

p 

Pri 
Pr0 

PS 

PSD 

PTA 
PVAc 
q 

Q 
Qc 

Qr 
R 

Re 

Rei 
Re0 

Rp 

s 
SDS 

SPS 

t 

Ta 

circulation number [-] 

impeller speed [1/s] 

CHAPTER 8 

reference impeller speed in Wilson method, equation 6.12 [s-1
] 

stirrer speed oflab reactor [s-1
] 

stirrer speed of plant reactor [s-1
] 

power number [-] 

Nusselt number of liquid inside reactor [-] 

Nusselt number of liquid inside jacket [-] 

polymer weight fraction [-] 

power input [W] 

Prandtl number of liquid inside reactor [-] 

Prandtl number of liquid inside jacket [-] 

polystyrene 

partiele size distribution 

phosphotungstic acid 

polyvinyl acetate 

heat flux [W/m2
] 

discharge rate [m3/s] 

calibration heat [W] 

rate of heat production [W] 

ratio in partiele size between large and small particles 

Reynolds number [-] 

Reynolds number ofliquid inside reactor [-] 

Reynolds number of liquid inside jacket [-] 

reaction rate [mollmw3 s] 

Styrene 

sodium dodecyl sulfate 

sodium persulfate 

time [s] 

corrected temperature inside jacket [K] 

thickness haffles [m] 

circulation time [ s J 
temperature of cold liquid [K] 

transmission electron microscopy 

glass transition temperature e)CJ 
temperature of hot liquid [K] 

torque [Nm] 
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U Ac 

V Ac 

VE 
V i 

V jacket 

VM 
Vo 

Vos 
vp 
VR 
Vs 

V tot 

Vvow 

Vvr 

V w.int.point 

Vw,latex 

Greek 

a 

a 
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temperature inside reactor [KJ 

overall heat transfer coefficient [W /(m2 K)] 

mean square of relative velocity fluctuations between two 

diametrically opposite points on the surface of dropiets [m2/s2
] 

uranyl acetate 

vinyl acetate 

electrastatic repulsion energy [J] 

viscosity number r-] 
volume of jacket [m3

] 

volume ofliquid-liquid system (m3
] 

liquid velocity inside jacket [ m/s] 

osmotic interaction energy [J] 

volume of monomer swollen polymer particles [m3
] 

volume ofreaction mixture [m3
] 

steric repulsion energy [J] 

overall potential energy [J] 

Van der Waals attraction energy [J] 

volume restrietion interaction energy [J] 
volume of aqueous phase at intersection point [mw3

] 

volume of aqueous phase in latex sample [mw3
] 

impeller blade width [m] 

stability coefficient for Brownian coagulation [-] 

Weber number [-] 

stability coefficient for shear coagulation [-] 

conversion [-] 

conversion at which a pulse of extra emulsifier is added (-] 

conversion of finallatex [-] 

conversion at which the monomer dropiets disappear [-] 

constant of the Cross model [ slî] 

constant of N• vis equation, characteristic for impeller type 3.5 [-] 

index of the Cross model [ -] 

proportionality factor in Wilson method, eq. 6.12 [(m2 K)/W] 

exponent of relation between droplet size and mean energy 

dissipation (equation 3.10) [-] 
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x 

E 

Eav 

Eav,power 

Eav,torque 

l'Joo 

llo 

llapp 

l'Japp,eff 

llc 

lld 
T]; 

l'JM 

llo 

l'JwL 

l'JwP 

K 

e 

p 

Ap 

Pc 

CHAPTER 8 

parameter which indicates the effect of secondary nucleation or 

coagulation during polymerization [%] ( see equation 5.13) 

energy dissipation in the vessel [W /kg] 

average energy dissipation [W /kg] 

mean energy dissipation based on power number [W /kg] 

mean energy dissipation based on torque measurement [W /kg] 

mass fraction monomer in the recipe [-] 

function dependent on the ratio of dynamic viscosity of 

continuous and dispersed phase [-] 

mass fraction of monomer in the mixture [-] 

resistance term in Wilson method, equation 6.12 [(m2 K)/W] 

volume fraction of monomer in the mixture [-] 

shear rate [1/s] 

effective shear rate [lis] 

viscosity [Pa s] 

viscosity at infinite shear rate [Pas] 

viscosity at zero shear rate [Pas] 

apparent viscosity [Pa s] 

effective apparent viscosity [Pa s] 

dynamic viscosity of continuous phase [Pa s] 

dynamic viscosity of dispersed phase [Pa s] 

viscosity of liquid inside reactor [Pa s] 

dynamic viscosity ofliquid-liquid mixture [Pas] 

viscosity of liquid inside jacket [Pa s] 

viscosity at wall temperature in lab reactor [Pa s] 

viscosity at wall temperature in plant reactor [Pa s] 

constant for the equation 5. 7 of effective shear ra te [-] 

kinematic viscosity of continuous phase [m2/s] 

fractional surface coverage [-] 

critica! surface coverage of the polymer particles with emulsifier 

below which coagulation occurs [-] 

density [kg/m3
] 

difference in density between continuous and dispersed phase 

[kg/ m3
] 

density of continuous phase [kg/m3
] 
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Pi density ofliquid inside reactor [kg/m3
] 

Pm density of monomer [kg/m3
] 

PM density ofliquid-Hquid system [kg/m3
] 

Po density of liquid inside jacket [kg/m3
] 

Pp density of polymer [kg/m3
] 

Pnn density of reaction mixture [kg/m3
] 

Pw density of water [kg/m3
] 

() interfacial tension [N/m] 

() deviation of given value [AU] 

't shear stress [Pa] 
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APPENDIX A 

ADDITIONAL DATA FOR CHAPTER 3 



Tab ie A. I: N*visfor styrene emulsion systems determined with visualization experiments on 1.85 dm3 scale 

exp. impeller CE,ov [kmollmw3
] T, [OC] .PM [-] N*vis [rpm] Tq [Nm] &av,torque &av,power 

1 1/3 T 0 20.0 0.25 550 - - 0.36 
2 113 T O.Dl 20.0 0.25 320 - - 0.070 
3 113 T 0 20.0 0.50 550 - - 0.36 
4 113 T 0.08 20.0 0.50 330 - - 0.077 
5 1/3 T 0.01 50.0 0.25 360 - - 0.10 
6 113T 0.02 50.0 0.25 390 0.010 0.22 0.13 
7 1/3 T 0.01 50.0 0.50 335 0.015 0.30 0.081 
8 113 T 0.08 50.0 0.50 345 0.016 0.33 0.088 
9 1/3 T 0.01 75.0 0.25 370 0.0074 0.16 0.11 
10 1/2 T 0.01 20.0 0.25 115 0.015 0.10 0.023 
11 1/2 T 0.08 20.0 0.50 115 0.018 0.13 0.023 
12 1/2 T 0.01 50.0 0.25 130 0.018 0.14 0.034 
13 112-F 0.02 50.0 0.25 160 0.0088 0.078 0.063 
14 112 T 0.08 50.0 0.50 140 0.018 0.15 0.042 
15 112 T 0.01 75.0 0.25 145 0.0095 0.081 0.047 
16 113P 0.01 20.0 0.25 490 0.0092 0.26 0.13 
17 113 p 0.08 20.0 0.50 510 0.0092 0.28 0.14 
18 113 p 0.01 50.0 0.25 580 0.0083 0.28 0.21 
19 1/3 p+ 0.02 50.0 0.25 720 0.011 0.45 0.40 
20 113P 0.08 50.0 0.50 620 0.0091 0.34 0.26 
21 113 p 0.01 75.0 0.25 710 0.014 0.58 0.38 
22 112P 0.01 20.0 0.25 180 0.0046 0.059 0.038 
23 112P 0.08 20.0 0.50 260 0.011 0.17 0.12 
24 1/2 p 0.01 50.0 0.25 195 0.0053 0.061 0.049 
25 112 p+ 0.02 50.0 0.25 235 0.010 0.13 0.085 
26 112P 0.08 50.0 0.50 270 0.0082 0.13 0.13 
27 112 p 0.01 75.0 0.25 210 0.0089 0.11 0.061 

+ V1suahzatmn expenments m the presence of latex particles 

te [s] 

1.0 
1.8 
1.0 
1.7 
1.6 
1.5 
1.7 
1.6 
1.5 
1.5 
1.5 
1.3 
1.0 
1.2 
1.2 
1.9 
1.8 
1.6 
1.3 
1.5 
1.3 
1.5 
1.1 
1.4 
1.2 
1.0 
1.3 

-w 
.j::. 



Table A.2: N*v;sfor styrene emulsion systems determined with visualization experiments on 7.48 dm 3 scale with ~M = 0.25 

exp impeller type CE,ov Tr N*vis Tq [Nm] Bav,torque Bav,power te 
[kmol/mw3

] [OC] [rpm] [W!kg] [W!kg] [s] 

28 1/3 T 0 20.0 235 0.013 0.044 0.064 2.3 

29 113 T 0.01 20.0 155 0.013 0.029 0.018 3.5 

30 113 T 0.01 50.0 205 0.013 0.039 0.042 2.7 

31 1/3 T+ 0.02 50.0 225 0.024 0.075 0.056 2.4 

32 1/2 T 0.01 20.0 70 0.018 0.018 0.013 2.3 

33 1/2 T 0.01 50.0 85 0.018 0.022 0.022 1.9 

34 112T 0.02 50.0 105 0.030 0.054 0.042 1.6 

35 113 p 0.01 20.0 285 0.018 0.074 0.041 2.7 

36 1/3 p 0.01 50.0 420 0.018 0.11 0.13 2.3 

37 1/3 p+ 0.02 50.0 550 0.037 0.28 0.30 1.7 

38 1/2 p 0.01 20.0 100 0.017 0.025 0.011 3.1 

39 1/2 p 0.01 50.0 115 0.017 0.028 0.016 2.1 

40 1/2 p+ 0.02 50.0 160 0.027 0.060 0.044 1.6 



Table A.3: Various scale-up ru/es of N*";3 Jor styrene emulsion systems compared with the experimentally observed values. 

All calculated values are on 7. 48 dm3 scale 

impeller CE,ov Tr N•vis(exp) N*vis (exp) N*vis N*vis N*vis N*vis N*vis N vis N*. 
V1S 

type [kmoll111w3
] [()C] 1.85 dm3 7.48 dm3 Es eh Skelland Heuven tip speed Re p f:av 

[rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] (rpm] 

1/3 T 0.01 20.0 320 155 298 228 221 198 123 144 233 
1/3 T 0.01 50.0 360 205 335 256 249 223 138 162 262 
113 T+ 0.02 50.0 390 225 363 278 270 241 150 177 283 
112 T 0.01 20.0 115 70 107 82 80 72 45 52 84 
112 T 0.01 50.0 130 85 121 93 90 il 50 59 95 
112r 0.02 50.0 160 105 149 114 111 100 62 73 117 
113 p 0.01 20.0 490 285 456 349 339 304 188 221 356 
1/3 p 0.01 50.0 580 420 540 413 401 359 223 261 422 
1/3 p+ 0.02 50.0 720 550 670 513 498 446 277 324 523 
112 p 0.01 20.0 180 100 168 129 125 ill 70 82 131 
112 p 0.01 50.0 195 115 182 139 135 121 76 89 142 
112 p+ 0.02 50.0 235 160 219 168 163 146 91 107 171 



Table AA: Predieled N*visfor styrene emulsion systems calculated with the empirica/ equations reported by van Heuven and Beek 

(1971) and Skelland and Ramsay (1987) 

impeller scale ~M emulsifier N* vis(exp) N*eq3A N* eq 3.5 scale ~M emulsifier N* vis (exp) N*eq 3.4 N* 
eq 3.5 

type [dm3
] H [rpm] [rpm] [rpm] [dm3

] [-] [rpm] [rpm] [rpm] 

1/3 T 1.85 0.25 no 550 573 394 7.48 0.25 no 235 397 280 

1/3 T 1.85 0.25 yes 360 480 357 7.48 0.25 yes 205 333 254 

1/3 T 1.85 0.50 no 550 814 435 7.48 0.50 no - 564 310 

1/3 T 1.85 0.50 yes 335 683 395 7.48 0.50 yes - 472 281 

112 T 1.85 0.25 no - 420 148 7.48 0.25 no - 292 106 
112 T 1.85 0.25 yes 130 i 352 134 7.48 0.25 yes 85 244 96 
1/2 T 1.85 0.50 no - 597 164 7.48 0.50 no 414 117 
1/2 T 1.85 0.50 yes 140 500 149 7.48 0.50 yes 347 106 
113 p 1.85 0.25 no - - 839 7.48 0.25 no - 597 
1/3 p 1.85 0.25 yes 580 - 762 7.48 0.25 yes 420 542 
113P 1.85 0.50 no - 928 7.48 0.50 no - - 661 
113 p 1.85 0.50 yes 620 - 843 7.48 0.50 yes i - - 600 
1/2 p 1.85 0.25 no 283 7.48 0.25 no - 202 
112 p 1.85 i 0.25 yes 195 257 7.48 0.25 yes 115 184 
l/2 p 1.85 0.50 I no - - 313 7.48 0.50 no - 224 
1/2 p 1.85 I 0.50 yes 270 - 284 7.48 i 0.50 yes - - 203 



Table A.5: Characteristics ofthe ab-initia emulsion polymerization experiments ofstyrene -w 
00 

impeller scale CE,ov N; Tr Tq eav,torque Eav,power te Xfinal dpv,final PSD MW emulsification 

type [dm3
] [kmol/mw3

] [rpm] [OC] [Nm] [W/kg] [W/kg] [s] [-] [nm] (106] 

l/3 T 1.85 0.02 250 50.0 - - 0.034 2.3 0.38 57 braad*/bimodal 2.56 insufticient 

1/3 T 1.85 0.02 275 50.0 0.0096 0.15 0.045 2.1 0.70 60 broad*/bimodal 4.32 insuftleient 

l/3 T 1.85 0.02 275 50.0 0.0050 0.078 0.045 2.1 0.80 69 broad* 4.33 insuftleient 

113 T 1.85 0.02 360 50.0 0.0094 0.19 0.10 1.6 0.95 72 normal - N*vi• 

l/3 T 1.85 0.02 500 50.0 0.0088 0.25 0.27 l.l 0.94 70 normal 4.28 good 

113 T 1.85 0.02 800 50.0 0.027 1.2 l.l 0.7 0.90 73 normal - good 

1/3 T 1.85 0.02 370 75.0 0.0085 0.18 0.11 1.5 0.96 62 slightly broader· 4.32 good 

112 p 1.85 0.02 195 50.0 0.0083 0.092 0.049 1.4 0.86 71 slightly braader - N vis 

112 p 1.85 0.02 195 50.0 0.0079 0.087 0.049 1.4 0.91 79 slightly braader 
. 

N*vis -
l/2 p 1.85 0.02 235 50.0 0.0117 0.16 0.085 1.2 0.92 88 slightly broader • - N*vis,sc:e<!ed 

1/2 p 1.85 0.02 210 75.0 0.0098 0.12 0.061 1.3 0.96 61 slightly broader • 5.39 N*vis 

1/3 T 7.48 0.01 205 50.0 0.018 0.052 0.042 2.7 0.71 81 slightly broader 5.71 N vis 

113 T 7.48 0.01 450 50.0 0.087 0.55 0.45 1.2 0.90 91 normal 5.88 good 

113 T 7.48 0.02 205 50.0 0.022 0.063 0.042 2.7 0.92 81 normal 6.17 N* vis,CE=O.OI 

113 T 7.48 0.02 450 50.0 0.087 0.55 0.45 1.2 0.96 90 normal good . 
broadened w1th respect to mtnns1c polymenzatlon 



Table A.6: N'visfor vinyl acelate emulsion systems determined with visualization experiments on 1.85 and 7.48 dm3 scale 

exp impeller scale · CE,ov T r ~M N*vîs Tq Eav,torque C.av,power te 
type [dm3] [kmol/mw3] [OC] [-] [rpm] [Nm] [Wikg] [Wikg] [ s] 

1 113 T 1.85 0 20.0 0.25 381 0.013 0.27 0.12 1.5 

2 l/3 T 1.85 0.01 20.0 . 0.25 250 0.011 0.16 0.034 2.3 

3 1/2 T 1.85 i 0.01 20.0 • 0.25 100 0.0095 0.054 • 0.016 1.7 

4 113 p 1.85 • 0.01 20.0 0.25 400 0.0083 0.19 i 0.070 2.3 

5 l/2 p 1.85 0.01 20.0 0.25 130 0.0035 0.026 • 0.015 2.1 

6 1/3 T 7.48 0 20.0 0.25 217 0.030 0.086 0.047 2.7 

7 l/3 T 7.48 0 50.0 0.25 236 0.024 0.073 0.069 2.5 

8 1/3 T 7.48 0.01 i 20.0 0.25 131 0.013 0.023 0.010 4.5 

9 1/3 T 7.48 . 0.01 50.0 . 0.25 140 • 0.013 0.023 0.013 4.2 

10 113 T 7.48 0.08 20.0 . 0.50 163 • 0.013 0.027 0.020 3.6 

11 1/3 T 7.48 0.08 50.0 0.50 190 0.016 0.041 0.032 3.1 

12 1/2 T 7.48 0.01 20.0 0.25 63 0.015 0.013 0.0085 2.8 

13 112 T 7.48 0.01 50.0 0.25 82 0.022 0.024 0.019 2.2 

14 1/3P 7.48 0 20.0 0.25 273 0.015 0.053 0.034 3.6 

15 1/3 p 7.48 0 50.0 0.25 356 0.018 0.086 ! 0.075 2.7 

16 113 p 7.48 0.01 20.0 0.25 273 0.014 0.053 0.042 3.3 

17 1/3 p 7.48 • 0.01 50.0 0.25 292 0.015 0.053 0.034 3.6 

18 112 p 7.48 0.01 20.0 0.25 95 0.015 0.018 0.0086 3.1 

19 112 p 7.48 0.01 50.0 0.25 100 0.0074 0.0096 0.010 2.9 



Table A. 7: Various scale-up ru/es of Nvisfor vinyl acetate emulsion systems compared with the experimentally observed values. 

impeller N* vis/pol ( exp) N"vis (exp) N*pol (exp) N* N* N* N* N* N N* 

type 1.85 dm3 7.48 dm3 7.48 dm3 Esch Skelland Heuven tip speed Re p E:av 

[rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] 

113 T 290 140 140 270 206 201 180 111 ill 211 

112 T 100 82 - 93 71 69 62 39 45 73 

1/3 p 425 292 - 396 303 294 263 163 191 309 
112 p 130 100 - 121 93 90 81 50 59 95 

impeller N"pol(exp) N*vis (exp) N*pol (exp) N* N* N* N* N* N" N" 

type RC1e 1.85 dm3 1.85 dm3 Esch Skelland Heuven tip speed Re p Eav 
[rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] 

1/3 T 420 250 290 404 350 58 325 251 273 354 

1/2 T 140 100 - 135 117 115 108 84 91 118 
113 p 420 400 425 404 350 344 325 251 273 354 
1/2 p 155 130 - 149 129 127 120 93 101 131 

impeller N*pol (exp) N vis (exp) N"pol (exp) N* N* N* N* N N* N* 

type RCle 7.48 dm3 7.48 dm3 Esch Skelland Heuven tip speed Re p 
Eav 

[rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] [rpm] 

1/3 T 420 140 140 376 249 238 201 96 123 257 

112 T 140 82 - 125 83 80 67 32 41 86 
113 p 420 292 - 376 249 238 201 96 123 257 
1/2 p 155 100 - 139 92 88 75 36 46 95 

-
""" 0 



Table A.8: Predicted N*visfor vinyl acelate emulsion systems calculated with the empirica! equations reported by van Heuven and 

Beek (1971), see equation 3.4 and Skelland and Ramsay (1987), see equation 3.5 

impeller scale <JlM i emulsifier N* vis(exp) N*. VlS,eq3.4 N* vis,eq3.5 scale <JlM emulsifier N* vis (exp) N• vis,eq3.4 N* vis,eq3.5 

type [dm3] [-] [rpm] [rpm] [rpm] [dm3
] [-] [rpm] [rpm] [rpm] 

1/3 T 1.85 0.25 no 381 565 393 7.48 0.25 no 236 391 280 

1/3 T 1.85 i 0.25 yes 250 473 357 7.48 0.25 yes 140 328 ! 254 

1/3 T 1.85 0.50 no - 802 435 7.48 0.50 no 555 310 

113 T 1.85 0.50 yes - 672 395 7.48 0.50 yes 190 465 • 281 

112 T 1.85 0.25 no - 414 148 7.48 0.25 no 287 106 

112 T 1.85 0.25 yes 100 i 346 134 7.48 0.25 yes 82 328 96 

1/2 T 1.85 0.50 no - 587 164 7.48 0.50 no - 555 117 

1/2 T 1.85 0.50 yes - 492 149 7.48 0.50 yes - 465 106 

1/3 p 1.85 0.25 no - 839 7.48 0.25 no 356 597 

1/3 p 1.85 0.25 yes 400 - 762 7.48 0.25 yes 273 - 542 
1/3 p 1.85 0.50 no - 928 7.48 0.50 no - 660 
1/3 p 1.85 0.50 i yes - 842 7.48 0.50 yes - 600 

1/2 p 1.85 0.25 I no - - 283 7.48 0.25 no - - 202 
112 p 1.85 0.25 i yes 130 - 257 7.48 0.25 yes 100 184 
112 p 1.85 0.50 no - - 313 7.48 0.50 no - - 224 
1/2 p 1.85 0.50 yes i - 284 7.48 0.50 i yes - - 203 



Ta bie A. 9: Characteristics of the ab-initio emulsion polymerization experiments of vinyl acelate 

impeller scale Ni Tr ~'>av,power te Xfinal dp,DLS emulsification 

type [dm3
] [rpm] [OC] [Wikg] [s] [-] [nm] 

1/3 T 1.85 175 50.0 0.012 3.2 0.54 57 insufficient 

113 T 1.85 225 50.0 0.025 2.5 0.96 102 insufficient 

l/3T 1.85 240 50.0 0.030 2.4 0.98 106 insufficient 

113 T 1.85 280 50.0 0.048 2.0 0.97 107 insufficient 

113 T 1.85 300 50.0 0.059 1.9 0.99 107 good 

113 T 1.85 415 50.0 0.16 1.4 0.97 112 good 

113 T 1.85 500 50.0 0.27 1.1 0.97 114 good 
113 T* 1.85 300/225 50.0 0.059/0.025 1.9/2.5 1.0 105 good 

1/3 p 1.85 300 50.0 0.029 3.1 0.58 61 insufficient 
1/3 p 1.85 425 50.0 0.084 2.2 1.0 101 N*pol 

1/3 p 1.85 460 50.0 0.11 2.0 0.97 100 good 
113 p 1.85 500 50.0 0.14 1.9 0.99 110 good 

113 T 7.48 100 50.0 0.0046 5.9 0.56 56 insufficient 

113 T 7.48 150 50.0 0.016 4.0 1.0 104 good 

113 T 7.48 300 50.0 0.12 2.0 0.94 107 good 

* pre-m1x expenment 
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Table A.l 0: Results of ab-initia emulsion polymerization experiments of vinyl 

acelate with a turbine impeller 1/3D, performed in the reaction calorimeter. 

Exp. 

i ~~m] I ArH dp,vfmal s 
• [kJ/mol] [run] [-] 

1 100 11.5 86.2 0.0902 

2 200 - 83.0 • 0.247 

3 300 • 91.4 96.2 0.249 

4 400 i 93.9 101.6 0.250 

5 i 410 94.3 109.4 0.250 

6 • 425 96.0 103.0 0.249 

7 450 • 95.1 107.0 • 0.249 

8 i 500 95.6 100.2 0.250 

9 • 600 96.6 106.1 0.250 

10 700 95.4 104.6 0.247 

Table A.ll: Results of ab-initia emulsion polymerization experiments of vinyl 

acelate with a pitched blade impel/er l/3D, performed in the reaction calorimeta 

Exp. N1 1 ArH ' dp,vfina! s 
[rpm] [kJ/mol] • [run] [-] 

11 300 85.3 85.8 1 o.25o 

12 400 93.9 101.5 0.250 

13 410 94.4 104.6 0.250 

14 425 95.3 107.6 0.250 

15 • 450 94.3 101.9 I 0.250 

16 500 95.4 101.8 ' 0.250 

17 600 94.7 104.1 0.250 

18 '700 94.6 106.7 0.248 
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Table A.12: Results of ab-initio emulsion polymerization experiments of vinyl 

acelate with a turbine impel/er 112D, peiformed in the reaction calorimeter. 

Exp. INj LlrH dp,vfinal s 

' 
[rpm] [kJ/mol] [nm] [-] 

19 100 86.3 77.3 0.250 

20 125 94.5 96.3 0.250 

21 130 94.3 97.0 0.250 

22 135 95.8 92.6 0.250 

23 142 96.2 96.7 0.250 

24 150 94.0 99.2 0.245 

25 200 94.2 101.4 0.247 

26 300 90.8 102.5 0.248 

Table A.J3: Resulls of ab-initio emulsion polymerization experiments of vinyl 

acelate wilh a pitched blade impel/er 112D, peiformed in the reaction calorimeter 

Exp. Ni ArH dp,vfinal SH 
[rpm] [kJ/mol] [nm] 

27 100 84.6 72.0 0.246 

28 125 - 97.8 0.248 

29 135 92.6 ~3 0.250 

30 142 93.8 96.1 0.249 

31 150 93.6 98.0 0.250 

32 160 95.4 99.2 0.250 

33 175 95.3 99.3 0.249 

34 200 94.2 99.5 0.249 
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APPENDIX B 

ADDITIONAL DATA FOR CHAPTER 6 
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Table B.l: Experimentally determined overall heat transfer coefficients U; [W/(m2 

K)] ofwater/styrene disperions with varying monomer weight fraction M. 

Impeller type 4P 6T 6P 
No N; [rpm] 300 i 500 700 300 500 700 300 500 700 

1 M=O 492 I 528 I 558 454 490 513 433 476 492 
2 M=0.25 432 • 484 • 520 363 420 461 350 378 407 
3 M 0.5 359 388 427 295 368 393 299 287 366 
4 M=l 314 I 368 408 262 313 345 239 287 319 

Table B.2: Experimentally determined overall heat transfer coefficient U; [W/(m1 

K)] of water/vinyl acelate disperslons with varying monomer weight fraction M. 

lmpeller type 6T 6P 
No. N [rpm] 300 500 700 300 500 700 
5 M=O 454 490 513 433 476 492 
6 M=0.25 349 427 468 332 374 408 
7 M=0.5 317 404 426 304 342 384 
8 M 1 322 375 411 300 351 385 

Table B.3: Experimentally determined overall heat transfer coefficients Ui [WI(m1 

K)] for polystyrene latlees with varying polymer weight fractions P. 

Impeller type 4P 6T 6P 
No N; [rpm] 300 500 700 300 500 700 300 500 700 
9 P=O 492 528 558 454 490 513 433 476 492 
10 p 0.10 - 412 458 486 369 423 456 
11 p = 0.15 - - - 390 440 470 356 407 439 
12 p =0.20 - - - 370 419 446 315 369 410 
13 p 0.25 394 1 453 502 374 414 . 444 319 371 405 
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Table B.4: Experimentally determined overall heat transfer coefficient U; [W/(m2 

KJ] for polyvinyl acelate latices with varying polymer weight fractions P. 

Impeli er type 6T 6P 
No. Ni [rpm] 300 500 700 300 500 700 

14 P=O 454 490 513 433 476 492 
15 p 0.10 441 481 503 424 462 486 
16 p 0.15 432 i 472 500 414 451 481 
17 p = 0.20 421 

I 
468 I 493 405 446 470 

18 p 0.25 416 460 486 394 438 464 

Table B.5: Calculated partial heat transfer coefficients h; [W/(m2 K)} for 

water!styrene dispersions with varying monomer weight fractions M. 

Impeller type 4P 6T 6P 

No Ni[rpm] 300 i 500 700 300 5oo 1 1oo 300 j 500 I 700 

1 M 0 3830 I 8160 . 48254 2319 3712 1 562o 1858 I 303513830 
2 M= 0.25 1840 I 3393 6593 1017 1641 i 2514 921 . 1144 . 1459 

3 

I 
Y1 0.5 986 i 1241 1753 618 I 1057 11293 636 i 584 i 1041 

4 M 1 708 1057 • 1471 489 1 702 887 441 584 1 733 

Table B.6: Calculated partial heat transfer coefficients h; [W/(m2 K)} for 

water/vinyl acelate disperstons with varying monomer weight fractions M. 

Impeller type 6T 6P 
No. I Ni [rpm] 300 I 500 700 300 500 700 

5 M=O 2319 3712 5620 1858 3035 3830 
6 M 0.25 914 1753 2737 806 1108 1471 
7 M=0.5 723 1421 . 1736 659 I 868 ll201 

! 

8 M= 1 750 1117 I 1511 640 928 1211 
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Table B. 7: Calculated partial heat transfer coefficient hi [W/(m2 K)] for 

polystyrene latices with varying polymer weight fractions P. 

lmpeller type 4P 6T 
No Ni [rpm] 300 500 700 300 500 700 300 

9 p 0 3830 8160 48254 2319 3712 5620 1858 
10 p 0.10 - - - 1525 2440 3471 1065 
11 p = 0.15 - - - 1264 1991 2812 962 
12 p =0.20 

13-04 122-93 
- 1072 1622 2126 714 

13 p 0.25 4532 1108 1553 2080 733 

6P 
500 700 

3035 3830 
1686 2360 
1462 1970 
1069 1497 
1082 1433 

Table B.8: Calculated partial heat transfer coefficient hi [WI(m2 K)] ofpolyvinyl 

acelate latices with varying polymer weight fractions P. 

i Impeli er type 6T 6P 
No. Ni [rprn] 300 500 700 300 500 700 
14 p 0 2319 3712 5620 1858 3035 3830 
15 p = 0.10 2015 3251 4615 1703 2544 3494 
16 p = 0.15 1840 2880 4374 1553 2243 3251 
17 p = 0.20 1656 2737 3891 1433 2124 2807 
18 P=0.25 1583 2471 3468 1303 1950 2615 
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Batch emulsion polymerization, A chemica! engineering approach 
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'Experirnents are the only rneans of knowledge at our disposal. The rest is poetry, irnagination.' 
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uitbeelding van dit 'Gouden Licht' een realistische weergave van zijn waarneming. 
HubKemmere 

8. Het verschil in karakter tussen fagottisten en hoboïsten, tot uiting komend in de 

klankkleur van beide instrumenten, wordt op treffende wijze gei1lustreerd door de 

instrumentatie van Prokofiev's Peter en de Wolf. 
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oudfagottist Concertgebouworkest in Scrapes, nieuwsblad van het Nederlandstalig Dubbel Riet 
Genootschap, dec. '96 
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