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SUMMARY 

The performances of a batch reactor, a series of continuously operated stirred 
tank reactors (CSTRs) and a pulsed packed column (PPC) have been 

investigated for emulsion polymerization. I<'or this purpose, a detailed 
experimental program with different monomer and emulsifier systems has 
been combined with the development of a comprehensive dynamic model 

which is, in principle, applicable for emulsion polymerization in any reactor 
system. The model comprises micellar and homogeneons partiele nueleation, a 

radical population balance, the evolution of a partiele size distribution and 
limited partiele coagulation. In order to be able to simulate the reactor 

dynamics, the kinetics of partiele nucleation and limited partiele coagulation 

have been studied thoroughly. 

Model simulations and experiments have shown that the dynamics of a batch 
reactor and a (series of) CSTR(s) are predicted well by the model. It has also 

been shown that the dynamic model can be a useful tooi for process 
optimization and tracking of instabie reactor operation resulting from the 

residence time distribution, e.g., multiple steady states and sustained 
oscillations in both conversion and partiele number. For the process in the 
PPC, a plug flow with axial dispersion model has been applied. Model 

simulations have been shown to be in good agreement with experiments in 
the PPC. 

With the dynamic model as a tooi, an experimental program has been 

developed to study two processes of industrial importance: 

* Emulsion polymerizations of styrene with disproportionated rosin acid soap 

(DRAS) as emulsifier. 

* Emulsion polymerizations with high monomer contents in the recipe 

Experiments in a batch reactor and in a CSTR reveal a large influence of 

DRAS on the rate of radical desorption, partiele nueleation and limited 

partiele coagulation. These effects have been shown to he well predicted by 

the dynamic model. Since DRAS is derived from naturally occurring 

constituents (found in pine trees), its performance and with that the 

properties of the product latex may vary significantly. For this reason, a 

procedure has been developed to quanti:(y the performance of DRAS from 

simple batch experiments. 



Summary 

The effect of the monomer content in the recipe on emulsion polymerization 
has been investigated in a batch reactor, a CSTR and a PPC. It has been 

shown that the maximum volume fraction of latex partieles at which 

isothermal reactor operation is possible depends significantly on the partiele 

size distribution. In fact a limited degree of backmixing appears to have a 
favorable effect. Therefore, the PPC is a promising reactor for continuous 
emulsion polymerization, provided there is sufficient radial mixing. 

Addi~onally, it has been demonstrated that the PPC is a very suitable reactor 
for the eontinuous production of seed latexes. 



SAMENVATTING 

De toepasbaarheid van een batchreaktor, een serieschakeling van continu 

doorstroomde geroerde tankreaktoren (CSTR's) en een gepulseerde gepakte 

kolom (PPC) is bestudeerd voor emulsiepolymerisatie. Hiertoe is een 

uitgebreid experimenteel onderzoek gecombineerd met de ontwikkeling van 

een dynamisch model. Het model beschrijft micellaire en homogene nucleatie, 

de ontwikkeling van een deeltjesgrootteverdeling en partiële coagulatie. Om 

het dynamisch gedrag van continue reaktoren te kunnen voorspellen is de 

kinetiek van deeltjesvorming en partiële coagulatie grondig bestudeerd. 

Experimenten en modelberekeningen laten zien dat het dynamisch gedrag 

van een batchreaktor en een serieschakeling van CSTR's met behulp van het 

model kwantitatief kan worden voorspeld. Verder is aangetoond dat het 

dynamisch model een veelbelovend hulpmiddel is voor procesoptimalisatie en 

het voorspellen van instabiel reaktorbedrijf zoals oscillaties in de conversie en 

het deeltjesaantal en meervoudige stationaire toestanden. Het proces in de 

PPC is beschreven met een propstroom met axiale dispersie model. Simulaties 

met dit model zijn in goede overeenstemming met experimenten in de PPC. 

Met het dynamisch model als hulpmiddel is een experimenteel programma 

opgesteld voor de bestudering van twee industriële processen: 

* Emulsiepolymerisatieprocessen waarbij disproportionated rosin acid soap 

(DRAS) als emulgator wordt toegepast. 

* Emulsiepolymerisatieprocessen met een hoge gewichtsfraktie monomeer in 

de receptuur. 

Experimenten in een batchreaktor en in een CSTR laten z1en dat, voor de 

emulsiepolymerisatie van styreen, de aanwezigheid van DRAS een grote 

invloed heeft op de snelheid van deeltjesvorming, radikaaldesorptie en 

partiële coagulatie. Deze effecten van DRAS op de kinetiek worden ook door 

het dynamisch model voorspeld. Omdat DRAS een natuurprodukt is, het 

wordt gewonnen uit de hars van dennebomen, zijn de samenstelling en de 

eigenschappen van DRAS voor elke lading verschillend. Om deze reden is een 

eenvoudige procedure ontwikkeld om de eigenschappen van DRAS met behulp 

van eenvoudige batchexperimenten te karakteriseren. 



Samenvatting 

De invloed van het monomeergehalte in de receptuur op het emulsie
polymerisatieproces is bestudeerd voor een batchreaktor, een CSTR en een 

PPC. Experimenten laten zien dat de maximale volumefraktie deeltjes 
waarbij isotherm reaktorbedrijf mogelijk is, significant afhangt van de 

deeltjesgrootteverdeling. In een continu doorstroomde reaktor leidt een 
geringe verblijftijdsspreiding reeds tot een toename van de maximaal 

haalbare volumefraktie deeltjes in de latex. Om deze reden is de PPC een 
veelbelovende reaktor voor continue emulsiepolymerisatie. Verder is 

aangetoond dat een PPC zeer geschikt is voor de continue produktie van seed 

latices. 



CONTENTS 

Dankwoord 

Summary 

Samenvatting 

1. Introduetion 

1.1. Application of emulsion polymerization 

1.2. Batch versus continuous emulsion polymerization 

1.3. Objective 

1.4. Choice of the model systems 

1.5. Contents of this thesis 

2. Mechanism and kinetics of emulsion polymerization 

2.1. Polymerization mechanism 

2.2. Polymerization kinetics 

2.2.1. The Smith and Ewart model 

2.2.2. Deviations from Smith-Ewart "Case 2" kinetics 

2.2.3. Partiele nueleation 

2.2.4. The rate of polymerization and partiele growth 

2.2.5. Limited partiele coagulation 

2.2.6. Prediction of the molecular weight distribution 

3. Dynamic modeling of emulsion polymerization 

3.1. Physical and chemica! description of continuous emulsion 

1 

1 

2 

3 

3 

5 

5 

5 

7 

8 

14 

24 

27 

polymerization 29 

3.2. Basic principles of the dynamic model: emulsion polymerization 

in a single CSTR 30 

3.2.1. Material balances 30 

3.2.2. Salution of the model equations 32 

3.3. The batch process 36 

3.4. The processin a CSTR train 36 

3.5. The processin the PPC 36 

4. Experimental set-up 

4.1. Materials 39 



4.2. Equipment 

4.3. Standard procedures 

Contents 

39 

43 

6. The dynamic modeling of the emulsion polymerization of styrene in 
various reactor types 
Summary 

5.1. Introduetion 

5.2. The batch emulsion polymerization of styrene: mechanism of 

partiele nucleation and model validation 

5.2.1. The rate of partiele nucleation 

5.2.2. Procedure for the determination of the mechanism of 

45 

46 

47 
47 

radical absorption 50 

5.2.3. Results 50 

5.3. The dynamic modeling of emulsion polymerization in a CSTR 60 

5.4. The dynamic modeling of continuous emulsion polymerization 

in a series of CSTRs 

5.5. The dynamic model as a tooi for solving specific problems 

concerning continuous emulsion polymerization 

5.6. Conclusions 

65 

67 

69 

6. The dynamic modeling of the emulsion polymerization of vinyl 
acetate 
Summary 

6.1. Introduetion 

6.2. Experimental 

6.3. Results 

6.4. Conclusions 

71 

71 
72 
72 
75 

7. The influence of disproportionated rosin acid soap on the emulsion 
polymerization kinetics of styrene: dynamic modeling and 
experimental validation 

Summary 
7.1. Introduetion 

7 .2. The influence of disproportionated rosin acid soap on the 

emulsion polymerization kinetics of styrene 

7.2.1. Summary 

77 
78 

78 
78 



Contents 

7.2.2. Introduetion 79 

7.2.3. Procedure for the quantification of chain transfer and ecrit 80 

7.2.4. Experimental 84 

7.2.5. Results 84 

7.2.6. Conclusions 91 

7.3. The influence of disproportionated rosin acid soap on partiele 

nucleation for the batch emulsion polymerization of styrene 

7.3.1. Summary 

7.3.2. Introduetion 

7.3.3. Procedure for the determination ofthe partiele number 

at the end of the nucleation period 

7.3.4. Experimental 

7.3.5. Results 

7 .3.6. Conclusions 

7 .4. The dynamic modeling of limited partiele coagulation in 

emulsion polymerization 

7.4.1. Summary 

7 .4.2. Introduetion 

7.4.3. Dynamic modeling of emulsion polymerization 

7.4.4. The simulation of limited partiele coagulation with von 

Smoluchowski kinetics 

7 .4.5. Solution of the model equations 

7.4.6. Experimental 

7.4.7. Results 

7.4.8. Conclusions 

7.5. Noteon the emulsion polymerization of styrene with 

disproportionated rosin acid soap as emulsifier 

92 

92 

93 

93 

95 

96 
100 

101 

101 

101 

102 

103 

105 

108 

108 

113 

114 

8. Emulsion polymerization in various reactor types: recipes with high 

monomer contents 

Summary 

8.1. Introduetion 

8.2. Polymerization kinetics 

8.2.1. Polymerization rate 

117 

117 

118 

118 



Contents 

8.2.2. Partiele number 

8.2.3. Deviations from Smith-Ewart "Case 2" kinetica 

8.3. Experimental 

8.4. Results 

8.5. Conclusions 

8.6. Supplementary consideration: high conversion emulsion 

polymerization in large reactors 

8.6.1. Summary 

8.6.2. Introduetion 

8.6.3. Experimental 

8.6.4. Results 

8.6.5. Conclusion 

118 

120 
122 

123 

136 

137 

137 

137 

138 

139 

140 

9. Application of the plug flow with axial dispersion model for 
continuous emulsion polymerization in a pulsed packed column 

Summa~ 141 
9.1. Introduetion 141 

9.2. Steady state model for emulsion polymerization in a PPC 142 

9.3. Experimental 147 

9.4. Results 149 

9.5. Conclusions 157 

10. Literature references 159 

11. List of symbols 165 

12. Publications 169 

Curriculum Vitae 171 



1. INTRODUCTION 

1.1. Application of emulsion polymerization 

Emulsion polymerization camprises a free radical polymerization m a 

heterogeneaus reaction system initially consisting of a continuous aqueous 

phase and dispersed monomer droplets, sized 1-10 pm. The product of an 

emulsion polymerization, a latex, is a dispersion of submicron polymer particles 

with a diameter of 20-500 nm, in the continuous phase. 

The most important incentives to apply emulsion polymerization instead of, for 

example, bulk or salution polymerization are: 

* The viscosity of the reaction mixture generally remains relatively low during 

the exothermic emulsion polymerization process. As a result, product 

handling is very easy and the rate of heat transfer from the polymer particles 

via the continuous water phase to the reactor wall is relatively high. 

* With emulsion polymerization it is possible to produce high molecular weight 

polymers at a considerably higher polymerization rate than with the 

corresponding bulk process. 

* Several products, such as paints and adhesives, are water-based and used in 

latex farm. 

However, the product latex of an emulsion polymerization usually contains 

small amounts of emulsifier and initiator residues which may be hard to remove 

and may influence the polymer properties negatively. In addition to this, waste 

water treatment is usually required for applications where the water phase has 

to be removed by, for example, precipitation of the polymer particles. In many 

cases these problems can be overcome for the most part by a deliberate choice of 

the reaction system, the reactor type and the process conditions. 

1.2. Batch versus continuous emulsion polymerization 

Commercial emulsion polymerizations are usually carried out in batch or semi

batch reactors. In such reactors an almast complete conversion can be obtained 

and the preparation of different products is possible in the same reactor. For 

1 
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the production of large amounts of the same product, the use of a continuously 

operated stirred tank reactor (CSTR) would he preferabie because of its lower 

operating costs and its more consistent product quality. However, as aresult of 

the residence time distribution, the emulsion polymerization in a CSTR leads to 

products with a much lower monomer conversion, a lower partiele concentration 

and a much broader partiele size distribution as compared to batch (Nomura et. 

al., 1971, DeGraff and Poehlein, 1971). In addition to this, dynamic phenomena 

such as sustained oscillations in conversion and partiele number, overshoots in 

conversion and partiele number during the start-up procedure and somatimes 

the existence of multiple steady states may occur in a CSTR (Rawlings and Ray, 

1988). Each of these problems originates from the influence of the residence 

time distribution on both partiele nucleation and partiele growth and can he 

overcome, in principle, by the development of a continuons reactor system with 

at least a small residence time distribution in that part of the process where the 

particles are nucleated. Obviously, a detailed understanding of the emulsion 

polymerization kinetics and a dynamic model are indispensable for a proper 

design of such reactor systems and process optimization. 

A recently developed reactor type for continuons emulsion polymerization is a 

pulsed packed column (PPC) (Hoedemakers, 1990, Hoedemakers and Thoenes, 

1990). In such a reactor, good local agitation is combined with little backmixing 

which provides the same conversion and partiele concentration as the 

equivalent batch process for both styrene (Hoedemakers, 1990) and vinyl 

acetate emulsion polymerization (Meuldijk et. al., 1992). The sustained 

oscillations which occur in a CSTR are almost completely suppressed in the 

PPC. This property and the relatively small reactor volume of a PPC compared 

to that of a batch reactor or a CSTR train, combined with the very simple 

reactor operation, control and cleaning procedures make it worthwhila to 

evaluate the PPC as an alternative for the traditional reactor types. 

1.3. Objective 

The objective of this work is to investigate the performance of different reactor 

types such as a batch reactor, a CSTR and a pulsed packed column for emulsion 

polymerization. For this purpose a detailed experimental program with different 

monomer and emulsifier systems has been combined with the development of a 

2 



Introduetion 

comprehensive dynamic model which is in principle applicable for emulsion 

polymerization in any reactor system. 

1.4. Choice of the model systems 

The kinetics of emulsion polymerization depend strongly on the water solubility 

of the monomer applied. In polymerization systems with sparsely water soluble 

monomers, chain transfer to monomer hardly leads to radical desorption, hereby 

soppressing the influence of the partiele diameter on the polymerization rate 

and providing stabie continuons reactor operation in a wide range of operating 

conditions. However, monoroers with a relatively high water solubility exhibit a 

large influence of the partiele diameter on both the radical desorption rate and 

the polymerization rate, leading to a large tendency for sustained oscillations in 

continuons reactor systems. Additionally, partiele formation is usually 

dominated by micellar nueleation for sparsely water soluble monoroers whereas, 

for monoroers with a relatively high water solubility, also homogeneons 

nucleation may contribute significantly to the partiele concentration. For these 

reasons, emulsion polymerizations of monoroers with both a relatively low water 

solubility e.g., styrene and a relatively high water solubility e.g., vinyl acetate 

have been investigated. The initiator and emulsifier applied were sodium 

persulphate and sodium dodecyl sulphate (SDS) respectively. 

Commercial emulsion polymerizations for the production of rubbers are mostly 

carried out with disproportionated rosin acid soap (DRAS) as emulsifier. Since 

very poor knowledge is available about these systems, the influence of DRAS on 

the emulsion polymerization of styrene has been studied. It has been shown 

that this polymerization system is very suitable to study the influence of radical 

desorption and limited partiele coagulation on emulsion polymerization 

(Meuldijk et. al., 1992, Mayer et. al. 1995). 

1.5 Contents of this thesis 

Chapter 2 deals with the fundamentals of the dynamic model for batch and 

continuons emulsion polymerization. In chapter 3 it is explained how the model 

equations have been solved numerically for the reactor types investigated. 

3 



Chapter 1 

Chapter 4 gives a brief overview of the materials and equipment used for the 
experiments described in this work. Chapter 5 is dedicated to the validation of 

the dynamic model with batch and continuons emulsion polymerizations of 
styrene. Some problems concerning continuons emulsion polymerization are 

discussed. In chapter 6, some preliminary results are given for the dynamic 

modeling of the continuons emulsion polymerization of vinyl acetate, comprising 

micellar and homogeneons partiele nucleation. It is shown that the more 

detailed modeling described in this thesis may avoid some discrepancies 

between continuons experiments and the current models available in literature. 

Chapter 7 deals with the influence of an industrial emulsifier, disproportionated 

rosin acid soap, on the emulsion polymerization kinetics of styrene. It is 
demonstrated that the dynamic model can be a useful tooi for process 

optimization in order to minimize the influence of small changes in the 
operating conditions and so to provide constant product specifications. In 
chapter 8, the influence of the monomer content in the recipe on the emulsion 
polymerization of styrene has been investigated for various reactor types. It is 

shown that the maximum volume of the partiele phase at which isothermal 

reactor oparation is possible, depends significantly on the partiele size 

distribution. Finally in chapter 9 a plug flow with axial dispersion model is 

presented for the continuons emulsion polymerization of styrene in a pulsed 
packed column. 

The set-up of this thesis is such that each chapter can be read separately. 
Consequently a number of equations and statements in chapter 2 and 3 are 
repeated in the subsequent chapters. This approach has been deliberately 

chosen in order to enable the reader to go only through hls chapter of interest 

and to avoid an endless list of references to other parts in this thesis. 

4 



2. MECHANISM AND KINETICS OF EMULSION POLYMERIZATION 

2.1. Polymerization mechanism 

Emulsion polymerization comprises a free radical polymerization in a 

heterogeneous reaction system initially consisting of a continuous aqueous 

phase and dispersed monoroer droplets, sized 1-10 ).liD. In most cases, the 

radical initiator is water soluble and an emulsifier is applied tor colloidal 

stabilization of the reaction mixture. The product of an emulsion 

polymerization, a latex, is a dispersion of submicron polymer particles in the 

continuous phase. The diameter of the polymer particles depends on the recipe 

and the way of operation, and varies between 20 and 500 nm. A polymer 

partiele is formed when a radical is absorbed by a micelle or when the chain 

length of a growing radical in the water phase exceeds the critica! value above 

which water solubility is lost and precipitation occurs. Tbe polymerization 

reaction mainly takes place in the particles which grow at the expense of the 

monoroer dropiets by mass transfer of monoroer from the monoroer dropiets via 

the water phase into the particles. 

2.2. Polymerization kinetics 

2.2.1. The Smith and Ewart model 

Batch process 

Based on the qualitative model of Harkins (1947), Smith and Ewart (1948) 

distinguish three intervals for a batch emulsion polymerization: 

* Partiele formation by micellar nucleation. Partiele nucleation proceeds until 

the micelles have disappeared either by absorption of a radical or by 

dissolving into the water phase for adsorption on the surface of the growing 

particles in order to provide colloidal stabilization. 

* Partiele growth at the expense of the monoroer droplets. The polymer 

particles grow by mass transfer of monoroer from the monoroer dropiets via 

the water phase into the particles. Provided that there is no deemulsification 

as a result of, for example, poor agitation, the mass transfer rate of the 

monoroer is usually sufficiently high to provide thermodynamica! equilibrium 

5 



Chapter 2 

e.g., saturation of the particles with monomer. 

* Polymerization in absence of the monomar droplets. In this stage of the 
process the polymer particles shrink somewhat as a result of the higher 

density of the polymer compared to that of the monomer. 

For the stage of the polymerization process where no new particles are formed 

and the existing particles grow at the expense of the monomer dropiets (interval 
2), Smith and Ewart (1948) derived the following relation for the partiele 
number (N) and the polymerization rate (}\): 

C )0.6 co 
CMC Mo (2.1) 

where C10, CEo and CMo respectively stand for the "concentrations", i.e. amounts 

per unit volume of water of the initiator, the emulsifier and the monomer. CcMc 
is the critica! micelle concentration. 

Relation (2.1) is based on the phenomena occurring in interval 1 and the 

assumptions of the so called "Case 2" kinetics: 

* The rate of radical absorption equals the rate of initiator decomposition. 

* The time averaged number of growing chains per partiele (fi) equals 0.5 and 
is independent of the partiele size. 

* Partiele nucleation stops when all micellar emulsifier has been adsorbed on 
the partiele surface. 

* The partiele size distribution is sufficiently narrow to consider the latex to he 

monodisperse at any time during the polymerization process. 

Process in a single CSTR 

As a result of the residence time distribution in a CSTR, freshly added 
emulsifier is mixed up with rather large particles that adsorb emulsifier for 

colloidal stabilization. Therefore only part of the emulsifier is available for the 
generation of new partieles, leading to a lower partiele number as compared to 

a batch process with the same recipe. 

DeGraff and Poehlein (1971) derived a relation for the number of particles and 
the polymerization rate in the steady state for the emulsion polymerization in a 

6 



Mechanism and kinetica of emulsion 

CSTR, accounting for the partiele size distribution resulting from the residence 

time distribution: 

(2.2) 

where t is the mean residence time in the CSTR. Relation (2.2) is based on 

Smith-Ewart "Case 2" kinetica and the assumption that the rate of radical 

absorption into micelles and existing particles is proportional to their surface. 

Process in a CSTR train and in a PPC 

In a CSTR train, the number of particles nucleated and therefore the 

polymerization rate depends considerably on the residence time distribution in 

that part of the reactor system where partiele nucleation occurs e.g., the 

number and size of the first few tanks in series. In a PPC, the residence time 

distribution can he adjusted by changing the pulsation velocity. Fora process in 

a CSTR train or in a PPC, the partiele number in the latex product has a value 

between that of a batch process and a process in a single CSTR. For a 

quantitative description of a process in a CSTR train or a in PPC detailed 

modeling is necessary (see chapter 3, chapter 5 and chapter 9 of this thesis). 

2.2.2. Deviations from Smith-Ewart "Case 2" kinetics 

The assumption that the time averaged number of growing ebains per partiele ft 

equals 0.5 is only valid if: 

* The radical desorption rate is negligible with respect to the radical absorption 

ra te. 

* Instantaneous bimolecular termination in the particles occurs when a second 

radical enters a growing particle. 

During partiele nucleation, when the particles are still small, the value of ft is 

significantly lower than 0.5, because a significant number of radicals desorb 

from the growing particles before the absorption of a second radical leads to 

instantaneous termination. On the other hand, for large particles at relatively 

high conversions, the assumption that instantaneous bimolecular termination 

takes place when a second radical enters a growing partiele is not valid. In this 

situation the value of ft is greater than 0.5. In addition to this, Smith-Ewart 
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Chapter 2 

"Case 2" kinetica are usually not valid for emulsion polymerizations of 
monomers with a relatively high water solubility since these systems are 

characterized by a relatively high radical desorption rate, reducing ii to a value 
considerably below 0.5. 

Further, a relatively high water solubility of the monomerbas two effects on 
the partiele number: 

* As a result of the low growth rate of the particles, the adsorption rate of 
emulsifier on the partiele surface is relatively low. For this reason the 
nucleation period lasts longer and more particles are formed compared to the 
situation that Smith-Ewart "Case 2" kinetics occur. 

* Besides micellar nucleation, homogeneaus nucleation may play an important 
role for monomer systems with a relatively high water solubility. This also 
results in a larger number of particles than predicted with eqnation (2.1) 
(Roe, 1968, Fitch and Tsai, 1971, Meuldijk et al., 1992). 

For situations where Smith-Ewart "Case 2" kinatics are not valid, the partiele 
number, the polymerization rate and the partiele size distribution can only he 
predicted quantitatively by detailed modeling of partiele nucleation and partiele 
growth. 

2.2.3. Partiele nucleation 

Micellar nucleation 

For the modeling of micellar nucleation in a latex with a discrete partiele size 
distribution with Ntot partiele size classes, the relation proposed by Nomura and 

Harada (1972) for the rate of partiele formation <R.m.) bas been extended to: 

(2.3) 
1 + __ i_·l ____ _ 

where p, NAv• Ntot, N(i), ~(i), d",ieelle and Nmieelles respectively stand for the 
number of oligomeric radicals in the water phase that are absorbed per unit of 

time by either micelles or particles, Avogadro's constant, the total number of 
partiele size classes, the number of particles in size class i, the diameter of the 
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particles in size class i, the diameter of a micelle and the number of micelles 

nucleated at timet. The group Çn dnP(i)I(Çmicelle dnmicelle) represents the ratio of the 

radical absorption rate into a partiele with a diameter dP(i) and the radical 

absorption rate into a micelle. 

In analogy with equation (2.3), the radical absorption rate of the particles Pa is 

given by: 

Pa 
1 + Çmicelle d.:;icelle N micelles (2.4) 

Çn L N(i)d;(i) 
}wl 

Obviously, summation of Rrnic and Pa• see equations (2.3) and (2.4), provides the 

overall absorption rate p. 

In literature three mechanisms for radical absorption have been proposed, each 

finding expression in the dependenee of the rate of radical absorption by the 

particles on the partiele diameter: 

* n=l: This implies that the net mass flow of the radicals to the particles is 

proportional to the partiele diameter, indicating that radical absorption is 

determined by diffusion of the radicals through a stagnant liquid layer 

around the particles (Ficks diffusion law). 

* n=2: In this point of view radical absorption is considered to he a statistica} 

process which only depends on the partiele surface, regardless of the nature of 

that surface (Fitch, 1971, Hansen and Ugelstad, 1982). This might he the case 

when the characteristic propagation time of a radical in the water phase to 

reach such a chain length that it can he absorbed by either a micelle or a 

particle, is considerably langer than the characteristic absorption time. 

* n=3: This mechanism reflects the situation that ditfusion limitation occurs for 

transfer of an oligomeric radical in the water phase via a stagnant liquid 

layer into the polymer particles. Additionally, the influence of electrastatic 

repulsion of the negatively charged radicals on the one hand and the charged 

particles or micelles on the other hand is taken into account (Hansen and 

Ugelstad, 1982). 

9 



Chapter 2 

With the assumption that the diameter of the micelles hardly changes during 

the polymerization process, equation (2.3) can be rewritten as: 

Rmic = pNAv 
Ntot 

Çtot L N (i) dpn(i) (2.5) 

1 + i•l 

NAv cmicelles(t) 

where 

~t = 
Çn~um (2.6) 

Çmicelle d.:.C.ne 

~um and cmicelles(t) stand for the aggregation number of the micelles and the 

concentration of emulsifier located in the micelles at time t. In chapter 5 the 

valnes of ~t and n have been determined experimentally for the emulsion 

polymerization of styrene by a study of the nucleation period for recipes with 

different emulsifier and initiator concentrations. 

The micelle concentration at timet (Cmicelles(t)) can be calculated from: 

Ntot 

1t L N(i)~(i) 
CcMc- _i:...•t;__ ___ _ 

(2.7) 

a. 

where CE(t) and a. respectively stand for the overall amount of emulsifier in the 

reactor at time t per volume unit of water and the surface occupied by one kmol 

of emulsifier. The third term on the right hand side of equation (2. 7) reflects the 

amount of emulsifier adsorbe~ on the partiele surface. Micellar partiele 

nucleation stops when all micellar emulsifier has been adsorbed on the partiele 

surface c.q. Cmicelles(t)=O~ 

Homogeneaus nucleation 

A more general mathematica} nucleation model which accounts for 

homogeneons nucleation and, if micelles are present, also for micellar 

nucleation, can be obtained by an extension of equation (2.5) which describes 

the rate of micellar nucleation. If homogeneous nucleation occurs, a significant 

number of oligomeric radicals in the water phase will precipitate to form 
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primary particles before absorption by a micelle or a partiele can take place. 

Precipitation of an oligomeric radical occnrs when its chain length exceeds the 

critical valne above which its water solnbility is lost. 

The total nncleation rate Rtot can be written as: 

(2.8) 

where Rhom stands for the rate of homogeneons nncleation. 

For the nncleation rate of the micelles, the following expresswn has been 

derived: 

Ntot 

Sn L N(i)dpn(i) 

1 + 

Nmicelles d nmicelle 

p 
+ ~--~~--~~--

çmicE>Jles N micelles d n micelle 

(2.9) 

where the precipitation fnnction P stands for the precipitation rate of oligomers 

in the water phase that exceed the critical chain length above which water 

solubility is lost. 

The third term in the denominator on the right hand side of eqnation (2.9) 

accounts for the fact that oligomeric radicals that precipitate to form a primary 

partiele are not available anymore for absorption by either particles or micelles. 

In analogy with equation (2.9), the homogeneons nncleation rate Rhom and the 

radical absorption rate of the particles Pa can respectively he written as: 

Ntot 

Sn L N (i) dpn(i) 
1 + __ i·_l--:::;:----

(2.10) 
+ Çmicellea Nmicellesd n micelle 
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pNAv Pa = --------~;.;__ ______ _ 
+ Çmicelles Nmicelle8~Celle 

Ntot 

Ç" L N(i) dp0 (i) 
i=l 

(2.11) 

Obviously summation of the equations (2.9), (2.10) and (2.11) provides the 

overall "consumption rate" of radicals in the water phase by either micellar 

nucleation, homogeneous nucleation and radical absorption by polymer particles 

(pNAv). 

For recipes with relatively high cation concentrations, very high initiator 

concentrations c.q. high decomposition rates or very low emulsifier 

concentrations, the colloidal stabilization of the primary particles may be too 

low to avoid limited coagulation. In this case the rate of partiele formation is 

only a fraction of ~om• see equation (2.10). This phenomenon, called coagulative 

nucleation, can be accounted for by the introduetion of an aggregation number 

apart of the primary particles: 

1 
Rcoag.nucl. ,. --~om 

~art 
(2.12) 

where Rcoag. nucl. stands for the rate of coagulative nucleation. 

Equation (2.12) is based on the assumptions that the parameter ~art does not 

change during the polymerization and that primary particles are not absorbed 

by either micelles or particles. Note that an approach similar to that described 

in section 2.2.5. might be applicable for the modeling of limited partiele 

coagulation when these assumptions are not valid. 

In equations (2.8) to (2.10) can be seen that the rate of partiele nucleation tends 

to zero when both all micellar emulsifier has been adsorbed on the partiele 

surface and nearly all radicals are absorbed by the particles before the critica} 

chain length above which precipitation occurs is exceeded. This means that the 

length of the nucleation period depends considerably on the increase of the total 

partiele surface as a function of time. 
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The determination of the precipitation function P 

The precipitation function P has been derived making the following 

assumptions: 

* Initiator radicals can only he adsorbed by micelles or particles after 

propagation with the minimum number of monomeric molecules necessary for 

surface activity Gaurfact). The value of jsurfact can he calculated from a semi 

empirica! thermadynamie relation derived by Maxwell et al. (1991). 

* Radicals that desorb from growing particles and dissolve into the water 

phase, are adsorbed by either micelles or particles before the critica! chain 

length at which precipitation occurs is reached. Maxwell et al. (1991) and 

Schoonbrood (1994) have pointed out that this assumption applies for most 

emulsion polymerizations. Simulations with a radical population balance have 

shown that precipitation of radicals formed by oligomerization of desorbed 

radicals may he neglected when jsurfact is significantly smaller than jprecip or 

when Smith and Ewart "Case 2" kinetics occur. 

* Bimolecular termination of (oligomeric) radicals in the water phase is 

negligihle with respect to radical absorption, radical desorption and 

homogeneaus nucleation. 

The numher of radicals available per unit of time for either absorption hy 

micelles, absorption by particles or precipitation equal p*NAv· The reaction rate 

for the initiator radicals in the water phase (Rn) is given by: 

(2.13) 

For the radical species with k monomeric units and a chain length smaller than 

the critica! chain length at which the oligomeric radicals become surface active 

Gsurfact), the following relation can he derived: 

(2.14) 

(2.15) 

The radical balances for oligomeric radicals with a number of monomeric units 
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greater than jsurfact• but less than the chain length at which precipitation occurs 
(jprecip) are given by: 

~.k = kp CM,w CR,k-1 - kp cM,w CR,k -
Ntot 

Çn L N(i) dp n (i) CR,k Çmicelles Nmicelles d~celle CR,k 
i•l 

The rate of homogeneons nucleation is given by: 

(2.16) 

(2.17) 

The pseudo steady state approach (~,k=O) provides the following expression for 
the ra te of homogeneons nucleation (~""'): 

Substitution of equation 2.18 in equation 2.10 gives the following expression for 
the precipitation function P: 

p 

with 

pi A jprecip-jsurfact 

Pa -pi Ajprecip-jsurfact 

A = ----~:---~...:......c_M..;_,w ______ _ 
Ntot 

~ CM,w + Çn L N(i) d:(i) + ~lies Nmicelles ~celle 
i=l 

2.2.4. The rate of polymerization and partiele growth 

(2.19) 

(2.20) 

The polymerization rate (RP) of a latex with a discrete partiele size distribution 
divided into Ntot partiele size classes and the volume growth rate of the particles 
(dV uJdt) at time t present in the reactor are respectively given by: 
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Ntot 

kpCM,pL Nini (2.21) 
RP i"'l 

NAv 

dVtot ·R,M.,[[ 1-x.l,_l_l for x::;xm (2.22) 
dt Pm Xm Pp 

dVtot R, M., [ _1_ - _1_ l ' dV, for X>Xm (2.23) 
dt Pp Pm dt 

where ~ is the propagation rate constant, CM,p is the monomer concentration in 

the particles, Ni is the number of particles in partiele size class i per unit 

volume of the continuous phase and Ïli is the time averaged number of growing 

chains per partiele in partiele size class i. pP, Pm, X, ~ and dV /dt respectively 

stand for the density of the polymer, the density of the monomer, the fractional 

conversion, the fractional conversion where the monomer draplets disappear, 

provided there is thermadynamie equilibrium between the partiele phase and 

the water phase and the increase of the partiele volume as a result of addition 

of monomer into the reactor. The time averaged number of growing chains per 

partiele (ft) and the monomer concentration in the particles CM,p can be 

calculated respectively through a radical population balance over the partiele 

size distribution and a thermadynamie relation for the equilibrium 

concentra ti on of monomer in the particles. 

Radical population balance 

The average number of growing chains per partiele Ïli can be calculated through 

a radical population balance over the partiele size distribution leading to the 

Smith and Ewart (1948) recursion relation for a steady state for the total 

number of radicals in the reaction mixture: 
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Pa-f:.Av (Ni,n-1 N;,n) + kdes,i[(n+1)Ni,n•l -nNi,n] + 
l 

_kt_[(n+2)(n+1)Ni,n+2 -n(n-1)Ni,n] = 0 
VPJNAv 

(2.24) 

in which, Ni.n• vp,i• PaJ and ~ ••. ; respectively stand for the number of particles 
containing n growing chains, the partiele volume, the radical entry rate and the 

rate coefficient for radical desorption from the particles, all for partiele size 

class i. ~ is the rate constant for bimolecular termination. 

Stockmayer (1957) and O'Toole (1967) derived the following equation for the 

time averaged number of growing ebains per partiele (ii) in size class i: 

(2.25) 

where Ib(a) is a modilied Bessel function of the first kind of order b and 
argument a. The values of a and b are given by: 

(2.26) 

b (2.27) 

According to Ugelstad et al. (1967), the overall rate of radical absorption (pa) 

can be expressed in terms of radical formation in the water phase (p1), radical 

desorption from the particles and termination of radicals in the water phase. 

For a latex with Ntot partiele size classes the radical absorption rate may he 

represented by: 

(2.28) 

where crw is the radical concentration in the water phase. 

16 



Mechanism and kinetics of emulsion 

For the situation that, besides partiele growth, also micellar and homogeneons 

nucleation occur, equation (2.28) can be extended to: 

p Pa + Rmic + Rnom = Pr + 

Nrot 

L kdes.i Ni ni 
i"'l 

(2.29) 

For industrial emulsion polymerizations, termination of radicals in the water 

phase is usually negligible with respect to radical desorption and radical 

production in the water phase. As a consequence the third term on the right 

hand side of equations (2.28) and (2.29) is usually neglected. Model calculations 

have shown that termination of radicals in the water phase is negligible for all 

recipes and polymerization systems investigated in this study. 

Friis and Nyhagen (1973), Nomura and Harada (1981) and Asua et al. (1991) 

derived expressions for the rate of radical desorption from the particles into the 

water phase. For situations where the mass transfer rate of the (small) radicals 

from the particles into the water phase is much less than the propagation rate 

of the radicals, i.e. for sparingly water soluble monomers such as styrene, the 

following equation has been found for the desorption rate of particles in size 

class i: 

3D ktr 
mk 

p 
(2.30) 

in which Dm is the effective diffusivity of the (small) radical and ~r is the 

effective chain transfer rate constant. 

The effective chain transfer rate constant is defined as: 

(2.31) 

where, ~rm is the chain transfer to monomer constant, ~rt is the constant for 
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chain transfer to chain transfer agents and Ctr is the concentration of chain 
transfer agents. Gilbert and Napper (1983) have shown in an experimental 

study that equation (2.30} also applies for monoroer systems with a relatively 

high water solubility such as methyl acrylate. 

In the case that the monoroer dropiets have disappeared, reauiting in a 

decrease of the monoroer concentratien in the particles as a function of 

conversion, ditfusion limitation of the termination reaction, often referred to as 

a gel effect, may occur. Currently the development of fundamental roodels 

concerning ditfusion controlled reactions in polymers is an area of active 

research (Russell et aL, 1992, Zielinski and Duda, 1992). For the time being the 

use of an empirica! relation for the apparent terminatien rate coeffi.cient as a 

function of conversion is common to account for a gel effect (Hawkett et. al. 

1980, Friis and Nyhagen, 1975). 

If each of the parameters ~. P;, ~. Dm, CM.p• ku and the partiele size distribution 
are known, the polymerization rate of a latex with any partiele size distribution 

can be calculated through equations (2.21} and (2.24} to (2.31). 

Monomer concentration in the particles 

It has been shown by several workers that there is no mass transfer limitation 

for ditfusion of monoroer into the polymer particles (Rawlings and Ray, 1988). 

For this reason the monoroer concentration in the particles can be calculated 

from the relationship given by Morton et al. (1954) which is based on 

thermodynamic equilibrium between the monoroer in the partiele phase and the 

monoroer dissolved in the water phase: 

4 y M.vt + 1 - cp + In cp + 'lf( l-ep )2 = l_( cm,w l 
dp Pm RT '1cmsat,w 

(2.32) 

where y, Cmsat,w• R, T, Ijl and 'I' respectively stand for the interfacial tension 
between the partiele phase and the aqueous phase, the gas constant, the 

temperature, the volume fraction of monoroer in the particles and the Flory

Huggins interaction parameter. Van Doremaele (1990) and Maxwell et al. 

(1992) have shown experimentally that the value of cp hardly depends on the 

partiele diameter, except for very small partiele sizes. 
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A useful approximation of equation (2.32), which was found to be applicable for 

all polymerizations stuclied in this paper is: 

(2.33) 

The total amount of monomer present in the reactor at time t (Cmtot,t) will be 

divided among the monomer droplets, the aqueous phase and the partiele 

phase: 

<)l p Ntot 

cdroplets + cm,w + __ m L v(i)N(i) 
~~ i•l 

(2.34) 

where Cdroplete stands for the total amount of monomer present in the monomer 

dropiets per unit volume of water. 

When the monomer dropiets are present in the reaction mixture, the aqueous 

phase is still saturated with monomer i.e. Cm,w=Cmsat,w so that the volume 
fraction of monomer in the particles (<)!) and thus the monomer concentration in 

the particles CM,p can be calculated directly from equation (2.33). However, in 

absence of the monomer dropiets the values of cm,w and cmsat,w must he 

calculated iteratively from equations (2.33) and (2.34). 

The polymerization rate of freshly nucleated particles during emulsion 

polymerization with micellar and homogeneous nucleation 

Generally, the polymerization rate in a latex is calculated through a radical 

population balance over the partiele size distribution as pointed out by Smith 

and Ewart (1948) and Ugelstad et. al. (1967), see equations (2.21) and (2.24) to 

(2.31). The radical population balance is solved with the assumption that 

radical entry, desorption and termination events are very fast compared to the 

volume growth rate of the particles. This approach provides a time averaged 

number of growing chains per partiele (fi) for each partiele size class. In fact, 

the value of fi reflects the competition between radical entry, desorption and 

termination. During an interval of micellar partiele nucleation, the radicals 

available for absorption are divided among the particles and the micelles. To 

the best of our knowledge, the growth rate of the freshly nucleated particles in 

models predicting the evolution of the partiele size distribution has been 

19 



Chapter 2 

calculated until now through the roodels presented by Smith and Ewart (1948) 

and Ugelstad et. al. (1967) which provide a time averaged number of growing 
ebains per partiele (fi). However, this approach is an approximation since the 

freshly nucleated particles will contain one radical until either radical 
desorption or bimolecular termination occurs. This problem has also been 
mentioned briefly by Morbidelli at al. (1983) and Gilbert and Napper (1983). 

Bimolecular termination can only take place in a partiele when it absorbs a 

second radical. Since the freshly nucleated particles are very small and the 
number of micelles is usually very large for almost the entire nucleation period, 

the characteristic time for desorption is usually considerably shorter than the 
characteristic time for bimolecular termination. This means that the freshly 

nucleated particles should be allowed to grow with one radical per partiele 

during 'tdeo seconds. After 'tdeo seconds, the radical population balance derived by 
Smith and Ewart can be applied. 

Once the value of 'tdes has been determined, it is possible to describe partiele 
growth and partiele nucleation simultaneously. This can be done by solving the 

mass balances for the different species in the reactor and the rate equations for 
partiele nucleation, see equations (2.8) to (2.10), with a simple Euler method. In 

this approach, the value of fi for particles with a life time larger than 'tdeo is 

calculated with the steady state solution of the radical population balance, 
whereas freshly nucleated particles with a life time shorter than 'tdeo grow with 

one radical. Each discrete integration time step At in the nucleation period, a 
new partiele class is formed and the older size classes are actualized. When a 
partiele size class reaches a lifetime of 'tdu seconds, this approach introduces a 
discontinuity in the partiele growth rate for this partienlar size class. However, 
the total polymerization rate will not exhibit any discontinuities, since after 
each time step At, only one partienlar size class, i.e. the size class with a life 

time of 'tdeo seconds, will contribute to the total desorption rate. Note that the 
radicals desorbed from the freshly nucleated particles are available again for 

absorption by either a micelle or a partiele with a lifetime longer than 'tdeo 

seconds. Contrary to the more sophisticated solution metbod reported by 

Rawlings and Ray (1988), the simple Euler method applied here allows a rather 

easy extension of the model with other physical and chemica! phenomena such 

as homogeneons nucleation and limited partiele coagulation. However, the Euler 
approach still introduces one (very small) discontinuity at time t='tdeo· Namely at 

t='tdeo• the first partiele size class of the freshly nucleated particles will 
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contribute to radical desorption. In the critical note at the end of this section it 

is explained how this discontinuity can be avoided. 

In the following an expression for tdes is derived. 

Mean time for radical desorption 

Assume that N0 particles are nucleated at time t=O. As a result of radical 

desorption, the number of those nucleated particles containing one growing 

chain at time t will be equal toN with N<N0• The decrease of N as a function of 

time is given by: 

dN 
dt 

Substitution of equation (2.30) in equation (2.35) leads to: 

dN -Cl N 
dt d2 

p 

(2.35) 

(2.36) 

(2.37) 

The increase of the partiele diameter as a function of time can be calculated 

from the volume growth rate of a partiele with one growing chain, see equation 

(2.22). Integration of equation (2.22) provides the following relation for the 

partiele volume as a function of time: 

(2.38) 

(2.39) 

Relating the partiele diameter to the partiele volume and substitution of the 

result in equation (2.36) provides the following relation: 

dN 
dt 
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lntegration of equation (2.40) gives for the fraction of micelles still containing 
one radical after t seconds (N/N0): 

The cumulative fraction of desorbed radicals at timet (F(t)) is equal to: 

F(t) 

Differentiation of equation (2.44) provides the expectation E(t): 

E(t) = C2 C3 C4 exp[ -C3 (C2 t + Vmioell.) 113
] 

3 ( C2 t + v mioello)213 

(2.41) 

(2.42) 

(2.43) 

(2.44) 

(2.45) 

From equation (2.45), the mean residence time of a radical in a freshly 

nucleated partiele 'tdes can be calculated: 

(2.46) 

Example: emulsion polymerization of styrene 

In table 1, literature values of the physical and kinetic parameters are collected 

for the emulsion polymerization of styrene with sodium dodecyl sulphate as 

emulsifier and sodium persulphate as initiator. 
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Table 1. Physical and kinetic parameters for the emulsion polymerization of 
styrene with sodium persulphate as initiator and sodium lauryl 
sulphate as emulsifier at 50 °C. 

Pm [kg/m3
] 878 Weast (1977) 

PP [kg/m3l 1053 DeGraff et aL (1971) 

CMp [kmollm3
], X,., [-] 5.2, 0.43 Harada et aL (1972) 

~ [m3/(kmol*s)] 258 Rawlings and Ray (1988) 

~ [m3/(kmol*s)] 6.8*107*exp( -19*X21) Hawkett et al (1981) 

P; [kmol/(m3*s] 2*f*k;*C1 Rawlings and Ray (1988) 

f [-] 0.5 Rawlings and Ray (1988) 

ki (1/s] (50 oe) 1.6*10-6 Rawlings and Ray (1988) 

~~lm'/s] 6*10·18 Hawkett et al (1980) 

] 5*10"9 Rawlings and Ray (1988) 

Substitution of the parameters listed in table 1 in equation (2.10) gives for the 

mean desorption time 'td.,.: 'td•s= 25 seconds. This means that freshly nucleated 

particles grow with one radical during 25 seconds, which bas been shown to be 

a significant contribution to the overall polymerization rate since calculation of 

fi with the Smith and Ewart reenrsion relation provides fi values of order 10·2• 

Critica[ note 

When the mean desorption time ,;des is not considerably smaller than the mean 

absorption time i.e., for very high initiator concentrations or very high initiator 

decomposition rates, the mean time that a freshly nucleated partiele grows with 

one radical ('t) will beshorter than 'td•• as aresult of bimolecular termination. In 

this case desorption and absorption foliowed by instantaneous bimolecular 

termination have to be considered as two parallel radical loss processes in order 

to calculate the parameter 1:. Obviously, the parameter 'tdea provides an upper 

limit for 1: when bimolecular termination of radicals in the freshly nucleated 

particles cannot be neglected. 
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For large values of 'tdes a more sophisticated approach is necessary: instead of 

using a mean time for radical desorption 'td••' the desorption time distribution 
function E(t) should be integrated for eaeh partiele size class with discrete time 

steps .:lt. In this way, discontinuities whieh originally occurred after 'tdes seconds 
can be avoided. 

Conclusions 
* The polymerization rate of freshly nucleated particles cannot be described 

accurately by a quasi steady state solution of a radical population balance 
over the particles c.q. the Smith and Ewart reenrsion relation. This problem 

can be overcome by talring into account, in the model, that the freshly 

nucleated particles grow with one radical until either radical desorption or 

radical absorption foliowed by instantaneous bimolecular termination occurs. 

* The mean time of desorption of a radical from a partiele does not only depend 
on the partiele diameter, but also on the growth rate of that particle. 

Growth rate of freshly nucleated particles by homogeneaus nucleation 

The mean residence time of a radical in a freshly nucleated particles formed by 
homogeneons nucleation c.q. a primary particle, can also be calculated through 

equation (2.46) when the volume of the micelle (V micelle) is substituted by the 
volume of the primary partiele. 

2.2.5. Limited partiele coagulation 

Meuldijk et. al. (1992) and Mayer et. al. (1995) have shown that limited partiele 

eoagulation may occur as a result of a Ioss of electrostatic repulsion between the 

latex particles when the surface coverage of emulsifier on the particles (9) drops 
below a critical value (8cri1). It has also been shown that the time scale for 
limited partiele coagulation is very small compared to the time scale for partiele 

growth by absorption of monomer (Mayer et. al. 1995). This indicates that the 

coagulation process probably can be described by von Smoluchowski kinetica 
(1917). 

When, as a result of partiele growth, the total partiele surface becomes so large 
that the fractional surface coverage of emulsifier (8) drops below the critica! 
value (9cri1), the latex particles will coagulate until the critica! surface coverage 
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is reached again. The decrease of the total partiele surface Llt\.tot as a result of 

coagulation is given by: 

(2.47) 

where J\,,101(8<8crit) represents the partiele surface just before the coagulation 

step. The second term in equation (2.4 7) stands for the partiele surface below 

which coagulation occurs. 

Von Smoluchowski (1917) derived an equation for the number of collisions per 

unit of time between particles from different size classes: 

(2.48) 

where B(ij) and f(y) respectively stand for the number of collisions between 

particles in size class i and size class j and a proportionality constant which 

depends on the shear rate intheimpeller zone. 

For the number of collisions between particles from the same size class (B(i,i)) 

the following relation can he derived: 

B(i,i) = f(y)N(i)(N(i) -1)[2dp(iW (2.49) 

With the assumption that f(y) is independent of the partiele diameter, the total 

number of collisionsin a latex with N101 partiele size classes is proportional to: 

(2.50) 

The decrease of the partiele surface as a result of coagulation of Ncoag particles 

in a latex with N101 partiele size classes is equal to: 

[ [

Ntot l [ Ntot Ntot Ntot ]] ~,tot = Ncoag 1t ~ dp
2
(i) f(i) - i~ j~l d:(ij) f(ij) + i~ d:f(i,i) (

2
·
51

) 
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Ntot 

~ L [ (dP(i) +dp(j)) 3 N(i)N(j)] - ~(2dP(i)) 3 N(i) 
f(i) = _2->..:..i=_l ______ ----:::::----"---2 ____ _ 

K 

f(iJ) = ( dP (i) + dp (j)) 
3 

N (i) N (j) 
K 

f(ii) = (dP(i) +dp(i)} 3 N(i)(N(i) -1} 
' K 

(2.52) 

(2.53) 

(2.54) 

The first term on the right hand side of equation (2.51) represents the decrease 

of the partiele surface as a result of the disappearance of the coagulating 

particles. The second term on the right hand side of equation (2.51) accounts for 

the partiele surface created by coalescence of the coagulating particles. 

The overall number of particles that coagulate (Ncoag) can he obtained by 

substitution of equation (2.51) into equation (2.47). The number and size of the 

particles formed by coalescence can he calculated from: 

(2.55) 

(2.56) 

where v(i) and v(j) respectively stand for the volume of a partiele in size class i 

and size class j. 

With the radical population balance, see section 2.2.4. and the coagulation 

model presented in this section, the time evolution of a partiele size distribution 

as a · result of partiele growth by both absorption of monomer and limited 

coagulation can now he simulated. For this purpose, the model equations 

involving partiele growth and coagulation are solved simultaneously with small 

time steps ~t and after each time step the partiele size distribution is 

actualized, see section 3.3. 
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2.2.6. Prediction of the molecular weight distribution 

The dynamic modeling of the molecular weight distribution as a function of the 

process time is beyond the scope of this thesis. Nevertheless, it was feit that a 

short consideration should he given on this subject. 

In principle, the radical population balance derived insection 2.2.4. contains all 

events determining the molecular weight distribution: radical absorption, 

radical desorption, chain transfer and bimolecular termination in the particles 

and in the water phase respectively. A mathematica! procedure for the modeling 

of the molecular weight distribution in emulsion polymerization has been 

developed by Storti et al. (1992). Recently, van den Boomen et al. (1995) added 

multimonomer emulsion copolymerization kinetics and molecular weight 

distribution calculations according to Storti et al. (1992) to the dynamic model 

described in this thesis. 
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3. DYNAMIC MODELING OF EMULSION POLYMERIZATION 

3.1. Physical and chemica} description of continuous emulsion 

polymerization 

In literature, a large number of papers have dealt with dynamic phenomena 

occurring during emulsion polymerization in CSTR's: Gershberg and Longfield 

(1961), Nomura et al. (1971), Greene et al. (1976), Kirillov and Ray (1978), 

Brooks et al. (1978), Kiparissides et al. (1979), Poeblein (1979), Schork et al. 

(1980), Nomura and Harada (1981), Poeblein et al. (1983), Badder and Brooks 

(1984) and Broadhead et. al. (1985). 

Recently, Rawlings and Ray (1988) presented a dynamic model for emulsion 

polymerization in a single CSTR. This dynamic model camprises material 

balances, a radical population balance, the evolution of a partiele size 

distribution and micellar nueleation. The numerical technique used by Rawlings 

and Ray for solving the model equations was orthogonal collocation on finite 

elements. Besides the physical and chemica! phenomena incorporated in the 

model of Rawlings and Ray, homogeneaus partiele formation and limited 

partiele coagulation may play an important role in emulsion polymerization, 

Roe (1968), Fitch and Tsai (1971), Kiparissides et al. (1979) and Mayer et al. 

(1995). However, to the best of our knowledge, no dynamic model has been 

presented yet comprising all of the following: micellar and homogeneaus 

nucleation, the evolution of a partiele size distribution, a radical population 

balance and limited partiele coagulation. 

In order to obtain a more general dynamic model for continuous emulsion 

polymerization the model equations presented in chapter 2 have been solved by 

a simple and very straightforward first order Euler method. This approach 

provides, besides its simplicity, the very important advantage above more 

sophisticated salution methods, such as presented by Rawlings and Ray (1988), 

that both the model and solving technique can he extended easily with other 

physical and chemica! processes that may he important in emulsion 

polymerization e.g. homogeneaus nucleation and limited partiele coagulation. 
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3.2. Basic principles of the dynamic model: emulsion polymerization in 
a single CSTR 

The dynamic model for emulsion polymerization in a batch reactor, a CSTR, a 
CSTR train and, in principle, in reactors with any residence time distribution, 

is based on emulsion polymerization in a single CSTR. The dynamic behavior of 
the reactor system is simulated by studying the history of all particles formed 
in the reactor with small discrete time steps 8t. After each time step the 

composition of the reaction mixture, which may change as a result of the feed 

stream, the product stream, partiele nucleation, partiele growth and limited 
partiele coagulation, is actualized. For this purpose, the model equations 
presented in chapter 2 have been combined with material balances and a hook 

keeping for the partiele number in each size class of a discrete partiele size 
distribution. 

3.2.1. Material balances 

In the material balances for the initiator, the emulsifier, the water and the 

monomar in the reactor, the change of the overall volume of the reaction 
mixture as a result of the polymerization reaction e.g., the higher density of the 

polymer compared to that of the monomer, has been neglected. Model 
calculations where the volume contraction as a result of the polymerization 

reaction was taken into account have shown that this assumption may be 
applied for the polymerizations studied in this thesis. 

Initiator balance 
The initiator is assumed to be water soluble and to decompose only by thermal 
dissociation: 

where Vw(t), Vw.r• C1(t), Cu·• ~ and 't respectively stand for the volume fraction of 
water in the reactor at time t, the volume fraction of water in the feed stream, 
the initiator concentration in feed stream, the initiator concentration in the 
reactor at time t, the first order rate coefficient for initiator decomposition and 

the mean residence time in the reactor. 
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Emulsifier balance 

The overall amount of emulsifier in the reactor per unit volume of water i.e., 

micelles, emulsifier adsorhed on the partiele surface and dissolved emulsifier is 

given hy: 

(3.2) 

where CE,f and CE(t) respectively stand for the emulsifier "concentration" in the 

feed stream and the emulsifier "concentration" in the reactor at time t. 

Water balance 

Since water is neither produced nor consumed during the polymerization 

process, the volume fraction of water in the reactor can he calculated from: 

(3.3) 

Monomer balance 

The overall amount of monomer in the reactor per unit volume of water is given 

hy: 

d(V w(t) CMtot(t)) 

dt 
(3.4) 

where CMtot(t) and CM,f respectively stand for the total amount of monomer in 

the reactor at time t per unit volume of water and the total amount of monomer 

in the feed stream per unit volume of water. 

Partiele balance 

When partiele nucleation occurs, the total numher of particles formed can he 

calculated from equations (2.8) to (2.10). After each discrete time interval ~t 

during which partiele nucleation occurs, a new partiele size class is generated. 

The wash out of the particles in each generated size class, resulting from the 

product stream, can he taken into account as follows: 

d(Vw(t) N;(t)) 

dt 

31 

(3.5) 



The concentrations of initiator, emulsifier and monomer have the following 

effects on the polymerization process: 

* The initiator concentration C1(t) influences the radical production rate p1=2 f~ 

CJt) and with that the overall rate of partiele nucleation (Rtot), see equations 

(2.8) to (2.10) and the ra te of polymerization Rp, see equation (2.21). 

* The total amount of emuleifier in the reactor affects the micelle concentration 

in the reaction mixture per unit volume of water (C.m.,.,11".(t)), see equation 

(2. 7), the rate of micellar nucleation (R",10), see equation (2.9), and the value of 

the overall partiele surface below which coagulation occurs, see section 2.2.5. 

* The total amount of monomer in the reactor per unit volume of water <;.tot(t) 

influences, besides the monomer conversion, also the partiele volume above 

which the monomer dropiets disappear which results in a decrease of the 

monomer concentration in the particles as a function of conversion, see 

equations (2.33) and (2.34). As result of the low monomer concentration in the 

particles, a gel effect may occur thereby increasing the ra te of polymerization. 

The set-up of the CSTR model is modular so that it can he applied for 

simulation of a batch reactor, a semi batch reactor or a CSTR train. 

3.2.2. Solution of the model equations 

As already eiplained in the sections 3.1 and 3.2, the model equations presented 

in chapter 2 have been solved together with the material balances in section 

3.2.1. by the use of an explicit first order Euler integration method. 

Figure 3.1 shows a simplified flow sheet of the algorithm for the dynamic 

simulation of continuous emulsion polymerization in a single CSTR. 
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start t=O 

3 

calculate PI 

ca/cu/ate Bcrff 

and Cmice/les 

7 

part/de nucleation 

9 

calculate Ap 

11 

no 

2 
calculate CM,p 

Cm,w• Cdrop/ets 

radical balance 

10 

material balances 

12 

actuaUze the psd 

14 

end 

68 
coagulation 
until (} = Bcrff 

Figure 3.1 Flow sheet of the algorithm for the dynamic modeZing of emulsion 

polymerization in a single CSTR. 
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Chapter 3 

In the following, each element of the flow sheet is explained: 

Element 1: The composition of the reaction mixture at time t=O and the 

operating conditions are defined. 

Element 2: The monomer concentration in the water phase Cm,w• the amount of 

monomer in the monomer dropiets Cdrepiets and the monomer concentration in 

the particles CM,p are calculated through equations (2.33) and (2.34). When the 

monomer dropiets are absent, the value of Cm,w and CM,p must be calculated 
iteratively from the equations (2.33) and (2.34). 

Element 3: The swollen partiele size of the particles in each size class is 

calculated. The change of the partiele volume in each size class during the time 

interval At is calculated from the equations (2.22) and (2.23). 

Element 4: Based on the initiator concentration in the water phase, the rate of 

radical formation pi=2 f~ C1(t) is calculated. 

Element 5: The micelle concentration is calculated with equation (2. 7). If no 

micelles are present, the fractional surface coverage of emulsifier on the 

particles 9 is calculated. 

Element 6: If 9<(Jcrit then limited partiele coagulation will occur. 

Element 6a: Coagulation will occur until 9=8crit· The intluence of limited partiele 

coagulation on the partiele size distribution is calculated through equations 

(2.47) to (2.56). Each time limited partiele coagulation occurs, the total number 

of partiele size classes increases as follows: 

Ntot Ntot 

N101 (t+At) = Ntot(t) + L L (i·j) (3.6) 
i•l j•i 

The increase of Ntot with the number of time steps leads to such array sizes that 

the model equations cannot be solved with the present computer technology. For 

this reasou the partiele size distribution is put into a grid after each coagulation 

step. The partiele size distribution is characterized by a number of particles and 

a partiele diameter for particles in different size classes. Putting the discrete 

partiele size distribution into a grid can be done by either a surface averaged or 
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a volume averaged diameter. This means that, inherent to the regrid procedure, 

either an error in the total partiele volume or in the total partiele surface is 

introduced. Therefore it is necessary to track the overall error in the partiele 

surface or partiele volume during the dynamic simulation. Since a very large 

number of partiele size classes, namely those with the largest partiele 

diameters, contain a negligible number of partiel es, regridding can be avoided in 

many cases. 

The radical population balance, see equations (2.24) to (2.31) is 

solved iteratively. This is done by estimating the radical concentration in the 

water phase and calculating the value of iii for each partiele size class. 

Subsequently the overall radical balance, see equation (2.28) is checked and, if 

necessary, the value of CR,w is adjusted. This procedure is repeated until 

equation (2.28) is valid within a desired accuracy. For the calculation of ii;, the 

radical population balance was solved using a continuous fraction 

approximation (U gelstad and Mörk, 1967). In case of partiele nucleation, radical 

"consumption" by either micellar nucleation or homogeneaus nueleation must be 

involved in the radical population balance, see equation (2.29). Note that freshly 

nucleated particles should be allowed to grow with one radical until either 

radical desorption or radical terminatien occurs, see section 2.2.4. 

~~~~~· The rate of partiele nueleation is calculated through equations (2.8) 

to (2.10). Each time interval .:lt during which partiele nueleation occurs, a new 

partiele size elass is generated. 

Element 9: The total rate of polymerization RP is calculated through equation 

(2.21). 

The mass balances for the initiator, emulsifier, water and 

monomer, see equations (3.1) to (3.4) are solved. 

Element 11: The partiele size distribution is actualized. The influence of the 

feed stream and the product stream on the partiele number in each size elass 

are taken into account by equation (3.5). 

Element 12: The desired process data such as the total partiele number and 
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polymerization rate, the partiele size distribution and the overall conversion are 
saved into a file. 

Element 13: The process time is increased with a time step dt. 

3.3. The batch process 

An important advantage of the modular set-up of the CSTR model is that it can 

he applied for the simulation of other reactor systems. The process in a batch 

reactor can he simulated simply by setting the feed stream and the product 

stream of the CSTR process to zero. 

3.4. The process in a CSTR train 

The process in a CSTR train can he simulated by using the product stream of 

CSTR j asthefeed stream for CSTR (j+l). In case that the reaction mixture in 

CSTR j contains NtotJ partiele size classes, the number of new partiele size 

classes in CSTR (j+l) resulting from the feed stream, will be equal to NtotJ after 

one time step dt. Obviously, this increase of the number of size classes leads to 

unacceptable array dimensions within a short period of time. This problem can 

he solved by regcidding the partiele size distribution in each CSTR. For a large 

number of CSTR's in series, a simple procedure to reduce the error in the total 

partiele volume or partiele surface is to average the sizes of particles with the 

same overall residence time in the reactor system. Model calculations with the 

CSTR in series model have confirmed that particles with the same overall 

residence time but with a different time history look more alike as the number 

of CSTR's in the train increases. 

3.5. The process in the PPC 

The process in the PPC cannot he simulated with a CSTR in series model 

despite the fact that it is possible to simulate the residence time distribution in 

a PPC with a CSTR train: In a PPC both forward mixing and back mixing occur 
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whereas in a CSTR train only forward mixing takes place. In principle, a CSTR 

train with a feed stream and product stream in both directions, such as applied 

in continuous extraction, might be applicable for the simulation of the CSTR 

process. However, this approach leads to probierus descrihing the dynamic 

course of the partiele size distribution in each CSTR: The array dimensions 

become too large whereas regridding leads to unacceptable errors in the partiele 

volume or the partiele surface and thus to inaccurate results. For this reason 

the polymerization process in the PPC has been modeled by application of a 

plug flow with axial dispersion model for the residence time distribution, see 

chapter 9. This approach provides no dynamic course of the reaction but a 

steady state salution for the partiele number, the polymerization rate and the 

conversion as a function of the length coordinate of the reactor. However, this is 

acceptable since the main industrial application for the PPC is the continuous 

production of seed latex with a small partiele size distribution. In these cases, 

the axial dispersion is usually small enough to ensure stabie reactor operation 

and to avoid oscillations (Hoedemakers, 1990, Meuldijk et al., 1992). This 

means that a steady state model provides enough information for design and 

process optimization purposes. 
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4. EXPERIMENTALSET-UP 

4.1. Materials 

For the experiments described in this thesis, the following chemieals have been 

used: 

chemica! purity supplier 

styrene distilled industrial grade DSM Research 

vinyl acetate distilled industrial grade DSM Research 

DRAS industrial grade Abieta Chemie 

SDS laboratory grade Merck 

~S208, Na2S20 8 laboratory grade Me rek 

hydroquinone laboratory grade Me rek 

Argon 99.999% Hoekloos 

4.2. Equipment 

Batch reactors 

Batch emulsion polymerizations were carried out in two cylindrical stainless 

steel vessels equipped with a six bladed turbine impeller. Figure 4.1 shows the 

dimensions of both batch reactors: 
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Figure 4.1a Schematic view and dimensions of reactor type 1. b=24*10-3 m, 

d=70*Io-a m, D=96*10-a m, f=7*Io-a m, h=123*Io-a m, H=197*10"3 m, 

L=17.5*10-a m. 
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Figure 4.1b Schematic. view and dimensions of reactor type 2. b=24*1()'3 m, 
d=70*1o-a m, D=133*1o-a m, f=13*10.3 m, h=55*Io-a m, H=170*1()'3 

m, L=17.5*1o-a m. 
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CSTR installation 

The dimensions of the CSTR are the same as those of batch reactor 2, see tigure 

4.lb. Figure 4.2 shows a schematic view of the CSTR equipment. 

V4 

I 

r ------' 

V2 

Figure 4.2 The CSTR equipment. Vl = vessel for the preparation of the water 

phase, V2= bubble column to remave oxygen from the water phase, 

V3= starage vessel for the oxygen free water phase, V5= premixer, V6= 

starage vessel for the product latex, R= reactor, Pl= water phase 

pump, P2= monomer pump. 
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The PPC equipment 

Figure 4.3 shows a schematic view of the PPC equipment. 

water 
emulsifier 
initiator 

pH buffer 

distilled 
monomer 

Figure 4.3 The pulsed packed column equipment. 1: mixing vessel for the 

preparation of the continuous phase. 2: bubble column. 3,4: starage 
vessels. 5,6: pumps. 7: pulsator. 8. premixer. 9. packed column. 

The column (length 5.1 m, internal diameter 0.05 m) was packed with Raschig 

Rings (diameter 0.01m, bed porosity 0.73) equipped with a thermostated water 
jacket and six sample points. The frequency of pulsation was 3.5 Hz and the 

stroke length in the column was varled between 6.9*10'3 m and 13.8*10'3 m. 
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4.3. Standard procedures 

In this section a brief description of the procedures applied for the 

determination of the monomer conversion, the partiele size distribution and the 

partiele number is given. Experimental procedures for one specific purpose, for 

example excluding of limited partiele coagulation or the study of partiele 

nucleation in the PPC, are explained in the concerning chapters. 

Monomer conversion and partiele size distribution 

The monomer conversion was determined gravimetrically. The partiele s1ze 

distribution was determined by transmission electron microscopy. The partiele 

number was calculated from the monomer conversion and the volume averaged 

partiele diameter: 

N 6Cm,tX~.t 

1t dp~vol Pp 

(4.1) 

Each partiele size distribution presented in this thesis has been obtained by 

measuring at least 2500 particles. 
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5. THE DYNAMIC MODELING OF THE EMULSION POLYMERIZATION 
OF STYRENE IN V ARIOUS REACTOR TYPES 

Summary: The mechanism of radical absorption by micelles and particles has 

been stuclied for the emulsion polymerization of styrene. Batch 

experiments have shown that both the partiele number and the rate 

of polymerization in interval 2 are well predicted by Smith-Ewart 

"Case 2" kinetics. This experimental result is confirmed by detailed 

modeling of the nucleation period. However, model simulations of 

the nucleation period have also pointed out that the most important 

assumption for "Case 2" kinetics is not valid: Radical desorption 

cannot he neglected with respect to radical absorption. This 

indicates that, contrary to what is expected from the (apparent) 

"Case 2" kinetics, oscillations in conversion and partiele number 

may occur in a CSTR. It has also been shown that the steady state 

solution of the radical population balance, i.e. the Smith and Ewart 

recursion relation, does not apply for freshly nucleated particles. 

Additionally, the residence time distribution of the radicals in the 

freshly nucleated particles appears to have a considerable influence 

on both the partiele size distribution and the total rate of 

polymerization. With the developed model, all batch experiments 

could be predicted in terros of partiele number and conversion time 

history within the experimental error. 

Experiments and model simulations for emulsion polymerizations in 

a CSTR reveal that the rate of radical absorption is proportional to 

the partiele surface, indicating that the absorption of radicals may 

be considered as a statistica! process. The model simulations appear 

to agree reasonably well with the observed dynamics of the CSTR. 

Model simulations for a series of CSTRs have shown that only with 

a large number of equally sized tanks in series, usually more than 

25, the partiele numbers and the polymerization rates of the 

corresponding batch process can be approached. 

Finally, it has been demonstrated that the dynamic model can be a 

useful tool for solving some characteristic probieros encountered in 

continuous emulsion polymerization. 
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5.1. Introduetion 

In literature three mechanisms for radical absorption have been proposed, each 
finding expression in the dependenee of the rate of radical absorption (pa) by the 
particles on the partiele diameter (dP): 

* Pa""~: This implies that the net mass flow of the radicals to the particles is 
proportional to the partiele diameter, indicating that ra die al absorption is 

determined by ditfusion of the radicals through a stagnant layer around the 
particles (Ficks ditfusion law). 

* Paoc:~2: In this point of view radical absorption is considered to he a statistica! 
process which only depends on the partiele surface, regardless of the nature of 

that surface (Fitch, 1971, Hansen and Ugelstad, 1982). This might he the case 

when the characteristic propagation time of a radical in the water phase to 
reach such a chain length that it can he absorbed by either a micelle or a 

particle, is considerably longer than the characteristic absorption time. 

* Pa""~3 : This mechanism reflects the situation that ditfusion limitation occurs 
for transfer of an oligomeric radical from the water phase via a stagnant 

liquid layer into the polymer particles. Additionally, the influence of 

electrostatic repulsion of the negatively charged radicals on the one hand and 
the charged particles or micelles on the other hand is taken into account 

(Hansen and Ugelstad, 1982). 

This chapter deals with the validation of the developed dynamic model and with 
the determination of the mechanism of radical absorption from batch 
experiments, experiments in a CSTR and model simulations. Additionally, the 

advantage of the modular set-up of the dynamic model together with the Euler 
solution method is demonstrated by means of simulations for a series of CSTRs. 

Finally, it is demonstrated that the dynamic model can he a useful tooi for 

solving some characteristic problems encountered in continuous emulsion 

polymerization. 
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5.2. The batch emulsion polymerization of styrene: mechanism of 

partiele nucleation and model validation 

5.2.1. The rate of partiele nucleation 

The rate of partiele nucleation depends on the number of radicals available per 

unit of time for radical absorption by either micelles or particles, and the 

number and size of the micelles and particles. For the stage of the 

polymerization process where no new particles are formed and the existing 

particles grow at the expense of the monomer droplets, (interval 2), Smith and 

Ewart (1948) derived the following relation for the polymerization rate and the 

partiele number: 

C )0.6 c 0 
CMC MO 

(5.1) 

where N, RP, C10, CEG• CMo and CcMc respectively stand for the partiele number 

per volume unit of water, the total polymerization rate, the recipe 

concentrations of the initiator, the emulsifier, the monomer and the critica} 

micelle concentration. 

Relation (5.1) is based on the assumptions that the growth rate of the particles 

is independent of the partiele size and that partiele nucleation stops when all 

emulsifier has been adsorbed on the partiele surface. 

Harada and Nomura (1972) derived the following expression for the rate of 

micellar partiele nucleation Rnud (see also section 2.2.3.): 

(5.2) 

with 

(5.3) 

where P;, NAv• cmicelles• dp, ~um and dmicelle respectively stand for the rate of radical 
production by initiator decomposition, Avogadros number, the concentration of 
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emulsifier located in the micelles, the partiele diameter, the aggregation 

number of the micelles and the monomer swollen micelle diameter. The 

parameters ~ and Çmicelle are proportionality constants. 

Equation (5.2) is basedon the following assumptions: 

* Smith and Ewart "Case 2" kinetica occur, i.e. the rate of radical desorption is 
negligible with respect to the rate of radical absorption and instantaneous 

bimolecular termination occurs when a second radical enters a growing 

particle. Consequently the time averaged number of growing ebains per 

partiele equals 0.5. 

* The latex particles are exclusively formed by micellar nucleation. 

* The partiele size distribution is small enough to consider the latex to be 
monodisperse. 

The assumption made by Smith and Ewart that ii equals 0.5 also during the 

nucleation period is not very likely to be valid. During partiele nucleation, when 

the particles are still small, the value of ii will be less than 0.5 because a 

significant number of radicals desorb from the growing particles before the 

absorption of a second radical leads to instantaneous bimolecular termination. 

Besides, the radicals desorbed from the particles are available again for 

absorption by either micelles or particles. Consequently, the total number of 

radicals per unit of time available for absorption p will be larger than the 

radical production rate P;· 

Accounting for radical desorption by application of a radical population balance 
over the particles according to Ugelstad et al. (see also section 2.2.4.) and for 

the evolution of the partiele size distribution as a result of the different birth 

times of the particles, leads to the following equation for the rate of partiele 

nucleation R..ue1: 

R pNAv 
n~ = ------7-N~~~------

Çtot E N(i)d:(i) 
1 + ---::i:-=1;;__--=--=----

cmicelles N Av 
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The dynamic modeling of the emulsion polymerization of styrene 

However, the steady state solution of the radical population balance over the 

particles, as derived by Smith and Ewart (1948) and Ugelstad et al. (1967), does 

not apply for the freshly nucleated particles: the freshly nucleated particles will 

contain one radical until either radical desorption or bimolecular termination 

occurs. Since the freshly nucleated particles are very small and the number of 

micelles is usually very large for the greater part of the nucleation period, the 

characteristic time for radical desorption ( 1:des) is usually considerably shorter 

than the characteristic time for bimolecular termination. For this reason the 

freshly nucleated particles have been assumed to grow during 1:des seconds. After 

1:des seconds, the radical population balance is applied. For the cumulative 

fraction of desorbed radicals at t seconds after nucleation, Mayer et al. (1995) 

derived the following equation (see also section 2.2.4.): 

(5.5) 

where 

(5.6) 

(5.7) 

(5.8) 

Differentiation of equation (5.5) provides the residence time distribution E(t) of 

the radicals in the freshly nucleated particles: 

E(t) 
C2 Ca C4 exp [-Ca (C2 t +V micene)llaj 

3 ( C2 t +V micen.)2/3 

From equation (5.9), the value of 1:des can be calculated with: 

'[des ft E( t) dt 
0 

3 [ C3
2 

V .!:~elle + 2 C3 V .:elle + 2] 

c2c3a 
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5.2.2. Procedure for the determination of the mechanism of radical 
absorption 

For the determination of the parameters concerning the mechanism of radical 
absorption (~t and n), the following procedure has been applied: 

* Batch experiments with a great variety of recipes were performed. 

* For one batch experiment an estimation of ~t was made for n=l, n=2 and 

n=3. 

* The extended relation derived by Harada and Nomura (1972) for the rate of 
partiele nucleation (see equation (5.4)), was integrated simultaneously with a 

radical population balance over the partiele size distribution according to 

Ugelstad et al. (1967) and a monomer balance. In the model calculations the 

effect that the freshly nucleated particles grow during 'tdes seconds before 
radical desorption occurs was taken into account. The integration procedure 

was proceeded until all micelles had disappeared (Cmice~~es=O) and no new 

particles were formed <R..uc~=O). 

* The simulated number of particles Nsim was compared with the observed 
partiele number. As long as Nsim was not equal to the observed partiele 

number within the desired accuracy, a new estimation of Çtot was made and 
the integration procedure was repeated. 

* The procedure described above was performed for all batch experiments and 

for each value of n. The corresponding values of~ were averaged. 

5.2.3. Results 

The figures 5.1a and 5.1b respectively show the course of the partiele number 

and the polymerization rate in interval 2 as a function of (CE0-CcMc)0
'
6*C10°'4 (see 

equation (5.1)) for the batch experiments summarized in table 5.1. 
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Table 5.1. The partiele number and the polymerization rate in interval 2 for the 

batch emulsion polymerization of styrene at different recipes. T=50 

oe, N=500 rpm, Vreactor=1.2 dm3
• 

* 

fm CIO CEO Rv N* 
[ -] [10"2 kmol/m3 wl [10"2 kmol/m3wl [mol/(m3 w *s)] [1021/maw] 

0.25 1.3 4.6 0.88 1.6 

0.30 1.0 2.8 0.40 0.9 

0.30 1.0 1.9 0.30 0.6 

0.30 1.3 9.2 1.35 2.4 

0.30 1.3 9.2 1.30 2.3 

0.35 1.2 19.0 1.12 1.8 

0.40 1.2 14.5 1.85 3.2 

0.42 2.1 14.8 2.16 4.0 

0.40 1.2 23.0 2.28 4.3 

0.45 1.2 14.8 1.83 3.4 

0.45 2.1 14.8 2.72 4.0 

5 1.3 9.2 1.83 2.5 

0.45 1.2 14.5 2.21 3.2 

0.47 1.2 1.2 0.60 0.6 

1.0 2.8 0.78 0.8 

0.47 1.2 14.5 2.25 3.6 

0.47 1.2 19.0 2.42 4.0 

0.47 1.2 23.0 2.76 4.3 

0.47 1.2 13.2 2.04 2.5 

0.47** 1.2 13.2 3.4 2.8 

For all experiments the partiele number remained constant after the interval of partiele 

nucleation. 

** Reaction volume is 2.4 dm3
• 
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Figure 5.1 The partiele number (5.1a) and the polymerization rate (5.1b) as a 

function of the term (CE0-CcMJ0
·
6*C10°"4 for the batch experiments listed 

in table 5.1. 

• {"'<0.45, V,..actor=l.2 dm3; • fm?:.0.45, V reador=1,2 dm3; ... fm=0.47, 

V reactor=2.4 dm3 

The figures 5.1a and 5.1b show that both the partiele number and the 

polymerization rate in interval 2 are well predicted by the classica! Smith
Ewart theory, for styrene weight fractions in the recipe below 0.45. This is 

surprising since simulations with a radical population balance according to 
Ugelstad et al (1967) indicate that the most important assumption on which 
Smith-Ewart "Case 2" kinetics are based, i.e .. the rate of radical desorption is 
negligible with respect to the rate of radical absorption, are not valid during 

partiele nucleation, where the particles are still small. 

It has been shown (Mayer et al. (1995)) that the high reaction rates observed 

for recipes with a monoroer content above 0.45 are caused by heat transfer 
limitation: The pseudoplastic rheological behavior observed for latexes with a 

volume weight fraction of particles above 0.4 leads to intensive mixing in the 
impeller zone and an almost stagnant dispersion in the other regions of the 

tank, see chapter 8. 

The figures 5.2a and 5.2b show the simulated and observed conversion time 
history and the number of particles as a function of time for two batch 
experiments listed in table 5.1. The model calculations have been performed 

with the valnes of ~t listed in table 5.3. The valnes of Çtot have been calculated 
from the batch experiments in table 5.1 and the physical and chemical 
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parameters listed in table 5.2. The agreement between the observed and 
simulated data in figure 5.2 is representative for all experiments listed in table 
5.1. 

Table 5.2 Physical and kinetic parameters for the emulsion polymerization of 
styrene with sodium persulphate as initiator and sodium lauryl 
sulphate as emulsifier at 50 °C. 

Pm [kg/ma] Weast (1977) 

Pp [kg/m3
] 1053 DeGraff et al. (1971) 

CMp [kmollm3
], X", [-] 5.2, 0.43 Harada et aL (1972) 

~ [m3/(kmol*s)] 258 Rawlings and Ray (1988) 

~ [m3/(kmol*s)] 6.8*107*exp( -19*X21
) Hawkett et al (1981) 

Pi [kmoll(m3*s] 2*f*~*Ci Rawlings and Ray (1988) 

f [-] 0.5 Rawlings and Ray (1988) 

[1/s] (50 °C) 1.6*10"' Rawlings and Ray (1988) 

3*Dm *~r~ [m2/s] 6*10'18 Hawkett et al (1980) 

dmicelle [m] 5*10'9 Rawlings and Ray (1988) 

Table 5.3 The values of ~ot determined from the batch experiments collected in 
table 5.1 for n=l, n=2 and n=3. The model calculations have been 
performed with 'Cdes=18 seconds. 

1 4.4*1012 

2 1.3*1020 

3 3.8*1026 
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Figure 5.2 The simulated and observed conversion time history and the partiele 

number as a function of time for two batch experiments listed in table 

5.1. 

- Simulation fOr n=l, n=2, n=3 and 'tde.=18 s; "' Partiele number 

determined with TEM; • Conversion 

Figure 5.2a: CM0=7.39, 0 10=0.021, C8 o=0.148 each in kmollm3
water 

Figure 5.2b: CM0=4.24, 0 10=0.013, C8 o=0.092 each in kmollm3
water 

In tigure 5.2 can he seen that the partiele number in the latex product is 

predicted well by the dynamic model. However, the conversion rate is 

systematically overestimated for conversions above 0.2. It appears that there is 

no significant influence of the mechanism of radical absorption (n=l, n=2 and 

n=3) on the model predictions, the lines coincidence. 

Figure 5.3 shows the simulated fraction of growing particles and the partiele 

diameter as a function of the time proceeded after nucleation of these particles. 

The fraction of growing particles and the growth rate of the particles have been 

calculated from equations (5.5) and (5.6) respectively (see also section 2.2.4.). 
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Figure 5.3 The fraction of growing particles and the partiele diameter as a 

function of the time proceeded after nucleation of these particles. The 

model simulations have been performed with equations (5.5) and 

(5.6). 

In figure 5.3 can he seen that most radicals desorb from the freshly nucleated 

particles during the first few seconds. Figure 5.3 also shows that the increase of 

the partiele diameter is highest during this period of time. Since the model 

calculations have been performed with an average residence time of the radicals 

in the freshly nucleated partieles, i.e. with the assumption that all freshly 

nucleated particles grow with one radical during 'tdes seconds, the broadening of 

the partiele size distribution is systematically underestimated. As aresult of 

underestimating the broadening of the partiele size distribution, there is no 

significant difference between the three mechanisms of radical absorption. 

Secondly, underestimating the broadening of the partiele size distribution leads 

to an overestimation of the conversion rate. Since the simulated partiele size 

distribution is very small, the radicals are almast equally divided among the 

partieles. However, in reality the smallest and the largest particles differ much 

more in size. As a result, the radical absorption rate of a small partiele is in 

reality much less than that of a large one. Consequently, the value of ii will he 

very low for the smallest particles so that they hardly contribute to the 

conversion rate. 

In order to account for the broadening of the partiele s1ze distribution as a 

result of radical desorption from the freshly nueleated particles, each partiele 
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size class formed during the nucleation period has been destined to loose its 
radicals according to the residence time distribution function E(t) (equation 
(5.9)). 

In this approach, each partiele size class nucleated splits into 10 new size 

classes at predefined points of time counted from the moment that the partiele 
size class was generated. The moments at which a particular size class looses a 
fraction of its radicals as a result of radical desorption have been defined such 

that at each desorption step, 10 percent of the original number of particles in 

that size class loose their radicals. Model calculations where each size class was 

split into 5 new size classes instead of 10 provided the same results, hereby 

indicating that the procedure applied was accurate. 

The figures 5.4a and 5.4b show the simulated and observed conversion time 

history and the number of particles as a function of time for the two batch 
experiments shown in figure 5.2. The model calculations have been performed 

accounting for the residence time distribution of the radicals in the freshly 

nucleated particles and the values of Çtot listed in table 5.4. The values of ~ 
have been determined as described in the previous section, but now for the 

refined model. 

Table 5.4 Tlu! values of~ determined from the batch experiments in table 5.1 
for n=l, n=2 and n=3. The model calculations have been performed 
taking into account that radicals desorb from tlu! freshly nucleated 

particles according to tlu! residence time distribution of tlu! radicals 

in tlu! particles (see equation 5.9). 

n [-] Çtot [1/mn] 

1 6.4*1012 

2 2.7*1020 

3 1.2*1027 

The figures 5.4a and 5.4b show that also the refined model prediets the partiele 
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number in the latex product within the experimental error. In the figures 5.4a 

and 5.4b can also he seen that the agreement between the simulated and the 

observed conversion time history is reasonably well and that there is a 

significant difference between the simulations with the three mechanisms of 

radical absorption. Even though the statistica! mechanism of radical absorption 

(n=2) appears to provide the best agreement between the batch experiments 

and the model simulations, none of the absorption mechanisms can he refuted. 
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Figure 5.4 The simulated and observed conversion time history and the partiele 

number as a function of time for the batch experiments shown in 

figure 5.2. 

1: Simulation for n=1; 2: Simulation for 3: Simulation for n=3; 

• Partiele number determined with TEM; • Conversion 

Figure 5.4a: CM0=7.39, CI0=0.021, CE0=0.148 kmo1Im3
water 

Figure 5.4b: c Mo=4.24, Cw=O. 013, c Eo=O. 092 kmoll m 3 
water 

The figures 5.5a and 5.5b show the simulated and observed partiele size 

distributions of the latex product for the batch experiment in figure 5.4a. 
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Figure 5.5 The observed partiele size distribution determined with TEM (figure 

5.5a) and the partiele size distribution simulated with n=2 (figure 

5.5b) for the batch experiment in figure 5.4a. Note that the scales on 

the dP axes are different. This has been deliberately done to show the 
shape of the simulated partiele size distribution. 

In tigure 5.5 can be seen that there is a reasonable agreement between the 

simulated and the observed partiele size distribution of the latex product. 

However, the observed partiele size distribution shows considerably more 

broadening than the simulated one. This can be understood from the fact that 

in the model simulations only the stochastic broadening of the freshly nucleated 
particles is taken into account. However, in reality, all partiele size classes will 
exhibit stochastic broadening. From the reasonable agreement between figure 

5.5a and 5.5b can also be concluded that the width of the partiele size 
distribution is to a significant extend determined by stochastic broadening of 
the smallest particles, i.e. the freshly nucleated particles. 

Figure 5.6 shows both the simulated rate of radical absorption p and the time 

averaged number of growing ebains per partiele ii as a function of time for the 

batch experiment in tigure 5.4a. The time history of p and ii is representative 
for all batch experiments summarized in table 5.1. 
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Figure 5.6 The simulated rate of radical absorption p and the time averaged 

number of growing chains per partiele ii as a function of time 

calculated with n=2 for the batch experiment in figure 5.4a. 

In tigure 5.6 can he seen that both p and fi. change significantly during the 

period of partiele nueleation. This is caused by radical desorption from the 

partieles, which cannot he neglected with respect to radical absorption. 

Consequently, the Smith-Ewart "Case 2" assumptions that p equals the rate of 

radical production by initiator decomposition and that fi.=0.5 are not valid in the 

stage of partiele nueleation for the recipes summarized in table 5.1. This means 

that, although the batch experiments can he described with relation 5.1, Smith

Ewart "Case 2" kinetics are not obeyed. 

Note on the simulations of the polymerization process in a batch reactor 

The simulations of the batch process for the emulsion polymerization of styrene 

with sodium dodecyl sulphate as emulsifier, have been performed with Td.,.=18 

seconds. This value is obtained by integration of equation 5.10 from t=O to 

t=400 seconds. Integration of equation 5.10 from t=Ü to t== gives 'tdes=25 

seconds. The foregoing procedure has been applied in order to account for 

bimolecular termination, which was estimated to occur approximately 400 

seconds after nucleation. Although model simulations with 'rctes=18 seconds and 

'tdes=25 seconds provide nearly the same results, it was felt that the physical 

and chemica} phenomena in the reaction mixture are at best approached with 

'tdes=18 seconds. 
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5.3. The dynamic modeling of emulsion polymerization in a CSTR 

As a result of the residence time distribution in a CSTR, freshly supplied 
emulsifier is mixed up with rather large particles that adsorb emulsifier for 

colloidal stabilization. Therefore, only part of the emulsifier is available for the 

generation of new particles, leading to a lower partiele number as compared to 

a batch process with the same recipe. 

In a CSTR, the broadening of the partiele size distribution is mainly determined 
by the residence time distribution (DeGraff and Poehlein, 1971). As a 

consequence, stochastic broadening of the freshly nucleated particles is not 
expected to have a significant influence on the partiele size distribution. This 
has been confirmed by model calculations with and without stochastic 
broadening of the freshly nucleated particles. Therefore, the simulations with 

the dynamic model for processas in a single CSTR have been performed with 

the mean residence time of the radicals in the freshly nucleated particles 'tdes· 

The curves in figure 5. 7 show both the conversion and the partiele number as 

functions of the dimensionless residence time for an emulsion polymerization of 

styrene in a single CSTR. The simulations have been performed for the three 
mechanisms of radical absorption proposed in literature (n=l, n=2 and n=3) 
using the physical and chemica! parameters in table 5.2 and 5.4. 

In order to avoid a large peak in the partiele number and the conversion during 
the start-up of the CSTR, the reactor was initially charged with only monomer 

and water. 
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Figure 5. 7 The conversion (figure 5. 7a) and the partiele number (figure 5. 7b) as 

functions of the dimensionless residence time for an emulsion 

polymerization of styrene in a single CSTR at 50 oe. The simulations 

have been performed with r;des=18 seconds. 

1: 2: n=2, 3: n=3, • conversion, • partiele number, CMo= 8.51, 

C10= 0.012, CEo= 0.145 kmollm3
water> 't= 1 hour 

In figure 5.7 can be seen that there is a considerable influence of the 

mechanism of radical absorption both on the simulated conversion and partiele 

number. This results from the broadening of the partiele size distribution, 

which originates from the residence time distribution: For a broad partiele size 

distribution the dependenee of the radical absorption rate on the partiele 

diameter, i.e. de mechanism of radical absorption, has a large influence on the 

distribution of the radicals over the particles and therefore on the rate of 

polymerization. Figure 5. 7 also shows that the dynamics of the CSTR are 

predicted well by the statistica! model for radical absorption (n=2). Both other 

radical absorption mechanisms can be refuted. 

The figures 5.8a and 5.8b respectively show the observed and simulated 

conversion and partiele number versus the dimensionless residence time for an 

emulsion polymerization of styrene with disproportionated rosin acid soap 

(DRAS) as emulsifier in a single CSTR. The simulation has been performed 

with the kinetic and chemica! parameters summarized in table 5.2. Mayer et al. 

(1995) have shown that DRAS contains substances that act as chain transfer 

agents hereby increasing the rate of radical desorption. For this phenomenon 

bas been accounted by use of the desorption coefficient corresponding to the 

concentration of DRAS in the recipe, see also chapter 7. 
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Figure 5.8 The conversion and the partiele number as a function of the 
dimensionless residence time for an emulsion polymerization of 
styrene with DRAS as emulsifier in a single CSTR at 50 oe with 't=l 

hour. CE0=0.07 kmollm3
.", C10=1.2*1(J2 kmollm3

.", CM0=3.7 kmollm3
.", 

The simulation has been performed with n=2, ktr=5*ktrw ~= 7*lot9
, 

determined from batch experiments and experiments in a CSTR and 

tde.= 5 seconds. At t=O the reactor was filled with the recipe 
concentration of monomer and distilled water. During the CSTR 

experiment a small amount of oxygen present in the feed stream 
caused some inhibition reducing the initiator efficiency from 0.5 to 

0.3. The simulations have been performed with f=0.3. 
• conversion, • partiele number 

In figure 5.8 can he seen that also the emulsion polymerization of styrene with 
DRAS as emulsifier is simulated well by the dynamic model. Figure 5.8 also 

shows that the number of particles is predicted to oscillate. This phenomenon 
originates from the relatively high desorption rate which leads to a considerably 
different volume growth rate of the smallest and largest particles in the reactor. 

Figure 5.8 also shows that the oscillations in the partiele number hardly affect 

the conversion rate. This can be explained by the fact that for recipes with 
DRAS as emulsifier, the total number of radicals in the reaction mixture tends 
to be independent of the partiele number (Smith-Ewart "Case 1" kinetics) fora 
wide range of recipes and process conditions, see also chapter 7. 

The figures 5.9a and 5.9b show both the observed and the simulated partiele 

size distributions of the CSTR experiment presented in figure 5.8. The 
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experimental partiele size distribution has been determined with transmission 

electron microscopy (TEM). Since TEM analysis of latex samples with a low 

monoroer conversiOn provides inaccurate results, the following procedure has 

been applied: 

* The latex samples have been polymerized batchwise until complete conversion 

was reached. Model simulations have shown that the number of particles 

formed by nucleation of the small number of micelles in the latex samples is 

negligible with respect to the total partiele number. 

* Subsequently, the latex product was analyzed with TEM. 

* The partiele size distribution of the latex in the CSTR was obtained by 

application of the radical population balance over the partiele size distri bution 

according to U gelstad et al. (1967) and integration of the monoroer balance in 

the opposite direction i.e. from complete conversion to the conversion in the 

CSTR. 

Note that, although this procedure provides very accurate partiele numbers, the 

broadening of the partiele size distribution in the steady state determined from 

the TEM pictures at complete conversion is systematically overestimated: The 

model simulations for determining the partiele size dis tribution of the batchwise 

polymerized latex samples do not account for the stochastic broadening 

occur:ring during the sample preparation. 

In figure 5.9 can be seen that also the partiele size distribution in the steady 

state is predicted reasonably well by the dynamic model, especially consiclering 

that the broadening of the experimental partiele size distribution ;l' 
overestimated. 

Figure 5.10 shows the simulated conversion and the partiele number as a 

function of the dimensionless residence time for a CSTR experiment with the 

recipe and process conditions summarized in tigure 5.8, but without chain 

transfer agents (~.=~rm). 
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Figure 5.9 The observed partiele size distribution (figure 5.9a) and the simulated 
partiele size distribution (figure 5.9b) in the steady state for the CSTR 
experiment in figure 5.8. 
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Figure 5.10 The simulated conversion and partiele number as a function of the 
dimensionless residence time for a CSTR experiment with the same 
recipe and process conditions as the experiment summarized in 

figure 5.8, but with k1,=ktrm and 'tde•=18 seconds. 

In figure 5.10 can he seen that the extend of the oscillations are considerably 
reduced when the chain transfer agents are not present in the reaction mixture. 

As a reauit of the low radical desorption rate, the time averaged number of 
growing ebains per partiele and therefore the polymerization rate per partiele is 

higher for the recipe without chain transfer agents than for the recipe with 

chain transfer agents. As a consequence of the larger volume growth rate of the 
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particles, each partiele will adsorb more emulsifier on its surface per unit of 

time for colloidal stabilization resulting in a smaller number of micelles in the 

reaction mixture and a lower rate of partiele nucleation. Therefore the number 

of particles in the steady state decrease as the concentration of chain transfer 

agents decreases. 

Note on the simulations of the emulsion polymerization process in a single CSTR 

The model simulations in the CSTR have been performed at low conversion in 

order to exclude the gel effect from the polyrnerization process. This procedure 

provides more accurate data on the mechanism of partiele nucleation than high 

conversion emulsion polyrnerization. Obviously, the developed model can also he 

used for high conversion emulsion polyrnerization. 

5.4. The dynamic modeling of continuous emulsion polymerization in a 

series of CSTRs 

In order to illustrate the advantages of both the modular set-up of the model 

and the applied Euler solution method, model simulations have been perforrned 

for a series of CSTRs. 

For approaching the partiele nurnber and the polyrnerization rate of the 

corresponding batch process in a series of CSTRs, the residence time 

distribution in that part of the reactor system where partiele nueleation occurs, 

should be as small as possible. Therefore, the model simulations presented here 

focus on the interval of partiele nucleation. Figures 5.11 and 5.12 show the 

dynamic behavior of a reactor system, consisting of a series of 50 CSTRs with 

respect to the partiele number and the rate of polyrnerization respectively. The 

composition of the initial charge of all CSTRs was equal to that of the feed 

strearn. 

In the figures 5.11 and 5.12 can he seen that a steady state is reached after a 

process time of approximately 10 minutes, i.e. after one mean residence time. 

The figures 5.13a and 5.13b respectively show the steady state valnes of the 

partiele nurnber and the conversion as a function of the nurnber of tanks in 
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Figure 5.11 The dynamic behauior of a series of 50 CSTRs with respect to the 
partiele number for a continuous emulsion polymerization of styrene 
at 50 oe and a mean residence time of 10 minutes. 
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Figure 5.12 The dynamic behavior of a series of 50 · CSTRs with respect to the 
monomer conversion for a continuous emulsion polymerization of 
styrene at 50 oe and a mean residence time of 10 minutes. 
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series for the same recipe and process conditions as listed in figure 5.11 and 

5.12. 

2 5 w 25 50 

Number of tanks 1n ser1es 

c 
0 

2 5 10 25 50 

Number of tanks 1r1 ser,es 

Figure 5.13 The partiele number and the conversion in the steady state as a 

function of the number of CSTRs in series for the recipe and process 

conditions as the experiment in the figure 5.11 and 5.12. The drawn 

lines represent the partiele number and the conversion obtained in 

the corresponding batch process. 

In figure 5.13 can he seen that a large number of CSTRs in usually more 

than 10, is necessary to approach the partiele number and conversion rate of 

the corresponding batch process. Figure 5.13 also shows that ideal plug flow is 

approached for the series of 50 CSTRs. 

5.5. The dynamic model as a tooi for solving specific problems 
concerning continuous emulsion polymerization 

It is well known that the residence time distribution in continuously operated 

reactor systems, tagether with a different volume growth rate of small and large 

particles, may lead to (sustained) oscillations in partiele number and monomer 

conversion (Rawlings and Ray, 1988). Additionally, continuous high conversion 

emulsion polymerization may lead to multiple steady statea as a result of a gel 

effect, i.e. ditfusion limitation of bimolecular termination of radicals in the 

particles, which particularly occurs in the largest particles in the reaction 

mixture. 

The start-up of continuous emulsion polymerizations in a single CSTR asks for 
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special attention. When the reactor is initially charged with the recipe 

concentration of all components in the feed stream, a large peak in the num.her 

of particles and in the conversion is usually ohserved. This phenomenon can he 
explained as follows: During the start-up of the reactor, only very few particles 

are present in the reaction mixture. As a result, most radicals will he ahsorhed 
hy micelles, leading to a larger partiele num.her than the steady state value. 

Since the conversion rate of the monomer increases with increasing partiele 

number, also a peak in the monomer conversion will be observed. When the 
maximum in the partiele num.her is very high with respect to the steady state 

. value, the fractional surface coverage of the particles (9) may drop helow its 

critica! value Ocrit• leading to limited partiele coagulation or even reactor fouling. 

Simulations with the dynamic model have provided the following solutions for 
these prohlems: 

Sustained oscillations 

Sustained oscillations can he avoided hy suppressing the residence time 
distrihution. This can he done · hy application of a series of CSTR or a pulsed 

packed column. In case of a CSTR train, the partiele numher, the 
polymerization rate and the extent of the oscillations mainly depend on the 
residence time distrihution in that part of the reactor system where partiele 

nucleation occurs. Therefore, the series should contain a large numher of small 
tanks foliowed hy a small num.her of large reactors. 

Multiple steady states 
In a CSTR train, the tendeney for multiple states is suppressed when the 

process is designed such, that partiele nueleation takes place in that part of the 
reactor system where no gel effect oecurs. In some cases, the gel effect ean be 

used in continuous high conversion emulsion polymerization (X>0.95) to 
suppress oscillations in conversion and partiele number. For example, the 
emulsion polymerization of vinyl acetata ean he performed in a single CSTR at 
very high conversions (X>0.95) without the oecurrence of oscillations. In these 

cases, chain transfer to monomer foliowed hy radieal desorption from the 

particles is hampered hy the low monomer concentration in the particles and 
the high viscosity in the partieles. When these phenomena lead to the situation 

that the volume growth rate of the particles is independent of the partiele size, 
no oscillations will occur. Despita the completely different kinetica, the 
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polymerization system then behaves like Smith and Ewart "Case 2" systems. 

The large production capacities desired in industry tagether with the very high 

rate of heat production during emulsion polymerizations of vinyl acetate ask for 

high cooling capacities. For this reason a loop reactor may be an attractive 

alternative for the "classica!" CSTR. 

The peak in the partiele number and conversion 

The peak in the partiele number and conversion during the start-up of a 

continuous process in a single CSTR can be avoided by initially charging the 

reactor with water. A disadvantage of this procedure is that the weight fraction 

of polymer in the latex product is a function of the process time during the 

start-up ofthe reactor. 

5.6. Conclusions 

* Batch experiments show that the partiele number and the polymerization rate 

at the end of the nueleation period obey the elassical Smith-Ewart relation for 

"Case 2" kinetics. However, the most important assumption for "Case 2" 

kinetica is not valid for the recipes investigated: radical desorption is not 

negligible with respect to radical absorption. 

* The dynamics of a batch reactor and a CSTR with respect to monomer 

conversion, partiele number and partiele size distribution are well predicted 

by the dynamic model for the emulsion polymerization of styrene. 

* The dynamic model is a promising tooi for solving specîfic problems in batch 

and continuous emulsion polymerization. 
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6. THE DYNAMIC MODELING OF THE EMULSION 
POLYMERIZATION OF VINYL ACETATE 

Summary: As a starting point for the detailed dynamic modeling of continuous 

emulsion polymerization of monomers with a relatively high water 

solubility, the kinetics of partiele nueleation have been studied for 

tbe batch emulsion polymerization of vinyl acetate. Preliminary 

simulations with a dynamic model comprising both micellar and 

homogeneons partiele nueleation appear to be in good agreement 

with batch experiments. Model simulations also indicate that 

partiele nucleation is dominated by micellar nueleation for recipe 

concentrations of emulsifier significantly higher than the critica} 

micelle concentration. It has been pointed out that the dynamic 

model presented in this thesis may eliminate some discrepancies 

between current models available in literature and experiments in a 

CSTR. 

6.1. Introduetion 

In literature, relatively few theoretica} investigations focus on the modeling of 

partiele nucleation comprising both micellar and homogeneons nucleation. Fitch 

et al. (1969) proposed a mechanism which implies that particles are formed in 

the aqueous phase by precipitation of oligomeric radicals with a critical chain 

length. By application of a collision theory, Fitch derived an expression for the 

precipitation rate of oligomers in the presence of particles. According to the 

model by Fitch, the rate of precipitation is proportional to the partiele surface 

and the average diffusion distance L of the oligomers before these have 

propagated to such a size that precipitation occurs. Kiparissides et al. (1979) 

and later Penlidis et al. (1985) applied this theory for the modeling of micellar 

and homogeneous partiele nueleation. However, as pointed out by Peppard 

(1974) and Hansen and Ugelstad (1978), the model developed by Fitch et al. 

involves the assumption that the oligomeric radicals travel in straight lines 

hereby underestimating considerably the probability of callision with latex 

particles. Therefore, the number of particles formed by homogeneous nueleation 

is systematically overestimated by models basedon the Fitch theory. 

Based on a paper by Hansen and Ugelstad (1978), a relation has been derived 

for the rate of partiele nueleation by micellar and homogeneons nucleation, see 
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section 2.2.3. In addition to this, it has been taken into account that the freshly 
nucleated particles grow with one radical until either radical desorption or 

bimolecular terminstion occurs, see chapter 2.2.4. This chapter deals with some 
preliminary results on the detailed modeling of the ab initio emulsion 

polymerization of vinyl acetate. 

6.2. Experimental 

The chemieals used in this study were distilled commercially grade vinyl 

acetate, commercially grade sodium dodecyl sulphate and laboratory grade 
sodium persulphate. The batch reactor was a stainless steel tank equipped with 

an eight bladed Rushton turbine impaller and four baftles. The volume of the 
batch reactor was 1.2 dm3

• The impeller speed was 500 rpm. During the 
polymerization samples were taken to determine the conversion by gravimetry 
and the partiele diameter by dynamic light scattering. 

6.3. Results 

Figure 6.1 shows both the observed and the simulated course of the conversion 

and the z-avera~e partiele diameter d, as a function of time for a batch 
emulsion polymerization of vinyl acetate. The model simulations have been 

performed with the physical and chemical parameters in table 6.1. The mean 
residence time of the radicals in the freshly nucleated particles 'td.. was 
calculated from equation 2.4.6. 

Table 6.1 Physical and kinetic parameters for the emulsion polymerization of 
vinyl acetate with sodium persulphate as initiator and sodium 

lauryl sulphate as emulsifier at 50 °0. 

Pm [kg/ma] 932 Weast (1979) 

pP [kg/m3
) 1170 Lindemann .(1975) 

~ [-] 0.20 Friis and Hamielec (1975) 

CM,w [kmol/mSwJ I o.212 Min (1976) 

~ [m3/(kmol*s)] 13300 Friis and Hamielec (1975) 
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The dynamic modeling of the emulsion polymerization of vinyl acetate 

Table 6.1 Physical and kinetic parameters for the emulsion polymerization of 
vinyl acetate with sodium persulphate as initiator and sodium 
lauryl sulphate as emulsifier at 50 oe (continued). 

C1 [m%]; X<X", 4.8*10"15* Friis and Hamielec (1975) 

~ [m3/(kmol*s)] X<X", 6.5*107* Friis and Hamielec (1975) 

P; [kmoll(m3w *s)] 2*f*k; Rawlings and Ray (1988) 

f [-] 0.5 Rawlings and Ray (1988) 

k; (1/s] 1.6*10"6 Rawlings and Ray (1988) 

jsurfact (-] 8 Maxwell et al. (1991) 

Lit r-1 16 Maxwell et al. (1991) 

ÇP (m/s] 0.28 Rawlings and Ray (1988) 

Çm (m/s] 3.3*10"3 this work 

a. [m2/kmol] 3.01 *108 Rawlings and Ray (1988) 

CcMc [kmol/m3wl 1.7*10"3 Rawlings and Ray (1988) 

dmicelle (m] 5*10"9 Rawlings and Ray (1988) 

'tdes [s] 1.5*10"2 this work, see relation 2.46 

* C1=7*10"15*([(1-X)/(l-0.19*X)]2+1.7*10-3*X) for X>Xm 

* k,=2*exp(l7.662-0.4407*X-6.753*x2-0.3495*X3
) for X>~ 
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Figure 6.1 The observed and simulated course of the conversion and the z
average partiele diameter dz as a function of time for a batch 
emulsion polymerization of vinyl acetate at 50 oe. 
eM0=4.24 kmolfm3woter' eE0=0.02 kmolfm3water> e 10=0.02 kmolfm3water 
• eonversion, e Partiele diameter 
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In figure 6.1 can be seen that there is a good agreement between the model 
simulations and the experimental data. 

Figure 6.2. shows the simulated partiele number as a function of time for the 
batch experiment in figure 1. 

7.5 

Mil: 
E 5.0 

@' 
0 

2.5 

z 

time [s] 

Figure 6.2. The simulated course of the partiele number as a function of time for 
the batch experiment in figure 1. 

In figure 6.2 can be seen that partiele nucleation takes place in a very short 
period of time. This is mainly caused by the relatively high rate of radical 

desorption which leads to a high concentration of oligomeric radicals in the 
water phase and 'therefore to a high nucleation rate. The high rate of partiele 
nucleation together with the large propagation rate coefficient causes a large 

increase of the total partiele surface with time. lt follows from modeling that 
the micelles disappear within a short period of time and that nearly all 

oligomeric radicals are captured by the growing particles before precipitation 
occurs. Model simulations reveal that, for the batch experiment in figure 1, less 
than one percent of the particles are formed by homogeneons nucleation. 
Apparently, the oligomeric radicals in the water phase are absorbed by micelles 
and the growing particles with such a rate that only a small fraction of the 

radicals will reach the critica! chain length at which precipitation occurs. 

Rawlings and Ray (1988) have shown that the dynamica of vinyl acetata 

emulsion polymerization in a single CSTR can be simulated reasonably well by 
a dynamic model only accounting for micellar nucleation when the emulsifier 
concentration in the recipe is significantly higher than the CMC. This is in 
accordance with the result that homogeneaus partiele nucleation is negligible 
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with respect to micellar nucleation for the batch experiment in figure 1. Model 

simulations performed by Rawlings and Ray for continuous emulsion polymeri

zation in a single CSTR show that both the partiele number and the monoroer 

conversion are considerably overestimated during the start-up of the CSTR for 

both styrene and vinyl acetate emulsion polymerization. Additionally, a saw 

tooth like course of the partiele number as a function of the dimensionless 

residence time is predicted, which is in disagreement with experimental data. 

Simulations with the model described in the chapters 2 and 3 have shown that, 

for the emulsion polymerization of styrene, these discrepancies can be 

eliminated by taking into account that the freshly nucleated particles grow with 

one radical before either radical desorption or bimolecular termination occurs. 

The good agreement between experiments in a single CSTR (Rawlings and Ray, 

1988) and simulations with the dynamic model, as outlined in chapter 2 and 3, 

indicate that it may contribute to a closer understanding of the physical and 

chemica! processes in vinyl acetate emulsion polymerization. 

At present, the model comprising both homogeneous and micellar partiele 

nucleation is being validated for a wide range of recipes and process conditions 

for batch and continuous emulsion polymerization. Besides this a sensitivity 

analysis of the model for the physical and chemica! parameters in table 6.1 is 

being performed. 

6.5. Conclusions 

* Si:mulations with the dynamic model are in good agreement with the batch 

emulsion polymerization of vinyl acetate. 

* For recipes with a significantly higher emulsifier concentration than the CMC, 

the contribution of homogeneous partiele nucleation to the total partiele 

number is negligible. 
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7. THE INFLUENCE OF DISPROPORTIONATED ROSIN ACID SOAP 
ON THE EMULSION POLYMERIZATION KINETICS OF STYRENE: 
DYNAMIC MODELING AND EXPERIMENTAL V ALlDATION 

Summary: The effect of disproportionated rosin acid soap (DRAS) on the 

emulsion polymerization kinetics of styrene has been studied. Batch 

experiments reveal a considerable influence of chain transfer, 

foliowed by radical desorption and partiele coagulation, on the 

polymerization process. For the recipes studied, the partiele number 

at the end of the nucleation period was shown to depend 

significantly on the concentration of chain transfer agents present 

in DRAS. Additionally, the number of growing ebains in the 

emulsion and, as a consequence, the polymerization rate, were 

found to he independent of the partiele number during the interval 

of coagulation. However, for relatively large particles (dp""lOO nm), 

the polymerization rate was proportional to the partiele number, 

indicating Smith-Ewart "Case 2" kinetics. These effects have been 

shown to he well predicted by model calculations using a radical 

population balance over the partieles. Detailed dynamic modeling of 

the interval of limited partiele coagulation reveals that the 

coagulation process can he described with van Smoluchowski 

kinetics. It has been demonstrated that the model can he a useful 

tooi to predict the occurrence of limited partiele coagulation and its 

influence on the polymerization process. 

Since DRAS is derived from naturally occurring constituents found 

in pine trees, its performance, and with that the properties of the 

latex product, may vary significantly. However, if the performance 

of DRAS is known, the recipe and process conditions can he 

optimized. For this reason a procedure has been developed to 

quantify the performance of DRAS from the simple batch 

experiments discussed in this chapter, the polymerization kinetica 

and the information obtained about the coagulation process. 
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7.1. Introduetion 

In the industrial production of rubbers and latexes, disproportionated rosin acid 
soap (DRAS) is often used as an emulsifier. An advantage of using DRAS 

instead of, for example, fatty acid soaps is, that rubbers produced with DRAS 
show more branching. Since DRAS is derived from naturally occurring 

constituents found in pine trees, its composition varles greatly (Blackley, 1975 

and Stricker, 1984). Besides this, only very superficial knowledge is available in 

literature on the influence of DRAS on the emulsion polymerization kinetics. 

This chapter deals with the influence of DRAS on the emulsion polymerization 

kinetica of styrene. It is shown that DRAS bas a considerable effect on the 

polymerization rate per particle, the rate of partiele nucleation and the 

occurrence of limited partiele coagulation. Furthermore, a simple procedure is 
presented to characterize each shipment of DRAS. It is demonstrated that, once 
the performance of DRAS has been quantified, its influence on the 
polymerization process is well predicted by the dynamic model presented in 

chapters 2 and 3. 

7.2. The influence of disproportionated rosin acid soap on the emulsion 
polymerization kinetics of styrene 

7 .2.1. Summary 

The effect of disproportionated rosin acid soap on the emulsion polymerization 
kinetica of styrene has been studied. Batch experiments reveal a significant 

influence of chain transfer and limited partiele coagulation on the 

polymerization process. For the recipes studied, the number of growing ebains 

in the emulsion and as a consequence the polymerization rate were found to be 
independent of the partiele number during the interval of coagulation. However, 

for relatively large particles (dP=lOO nm), the polymerization rate was 

proportional to the partiele number, indicating Smith-Ewart "Case 2" kinetica. 

These effects have been shown to be well predicted by model calculations using 
a radical population balance over the particles. 
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Influence of DRAS on the emulsion polymerization kinetica of styrene 

Since disproportionated rosin acid soap is derived from natorally occurring 

constituents found in pine trees, its performance, and with that the properties 

of the product latex, may vary significantly. However, if the performance of 

disproportionated rosin acid soap is known, the recipe and process conditions 

can he optimized. For this reason a procedure bas been developed to quantity 

the performance of disproportionated rosin acid soap from simple batch 

experiments, the polymerization kinetica and the information obtained about 

the coagulation process. 

7 .2.2. Introduetion 

In the industrial production of rubbers and latexes disproportionated rosin acid 

soap (DRAS) is often used as an emulsifier. An advantage of using DRAS 

instead of, for example, fatty acid soaps is, that rubbers produced with DRAS 

show more branching (Stonecipher et al., 1970). Since DRAS is derived from 

natorally occurring constituents found in pine trees, its composition varies 

greatly. For this reason it is of industrial importance to have simple methods 

for the characterization of each batch of DRAS. 

The performance of an emulsifier is, for a given polymerization system and 

shear rate in the reactor, usually expressed in two parameters: 

1. The partiele surface that can he covered by one emulsifier molecule (a.). 

2. The critical surface coverage of emulsifier on the particles below which the 

colloidal stability of the dispersion is lost and coagulation occurs (ecrit). 

Titov et al. (1990) have shown that phenanthrene type cyclic compounds with 

an aliphatic or aromatic type double bond, which are present in DRAS, may act 

as a chain transfer agent. Because of the significant influence of chain transfer 

on emulsion polymerization processes with DRAS as an emulsifier, it is 

necessary to quantity the effective chain transfer constant (ku.), in addition to 

the parameters a. and ecrit' 

The experimental determination of the parameter ~r is hampered by limited 

coagulation of polymer particles during the polymerization reaction. Meuldijk et 

al. (1992) have demonstrated that this partiele coagulation results from a loss of 
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electrastatic stabilization and occurs when the surface coverage of emulsifier on 

the particles (9) drops below a critica! value (l:lcrit). When the monoroer dropiets 

have disappeared, coagulation no longer proceeds. From that moment the 

partiele growth by absorption of monoroer stops; there is no decrease of the 

electrostatic repulsion force between the particles with conversion and the 

partiele number remains constant. 

In this section the influence of disproportionated rosm acid soap on the 

emulsion polymerization kinetics is studied. Subsequently a simple procedure is 

described todetermine the overall chain transfer constant (~r), and the value of 

ecrit using data from batch experiments. 

7.2.3. Procedure for the quantification of chain transfer and 9.,ru 

Quantification of chain transfer 

The chain transfer constant (~) can be determined from a batch experiment by 

measuring the polymerization rate, the partiele number, the partiele size 

distribution and applying a salution of a radical population balance over the 

particles. Since coagulation stops when the monoroer dropiets have disappeared, 

the partiele number at the beginning of interval 3 equals the partiele number at 

complete conversion. For this reason the apparent chain transfer constant (~r) 

was determined using data from batch experiments obtained after the interval 

of coagulation. 

For batch emulsion polymerization, the overall polymerization rate for a 

discrete partiele size distribution with Ntot partiele size classes is given by: 

Ntot 

~CM,pLNini 
l•l 

(7.1) 

where CMo is the monoroer content in the recipe, ~ is the propagation rate 

constant, CM,p is the monoroer concentration in the particles, N; is the number of 

particles in partiele size class i and ii.1 is the time average number of growing 

ebains per partiele in partiele size class i. 
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Influence of DRAS on the emulsion polymerization kinetics of styrene 

In equation (7.1), the monoroer concentration in the particles (CM) is assumed 

to be independent of the partiele diameter. Calculations with the Morton 

relation (Morton et al., 1954), which is based on thermadynamie equilibrium 

between the particles and the waterphase, show that this assumption is correct 

for partiele sizes stuclied in this chapter. 

The influence of chain transfer on the rate of polymerization (RP) finds 

expression in the time average number of growing chains per partiele (fi.), which 

can he calculated through the solution of a radical population balance over the 

particles. Since radical entry, desorption and termination events are very fast 

compared to the volume growth of the particles, a quasi steady state on the 

population balance for the radicals over the particles may be assumed, yielding 

to the Smith Ewart recursion relation (Smith and Ewart, 1948): 

Pa,iNAv(Nin-1-Nin) + kdesi[(n+1)Nin•l-nNinl + N. , , , , , 
1 

_k_t_[(n+2)(n+1)Ni,n•2 -n(n-1)Ni,n] = 0 
vp,iNAv 

(7.2) 

in which, Ni,n is the number of particles in partiele size class i, containing n 

growing radicals, vp,i is the volume of a partiele in size class i, Pa,i is the radical 

entry rate into the particles of size class i, kdes,i is the radical desorption rate for 

particles in size class i, ~is the termination rate constant and NAv is Avogadros 

number. 

Stockmayer (1957) and O'Toole (1965) derived the following equation for the 

time average number of growing chains per partiele (fi.) in size class i: 

n. = 
1 

(7.3) 

where Ib(a) is a modified Bessel function of the first kind of order b and 

argument a. The values of a and b are respectively given by: 

(7.4) 
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(7.5) 

According to Ugelstad et al. (1967) the rate of radical absorption (pa) can be 

expressed in terms of radical formation by thermal dissociation of the initiator 

in the water phase (pi), radical desorption from the particles and termination of 

radicals in the water phase. For a latex with Ntot partiele size classes the radical 

absorption rate may be represented by: 

Ntot 
L Ni kdes,i ni (7.6) 

where Crw is the radical concentration in the water phase. For the recipes 

investigated, termination of radicals in the water phase is negligible with 

respect to radical desorption and radical production in the water phase. As a 

consequence the third term on the right hand si de of equation (7 .6) may be 

neglected. 

Friis et al. (1973), Nomura et al. (1981) and Asua et al. (1991) derived 

expressions for the radical desorption rate from the particles to the water 

phase. For situations where the mass transfer rate of the (small) radicals from 

the particles to the water phase is much less than the propagation rate of the 

radicals, i.e. for sparingly water soluble monoroers such as styrene, the 

following equation has been found for the desorption rate of particles in size 

class i: 

(7.7) 

in which Dm is the effective diffusivity of the (small) radical and k.o. is the 

effective chain transfer rate constant. 

The effective chain transfer rate constant is defined as: 
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(7.8) 

where, ~nn is the chain transfer to monoroer constant, ~rt is the constant for 

chain transfer to chain transfer agents and C1r is the concentration of chain 

transfer agents. Note that the effective chain transfer constant (k1r) depends on 

the concentration of the chain transfer agents, e.g. the concentration of DRAS 

in the recipe and the monoroer concentration in the particles. An increase of the 

chain transfer constant leads to an increase of the overall radical desorption 

rate (equation (7 .7)) and a decrease of the average number of growing ebains 

per particle. If each of the parameters ~. pi, ~. Dm, C:.f,p• ~r and the partiele 

size distribution are known, the polymerization rate of a latex with any partiele 

size distribution can be calculated using the equations (7.1) to (7.8). 

In this study the effective chain transfer coefficient (~r) has been determined by 

adjusting the value of ~r until the observed conversion-time history matebed 

the calculated conversion-time history. 

Determination of ecru 

Coagulation occurs as soon as the fractional surface coverage of emulsifier on 

the particles drops below a critical value ecrit· In consequence of this, the value 

of e is equal to ecrit during the complete interval of coagulation. The parameter 

ecn:t depends on the performance of the emulsifier, the cation concentration and 

the shear rate. 

In a batch process the partiele size distribution only slightly changes after the 

interval of coagulation because of the different densities of polystyrene and 

styrene. With the assumption that the relative volume concentration of 

monoroer in the particles does not depend on the partiele size, the value of ecrit 

can easily he calculated from the partiele size distribution at . complete 

conversion: 

surface that can he covered by emulsifier (7.9a) 
ecrit = --.,...-;;----::----:---.,.--=--=---=---:,-----:----::-

particle surface at the end of the coagulation interval 
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(7.9b) 

where ~ tot(X=1) is the overall partiele surface at complete conversion, X". is the 

conversion at which monoroer dropiets disappear, CE is the overall amount of 

emulsifier in the recipe and CcMc is the critica! micelle concentration. 

7 .2.4. Experimental 

The chemieals used in this study were distilled water, distilled commercially 

grade styrene, dresinate 214 supplied by Abieta Chemie GmbH (90% resin acids 

or salts and 10% non ionic materials, a.=4.17*10-19 [m2/molecule] (Maron et al., 

1954), CcMc=1.04*10-2 [kmoVm3,.J (Maron et al., 1954)), ~8208 (initiator), ~C03 
(Ph buffer), alllaboratory grade. 

The emulsifier concentrations were only based on resin acids or salts. Unless 

stated otherwise the following concentrations were used, all expressed in kmol 

per m3
water: emulsifier 0.07, initiator 0.0125 and monoroer 4.04. The pH was 

10.5. The batch reactor was a stainless steel tank equipped with an eight 

bladed Rushton turbine impeller and four baffles. The volume of the batch 

reactor was 1.2 dm3
• The impeller speed applied was 500 rpm. During the 

polymerization, samples were taken todetermine the conversion by gravimetry, 

the partiele number and partiele size distribution by transmission electron 

microscopy and the molecular weight distribution of the polymer by gel 

permeation chromatography (2 shodex KFSOM columns in series, T=40 oe, 
eluent tetrahydrofuran). 

7 .2.5. Results 

Figure 7.1 shows a typical observed course of both the conversion and the 

partiele number as a function of time for the batch emulsion polymerization ·of 

styrene with DRAS as an emulsifier. 
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Figure 7.1 Batch emulsion polymerization of styrene with DRAS as emulsi{ier at 

50 °C. 
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water 

o Conuersion, .. Partiele number 

In figure 7.1 can beseen that the number of particles decreases as a function of 

conversion after the interval of partiele nucleation, indicating limited partiele 

coagulation. For conversion values above 0.45, when the monomer dropiets have 

disappeared and partiele growth by reaction and absorption of monomer stops, 

no further coagulation was observed. The constant number of particles for 

conversions above 0.45 also implies that the time scale of coagulation is small 

as compared to the time scale of partiele growth by absorption of monomer. 

These results are in accordance with experiments of Hoedemakers (1990) and 

Meuldijk et al. (1992). 

For the batch process presented in figure 7.1, figure 7.2 shows the partiele size 

distribution at complete conversion, determined with transmission electron 

microscopy. 

Substitution of the total partiele surface at complete conversion ~ to\X==l) into 

equation (7.9) gives ecrit=0.51. 

In figure 7.3, the course of conversion as a function of time for the experiment 

presented in figure 7.1 is given in the time interval where the monomer 

dropiets have disappeared. Therefore no coagulation occurs. Figure 7.3 also 
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dP [î0 1 nm] 

Figure 7.2 The pariiele szze distribution at complete converszon for the batch 
process presented in figure 7.1. 

dp,vo1=57 nm, dp.surface=55 nm, Nproduct=4.3*1021 1 m 3 
water 

shows the conversion versus time for a seed latex which is stabilized with 
sodium lauryl sulphate instead of DRAS but which has a partiele size 
distri bution similar to that shown in figure 7 .2. The solid lines in figure 7.3 
represent model calculations with equation (7.1). ii.i has been calculated from 
the solutions of the radical population balance using the equations (7.3) to (7.8) 
and the physical and kinetic parameters summarized in table 7 .1. 
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Figure 7.3 Conversion as a function of time for two latexes with a similar 
partiele size distribution (see figure 7.2) for the batch emulsion 
polymerization of styrene at 50 oe. The solid lines represent 
calculations with equations (7.3) to (7.8). 
• Latex stabilized with DRAS, • Latex stabilized with sodium lauryl 
sulphate 

86 



Influence of DRAS on the emulsion polymerization kinetics of styrene 

Table 7.1 Physical and kinetic parameters for the emulsion polymerization of 

styrene with sodium persulphate as initiator and sodium lauryl 

sulphate as emulsifier at 50 •c. 

Pm [kg/ma] 878 Weast (1977) 

I 

1 

PP [kg/mal 1053 DeGraff et al. (1971) 

: CM,p [kmollm3
] 5.2 Harada et al. (1972) 

I ~ [m3/(kmol*s)] 258 Rawlings and Ray (1988) 

~ [m3/(kmol*s)] 6.8*107*exp(-19*X2
·
1

) Hawkett et al. (1981) 

P; [kmoll(m3*s] 2*fl'~*C1 Rawlings and Ray (1988) 

• f [-] 0.5 Rawlings and Ray (1988) 

~ [lis] (50 "C) 1.6*10"6 Rawlings and Ray (1988) 

3*Dm *~~ [m2/s] 6*10·18 Hawkett et al. (1980) 

In :figure 7.3 can he seen that the polymerization rate of the emulsion stabilized 

with sodium lauryl sulphate is signi:ficantly higher than the polymerization rate 

of the emulsion stabilized with DRAS. This result can he explained by the 

presence of substances in DRAS acting as chain transfer agents. These chain 

transfer agents increase the radical desorption ra te (see equations (7. 7) and 

(7.8)). As a consequence the value of fii and therefore the overall polymerization 

rate RP is lower than for the recipe with sodium lauryl sulphate. 

Figure 7.3 also shows that the conversion rate of styrene in the latex stabilized 

with sodium lauryl sulphate can be predicted by the equations (7.1) to (7.8) and 

the parameters in table 7.1. Varlation of the chain transfer coefficient ~r (see 

equations (7.7) and (7.8)) until the predicted conversion versus time plot 

matches the observed course of the conversion for the latex with DRAS as 

emulsifier, implies that the rate coefficient for radical desorption for recipes 

with DRAS is a bout one order of magnitude larger than for recipes with sodium 

lauryl sulphate. 

Figure 7.4 shows the influence of the cation concentration on the partiele 
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number in the product latex and the value of eeriv calculated with equation 

(7.9b) for the batch emulsion polymerization of styrene with DRAS as 

emulsifier. 

5 0.8 

M' 4 

" 0.7 
E -...... 3 

N 0.6 0 ~ 

2 'ti .,-
<D 

0.5 z 
0 OA 
0.0 0.2 OA 0.6 

cK. [kmol/mw3 l 

Figure 7.4 The partiele number in the product latex and the value of ecru as a 
function of the cation concentration for the batch emulsion 
polymerization of styrene with DRAS as emulsifier at 50 "C. For the 

experiments marked with • the conversion versus time plots are 
shown in figure 7.5. 

CMo=4.0 kmo11m3 
wate,. CEo=0.07 kmo11m3 

wate,. Cio=0.0125 kmo11m3 
water 

•• Partiele number, A acrit 

In figure 7.4 two regions can be distinguished: a region where the partiele 

number in the product latex decreases as a function of the cation concentration 

in the recipe and a region where the partiele number is independent of the 

cation concentration. In the first region an increase of the cation concentration 

decreases the electrostatic repulsion between the latex particles. As a result the 

fractional surface coverage of emulsifier on the particles below which 

coagulation occurs (eerit) increases, leading to a decrease of the partiele number 

in the product latex. In the second region electrostatic repulsion between the 

particles no longer contributes to the colloidal stability of the latex. In this 

situation the colloidal stability of the latex is completely determined by sterical 

stabilization of the partiel es. 

The figures 7.5a and 7.5b respectively show the partiele size distribution at 

complete conversion for a batch emulsion polymerization at a relatively low and 

a batch experiment at a relatively high potassium ion concentration. The final 
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partiele numbers of these experiments have already been given in tigure 7.4. 
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Figure 7_5 The partiele size distribution in the product latex for the batch 
experimentS in figure 7.4 With CK+ =0.13 kmo{f m3 

water (figure 7.5a) and 
CK+;.0.57 kmollm3

water (figure 7_5b) determined with TEM. 

In tigure 7.5 it can he seen that an increase of CK+ from 0.13 to 0.57 
[kmoVm3

waterl enhances the degree of partiele coagulation and shifts the partiele 
size distribution to larger diameters. 

Figure 7.6 shows the influence of the cation concentration in the recipe on the 
conversion-time history is for those batch experiments reported in tigure 7.4 
marked with a black square. 
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Figure 7.6 Conversion-time history for the batch experiments m figure 7.4 
marked with a black square. 

• CK+:::O.ll kmol/m3
water' • CK+=0.13 kmol/m3

water' " CK+=0.17 
kmoll m3 

water' 0 cK.=0.57 kmol I m 3 
water 

From the tigures 7.4 and 7.6 can be concluded that for 0.11< CK+ [kmoVm3
waterl < 

0.1'1, the polymerization rate is not signiticantly influenced by the number of 
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particles in the latex. Apparently the effect of the decrease of the partiele 

number on the polymerization rate is compensated by the increase of the 

average number of growing chains per particle. This compensation means that 

the overall number of growing chains in the reaction mixture CEii;*Ni) is 
independent of the conversion for the recipe in tigure 7.4 and 0.11< C117 <0.17. 

For batch emulsion polymerization of vinyl acetate it has also been observed 
that (:Eii;*Ni) is independent of the partiele number (El-Aasser et al., 1981). 

Calculations of the conversion-time history with the equations (7.1) to (7.8) 
contirm the experimental result that :Eii; *Ni is independent of the partiele 

number and that Smith Ewart "Case 1" kinetica occur in analogy with vinyl 
acetate emulsion polymerization. The transfer coefficients used in the 

calculations on polymerizations with DRAS are determined from figure 3, 

accounting for the different emulsitier concentrations used in the experiments 
in tigure 7.3 and tigure 7.6 (see equation (7.8)). 

Figure 7.6 also shows that for the recipe with the highest cation concentration, 

the decrease of the partiele number N is not compensated by the increase of fi. 
In this situation the mean partiele size (figure 7.5b) is large enough to suppress 

the influence of chain transfer and radical desorption on fi and therefore on the 
polymerization kinetics. Model calculations with equations (7.1) to (7.8) show 

that, for the partiele size distribution in figure 7.5b, the polymerization rate is 
almost proportional to the partiele number, indicating Smith-Ewart "Case 2" 

kinetics. 

Figure 7. 7 shows the number mean molecular weight M" and the weight mean 

molecular weight Mw as a function of conversion for the batch experiment in 
tigure 7.1. 

It can be seen that both Mn and Mw were practically constant during the batch 
experiment where coagulation occurs and the overall amount of growing chains 

in the reaction mixture ii*N does not change with conversion. This can he 
explained as follows: The chemica} events determining the chain length 

distribution are bimolecular termination when a second radical enters a partiele 

and chain transfer. The chain transfer rate dominatea the polymerization 

process and depends neither on the partiele size nor on the partiele number. 
Therefore the molecular weight distribution does not change signiticantly with 

the monoroer conversion in spite of the decreasing partiele number and the 
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Figure 7. 7 The number mean molecular weight Mn and the weight mean 

molecular weight Mw determined with gel permeation chromatography 

as a function of conversion for the batch experiment in figure 7.1. 

increasing partiele diameter during the polymerization process. This result 

confirma the expected dominant influence of chain transfer on the 

polymerization kinetica. Figure 7.7 also shows that the value of MJMn 
approximately equals 2 which is characteristic for processes dominated by chain 

transfer to monomer (Pürma, 1982). 

7.2.6. Conclusions 

* During the batch emulsion polymerization of styrene with DRAS as 

emulsifier, limited partiele coagulation may occur. This coagulation results 

from a partial loss of electrastatic stabilization when the surface coverage of 

emulsifier on the partiele drops below a critica! value. 

* The time scale for limited partiele coagulation is small as compared to the 

time scale for partiele growth. 

* Batch experiments and molecular weîght measurements show that chain 

transfer agents present in DRAS significantly influence the polyiperization 

rate. This was confirmed by model calculations with a radical population 

balance over the particles. 

* For the recipes investigated, the number of growing chains in the emulsion 

and as a consequence the polymerization rate were found to be independent 
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of the partiele number during intervals of coagulation, indicating Smith 
Ewart "Case 1" kinetics. However for recipes leading to large partiele 

diameters, Smith-Ewart "Case 2" kinetics were observed. 

* The performance of DRAS is not only determined by the partiele surface that 

can be covered by one emulsifier molecule a. and the critica} surface coverage 
of emulsifier on the particles below which coagulation occurs acrit but also by 
the concentration of chain transfer agents present in DRAS. 

* The performance of DRAS in terms of the critical surface coverage of 
emulsifier on the particles below which coagulation occurs acrit and the 

overall chain transfer constant ku. can easily be quantified from batch 
experiments, a radical population balance and the procedure described in 
this section. 

7 .3. The influence of disproportionated rosin acid soap on partiele 
nucleation for the batch emulsion polymerization of styrene 

7.3.1. Summary 

The influence of disproportionated rosin acid soap (DRAS) on partiele nucleation 
has been investigated. Batch experiments reveal that the partiele concentration 

at the end of the nucleation period is significantly higher for polymerizations 
with DRAS than for polymerizations with sodium dodecyl sulphate (SDS). This 

difference, which cannot be explained with the effective emulsifier concentration 

in the reaction mixture, has been attributed to substances present in DRAS, 
which act as chain transfer agents and therefore enhance the radical desorption 
rate. As a consequence, the volume growth rate of the nucleated particles is 

lower for recipes with DRAS than for recipes with SDS, which leads to a longer 

nueleation period and a larger partiele number at the end of the nucleation 

period. This phenomenon is partially obscured by the limited partiele 
coagulation in interval 2, observed for recipes with DRAS as emulsifier, but 
finds expression in the partiele size distribution of the product latex. 
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7.3.2. Introduetion 

In the industrial production of rubber and latexes disproportionated rosin acid 

soap (DRAS) is often used as an emulsifier. An advantage of using DRAS 

instead of, for example, fatty acid soaps, is that rubbers produced with DRAS 

show more hranching (Stonecipher, 1970). Titov et al. (1990) have shown that 

phenanthrene type cyclic compounds with an aliphatic double bond or an 

aromatic ring, which are present in DRAS, may act as chain transfer agents. 

Mayer et al. (1995) have demonstrated that substances in DRAS acting as chain 

transfer agents significantly increase the rate of radical desorption during the 

emulsion polymerization of styrene. For batch emulsion polymerizations of 

styrene with DRAS, it has heen shown that limited partiele coagulation may 

occur in that stage of the process where no new particles are formed and where 

the particles grow at the expense of the monomer dropiets (interval 2). As a 

result, the partiele number in the product latex is significantly lower than that 

at the end of the nucleation period. 

In this section the influence of DRAS on partiele nucleation is described. This 

influence is mainly reflected by the partiele number at the end of the nucleation 

period (interval 1). For recipes with DRAS however, the determination of the 

partiele number at the end of the nucleation period is hampered by limited 

partiele coagulation in interval 2. For this reasou a procedure has been 

developed for an accurate determination of the partiele number at the end of 

the nucleation period. 

7.3.3. Procedure for the determination of the partiele number at the 
end of the nueleation period 

In principle, the interval of partiele nucleation eau be studied in a very 

straightforward way by transmission electron microscopy (TEM) of latex 

samples obtained at the end of the nucleation period. However, .for batch 

emulsion polymerizations, the interval of partiele nucleation is usually very 

short as compared to the overall process time. As a consequence the overall 

conversion at the end of the nucleation period is still low e.g., 0.02-0.10. This 

leads to a high inaccuracy of the experimentally determined partiele number, 

especially when the partiele number decreases considerahly after the nucleation 
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period as a result of limited partiele coagulation. 

Limited partiele coagulation occurs after the nueleation period, when the 

surface coverage of emulsifier on the particles (8) falls below a critica} value 
(emt). Partiele coagulation can he exeluded completely when such an amount of 

emulsifier is added to the reaction mixture that neither coagulation nor 
secondary nucleation can occur (emt<9<1). The partiele number at the end of the 

nucleation period is then equal to that at complete conversion. At complete 
conversion there is hardly any aging of the latex samples, the particles are 

relatively large and the mass of the partiele phase follows directly from the 

monomer weight fraction in the recipe. Therefore TEM analysis of latex samples 

obtained at complete conversion provides reliable partiele numbers. The 

experimental error of the partiele numbers determined in this way has been 

estimated at 10 percent. 

In this study the partiele number at the end of the nucleation period was 

determined by feeding emulsifier into the reactor after the nucleation period 
with such an addition profile that neither coagulation nor secondary nucleation 

occurs. The addition profile of the emulsifier can only he calculated if the 

overall partiele surface and therefore the partiele number and the partiele 

diameter are known as functions of time for the situation that no coagulation 

occurs. However, the objective of this investigation is to determine these 
quantities. For this reason batch experiments at different emulsifier addition 

profiles were carried out and analyzed in terms of polymerization rate, partiele 
size distribution and partiele number. In order to estimate the correct addition 
profile of the emulsifier, the overall partiele surface of a monodisperse latex 

(~,tot) bas been related to the partiele number and the monomer conversion: 

(7.10) 

where CMo is the monomer content in the recipe, Mw is the molecular weight of 
the monomer, Pm and pP are the densities of respectively the monomer and the 

polymer, X and ~are respectively the monomer conversion and the monomer 

conversion at which the monomer dropiets disappear and N is the partiele 
number. A lower limit of the partiele number at the end of the nucleation period 
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was calculated from a semi empirical form of the classica! Smith-Ewart relation 
obtained for batch emulsion polymerizations of styrene with sodium dodecyl 
sulphate as emulsifier: 

c )0.6 
CMC 

(7.11) 

where Kis a constant determined from batch experiments (K= 5.8*1022
). C10, CEo 

and CcMc respectively stand for the initiator concentration in the recipe, the 
emulsifier concentration in the recipe and the critica! micelle concentration. 
For recipes with DRAS, the partiele number at the end of the nucleation period 
is expected to he higher than the partiele number predicted by equation (7.11). 
The reason for this deviation is that the volume growth rate of the particles for 
emulsion polymerizations with SDS is significantly higher than that for recipes 
with DRAS. As a consequence, the nucleation period for recipes with DRAS 
lasts Jonger than for recipes with sodium lauryl sulphate. 
From the estimates of the partiele number N and the overall partiele surface 

~.tot> see equations 7.10 and 7.11, the course of the fractional surface coverage 
of emulsifier on the particles (9) can he calculated as a function of conversion 
for the interval where the particles grow at the expense of the monomer 

droplets: 

surface that can be covered by emulsifier 
total partiele surface at conversion X 

a.NAv(CE - CcMc) 

~.tot(N,X) 

(7.12a) 

(7.12b) 

where a. and Nav respectively stand for the surface that can be covered by one 
k:mol of emulsifier and Avogadros number. 

From equations (7.10) to (7.12) and an experimentally observed conversion 
versus time plot, addition profiles of the emulsifier could he estimated in order 
to avoid both secondary nucleation and coagulation. 

7.3.4. Experimental 

The chemieals used in this study were distilled water, distilled commercially 
grade dresinate 214 supplied by Abieta Chemie GmbH (90% resin acids or salts 
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and 10% non ionic materials, a.=4.17*10"19 [m2/molecule] (Maron et al., 1954), 

CcMc=1.04*10"2 [kmollm3wl (Maron et al., 1954)), ~8208 (initiator), ~C03 (pH 

buffer), alllaboratory grade. The emulsifier concentrations were only based on 

resin acids or salts. Unless stated otherwise the following concentrations were 

used, all expressed in kmol per m3
water: emulsifier 0.097, initiator 0.0125 and 

monoroer 4.04 (30% v/v). The pH was 10.5. The batch reactor was a stainless 

steel tank equipped with an eight bladed Rushton turbine impeller and four 

baffles. The volume of the batch reactor was 1.2 dro8
• The impeller speed was 

500 rpm. During the polymerization, samples were taken to determine the 

conversion by gravimetry and partiele size distribution by transmission electron 

microscopy. Partiele numbers were calculated from the partiele size distribution, 

the monoroer concentration in the recipe and the conversion. 

The emulsifier salution added to the reaction mixture after the stage of partiele 

nucleation consisted of a 30 weight percent salution of SDS and was dosed into 

the reaction mixture with a programmabie ISCO LC 5000 syringe pump. 

7 .3.5. Results 

The figures 7 .Sa and 7 .Sb respectively show the partiele number at complete 

conversion and the polymerization rate in interval 2 as a function of the 

addition rates of emulsifier for batch experiments collected in table 1 with the 

same DRAS concentration in the recipe. Addition rates of SDS were calculated 

with equations (7.10) to (7.12) using different values of K. 

In figures 7 .Sa and 7 .8b, three regions can he distinguished: 

* A region where the polymerization rate in interval 2 (Rp(X=0.3)) remains 

constant within experimental error and where the partiele number at 

complete conversion appears to increase with the feed rate of emulsifier 

(Fsns). 

* A region where bath the polymerization rate in interval 2 and the partiele 

number at complete conversion are independent ofFsns· 

* A region where bath the polymerization rate in interval 2 (Rp(X=0.3)) and the 
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Figure 7.8 The partiele number at complete conversion and the polymerization 

rate in interval 2 for the batch experiments listed in table 7.2 . 

.. Partiele number, • RlX=0.3), • Experiment shown in figures 7.9b 

and 7.10b. 

partiele number at complete conversion increase with increasing feed rate of 

the emulsifier (F8n8). 

These results can be explained as follows: In the first region, addition of SDS 

enhances the fractional surface coverage of emulsifier on the particles and 

therefore reduces coagulation. As a consequence, the number of particles in the 

product latex increases with increasing feed rate of the emulsifier. The 

polymerization rate (R/X=0.3)) is not significantly influenced by suppression of 

coagulation, because the effect of the increase of the partiele number on the 

polymerization rate is compensated by the decrease of the average number of 

growing chains per particle. This compensation, originating from substances 

present in DRAS which act as chain transfer agents, means that the overall 

number of growing chains in the reaction mixture is independent of the partiele 

number. 

In the second region both partiele coagulation and secondary nucleation are 

avoided (9crit<9<1). An increase of the feed rate of emulsifier (F sns> only leads to 

an increase of the fractional surface coverage of emulsifier on the particles. The 

partiele number at the end of the nucleation period is equal to that at complete 

conversion. 

In the third region, the fractional surface coverage of emulsifier on the particles 
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equals one and micelles are formed. Consequently, secondary nucleation occurs, 
leading to an enhancement of the partiele number and the polymerization rate 
(Rp(X=0.3)). 

The figures 7 .9a and 7 .9b respectively show the partiele size distribution of the 
product latex where coagulation was not suppressed <Fsns=O) and ofthe product 
latex where neither coagulation nor secondary nucleation occurred 
(Fsns=2.41*10-5

, see figure 7.8), both for batch experiments listed in table 7.2. 

Table 7.2 Addition rates of SDS, polymerization rates in interval 2 and partiele 
numbers at complete conversion for batch emulsion polymerizations of 
styrene with DRAS as emulsifier. 

CMo = 4.2 kmollm3
water> CEo = 0.097 kmollm3

wate,. C10 = 0.0125 
kmol I m3 

wate,. T = 50 oe, ro = 500 rpm 

Fms* [10'5 moVs] RP(X=0.35) [moV(m3
w s)] N(X=1) [1021fm3w] 

I 

i 

* 

** 

*** 
**** 

0 1.0 4.4** 

1.20 1.0 7.7** 

1.44 1.1 -
2.41 1.1 7.7*** 

3.25 1.1 7.7** 

4.82 1.6 14**** 

5.66 1.5 12**** 

6.62 1.5 -

The addition profile calculated with equations 1 to 3 and an observed conversion-time 

history was nearly linear. 

Determined with TEM. 

Determined with both TEM and dynamic light scattering. 

Determined with TEM: In the third region, where a second generation of particles was 

nucleated, the large increase of the partiele surface leaded to coagulation at high conversion. 
Therefore, the partiele number presented is a lower limit of the partiele number in the 
product latex. 
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Figure 7.9 The partiele size distribution of the product latex for the batch 

experiment listed in table 7.2 where coagulation was not suppressed 

(FsDs=O, figure 7.9a) and for a batch experiment in table 7.2 where 

coagulation was suppressed (Fsvs=2.41*10.5 mol/s, figure 7.9b). 

In figure 9 can be seen that the mean partiele size of the product latex shifts to 

a smaller diameter when partiele coagulation is avoided completely. 

The figures 7.10a and 7.10b show the partiele number and the conversion 

versus time for a batch experiment with SDS and DRAS as emulsifier, 

respectively. The emulsifier concentration in the recipe with SDS was such that 

a similar amount of effective emulsifier surface (as*NAv*(CE0 -CcMc)) was present 

in the reaction mixture as for the recipe with DRAS. During the batch 

experiment with DRAS as emulsifier, marked in figure 7.8 with a black square, 

both coagulation and secondary nucleation were avoided by the addition of extra 

emulsifier to the reaction mixture. 

In tigure 7.10a and the figures 7.8 and 7.10b can be seen that no coagulation 

occurs during both experiments. For the recipe with DRAS as emulsifier the 

partiele number at complete conversion is significantly larger than that 

observed for the recipe with SDS. This can be explained as follows: AB a result 

of substances present in DRAS, which act as chain transfer agents and 

therefore enhance the radical desorption rate, the nucleated particles have a 

lower volume growth rate compared to the situation that SDS is applied as 

emulsifier. In consequence of this, the nueleation period lasts longer for recipes 

with DRAS than for recipes with sodium lauryl sulphate, leading to a larger 

partiele number at the end of the nucleation period. 
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Figure 7.10 The partiele number and the conversion as a function of timefora 
batch experiment with SDS as emulsifier (figure 7.10a, recipe in 

table 7.2, but with 0.13 kmol SDS insteadof DRAS) and a batch 
experiment with DRAS as emulsifier (figure 7.10b, recipe in table 
7.2). 

• Conversion, " Partiele number 

In the figures 7.8 and 7 .lOa can he seen that the influence of DRAS on the 

number of nucleated particles is partially obscured when partiele coagulation is 

not suppressed by the addition of extra emulsifier after the nucleation period. 

However, in this case the influence of DRAS on the nucleation period finally 

finds expression in the partiele size distribution of the product latex, see figure 

7.9. 

7 .3.6. Conclusions 

* During the batch emulsion polymerization of styrene with DRAS as 

emulsifier, limited partiele coagulation can he suppressed completely by 

feeding emulsifier into the reaction mixture, after the nucleation period, with 

a certain rate. 

* As a result of radical desorption, originating from substances present in DRAS 

which act as a chain transfer agent, the nucleation period lasts longer and 

more particles are formed for recipes with DRAS than for recipes with SDS. 

* The influence of DRAS on the nucleation process is partially obscured by 
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limited partiele coagulation, but finds expression m the partiele size 

distribution of the product latex. 

7.4. The dynamic modeling of limited partiele coagulation in emulsion 
polymerization 

7.4.1. Summary 

In emulsion polymerization, a limited degree of partiele coagulation may occur. 

Partiele coagulation is caused by a loss of colloidal stabilization when the 

surface coverage of emulsifier on the particles drops below a critica! value. It 

has been demonstrated experimentally in a previous section that the time scale 

for partiele coagulation is small compared to the time scale for partiele growth 

by polymerization and absorption of monomer (Mayer et al., 1995). This 

indicates that the coagulation process can probably he described by von 

Smoluchowski kinetics. Based on this result, a comprehensive dynamic model 

for the simulation of limited partiele coagulation in emulsion polymerization has 

been developed. It has been shown that there is a reasonable agreement 

between the simulations with the dynamic model and experimental data e.g., 

conversion-time history, partiele number and partiele size distribution. 

7.4.2. Introduetion 

During the batch emulsion polymerization of styrene with disproportionated 
rosin acid soap (DRAS) as emulsifier, the colloidal stability of the growing 

particles may be lost in many cases in that stage of the process where the 
particles grow at the expense of the monomer dropiets (interval 2). Meuldijk et 
al. (1992) and Mayer et al. (1995) have shown that the colloidal stability is lost 

when the fractional surface coverage of the growing particles with emulsifier 

falls below a critica! value (()ent). It has also been shown that the time scale for 
limited partiele coagulation is considerably smaller than the time scale for 
partiele growth by polymerization and absorption of monomer. It i~ assumed 

that the coagulation process can be described with von Smoluchowski kinetics. 
In this section a dynamic model is reported for the simulation of limited partiele 

coagulation in emulsion polymerization. The model simulations are compared 

with experimental results. 
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7 .4.3. Dynamic modeling of emulsion polymerization 

In literature, a large number of papers have dealt with dynamic phenomena 

occurring during emulsion polymerization, e.g. Gershberg and Longfield (1961), 

Nomura et al. (1971), Greene et al. (1976), Kirillov and Ray (1978), Brooks et al. 

(1978), Kiparissides et al. (1979), Poeblein (1979), Schork et al. (1980), Nomura 

and Harada (1981), Poeblein et al. (1983), Badder and Brooks (1984) and 

Broadhead et al. (1985). 

More recently, Rawlings and Ray (1988) presented a dynamic model for 

emulsion polymerization in a single CSTR. This dynamic model comprises 

material balances, a radical population balance, the evolution of a partiele size 

distribution and micellar nueleation. The numerical technique used by Rawlings 

and Ray for solving the model equations was orthogonal collocation on finite 

elements. Besides the physical and chemical phenomena which have already 

been incorporated in the model developed by Rawlings and Ray, homogeneons 

partiele formation and limited partiele coagulation may play an important role 

in emulsion polymerization, Roe (1968), Fitch and Tsai (1971), Kiparissides et 

al. (1980) and Mayer et al. (1995). However, to the best of our knowledge, no 

dynamic model has been presented yet comprising all of the following: micellar 

and homogeneons nucleation, the evolution of a partiele size distribution, a 

radical population balance and limited partiele coagulation. 

In order to obtain a more general dynamic model for (continuons) emulsion 

polymerization the model equations presented by Rawlings and Ray have been 

solved by a simple and very straightforward first order Euler method. This 

approach provides, besides its simplicity, the very important advantage, above 

more sophisticated integration methods, that both the model and solving 

technique can he extended easily with other physical and chemica! processes 

that may he important in emulsion polymerization, e.g. homogeneons nueleation 

and limited partiele coagulation. The set-up of the CSTR model is modular so 

that it can be applied for the simulation of, for example, a batch reactor and a 

series of CSTRs. The batch process can be simulated simply by setting the feed 

stream and the product stream of the CSTR to zero. The process in a series of 

CSTRs can he simulated by nsing the product stream of CSTR #j as a feed 

stream of CSTR #(j+1). 
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7.4.4. The simulation of limited partiele coagulation with von 

Smoluchowski kinetics 

When, as a result of partiele growth, the total partiele surface becomes so large 

that the fractional surface coverage of emulsifier (8) drops below the critica} 

value (8crit), the latex particles will coagulate to such an extent that the critica} 

surface coverage is reached again. The decrease of the total partiele surface 

fu\,tot as a result of coagulation is given by: 

(7.12) 

where ~.uilk8crit), CEo> CcMC• a. and NAv respectively stand for the partiele 

surface just before the coagulation step, the overall amount of emulsifier in the 

recipe per volume unit of water, the cri ti cal micelle concentration, the surface of 

one emulsifier molecule adsorbed on the particles and Avogadros number. The 

second term in equation (7.12) stands for the critica} partiele surface below 

which coagulation occurs. 

Von Smoluchowski (1917) derived an equation for the collision frequency of 

particles from different size classes: 

(7.13) 

where B(i,j) and f(y) respectively stand for the number of collisions between 

particles in size class i and size class j and a proportionality constant which 

depends on the shear rate. For a stirred tank, y reflects the shear rate in the 

impeller zone. For the number of collisions between particles belonging to the 

same size class (B(i,i)) the following relation can be derived: 

(7.14) 

With the assumption that f(y) is independent of the partiele diameter, the total 

number of collisionsin a latex with Ntot partiele size classes is proportfonal to: 

(7.15) 

The decrease of the partiele surface as a result of coagulation of Ncoag particles 
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in a latex with Ntot partiele size classes is equal to: 

( [
Ntot l [ 1 Ntot Ntot 1 Ntot ]] ~,tot = Nooag 1t L dp2

(Ï) f(i) - - L .L dp2(ij) f(ij) + - L dp2 f(i,i) (7·16) 
•=1 2 •=1 J••• 1 2 t•l 

where 

Ntot 
..!. L [ (dp(i) + dp(j)}3 N(i)N(j)] - ..!.(2dp(i))3 N(i) 

f(i) = _2_l.!..j·..:..l ______ -;;;;-_--L __ 2 ____ _ 
K 

f(ij) = (~(i)+ dp(j)}3 N(i)N(j) 
K 

f(i i) = (dP(i) + dP(n} 3 N(i)(N(i) -1) 
' K 

(7.17) 

(7.18) 

(7.19) 

The fust term on the right hand side of equation (7.16) represents the surface 

of the coagulating partiel es. The second term on the right hand side of equation 

(7.16) accounts for the partiele surface created by coalescence of the coagulating 

partiel es. The overall number of partieles that coagulates (N00ag) can he obtained 

by substitution of equation (7.16) into equation (7.12). The number and size of 

the particles formed by coagulation foliowed by coalescence can be calculated 

from: 

(7.20) 

(7.21) 

where v(i) and v(j) respectively stand for the volume of a partiele in size class i 

and in size elass j. With a radical population balance over the discrete partiele 

size distribution, as presented in a previous section, the coagulation model and 

the model equations presented by Rawlings and Ray, the time evolution of a 

partiele size distribution as a result of partiele growth by both absorption of 

monomer and limited coagulation ean now be simulated. For this purpose, the 

104 



model equations invalving partiele growth by absorption of monoroer and 

polymerization and coagulation are solved simultaneously with small time steps 

~t. After each time step the discrete partiele size distribution is actualized. 

7 .4.5. Salution of the model equations 

Figure 7.11 shows a simplified flow chart of the algorithm for the dynamic 

simulation of limited partiele coagulation m (continuous) emulsion 

polymerization. Hereafter, each element of the flow chart is explained. 

Element 1: The composition of the reaction mixture at time t=O and the 

operating conditions are defined. 

Element 2: The monoroer concentration in the water phase Cm,w• the amount of 

monoroer in the monoroer draplets Cdrop!ets and the monoroer concentration in 

the particles CM,p are calculated through a mass balance for the monoroer in the 

reactor and a thermadynamie relation for the equilibrium concentration of 

monoroer in the particles and in the water phase (Morton et al., 1954). When 

the monoroer dropiets are absent, the value of CM,w and CM,p must he calculated 

iteratively from the monoroer balance and the Morton equation. 

Element 3: The size of the monoroer swollen particles in each stze class is 

calculated. The change of the total partiele volume in each size class (i) during 

the time interval ~t follows directly from the polymerization rate RP(i). 

Element 4: Based on the initiator concentration in the water phase, the rate of 

radical formation (pi=2 fk; C1(t)) is calculated. 

Element 5: The micelle concentration (Cmicel!••) is calculated through a material 

balance for the emulsifier in the reactor. If no micelles are present, the 

fractional surface coverage of emulsifier on the particles (8) is calculat~d. 

Element 6: If 8<8mt then limited partiele coagulation will occur. 

Element 6a: Partiele coagulation will occur until 8=8crit' The influence of limited 

partiele coagulation on the partiele size distribution is calculated through 
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Figure 7.11 Flow sheet of the algorithm for the dynamic modeZing of emulsion 

polymerization in a single CSTR. 
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equations (7.12) to (21). Each time limited partiele coagulation occurs, the total 

number of partiele size classes (Ntot) increases as follows: 

Ntot Ntot 
Ntot (t + ilt) = Ntot (t) + L L (i·j) (7.22) 

i=l j""i 

The increase of N101 with the process time (t) leads to such array sizes that the 

model equations can hardly be solved with the present computer technology. 

For this reason a new grid of partiele size classes is defined each time step .lt. 

The partiele size distribution is calculated by a redistribution of the particles 

over the last defined grid. In this procedure either surface or volume averaged 

diameters can be used, which means that an error in either the total partiele 

volume or in the total partiele surface is introduced. Therefore it is necessary to 

track the overall error in the partiele surface or partiele volume during the 

dynamic simulation. Since a very large number of partiele size classes, 

especially those with the largest partiele diameters, contain a negligible number 

of particles, regridding can be avoided in many cases. The simulations 

presented in this section have been performed without regrid procedure. 

Element 7: The radical population balance over the discrete partiele size 

distribution is solved iteratively. This is done by estimating the radical 

concentration in the water phase and calculating the time averaged number of 

growing chains per partiele (ii) for each partiele size class. Subsequently the 

overall radical balanceis checked and, if necessary, the value of Crw is adjusted. 

This procedure is repeated until the radical balance is valid within a desired 

accuracy. For the calculation of ii;, the radical population balance is solved 

using a continuous fraction approximation (Ugelstad et al., 1967). In case of 

partiele nueleation, radical "consumption" by either micellar nucleation or 

homogeneaus nueleation must be involved in the radical population balance. 

Element 8: The rate of partiele nueleation is calculated through an extended 

form of the relation proposed by Harada and Nomura (1972) and a ;model for 

homogeneaus nueleation. Each time interval ilt during which partiele nueleation 

occurs, a new partiele size elass is generated. 

Element 9: The total rate of polymerization RP is calculated. 
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Element 10: In case of continuons reactor operation, the mass balances for the 

monomer, the emulsifier, the water and the initiator are actualized. 

Element 11: The partiele size distribution is actualized. The influence of the 

feed stream and the product stream on the partiele number in each size elass 

are taken into account. 

Element 12: The desired process data such as the total partiele number, the 

polymerization rate, the partiele size distribution and the monomer conversion 

are saved into a file. 

Element 13: The process time is increased with a time step At. 

7 .4.6. Experimental 

The model calculations have been performed on a Silicon Grapbics Power 
Challenge (16 150 MHz processors) super computer. For a characteristic time 

step At of one secoud the total relative integration error was less than 1 

percent. 

7.4.7. Results 

The influence of limited partiele coagulation on the course of the partiele 

number and the conversion as a function of time has been reported earlier for 

the batch emulsion polymerization of styrene. Mayer et al. (1995) have studied 

two different cases: 

* Case 1, where coagulation occurred as a result of a loss of electrostatic 

repulsion between the particles (9<9cr;1). 

* Case 2, where coagulation was excluded completely by feeding emulsifier into 

the reaction mixture after the nucleation period with such a rate that neither 

coagulation nor secondary nucleation occurred (9cri1;S;9;S;l). 

For both cases, some major results have been summarized in table 7.3 and 

figure 7.12. 
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Table 7.3 Partiele number and volume averaged partiele size for a batch 

emulsion polymerization of styrene with DRAS as emulsifier at 50 oe. 
cK+=0.14 kmollm3

waterJ CMo=4.04 kmollm3
water' CEo=0.095 kmollm3

watert 

C10=0.013 kmollm3
water The ualue of ecru has been determined at 0.51 

(Mayer et al., 1995). 

·Case 
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Figure 7.12 Partiele size distributions of the product latex for the batch emulsion 

polymerizations of styrene with DRAS as emulsifier with limited 

partiele coagulation (figure 7.12a) and without limited partiele 

coagulation (figure 7.12b). 

In order to focus on the influence of limited partiele coagulation on the partiele 

size distribution and to exclude the stage of partiele nueleation from the 

simulations, the following procedure has been applied to validate the 

coagulation model: From the partiele size distribution of the batch experiment 

which is representative for case 2, see table 7.3 and tigure 7.12b, th.e partiele 

size distribution has been calculated at the point of time where e just falls 

below ecrit for the first time. At this time tcoag the coagulation process starts. The 

partiele size distribution at tcoag has been calculated by integration of the 

monomer balance in opposite direction, i.e. from complete conversion to the 

conversion at tcoag· The polymerization rate in this balance has been calculated 
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from a radical population balance over the partiele size distribution. 

Subsequently, both the evolution of the partiele size distribution and the 

conversion-time history have been simulated for t>tcoag for the situation that 

coagulation is not suppressed, see case 1 in table 7 .3. 

Figure 7.13 shows the observed and simulated conversion-time history and the 

partiele number for the batch experiment with coagulation, see table 7.3. The 

physical and chemical parameters used for the model calculations have been 

summarized in table 7 .4. 

Table 7.4 Physical and kinetic parameters for the emulsion polymerization of 

styrene with sodium persulphate as initiator at 50 oe. 

Pm [kg/ma] 878 Weast (1977) 

PP [kg/ma] 1053 DeGraff et al. (1971) 

CM,p [kmol/ma], X", [-] 5.2, 0.43 a et al. (1972) 

~ [m3/(kmol*s)] 258 lings and Ray (1988) 

kt [m3/(kmol*s)] 6.8*107*exp(-19*X2
·
1

) Hawkett et al. (1981) 

P; [kmoll(m3*s] 2*f*k;*CI Rawlings and Ray (1988)-

f [-] 0.5 Rawlings and Ray (1988) 

k; [1/s] (50 °C) 1.6*10'6 Rawlings and Ray (1988) 

3*Dm *ktrn, ~ [m2/s] 6*10'18 Hawkett et al. (1980) 

ktr 11 *ktrm (for XSX,.,) Mayer et al. (1995) 

In figure 7.13 can be seen that there is a reasonable agreement between the 

model calculations and the experimental data, especially consirlering the 

relatively large influence of the experimentally determined value of aerit on the 

coagulation process. Note that the simulated conversion-time history matéhes 

the experimental data and that there is hardly any influence of the partiele 

number on the total polymerization rate which is proportional to the slope of 

the curve. This is in accordance with the result that the effect of the 
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Figure 7.13 Batch emulsion polymerization of styrene with DRAS as emulsifier 

at 50°0. 

Cr=0.14 kmol/m3
water.' CM0=4.1 kmol/m3

wa.ter.' CE0=0.095 kmollm3water' 

Cw=0.013 

o Conversion, .. Partiele number. 1,2,3: Simulations with acrit=0.46, 

acrit=0.51 and acrit=0.56 respectively. 

decrease of the partiele number on the polymerization rate is compensated by 

the increase of the time averaged number of growing ebains per particle. The 

large influence of ecrit on the partiele number in the product latex indicates a 

large influence of the cation concentration and the energy dissipation in the 

impeller region on the partiele number. This has been observed experimentally, 

see Meuldijk et al., 1992 and Mayer et al., 1995. 

Figure 7.14 shows the influence of the cation concentration on the partiele 

number and acrit· In this figure two regions can be distinguished: a region where 

the partiele number in the product latex decreases as a function of the cation 

concentration in the recipe and a region where the partiele number is 

independent of the cation concentration. In the first region an increase of the 

cation concentration decreases the electrostatic repulsion between the latex 

particles. As a result ecrit increases, teading to a decrease of the partiele number 

in the product latex. In the second region electrostatic repulsion between the 

particles no longer contributes to the colloidal stability of the latex. In this 

situation the colloidal stability of the particles is completely determined by 

steric stabilization. 
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Figure 7.14 The partiele number in the product latex and the value of ecrit as a 
function of the cation concentration for the batch emulsion 
polymerization of styrene with DRAS as emulsifier at 50 oe. 
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The figures 7.15a and 7.15b respectively show the observed and the simulated 

partiele size distributions fora batch experiment with coagulation, see table 7.3, 

case 1. 
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Figure 7.15 The observed (7.15a) and simulated (7.15b) partiele s~ze 

distributions for the batch experiment listed in table 7.3 with limited 

partiele coagulation. The eoagulation process has been simulated 

with ecrit=0.56 and the physical and chemical parameters 
summarized in table 7.4. 

In tigure 7.15 can he seen that the partiele size distribution of the product latex 
is simulated reasonably well by the dynamic model, except for the smallest 
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partiel es. 

Both simulations with the dynamic model and batch experiments demonstrata a 

considerable influence of acrit> i.e. the cation concentration on the partiele 

number and the partiele size distribution of the product latex. This shows that 

the dynamic model can he a useful tooi for process optimization purposes. Using 

this model for process control will minimize the influence of small changes in 

the operating conditions on the product properties and so provide for constant 

product specifications. 

Critica[ note 

The most important assumptions on which the coagulation model is hased are: 

* The values of 9crit and f(y), see equations (7.12) and (7.13), are independent of 

the partiele size. 

* The time scale for limited partiele coagulation is considerahly smaller than 

the time scale for partiele growth by polymerization and absorption of 

monomer. 

For emulsion polymerizations were these assumptions are not valid, more 

detailed modeling of the coagulation process is necessary. 

7.4.8. Conclusions 

* The experimental data on limited partiele coagulation are predicted 

reasonahly well by the dynamic model. 

* The dynamic model can be a useful tool to predict the occurrence of limited 

partiele coagulation and its influence on the polymerization process and can 

be used for process controL 

* Solution of the model equations with a simple first order Euler i~tegration 

method, resulting, amongst others, in a discrete partiele size distrihution, has 

the advantage that the dynamic model can easily he extended with other 

chemical or physical processes that may be important in emulsion 

polymerization e.g. limited partiele coagulation. 
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7.5. Note on the emulsion polymerization of styrene with 
disproportionated rosin acid soap as emulsifier 

In the industrial production of rubbers and latexes, disproportionated rosin acid 
soap (DRAS) is often applied as emulsifier. Titov et al. (1990) have shown that 

phenanthrene type cyclic compounds with an aliphatic or aromatic type double 

bond, which are present in DRAS, may act as a chain transfer agent. AB a 

result of radical transfer to chain transfer agents, the rate of radical desorption 
from the particles into the water phase is enhanced. Mayer et al. (1995) have 

demonstrated for emulsion polymerizations with DRAS as emulsifier that the 
polymerization rate is not significantly influenced by a decrease of the partiele 

concentration resulting from limited partiele coagulation. Apparently, the effect 

of the decrease of the partiele number is compensated by the increase of the 

average number of growing ebains per particle. This result is typical for 
emulsion polymerizations where radical desorption and radical absorption are of 
the same order of magnitude i.e. Smith and Ewart "Case 1" kinetica. Mayer et 
al. (1995) have also shown that the polymerization rate in a latex with DRAS as 

emulsifier can be predicted over a wide range of operating conditions with a 

solution of the radical population balance over the partiele size distribution and 

a rate coefficient for radical desorption which depends on the concentration 
DRAS in the recipe. 

However, there is another mechanism that may explain most experimental 
results obtained by Mayer et al .. Non monomeric compounds with a double bond 
which are present in DRAS may react with a growing chain. When the chain 
end radical formed in this way propagates with a very slow rate, the 
characteristic time for propagation may even be considerably longer than the 

characteristic time for absorption of a second radical and subsequent 
instantaneous bimolecular termination. Thls means that a significant number of 

growing ebains are excluded from the propagation process. According to this 

mechanism, the unsaturated compounds present in DRAS will be build into the 

polymer chains. The total effect of this is a decrease of the initiator efficiency f. 

Since the rate of radical absorption increases with increasing partiele diameter, 

inhlbited radicals are terminated at a faster rate in large particles than in 
small one's. This leads to a more pronounced dependance of the growth rate on 
the partiele diameter malring the polymerization process similar to a process 
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where radical desorption is dominant. Note that the "desorption mechanism" 

and the "inhihition mechanism" predict a similar molecular weight 

(distrihution). Whether the "desorption mechanism" or the "inhihition 

mechanism" will he dominant depends on the quotient of the total rate 

coefficient for radical transfer ~r and the rate coefficient for propagation of a 

growing chain end with a non saturated compound in DRAS knon-sat .. For small 

values of ~lknon-sat. the "inhihition mechanism" will he dominant whereas large 

values of ~n-sat willlead to the "desorption mechanism". 
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8. EMULSION POLYMERIZATION IN VARIOUS REACTOR TYPES: 
RECIPES WITH HIGH MONOMER CONTENTS 

Summary: The effect of the monomer content in the recipe on the emulsion 

polymerization of styrene has been studied in a batch reactor, a 

continuously operated stirred tank reactor (CSTR) and a pulsed 

packed column (PPC). In a pulsed packed column, which has been 

developed in our laboratory, a good local agitation is combined with 

little backmixing. 

The results ofthis study show that the maximum volume fraction of 

the partiele phase at which isothermal reactor operation is possible, 

depends significantly on the partiele size distribution. In fact a limited 

degree of backmixing appears to have a favorable effect. Therefore the 

PPC is a promising reactor for continuons emulsion polymerization, 

provided there is sufficient radial mixing. 

8.1. Introduetion 

Commercial emulsion polymerization reactions are usually carried out in batch or 

semi-batch reactors. In such reactors an almost complete conversion can be 

obtained and preparation of differentproductsis possible in the same reactor. For 

the production of large amounts of the same product the use of a continuously 

operated stirred tank reactor (CSTR) may be preferable. However, as aresult of 

residence time distribution, the emulsion polymerization in a CSTR leads to 

products with a much lower monomer conversion, a lower partiele concentration 

and a much broader partiele size distribution as compared to batch (Nomura et aL, 

1971, DeGraff and Poehlein, 1971). 

In a pulsed packed column (PPC), which has been developed in our laboratory, a 

good local agitation is combined with little backmixing. In the PPC the conversions 

and the partiele concentrations ofthe batchprocesscan he approached for styrene 

and vinyl acetate emulsion polymerization (Hoedemakers and Thoenes, 1990, 

Meuldijk et al., 1992). 

The work summarized in this chapter describes the influence of the monomer 
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weight fraction in the recipe on the performance of a batch reactor, a CSTR and 
aPPC. 

8.2. Polymerization kinetics 

8.2.1. Polymerization rate 

The overall polymerization rate RP of a latex with a discrete partiele size 

distribution divided into Ntot partiele size classes is given by: 

(8.1) 

where ~ is the propagation rate constant, CM.P is the monomer concentration in 
the particles, Ni is the number of particles in partiele size elass i per unit volume 

ofthe continuous phase, fii is the time mean number of growing chains per partiele 

in partiele size class i and NAv is Avogadros number. 

8.2.2. Partiele number 

Batch process 

For the stage of the polymerization process where no new particles are formed and 

the existing particles grow at the expense of the monomer dropiets (interval 2), 
Smith and Ewart (1948) derived the following relation for the polymerization rate 

and the partiele number: 

C )o.sco 
CMC MO 

(8.2) 

where C10, CEo and CMo respectively stand for the "concentrations", i.e. amounts per 
unit volume of water ofthe initiator, the emulsifier and the monomer. CcMc is the 

critical micelle concentration. 

Relation (8.2) is based on the assumptions of the so called "Case 2" kinetica: 

* The time averaged number of growing chains per partiele equals 0.5 and is 

118 



monomer contents 

independent of the partiele size. 

* Partiele nueleation stops when all emulsifier is adsorbed on the partiele surface. 

Process in the CSTR 

As aresult ofthe residence time distribution in a CSTR, freshly added emulsifier 

is mixed up with rather large particles that adsorb emulsifier for colloidal 

stabilization. Therefore only part of the emulsifier is available for the generation 

of new partieles, leading to a lower partiele number as compared to a batch 

process with the same recipe. 

DeGraff and Poehlein (1971) derived arelation for the number of particles and the 

polymerization rate in the steady state for the emulsion polymerization in a CSTR 

accounting for the partiele size distribution resulting from the residence time 

distribution: 

2 

N oe Rp oe (CEO CcMd cl~ C~o 't 3 
(8.3) 

where 't is the mean residence time in the CSTR. Relation (8.3) is based on Smith

Ewart "Case 2" kinetics and the assumption that the rate of radical absorption 

into micelles and existing particles is proportional to their surface. 

Process in the PPC 
The emulsion polymerization of styrene in a pulsed packed column can be 

described in terms of a differential balance for the nucleated particles and 

differential mass balances for the monomer and the emulsifier. These balances are 

based on the plug flow with axial dispersion model for the residence time 

distribution (Mayer, 1995). The number of particles nucleated in the PPC 

considerably depends on the residence time distribution e.g., the pulsation 

conditions and has a value between the partiele number ofthe batch process and 

the process in the CSTR. For this study it is sufficient to note that the 

polymerization rate at axial position z (RP(z)) can be calculated through a mass 

balance for the monomer over an element of the column with a length dz: 
Ntot 

kp cM.p (z) L Ni (z) ni (z) 
i=t C dX EC d 2X ----:::-=----- = u Mo- - Mo--
NAv dz dz2 

(8.4) 
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where u, X and E respectively stand for the interstitial fluid velocity, the 
conversion and the axial dispersion coefficient. The axial dispersion coefficient (E) 

is related to the stroke length (s) and the frequency ofpulsation (f) (Hoedemakers, 
1990). 

8.2.3. Deviations from Smith-Ewart "Case 2" kinetics 

The assumption that the average number of growing chains per partiele fi equals 
0.5 is only valid if: 

* The radical desorption rate is negligible with respect to the radical absorption 

ra te. 

* Instantaneous bimolecular terminatien occurs when a second radical enters a 
growing particle. 

During partiele nucleation, when the particles are still small, the value offi is less 

than 0.5, because a significant number of radicals desorb from the growing 
particles before the absorption of a second radical leads to instantaneous 

termination. 

On the other hand, for large particles at relatively high conversions, the 

assumption that instantaneous bimolecular termination takes place when a second 
radical enters a growing partiele is not valid. In this situation the value of fi is 

greater than 0.5. 

When Smith-Ewart "Case 2" kinetica are not valid, the average number of growing 
chains per partiele fi can be calculated through a radical population balance over 
the partiele size distribution teading to the Smith and Ewart (1948) recursion 

relation: 

Pa~Av(Ni,n-l-Ni,..} + k.J •• Jn+1)Ni,n+l-nNi,n] + 
I 

~[(n+2)(n+l)N1,n.2 -n{n-l)Ni,n] = 0 
vP~NAv 

(8.5) 

in which, N1.n, vP~' Pa,i and kdes,i respectively stand for the number ofparticles, the 
partiele volume, the radical entry rate and the rate coefficient for radical 
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desorption from the particles, all for partiele size class i. ~is the rate constant for 

himolecular termination. 

Stockmayer (1957) and O'Toole (1967) derived the following equation for the time 

averaged numher of growing ebains per partiele (ii) in size class i: 

(8.6) 

where Ib(a) is a modified Bessel function of the first kind of order h and argument 

a. The values of a and h are given hy: 

(8.7) 

(8.8) 

According to U gelstad et al. (1967) the overall rate of radical ahsorption (p.) can 

he expressed in terms of radical formation in the water phase (p1), radical 

desorption from the particles and termination of radicals in the water phase. For 

a latex with Ntot partiele size classes the radical absorption rate may he 

represented hy: 

Pa ~ Px + 

Ntot 

L kdesJNini 
i=l 

where crw is the radical concentration in the water phase. 

(8.9) 

For the recipes investigated, termination of radicals in the water phase is 

negligihle with respect to radical desorption and radical production in the water 

phase. As a consequence the third term on the right hand side of equation 9 may 

he neglected. 

Friis and Nyhagen (1973), Nomura and Harada (1981) and Asua et al. (1991) 

derived expressions for the ra te of radical desorption from the particles into the 
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water phase. For situations where the mass transfer rate of the (small) radicals 
from the particles into the water phase is much less than the propagation rate of 

the radicals, i.e. for sparingly water soluble monomers such as styrene, tbe 

following equation has been found for the desorption ra te of particles in size class 
i: 

(8.10) 

in which Dm is the effective diffusivity of the (small) radical and ky. is the effective 
chain transfer rate constant. 

If each of the parameters ~. Pv ~. Dm, CM,p• ~r and the partiele size distribution 
are known, the polymerization rate of a latex with any partiele size distribution 
can he calculated through equation (8.1) and the equations (8.6) to (8.10). 

8.3. Experimental 

The chemieals used in this study were distilled water, distilled commercially grade 

styrene, commercially grade sodium dodecyl sulphate and Iabaratory grade sodium 
persulphate. The reaction temperature was 50 oe, the pH ofthe reaction mixture 
was 5.5 and the applied impeller speed was 500 rpm. The batch reactor and the 

CSTR were both stainless steel tanks equipped with an eight bladed Rushton 

impeller and four baflles. Unless stated otherwise, the volumes of tbe batch 

reactor and the CSTR were 1.2 and 2.4 dm3 respectively. During tbe 
polymerization samples were taken for the determination of the conversion by 

gravimetry and the partiele size distribution by transmission electron microscopy. 

Figure 8.1 shows a schematic view of the pilot instanation with the PPC. 

The column (length 5.1 m, internal diameter 0.05 m) was packed with Raschig 
rings (diameter 0.01 m, bed porosity 0.73), equipped with a thermostated water 

jacket and six sample points. The pulsation frequency was 3.5 s·1 and tbe stroke 
length in the column was varled between 6.9*10-a m and 13.8*10-8 m. 
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For the rheological measurements a Contraves Rheomat 115 rotation viscosimeter 

was used. 

water 
emulsifier 
initiator 

pH buffer 

Figure 8.1 The pulsed packed column equipment. 

1: mixing vessel for the preparation ofthe continuous phase. 2: bubble 

column. 3,4: starage uessels. 5,6: pumps. 7: pulsator. 8: premixer. 9: 

packed column. 

8.4. Results 

Batch process 

The figures 8.2a and 8.2b respectively show the course of the partiele number and 

the polymerization rate in interval 2 as a function of (CE0-CcMc)0
·
6 C10°·4 (equation 

(8.2)) for the batch experiments summarized in table 8.1. 

123 



Chapter 8 

Table 8.1 The partiele number and the polymerization rate in interval 2 for the 
batch emulsion polymerization of styrene at different recipes. 
T=50 oe, N=500 rpm. 

fm Cm CEO RP N* 
[ -] [10'2 kmollm3wl [10'2 kmollm3wl [moll(m3 

w *s)] [1021/mawl 

0.25 1.3 4.6 0.88 1.6 

0.30 1.0 2.8 0.40 0.9 

0.30 1.0 1.9 0.30 0.6 

0.30 1.3 9.2 1.35 2.4 

0.30 1.3 9.2 1.30 2.3 

0.35 1.2 19.0 1.12 1.8 

0.40 1.2 14.5 1.85 3.2 

0.42 2.1 14.8 2.16 4.0 

0.40 1.2 23.0 2.28 4.3 

0.45 1.2 14.8 1.83 3.4 

0.45 2.1 14.8 2.72 4.0 

0.45 1.3 9.2 1.83 2.5 

0.45 1.2 14.5 2.21 3.2 

r~ 1.2 1.2 0.60 0.6 

0.47 1.0 2.8 0.78 0.8 

0.47 1.2 14.5 2.25 3.6 

0.47 1.2 19.0 2.42 4.0 

0.47 1.2 23.0 2.76 4.3 

0.47 1.2 13.2 2.04 ?..l'i 

0.47** 1.2 13.2 3.4 1 2.8 

* For all experiments the partiele number remained constant after the interval of partiele nucleation. 

** Reaction volume is 2.4 dm3 
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Figure 8.2 The partiele number N (figure 8.2a) and the polymerization rate RP 
(figure 8.2b) as a function of the term (CE0-CcMJ0

·
6 C10°6 for the batch 

experiments listed in table 8.1. 

• fm<0.45, V,..,ac~or=1.2 dm3, • fm?:fJ.45, V """''•r=1.2 dm3
, .. fm=0.47, 

V reactor=2.4 dm3 

The tigures 8.2a and 8.2b show that both the partiele number and the 

polymerization rate in interval 2 are well predicted by the classica! Smith-Ewart 

theory (see equation (8.2)) for styrene weight fractions in the recipe below 0.45. 

However, for styrene weight fractions in the recipe above 0.45, the polymerization 

rate appeared to he higher for higher monomer contents despite the zeroth order 

kinetics in this stage of the process. In tigure 8.2b can also be seen that this effect 

of the monomer weight fraction in the recipe on the polymerization rate strongly 

increases with the dimensions of the reactor. Note that the partiele number is 

predicted by the Smith-Ewart relation for all recipes studied. 

Figure 8.3 shows the rheological behavior of the product latex obtained from a 

batch experiment with a monomer weight fraction in the recipe of 0.4 7, see table 

8.1. The partiele size distribution of the latex used for the rheological 

measurements in tigure 8.3 is given in tigure 8.4. Rheological measurements for 

recipes with monomer weight fractions lower than 0.47, but with the same 

initiator and emulsitier concentration, were performed by dilution of the product 

latex with distilled water. 

Figure 8.3 reveals a pseudoplastic rheological behavior for latexes with a partiele 

volume fraction above 0.40. This pseudoplastic behavior originates from the 
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orientation of the latex particles in the direction of shear. In aceordance with 
Mooney (1951) and Sadler and Sim (1991), the latexes with partiele volume 
fractions above 0.4 show a very strong increase ofthe apparent viscosity with the 
volume fraction ofthe partiele phase, whieh may result in a change from turbulent 
into laminar flow in the later stages of the polymerization process, e.g. the 
intervals 2 and 3. The pseudoplastie rheologieal behavior observed for the latexes 
with a volume weight fraction of particles above 0.4 leads to intensive mixing in 
the impeller zone and an almost stagnant dispersion in the other regions of the 
tank. In these cases the ra te of heat transfer decreased in the later stages of the 
process so that a higher cooling capacity was necessary to avoid temperature 
runaway. For polymerizations in the 1.2 dm3 reactor with monomer weight 
fraetions in the recipe of 0.4 7, local hot spots of several degrees Celsius above the 
desired reactor temperature of 50°C have been observed . 

lfi 1000 ...... ...... 
ro ... ...... 

()_ ........ 
"' 

............ 
I 100 ···~: ... 0 

••••••••••••• • 
~ 10 •••••••••• 

5 
5 10 100 1000 

y [ 1/s] 

Figure 8.3 The apparent viscosity 11, as a function of the shear rate y for latexes 
with the same partiele size distribution but with different weight 
fractions of polymer. The latex was obtained from a batch experiment 
in table 8.1: fm=0.47, CE0=0.132 kmollm3

wate,. C10=1.2*1(f2 kmo11m3
water 

• fpol=0.35, Á fpol=0.40, • {po~=0.45, .. {poF0.47. 

z 
2-3 6-7 10-11 14-15 

dP [10 1 nm] 

Figure 8.4 Partiele size distribution of the latexes applied for the rheological 
measurements presented in figure 8.3. 
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Figure 8.5 shows the rheological behavior of the reaction mixture at different 

conversion values for the batch experiment with a monoroer weight fraction in the 

recipe of 0.47 and the partiele size distribution presented in figure 8.4. 

"' I 
0 

10 ~~-----~-~~~~--·--~--

5 ~0 :oo 1000 

y [i/s] 

Figure 8.5 The apparent viscosity Ttr of the reaction mixture as a function of the 

shear rate y at different conversion values for a batch emulsion 

polymerization of styrene. 

fm=0.47, CE0=0.132 kmol/m3
wat<r> Cl0=1.2*10-2 kmol/m3

wata 

• X=0.05, "X=0.27, • X=0.58, .. X=0.92 

In figure 8.5 can be seen that the viscosity of the reaction mixture is still 

relatively low at conversion values below 0.3. This observation explains the result 

shown in figure 8.2a that the partiele number can be predicted with the Smith

Ewart relation, even for the recipes with a monoroer weight fraction of0.47: The 

stage of partiele nucleation is finished before heat transfer is limited by 

insufficient mixing caused by the pseudoplastic behavior of the reaction mixture. 

The figures 8.6a and 8.6b respectively show the conversion-time history and the 

partiele size distribution at complete conversion determined with transmission 

electron microscopy, fora batch experiment where a second generation of particles 

is formed by the addition of a pulse of emulsifier into the reaction mixture after 

the stage of partiele nucleation. 

In figure 8.6a can be seen that the polymerization rate increases after addition of 

the pulse of emulsifier. This increase of the reaction rate results from a second 

generation of particles formed by micellar nucleation immediately after the 

addition of emulsifier, see figure 8.6b. In spite of the high monoroer weight 

fraction in the recipe of0.47, no heat transfer limitation was observed during the 
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batch experiment with secondary nucleation. 

Figure 8. 7 shows the rheological behavior of the product latex for the batch 

experiment without secondary nucleation presented in figure 8.4 and the batch 

experiment with secondary nucleation for the same monomer weight fraction of 

0.4 7. The partiele size distributions of the product latexes have already been 

shown in the figures 8.4 and 8.6b. 

1.0 8 
I 

0.8 
c 6 
0 0.6 
iJ) 
(ij 0.4 4 
> c 0.2 0 
0 2 

0.0 z 
0 60 120 180 

0 
:2-3 6-7 10-11 14-15 

time [min.] 
dp [10 1 nm] 

Figure 8.6 The conversion as a function of time (figure 8.6a) and the partiele size 

distribution at complete conversion (figure 8.6b) fora batch experiment 

with secondary nucleation. 

T=50 oe, fm=0.47, CEo=2.8*10'2 kmollm3
wate1f' Cio=1.3*1(}2 kmollm3

water' 

At t=85 min., the concentration of sodium dodecyl sulphate was 
increased with 0.13 kmoll m3 

w by addition of a pulse of emulsifier. 

(j) 
!1:) 
0.. 

I 
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~ 

15 
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• • 5 • •• •••••••••••••• 0 L-~------~~~~~ 
5 10 100 
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1000 

Figure 8. 7 The apparent viscosity 11, as a function of the shear rate r for a batch 

experiment without secondary nucleation and a batch experiment with 

secondary nucleation. 

• Batch, • Batch with secondary nucleation 
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In figure 8. 7 can be seen that the latex with a bimodal partiele si ze distri bution 

has a significantly lower apparent viscosity at rather low shear rates than the 

latex with a unirnadal partiele size distribution and the same polymer content. 

This explains the result that heat transfer limitation was nat observed during the 

polymerization process with secondary nucleation. 

Process in the CSTR 

The figures 8.8a and 8.8b respectively show the course ofthe partiele number and 

the polymerization rate in the steady state as a function of (CE0-CcMc) ,-213
, see 

relation (8.3). The experimental conditions and some major results are collected 

in table 8.2. 

Table 8.2 The partiele number and the polymerization rate in the steady state for 

the emulsion polymerization of styrene in a single CSTR at different 

recipes. 

T=50 oe, t=I hr, N=500 rpm 

i fm CIO CEO x RP 

I 
[-] [10-2 kmollm3w] [10'2 kmol/m3w] [-] [moll(m\ *s)] 

i 0.25 1.3 4.6 0.19 0.16 

i 
0.25 1.3 4.6 0.20 0.17 

1 o.3o 1.3 9.2 0.38 0.44 

'0.35 1.1 6.5 0.14 0.21 

! 0.37 1.2 14.5 0.37 0.59 

! 0.47 1.2 14.5 0.19 0.45 

0.47 1.2 14.5 0.19 0.45 

0.47** 1.2 21.8 0.48 0.58 

0.47*** 1.2 25.3 0.75 0.75 

* During the experiments in the CSTR no coagulation was observed 

** 1:=2.0 hr 

*** 1:=2.4 hr 
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Figure 8.8 The pariiele number N (figure 8.8a) and the polymerization rate in the 

steady state (figure 8.8b) as a function ofthe term (CE0-CcMd ,.-213 for the 

experimentsin a single CSTR listed in table 8.2. • fm<0.4, • fm=0.47 

The figures 8.8a and 8.8b show that both the partiele number and the 

polymerization rate in the steady state are reasonably well predicted by the model 

developed by DeGraff and Poehlein, see relation (8.3}. Despite the larger reactor 

dimensions of the CSTR (V=2.4 dm3
) compared to the dimensions of the batch 

reactor (V=l.l dm3
) the rate of heat transfer tothereactor wall is sufficient to 

avoid non isothermal reactor operation. 

Figure 8.9 shows the rheological behavior of the product latex for an experiment 

in the CSTR, see table 8.2, and for the batch experiment in tigure 8.5. The partiele 

size distributions ofthe product latex for the batch experiment and the experiment 
in the CSTR have been presented in the figures 8.4 and 8.10. 

In tigure 8.9 can be seen that the rather broad partiele size distribution in the 

CSTR which results from the residence time distribution, leads to a lower viscosity 
fora given latex concentration as compared to the batch process. This explains the 

result that the rate of heat transfer was sufficient to provide isothermal reactor 
operation during the polymerizations in the CSTR. 

However, for the experiment listed in table 8.2 with a mean residence time in the 
CSTR of 2.4 hours, a significantly higher polymerization rate in the steady state 
was observed than the polymerization rate predicted with relation (8.3), despite 
the low monomer concentration in the particles (see table 8.4). 
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Figure 8.9 The apparent viscosity llr as a function of the shear rate y for an 
experiment in the CSTR listed in table 8.2 and the batch experiment in 
figure 8.5. 
• Batch experiment, • Experiment in the CSTR with fm=0.47, 
CE0=21.8*10.2 kmollm3

waU!r' Cw=l.2*10.2 kmollm3
water and 1:=2 hours 

Table 8.3 Physical and kinetic parameters for the emulsion polymerization of 

styrene with sodium persulphate as initiator and sodium lauryl 

sulphate as emulsifier at 50 °C. 

878 Weast (1977) 

1053 DeGraff et al. (1971) 

5.2 Harada et al. (1972) 

~ [m%kmol*s)] 258 Rawlings and Ray (1988) 

6.8*107*exp( -19*X2·1) Hawkett et al (1981) 

2*f*~*C1 Rawlings and Ray (1988) 

.5 Rawlings and Ray (1988) 

1.6*10'6 Rawlings and Ray (1988) 

6*10·18 ett et al (198 

Table 8.4 shows the experimentally determîned and calculated polymerization 
rates for the CSTR experiments with 1:=2 hours and 'C=2.4 hours. The 
polymerization rates are calculated with equation (8.1), the radical population 
balance over the partiele size distribution (equations (8.6) to (8.10)) and the 
physical and chemica} parameters collected in table 8.3. 
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Table 8.4 The observed and calculated polymerization rates in the steady state for 

the experiments in a single CSTR listed in table 8.1 with a mean 

residence time of 2 hours and 2.5 hours. 

't x CM,p(calc) ii(calc) RP(exp) ~(calc)* 

[hr] [-] [kmol/m3
] [-] [mol/(m3

w *s)] [mol/(m3 
w *s)] 

2.0 0.48 4.76 0.34 0.58 0.63 

2.4 0.75 2.41 0.60 0.75 0.73 

* Calculated with f=O.l: During all CSTR experiments a small amount of oxygen present in the feed 

stream caused some inhibition, reducing the initiator efficiency from 0.5 to 0.1. For the experiments 

in the batch reactor and the experiments in the PPC ii was calculated with f=0.5 

In table 8.4 can heseen that the polymerization rate ofthe latex with a conversion 
of 0. 75 is significantly higher than the polymerization ra te of the latex with the 

partiele size distribution in figure 8.10 and a conversion of 0.48. 
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Figure 8.10 The partiele slze distribution in the steady state for the CSTR 

experiment listed in table 8.2 with 't=2 hours. During the sample 
preparation for TEM analysis, the monomer diffused out of the 
particles. The partiele size distribution presented is based on the 

amount of polymer present. 

The observed enhancement of the polymerization rate when the steady state 

conversion increases from 0.48 to 0. 75 is caused by a gel effect which occurs 

particularly in the large particles in the reaction mixture. The gel effect finds 

expression in the apparent termination rate coefficient (~), which decreases with 
conversion (Hawkett et. al., 1981). This result shows that reactor operation at 
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steady state conversions where a gel effect occurs may significantly enhance the 

polymerization rate. The model calculations in table 8.4 show that the time 

averaged number of growing chains per partiele ii is considerably enhanced when 

a gel effect occurs. Both additional CSTR experiments and model calculations with 

the radical population balance have shown that a small fluctuation in the feed 

stream may increase the steady state conversion from 0.5 to 0.8. 

Process in the pulsed packed column 

The figures 8.lla and 8.llb respectively show the conversion in the steady state 

as a function of the mean residence time in the reactor and the partiele size 

distribution of the product latex for an experiment in the PPC. 

For the PPC experiment presented in figure 8.11 reactor fouling was negligible 

and isothermal reactor operation was observed. Figure 8.11a shows that the 

conversion at the inlet of the column (z=O) differs significantly from zero. This is 

caused by backmixing. 
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Figure 8.11 The conversion as a function ofthe mean residence time (figure 8.11a) 

and the partiele size distribution ofthe product latex (figure 8.11b) for 

an experiment in the PPC. 

T=50 °C, s=14 mm, {=3.5 Hz, fm=0.42, CEo=0.148 kmollm3
water' 

C10=2.1*10'2 kmolfm3
water 

Figure 8.12 shows the rheological behavior of the product latex for both the PPC 

experiment in figure 8.11, and a batch experiment listed in table 8.1 with the 

partiele size distribution of the product latex presented in figure 8.13. Both 

experiments were carried out with the same recipe. For the rheological 

measurements, the volume fraction ofthe partiele phase in the product latex was 
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increased by swelling the particles with styrene until the total partiele volume 

corresponded with that of a latex at complete conversion with a polystyrene 
fraction of 0.47. 

15 r------------, 

"' 
10 "' 

'? "' 
0 "' 

5 ...... 
~ . ... ... 

!;" ••••••• :~ •••• 
0 

5 10 100 1000 

1' [1/sl 

Figure 8.12 The apparent uiscosity Tlr as a function ofthe shear rate yfor the PPC 

experiment in figure 8.11 and the batch experiment in figure 8.5. 

T=50 oe, fm=0.47, CEo=0.148 kmollm3
watert C/0=2.1*10.2 kmollm3

water 

" Batch experiment, • Experiment in the PPC 
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Figure 8.13 The partiele size distribution of the product latex for a batch 

experiment listed in table 8.1. 

fm=0.42, CE0=0.148 kmollm3 wa~e.- C10=2.1*HI2 kmollm3 
water 

In the figures 8.11b, 8.12 and 8.13 can he seen that even a limited degree of 

residence time distribution, corresponding with 12 equally sized tanks in series, 

has a significant effect on both the partiele size distribution and the rheological 

behavior ofthe reaction mixture: the apparent viscosity in the PPC is significantly 

lower than in batch. This result shows that the residence time distribution, which 
can he adjusted in the PPC by changing the pulsation velocity, is a promising tooi 

to control the partiele size distribution and with that the rheological behavior of 
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the product latex. 

The figures 8.14a and 8.14b respectively show the partiele number in the product 

latex and the polymerization rate in the stage where no new particles are formed 

and the particles grow at the expense of monoroer dropiets at two different 

pulsation veloeities (s*f) for the PPC experiments listed in table 8.5. 

Table 8.5 The polymerization rate RP and the partiele number N for experiments 

in the PPC at two different pulsation veloeities s*f 

* 

T=50 oe, t=l hr, CEo=0.148 kmollm3
water1 Cw=0.021 kmollm3

water1 

CM0=7.5 kmol/m3
water 

s f E* R'* p 
N*** 

[10'3 m] [lis] [104 m%] [mol/(m3 w *s)] [1021/m3wl 

8.0 3.5 1.32 2.2 2.3 

14.0 3.5 2.98 1.7 1.9 

Axial mixing coefficient calculated according to Hoedernakers (1990). 

** Polyrnerization rates calculated with equation 4. 

*** During the experirnents in the PPC neîther reactor fouling nor heat transfer limitation was 

observed. 

5 2.5 

('1~ 4 
E 

;::- 3 
"' 0 

2 

Batch 
'Ui 2.0 
"' . E 1_5 ::-:, 
0 

• J; 1.0 

" z 0: 0.5 

0 
0.0 

0 2 4 6 
0 2 4 6 

s f [i o-2 
s f [ Î o-2 m/s] 

Figure 8.14 The partiele number N (figure 8.14a) and the polymerization rate RP 

(figure 8.14b) as a function of the pulsation velocity s*f for the PPC 

experiments in table 8.5. 
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In figure 8.14a can be seen that the partiele number in the product latex is 

considerably lower than that of a batch process with the same recipe. Figure 8.14b 

shows that the polymerization rate ~ for the batch process in interval 2 is 

approached at a pulsation velocity s*f=2.8*10.2 m/s, even though the partiele 

concentration is significantly lower than in batch. 

Calculations with the radical population balance (equations (8.6) to (8.10)) and the 

physical and kinetic parameters in table 8.3, show that the polymerization rate 

per partiele for the largest particles in the column is significantly higher than that 

for the smallest particles. Obviously, the negative effect of the lower partiele 

concentration on the overall polymerization rate is compensated by a higher 

average ra te of polymerization per partiele in the column. 

8.5. Conclusions 

* Experiments with batch emulsion polymerization ofstyrene show that both the 

partiele number at complete conversion and the polymerization ra te in interval 

2 are well predicted by the classica! Smith-Ewart theory for styrene weight 

fractions in the recipe up to 0.40. 

* For batch emulsion polymerizations with styrene weight fractions in the recipe 

above 0.40 the polymerization rate in interval 2 increases strongly with the 

monomercontent in the recipe and the reactor dimensions. This increase ofthe 

reaction rate is caused by the high viscosity and the pseudoplastic rheological 

behavior ofthe latex leading to imperfect mixing and poor heat transfer to the 

reactor wall. 

* When in a batch process a second generation of particles is formed by the 

addition of a pulse of emulsifier into the reaction mixture, heat transfer 

limitation is avoided. This is caused by the significantly lower viscosity of a 

latex with a bimodal partiele size distribution as compared toa latex with an 

unimodal partiele size distribution and the same polymer content. 

* Experiments in a CSTR show that both the partiele number and the 

polymerization ra te in the steady state are predicted by the theory of DeGraff 

and Poeblein for conversions in the steady state below 0.5. For steady state 
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conversions higher than 0.5, the polymerization ra te appeared to be higher than 

that predicted with the relation of DeGraff and Poehlein. Model calculations 

with a radical population balance show that these high reaction rates are 

caused by a gel effect which occurs particularly in the largest particles in the 

reaction mixture. 

* The maximum partiele volume at which isothermal reactor operation is 

possible, depends significantly on the partiele size distribution. It was shown 

that in a PPC latexes can be prepared that have a much lower viscosity at the 

same polymer content as compared to batch. The lower viscosity is the result 

of the broader partiele size distribution which was caused by a limited degree 

of backmixing. Therefore the PPC is a promising reactor for continuous 

emulsion polymerization provided there is sufficient radial mixing. 

8.6. Supplementary consideration: High conversion emulsion 

polymerization in large scale reactors 

8.6.1. Summary 

Large scale emulsion polymerization reactors are operated by preferenee at 

relatively low temperature in order to limit the reaction rate and the heat 

produetion, and so to avoid heat transfer limitation. On the other hand, emulsion 

polymerization reactions at low temperature usually stop before complete 

conversion is obtained. Basedon the explanation reported by Chen et. al. (1992) 

that this incomplete conversion is caused by ditfusion limitation of monomer 

within the particles, it has been shown that complete conversion can be achieved 

by an increase of the reaction temperature at the end of the proeess. 

8.6.2. Introduetion 

In industry it is often desirabie to perform large scale emulsion polymerizations 

at a relatively low temperature in order to reduce the heat production and so to 

provide isothermal reactor operation. An important disadvantage ofthis procedure 

is that in most cases complete conversion is not obtained. Maxwell et al. (1992) 

have pointed out that the rate of polymerization at high conversion is hardly 

enhanced by an increase ofthe free radical concentration in t}le latex. Maxwell et 
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al. (1992) and Chen et al. (1992) have explained this phenomenon by diffusion 

limitation of the monomer molecules within the polymer particles, which may 

occur at temperatures below the glass transition temperature Tg. Chen et al. have 
also shown that an increase of the monomer diffusion ra te in the particles by an 

increase of the temperature or by the addition of inert diluent enhances the 

polymerization rate significantly at high conversion. Obviously the addition of 

inert diluent to the reaction mixture is not preferabie in industry since it has to 

be removed from the product at the end of the process. 

A very simple procedure to cope with heat transfer limitation in large scale 
emulsion polymerization is to operate the reactor at a relatively low temperature 

until the polymerization rate levels off. Subsequently the process temperature is 
increased in order to allow the monoroer molecules to diffuse to the growing chain 

ends. In this way the ra te of heat production is set to an acceptable level during 

the first step ofthe polymerization whereas complete conversion is obtained within 

a short period of time during the second step of the process. When the product 
latex has to be concentrated after the polymerization process by increasing the 

temperature and so evaporating water, no additional measures are necessary to 
achieve complete conversion. 

In this section it is shown that the above described procedure can be a useful tooi 

in sealing up emulsion polymerization reactors. 

8.6.3. Experimental 

The chemieals used in this study were distilled water, distilled commercially grade 

styrene, commercially grade sodium dodecyl sulphate, and laboratory grade 

sodium persulphate. The batch reactor was a stainless steel tank equipped with 

an eight bladed Rushton turbine impeller and four baftles. The volume of the 

batch reactor was 1.2 dm3 and the impeller speed was 500 rpm. During the 

polymerization, samples were taken to determine the conversion by gravimetry. 
The partiele concentra ti on has been calculated from the volume averaged partiele 
size which has been determined by transmission electron microscopy. 
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8.6.4. Results 

Figure 8.15 shows a batch emulsion polymerization of styrene at 50 "C. 

In figure 1 can be seen that the polymerization rate almost equals zero at a 

fractional monomer conversion of0.9. At t=165 min., the reaction temperature was 

elevated from 50 "C to 75 "C. The conversion time plot shows that the 

enhancement ofthe reaction temperature leads to complete conversion within an 

acceptable period of time. 
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Figure 8.15 Conversion-time history of a batch emulsion polymerization of styrene 

with sodium persulphate as initiator and sodium dodecyl sulphate as 

emulsifier at 50 "C. 
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At t=165 min. the temperature of the reaction mixture was elevated 

from 50 "C to 7 5 oe. The volume average partiele diameter determined 

with transmission electron microscopy was: dP=68 nm. 

Chen and Lee {1992) observed that at 70 "C, a limiting conversion only occurs in 

systems with large particles e.g., for ~>200 nm, but not in systems with small 

particles as studied in our Iabaratory e.g., dp<l50 nm. Chen et al. have shown that 

this limitation of conversion originates from a core-shell morphology ofthe growing 

particles, which particularly occurs at high conversion: the polymer radicals have 

the hydrophobic ends ancharing on the surface and the growing ends within the 

shell region. The monomer consumed in the shell is expected to be supplied by 

monomer ditfusion from the core of the particles into the shell layer. Since the 
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ditfusion distance ofmonomer from the partiele core to the shell increases with the 

partiele diameter, monomer is supplied to the shelllayer at a much lower rate for 

large particles than for small particles. Figure 8.15 shows that a limiting 

conversion may also occur in small particles e.g. dP=68 nm, when the reaction 

temperature is relatively low (50 oe compared to 70 oe for the experiments of 

ehen et al.). This result can he explained qualitatively by a decrease of the 

apparent ditfusion coefficient of the monomer in the particles with decreasing 

temperature. 

8.6.5. Conclusion 

In order to provide both stabie and isothermal reactor operation, large scale 

emulsion polymerization reactors can he operated at a relatively low temperature. 

When the polymerization rate levels off, complete conversion can he obtained 

within an acceptable period of time by an increase of the reaction temperature. 
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9. APPLICATION OF THE PLUG FLOW WITH AXIAL DISPERSION 
MODEL FOR CONTINUOUS EMULSION POLYMERIZATION IN A 
PULSED PACKED COLUMN 

Summary: The performance of a pulsed packed column (PPC) has been 

investigated for the continuons emulsion polymerization of styrene. 

In a PPC, good local agitation is combined with little backmixing. 

Good local agitation provides proper emulsification, intensive radial 

mixing and high rates of heat transfer to the reactor wall. As a 

result of the low backmixing in the PPC, sustained oscillations in 

conversion and partiele number, which are often observed in a 

CSTR, can be avoided completely. This indicates that the PPC is a 

promising reactor for continuons emulsion polymerization and that 

the performance of the PPC can be predicted by a steady state 

model. 

In this study a comprehensive steady state model has been derived 

for the continuons production of seed latexes in a PPC. The model is 

based on micellar nucleation and plug flow with axial dispersion. A 

rate equation for partiele nueleation has been derived from batch 

experiments. lt has been shown for the emulsion polymerization of 

styrene that there is a good agreement between simulations with 

the developed model and experiments in the PPC. 

9.1. Introduetion 

Commercial emulsion polymerization processes are usually carried out in batch 

or semi-batch reactors. In such reactors an almost complete conversion can be 

obtained and preparation of different products in the same reactor is feasible. 

For the production of large amounts of the same product, the use of a 

continuously operated stirred tank reactor (CSTR) may be preferable. However, 

as a result of residence time distribution, the emulsion polymerization in a 

CSTR leads to products with a much lower monomer conversion, a lower 

partiele concentration and a much broader partiele size distribution as 

compared to batch (Nomura et aL, 1971, DeGraff and Poehlein, 1971, this 

thesis, chapter 8). 
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In a pulsed packed column (PPC), which has been developed in the author's 

laboratory, a good local agitation is combined with little backmixing. As a result 
of the little backmixing in the PPC, sustained oscillations in partiele number 

and monomer conversion, as often observed in a CSTR, may be suppressed 

completely. Polymerization rates and, to a somewhat lesser extent, partiele 

concentrations approach the values of the corresponding batch process 
(Hoedemakers and Thoenes, 1990, Meuldijk et al., 1992). This implies that a 

steady state model can be used for design and optimization of emulsion 
polymerization in a PPC. 

In this chapter a steady state model is derived for the continuons production of 

seed latexes in the PPC. 

9.2. Steady state model for emulsion polymerization in a PPC 

The emulsion polymerization of styrene in a PPC has been described in terms of 

a balance for the number of particles and mass balances for the monomer and 
the emulsifier. These balances arebasedon the plug flow with axial dispersion 
model for the residence time distribution (Hoedemakers, 1990, Mayer, 1995). 

The number of particles nucleated in the PPC depends strongly on the residence 

time distribution i.e., on the pulsation conditions, and has a value between the 
partiele number of the batch process and the process in the CSTR. 

The model presented in this section is based on the following assumptions: 

* Smith and Ewart "Case 2" kinetica occur i.e., the rate of radical desorption is 
negligible with respect to the rate of radical absorption and instantaneous 
bimolecular termination occurs when a second radical enters a growing 
particle, see also the critica} note. 

* The latex particles are exclusively formed by micellar nucleation. 

* The partiele size distribution is small enough to consider the latex to be 

monodisperse. 
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Continuous emulsion polymerization in a pulsed packed column 

Balance for the number of particles 

The rate of partiele nucleation depends on the number of radicals available per 

unit of time for radical absorption by either micelles or particles and the 

number and size of the micelles and particles. With the assumption that Smith 

and Ewart "Case 2" kinetics occur, Harada and Nomura (1972) derived the 

following expression for the rate of micellar partiele nucleation (Rnucl), see also 

equation 2.5: 

1 + 
StotN d: (9.1) 

cmicelles N Av 

(9.2) 

where Pi> NAv> cmicelles> dp, anum• dmicelle respectively stand for the rate of initiator 

decomposition, Avogadros number, the concentration of emulsifier located in the 

micelles, the partiele diameter, the aggregation number of the micelles and the 

monomer swollen micelle diameter. The parameters Sn and Smicene are 

proportionality constants. 

In literature three mechanisms for radical absorption have been proposed, each 

finding expression in the dependenee of the rate of radical absorption by the 

particles on the partiele diameter, see also section 2.2: 

* n=l: This implies that the net mass flow of the radicals into the particles is 

proportional to the partiele diameter, indicating that radical absorption 

is governed by ditfusion of the radicals through a stagnant liquid layer 

around the particles (Fick's ditfusion law). 

* n=2: In this point of view, radical absorption is considered to he a statistica! 

process which only depends on the partiele surface regardless of the 

nature of that surface (Hansen and Ugelstad, 1982). 

* n=3: This mechanism reflects the situation that ditfusion limitation occurs for 

transfer of an oligomeric radical in the water phase via a stagnant liquid 

layer into the polymer particles. Additionally, the influence of 
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electrostatic repulsion of the negatively charged particles on the one 
hand and the charged particles or micelles on the other hand is taken 
into account (Hansen and Ugelstad, 1982). 

A balance for the number of particles in a cylindrical volume element of the 

column with an axial length dz provides the following relation: 

Rnucl (z) = ___ P_i N_A_v __ = u dN (z) _ E d 2N (z) 
StotN(z) dPn dz dz 2 (9.3) 

1 + 
cmicellea(z) NAv 

where u and E respectively stand for the net liquid velocity and the axial 

dispersion coefficient. Experimental values of E were reported by Hoedemakers 
(1990) for various flow conditions. Realizing that both the inlet and the outlet of 
the PPC are closed for backmixing, see the experimental part, the following 

boundary conditions can he derived: 

Monomer balance 

inlet: N(z=O) = .! ( dN(z)l ul dz •0 

outlet : dN (z) = 0 
dz 

(9.4) 

(9.5) 

The monomer balance can be described in terms of conversion. In analogy with 

equation (9.3), the following relation can be derived: 

where Rp(z), ~. CM,p> ii and CMo respectively stand for total polymerization rate, 
the propagation rate coefficient, the monomer concentration in the particles, the 
time averaged number of growing ebains per partiele and the monomer 

concentration in the feed stream. 

The boundary conditions at the inlet and the outlet of the PPC are respectively: 
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inlet: X(z=O) = ~ (dX(z)l 
u dz ,0 

(9.7) 

outlet: 0 (9.8) 

Emulsifier balance: 

Since the emulsifier 1s neither produced nor consumed during the 

polymerization process, the overall amount of emulsifier in the reaction mixture 

is independent of the axial coordinate (z) of the PPC. Therefore the emulsifier 

balance reduces to the following equation: 

CCMC + cmicelles (z) 
AP(z) + __ (9.9) 

a. 

where CEo• CcMc• ~(z) and a. respectively stand for the emulsifier concentration 

in the recipe, the critica! micelle concentration, the total partiele surface per 

volume unit of the aqueous phase and the partiele surface occupied by one kmol 

of emulsifier. 

With the assumptions that the particles are monodisperse and saturated with 

monomer, the following relation can be derived for the total partiele surface at 

axial position z (~(z)): 

(9.10) 

with: 

(9.11) 

Mw, ~ pP and Pm respectively stand for the molecular weight of the monomer, 

the fractional monomer conversion where the monomer dropiets disappear 

provided there is thermodynamica! equilibrium, and the densities of the 

monomer and the polymer. 

Since there is no analytica! salution for the equations (9.1) to (9.11), the system 
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of second order differential equations has to he solved numerically. For this 
purpose the following procedure was applied: 

* The axial length coordinate of the PPC at which the micelles have 

disappeared and partiele nucleation stops (z=zend) and the conversion at z=zend 
were estimated. 

* From the estimated conversion at z=zend• equations (9.9),(9.10) and (9.11) and 

the condition that no micelles are present at the outlet of the reactor 

(Cmiceltes=O), the partiele number N(z=zend) was calculated. Subsequently, the 
differential equations (9.3) and (9.6) were integrated numerically from z=zend 

to z=O, using the boundary conditions at z=zend and the estimated values of 

Zend• X(z=z.nd) and N(z=zend). 

* At z=O the houndary conditions were checked, see equations (9.4) and (9.7). 
As long as the boundary conditions were notmet within the desired accuracy, 

the integration procedure was repeated with new estimates of zend and 

X(z=zend). 

This procedure provides the reactor length needed to perform the nucleation 
process in the PPC and both the conversion and partiele number as a flmction 

of the axial reactor coordinate (z). When the PPC is larger than the calculated 

value of zend• the particles in the product stream will have a fractional surface 
coverage of emulsifier (6) which is less than unity. Backmixing of particles with 

B<l into the region where micelles are present and partiele nucleation occurs, 

leads to adsorption of emulsifier on the partiele surface until B=l. As a 
consequence, a significant amount of emulsifier which was originally meant for 

partiele nucleation, will now adsorb on the partiele surface. Therefore, the 

number of particles in the product stream at a given recipe and process 

conditions is highest when the length of the column is limited to z.nd· 

An interesting way of oparating a continuons emulsion polymerization process 

might he using a PPC with length zend followed by one or more CSTRs: By 

performing the nucleation period in the PPC, where the residence time 
distribution is small, large partiele numbers are obtained and oscillations are 
suppressed. In the series of CSTRs, the polymerization process is continued 
until complete conversion is obtained. 
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9.3. Experimental 

The chemieals used in this study were distilled water, distilled commercially 

grade styrene, commercially grade sodium dodecyl sulphate and laboratory 

grade sodium persulphate. The reaction temperature was 50 oe and the pH of 

the reaction mixture was 5.5. The batch reactor and the CSTR were both 

stainless steel tanks equipped with an eight bladed Rushton impeller and four 

baffles. Unless stated otherwise, the volumes of the batch reactor and the CSTR 

were 1.2 and 2.4 dm3 respectively. The impeller speed applied was 500 rpm. The 

CSTR was part of the PPC installation, see tigure 9.1. The batch experiments 

were performed in order to compare the process in the PPC with the 

corresponding batch process. During the polymerization samples were taken for 

the determination of the conversion by gravimetry and the partiele size 

distribution by transmission electron microscopy (TEM). Each partiele size 

distribution was obtained by measuring at least 2500 partieles. The partiele 

numbers were calculated from the volume averaged partiele size and the 

monoroer conversion. 

For studying the nueleation process in the PPC, a reactor system was designed, 

see tigure 9.1. The column (length 1 m, internal diameter 0.05 m) was packed 

with Raschig rings (diameter 0.01 m, bed porosity 0.73) and equipped with an 

thermostated water jacket and 8 sample points. In order to meet the boundary 

conditions that the PPC is closed for backmixing at the inlet and the outlet of 

the reactor, the tubes with the feed stream and the product stream have been 

equipped with a check valve and the gadget shown in tigure 9.1. In order to 

study the course of the partiele number as a function of the axial coordinate z, 

the latex samples had to be prepared for TEM. Since the period of partiele 

nueleation is usually rather short, the conversion at the end of the nueleation 

period is still in the range of 0.02-0.20. This would lead to a high inaccuracy of 

the experimentally determined partiele number, especially when the monoroer 

in the particles is not removed in a proper way. Perlorming the polymerization 

process in the latex samples by use of a batch reactor until complete conversion 

is obtained, does not provide a solution: partiele nucleation will proceed in the 

batch reactor when the sample still contains micelles. In order to cope with 

these problems, the samples for TEM analysis were diluted with distilled water 

containing 10·3 kmol hydroquinone/m3 
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Figure 9.1 The pulsed packed column equipment. 

1: mixing vessel for the preparation of the continuous phase; 2: 

bubble column; 3,4: storage vessels; 5,6: pumps; 7: pulsator; 8: 

premixer; 9: packed column; 10: CSTR 
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as an inhibitor. Subsequently, the monomer was stripped by bubbling argon 

through the samples for at least three hours. In addition to this another method 

was used for finding the partiele number. The outlet of the PPC was connected 

with a CSTR. As a result of the residence time distribution in the CSTR, the 

fractional surface coverage of emulsifier on the particles (8) is less than unity. 

This implies that micelles which are possibly present in the product stream of 

the PPC reactor will dissolve at a very fast rate in order to enhance the surface 

coverage of emulsifier on the particles. As a result, partiele nucleation in the 

CSTR is negligible and the partiele number in the product stream of the CSTR 

will he equal to that at the outlet of the PPC. The polymerization reaction was 

allowed to praeeed in the samples taken from the CSTR until complete 

conversion was obtained and subsequent analysis of the samples with TEM, 

provided accurate values for the partiele number at the outlet of the PPC. The 

partiele number determined with the "argon bubbling" method has been shown 

to he in good agreement with the partiele numbers determined from samples of 

the product stream of the CSTR. The experimental error in the partiele 

numbers determined in this study was estimated to be less than 10 percent. 

9.4. Results 

In order to validate the plug flow with axial dispersion model for emulsion 

polymerization in the PPC, the kinetic parameters governing partiele 

nucleation, i.e. Stot and n see equations (9.1) and (9.2), have been determined 

from batch experiments. With the value of Stot and n, simulations performed 

with the plug flow with axial dispersion model were compared with experiments 

in the PPC. 

Batch experiments 

For the stage of the polymerization process where no new particles are formed 

and the existing particles grow at the expense of the monomer dropiets (interval 

2), Smith and Ewart (1948) derived the following relation for the polymerization 

rate and the partiele number: 

(9.12) 

Relation (9.12) is based on the assumptions that the growth ra te of the particles 
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is independent of the partiele size and that partiele nucleation stops when all 

emulsifier has been adsorbed on the partiele surface. 

The figures 9.2a and 9.2b respectively show the course of the partiele number 

and the polymerization rate in interval 2 as a function of (CE0-CcMc)0
·
6 C10°'4 

(equation (9.12)) for the batch experiments summarized in table 9.1. 
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Figure 9.2 The partiele number N (figure 9.2a) and the polymerization rate RP 

(figure 9.2b) as a function of the term (CE0-CcMJ0
'
6 C10°'6 for the batch 

experiments listed in table 9.1. 

• fm<0.45, vreactor=1.2 dm3
, • fm';Z.0.45, vreactor=1.2 dm3

, .. fm=0.47, 

vreactor=2.4 dm3 

The figures 9.2a and 9.2b show that both the partiele number and the 

polymerization rate in interval 2 are well predicted by the classica} Smith

Ewart theory, for styrene weight fractions in the recipe below 0.45. It has been 

shown in a previous paper (Mayer et al., 1995) that the high reaction rates 

observed for recipes with a monomer content above 0.45 are caused by heat 

transfer limitation: the pseudoplastic rheological behavior observed for latexes 

with a volume weight fraction of particles above 0.4 leads to intensive mixing in 

the impeller zone and an almost stagnant dispersion in the other regions of the 

tank. 
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Table 9.1 The partiele number and the polymerization rate in interval 2 for the 

batch emulsion polymerization of styrene at different recipes. 

T::::50 oe, N::::500 rpm 

fm CIO CEO Rr N. 

[-] [10'2 kmoUm3wl [10'2 kmoUm3wl [moU(m3
w *s)] [1021/m3w] 

0.25 1.3 4.6 0.88 1.6 

0.30 1.0 2.8 0.40 0.9 

0.30 1.0 1.9 0.30 0.6 

0.30 1.3 9.2 1.35 2.4 

0.30 1.3 9.2 1.30 2.3 

0.35 1.2 19.0 1.12 1.8 

0.40 1.2 14.5 1.85 3.2 

0.42 2.1 14.8 2.16 4.0 

0.40 1.2 23.0 2.28 4.3 

0.45 1.2 14.8 1.83 3.4 

0.45 2.1 14.8 2.72 4.0 

0.45 1.3 9.2 1.83 2.5 

! 0.45 1.2 14.5 2.21 3.2 

0.47 1.2 1.2 0.60 0.6 

0.47 1.0 2.8 0.78 0.8 

0.47 1.2 14.5 2.25 3.6 

0.47 1.2 19.0 2.42 4.0 

0.47 1.2 23.0 2.76 4.3 

0.47 1.2 13.2 2.04 2.5 

0.47 1.2 13.2 3.4 2.8 11 

* For all experiments the partiele number remained constant after the interval of partiele 

nucleation. 

** Reaction volume is 2.4 dm3 
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For the determination of the parameters conceming partiele nucleation (s101 and 

n), the following procedure has been applied: 

* A batch experiment listed in table 9.1 was chosen. 

* An estimation of Stot was made for n=1, n=2 or n=3. 

* The relation for the rate of partiele nucleation derived by Harada and 

Nomura (1972), see equation (9.1), was integrated simultaneously with a 

monomer balance until a reaction time tnuci at which all emulsifier had been 

adsorbed on the partiele surface (Cmicelles=O). At t=tnuci• the micelles have 

disappeared and no new particles are formed (Rnuc1=0). 

* The simulated number of particles N.im was compared with the observed 

partiele number, see tigure 9.2b. As long as N.im was not equal to the 

observed partiele number within the desired accuracy, a new estimation of Stot 

was made and the integration procedure was repeated. 

The model calculations have been performed with the physical and chemica! 

parameters summarized in table 9.2. Table 9.3 shows the values of Stot 

calculated with the procedure described above. 

For all nucleation mechanisms proposed in literature (n=1, n=2 or n=3), the 

batch experiments summarized in table 9.1 could he simulated in terms of 

partiele number in the latex product and the conversion time history with the 

values of Stot listed in table 9.3. 

Table 9.3 The values of Sn determined from the batch experiments in table 9.1 

for n=2, n=2 and n=3. 

n Sn 
[-] (1/mn] 

1 1.3*1012 

2 3.3*1019 

3 8.3*1026 
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Table 9.2 Physical and kinetic parameters for the emulsion polymerization of 

styrene with sodium persulphate as initiator and sodium lauryl 

sulphate as emulsifier at 50 "C. 

Pm [kg/m3
] 878 Weast (1977) 

Pv [kg/m3
] 1053 DeGraff et al. (1971) 

a. [m2/kmol] 3.0*108 Ramirez-Marquez and 

Guillot (1988) 

fi [-] 0.33 This work 

CMp [kmollm3
] 5.2 Harada et al. (1972) I 

~ [m3/(kmol*s)] 258 Rawlings and Ray (1988) 

~ [m3/(kmol*s)] 6.8*107*exp(-19*X2
·
1

) Hawkett et al (1981) 

P; [kmoll(m3*s] 2*f*k;*C1 Rawlings and Ray (1988) 

f [-] 0.5 Rawlings and Ray (1988) 

k; [1/s] (50 "C) 1.6*10"6 Rawlings and Ray (1988) 

3*Dm *~r~ [m2Js] 6*10"18 Hawkett et al (1980) 

Critical note 

The Smith and Ewart relation for the number of particles at the end of the 

nucleation period, see equation (9.12), has been derived with the assumptions 

that termination of radicals in the water phase can be neglected and that the 

time· averaged number of growing chains per partiele equals 0.5. Inherent to 

these assumptions, which lead to the so called "Case 2" kinetics, the number of 

radicals available per unit of time for absorption by either micelles or particles 

153 



Chapter 9 

is equal to the initiator decomposition rate (p;). Note that equation (9.12) is, in 

principle, valid for any value of ii, as long as the rate of polymerization is 

independent of the partiele size and the number of radicals available per unit of 

time for absorption by either micelles or particles does not change during the 
nucleation period. The assumption made by Smith and Ewart that the average 
number of growing ebains per partiele (ii) equals 0.5 is not valid during the first 

part of the nucleation process. When the particles are still small, the value of ii 

will he less than 0.5 because a significant number of radicals desorb from the 
growing particles before the absorption of a second radical leads to 

instantaneous bimolecular termination. Besides this, the radicals desorbed from 

the particles are available again for absorption by either micelles or particles. 

As a result of this, the number of radicals per unit of time available for 
absorption (p) will he larger than the initiator decomposition rate (p;}. This 

implies that the value of p is not necessarily constant throughout the nucleation 
period. Despite all of this, the batch experiments listed in table 1 are in good 
agreement with relation (9.12} which is based on Smith-Ewart "Case 2" kinetica. 

Detailed modeling of the nucleation period (Mayer et al., 1995) has confirmed 

that the Smith-Ewart "Case 2" assumptions are not valid during the interval of 
partiele nucleation for the polymerizations investigated in this work. However, 

relation (9.12) was predicted to apply for a wide range of recipes and process 

conditions including those listed in table 9.1: the effects of the deviations from 

Smith-Ewart "Case 2" kinetica on the partiele number and the rate of 
polymerization were found to counterbalance. 

On the basis of the results obtained from the batch experiments, the 
polymerization process in the PPC has been described with the assumption that 

ii remains constant during the nucleation period. 

Process in the PPC 

The emulsion polymerization process in the PPC can he simulated by solving 
equations (9.1) to (9.11) together with the physical and chemica! parameters 

summarized in table 9.2 and the kinetic parameters concerning partiele 

nucleation Çtot and n, see table 9.3. In order to validate the model for the 
interval of partiele nucleation in the PPC, an experiment has been performed in 
the PPC instanation shown in tigure 9.1. The recipe and process conditions 
were such that a small amount of micelles were still present in the product 
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stream of the PPC. In this way, the backmixing of particles with a fractional 

surface coverage of emulsitier ]ess than unity, which influence the nucleation 

period, was excluded. 

Figure 9.3 shows both the partiele number and the monomer conversion as a 

function of the dimensionless residence time in the PPC. In tigure 9.3 can he 

seen that there is a good agreement between the model simulations and the 

experimental data for s=Ç2 ~2. 
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Figure 9.3 The partiele number N and the monomer conversion as a function of 

the mean residence time in the PPC for a continuous process in the 

reactor system shown in figure 9.1. 

T=50 °C, CMo=B.O kmollm3
water> CEo=0.145 kmollm3

water• Cro=l.0*10'2 

kmollm3
water> s=14*10'3 m, f=3.5 Hz, E=2.96*10-4 m2 /s. 

The axial dispersion coefficient was calculated according to 

Hoedemakers (1990). 

In order to illustrate the influence of axial dispersion on the nucleation process 

in the PPC, model calculations have been performed with different valnes of the 

axial dispersion coefficient E, for the recipe and process conditions mentioned in 

tigure 9.3. 

Figure 9.4 shows the calculated partiele number and the polymerization rate as 

a function of the mean residence time at different axial positions in the PPC for 

the case that the micelles have disappeared exactly at the outlet of the reactor. 
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Figure 9.4 The partiele number N and the monomer conversion as a function of 

the mean residence time in the PPC for different ualues of the axial 

dispersion coefficient E and n=2. See figure 9.3 for the recipe and 

process conditions. 1: E=O 2: E=5.0*10'5 3: E=l.O*l(J4 [m2
/ s] 

In figure 9.4 can he seen that the partiele number at the end of the nueleation 

period decreases with increasing axial dispersion. This is caused by forward 
mixing of micelles and backmixing of particles. Both phenomena result in a 
decrease of the nueleation rate, see the equations (9.1) and (9.3). For E=O, 

which reflects ideal plug flow, the partiele number in the product latex equals 
that of a batch process with the same recipe. In figure 9.4 can also he seen that 

both the partiele number and the conversion at the inlet of the PPC increase 

with increasing axial dispersion. This is also caused by backmixing of latex 
particles. The model simulations also demonstrata that the nucleation period 

lasts longer as axial dispersion increases. This is caused by forward mixing of 

micelles and backmixing of partieles. Both phenomena result in a decrease of 
the nucleation rate. AB a consequence, the total volume growth rate of the 
partiele phase decreases with increasing axial dispersion which prolongs the 
mean residence time in the PPC at which nearly all emulsifier is adsorbed on 

the partiele surface (Cmicelles=O). Since continuons emulsion polymerization can 
he performed in a PPC at very low backmixing (more than 50 equally sized 

tanks in series, Hoedemakers, 1990), the PPC is a promising reactor for the 

continuons production of seed latexes. 
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Continuous emulsion column 

9.5. Conclusions 

* The pulsed packed column is a promising reactor for the continuous 

production of seed latexes. 

* The nucleation period in a pulsed packed column is simulated well by the 

plug flow with axial dispersion model for the emulsion polymerization of 

styrene. Hence the developed model can be a useful tooi for process design 

and optimization purposes. 
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11. LIST OF SYMBOLS 

a, 
B(ij) 

CcMc 

cdropleta 

CEO 

CEf 

CE(t) 

number of emulsifier molecules per micelle [-] 

aggregation number of the primary particles [-] 

total partiele surface [m2/m3wl 
surface occupied by one kmol of emulsifier [m2/kmol] 

number of collisions per unit of time between particles with size i and 

j [1/s] 

critica} micelle concentration [kmollm3 wl 
total amount of monoroer present in the monoroer dropiets [kmol/m3wl 
overall amount of emulsifier in the recipe [kmollm3wl 
overall amount of emulsifier inthefeed stream [kmollm3wl 
overall amount of emulsifier in the reaction mixture at time t 

[kmollm3J 
overall amount of initiator in the recipe [kmollm3 wl 
overall amount of initiator inthefeed stream [kmollm3wl 
overall amount of initiator in the reaction mixture at time t 

[kmollm3w] 

overall amount of monoroer in the recipe [kmollm3 wl 
overall amount of monoroer in the feed stream [kmollm3 wl 
overall amount of monoroer in the reaction mixture at time t 

[kmollm3w] 

monoroer concentration in the particles [kmollm3
] 

saturation concentration of monoroer in the water phase [kmol/m3 wl 
CM,tot(t) total amount of monoroer in the reaction mixture at time t 

[kmollm3w] 

CM,w monoroer concentration in the water phase [kmol/m3
] 

CR,i concentration of oligomeric radicals with i monomeric units 

[kmollm3wl 
crw radical concentration in the water phase [kmollm3wl 
ctr concentration of chain transfer agents [kmollm3 wl 
Dm effective diffusivity of the small radicals [m2/s] 

~,i partiele diameter of size class i [m] 

E axial dispersion coefficient [m%] 

f frequency of pulsation [1/s] 

f(i) fraction of particles in size class i that coagulate with respect to all 

coagulating particles [-] 
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List of symbols 

f\ij) fraction of particles in size class i that coagulate with particles in size 

class j with respect to all particles that coagulate [-] 

jprecip number of monomeric units in an oligomeric radical at which water 

solubility is lost and precipitation occurs [-] 

j.urract minimum number of monomeric molecules necessary for surface 

activity of an oligomeric radical [-] 

Mwt molecular weight of the monomer [kglkmol] 

Ncoalese. 

Ncoag.nucL 

Nbom 
Nm 

Nmicelles 

Ntot 

n 

NAv 

Ncoalese. 

N coag.nucl. 

N~wm 

i\ 
Ni 
Nm 

Nmicelles 

Ntot 

number of particles formed by coalescence [1lm3w] 

number of particles formed by coagulative nucleation [1Im3 wl 
number of particles formed by homogeneaus nucleation [11m3 wl 
number of particles formed by micellar nucleation [11m3w1 
number of micelles [11m3w1 
total number of particles formed by micellar and homogeneaus 

nucleation [1/m3wl 
desorption rate coe:fficient for particles in size class i [1/s] 

propagation rate constant [m3/(kmol s)] 

termination rate constant [m3/(kmol s)] 

effective chain transfer rate constant [m3/(kmol s)] 

effective chain transfer to monomer constant [m3/(kmol s)] 

effective chain transfer to transfer agent constant [m3/(kmol s)] 

termination rate constant for radicals in the water phase [m3/(kmol 
s)] 

constant reflecting the dependenee of the radical absorption rate on 

the partiele diameter [-] 

Avogadro's constant [1/kmol] 

number of particles formed by coalescence [11m3wl 
number of particles formed by coagulative nucleation [1lm3w] 

number of particles formed by homogeneaus nucleation [11m3w1 
average number of growing chains of particles in size class i [-] 

number of particles in size class i [11m3w] 

number of particles formed by micellar nucleation [11m3w1 
number of micelles [11m3 w1 
total number of particles formed by micellar and homogeneaus 

nucleation [1/m3w1 
gas constant [J/(kmol K)] 

overall polymerization ra te [kmoll(m3 
w s)] 
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List of symbols 

P precipitation function reflecting the precipitation rate of oligomers in 

the water phase that exceed the critica! chain lenght above which 

water solubility is lost [ll(m3 
w s)] 

R gas constant [J/(kmol K)] 

~ overall polymerization rate [kmoll(m3
w s)] 

s stroke of pulsation [m] 

t reaction time [s] 

T temperature [K] 

u interstitial fluid velocity in the PPC [mis) 

Vr volume of the monoroer fed into the reactor [m3
] 

v(i) volume of a partiele in size class i [m3
] 

Vw,r volume fraction of water inthefeed stream [-] 

Vw(t) volume fraction of water inthereactor at timet H 
X monoroer conversion [-] 

X,., fractional conversion where the monoroer dropiets disappear, 

provided there is thermodynamica} equilibrium between the water 

phase and the partiele phase [·] 

z axial coordinate of the PPC 

Greek 

y 

a 

p 

interfacial tension between the partiele phases and the aqueous phase 

[N/m] 

proportionality constant for the radical absorption rate of the 
particles [1/mn] 

proportionality constant for the radical absorption ra te of the micelles 
[1/mn] 

fractional surface coverage of emulsifier on the particles [-] 

critica! surface coverage of emulsifier on the particles below which 

coagulation occurs [-] 

total amount of radicals available per unit of time for absorption by 

particles and micelles and for homogeneaus partiele nucleation 

[kmol/(m3
w s)] 

Pa ra te of radical absorption [kmoll(m3 
w s)] 

p1 rate ofradical formation by initiator decomposition [kmoll(m3
w s)] 

Pm density of the monomer [kg/m3
] 

pP density of the polymer [kg/m3
] 
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List of 

't mean residence time in the reactor [s] 

'tdes mean residence time of a radical in a freshly nucleated partiele [s] 

Ij> volume fraction ofmonomer in the particles [-] 

'V Flory-Huggins interaction parameter [-] 
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STELLINGEN 

behorende bij het proefschrift 

THE DYNAMICS OF BATCH AND CONTINUOUS 
EMULSION POLYMERIZATION 

van Mateo Jozef Jacques Mayer 

1. De aannamen die ten grondslag liggen aan Smith-Ewart "case 2" kinetiek 
zijn, in tegenstelling tot hetgeen batchexperimenten doen vermoeden, zelfs 
voor het modelsysteem styreen/natriumlaurylsulfaat/natriumpersulfaat 
slechts in een beperkt gebied geldig. 

Smith W.V. and Ewart R.H., J. Chem. Phys., 16, 592 (1948) 
Dit proefschrift, hoofdstuk 2 en 5 

2. De in de literatuur gevestigde opvatting dat bij emulsiepolymerisatie voor 
de modellering van deeltjesvorming een quasi stationaire toestand van de 
radikaalconcentratie mag worden verondersteld is onjuist en leidt onder 
andere tot discrepanties tussen het gesimuleerde en het waargenomen 
dynamisch gedrag van continue reaktoren. 

Rawlings J.B. and Ray W.H., Polym. Engng. Sci., 28, 237 (1988) 
Dit proefschrift, hoofdstuk 2 

3. Door de keuze van een andere numerieke oplosmethodiek is het mogelijk 
om de wiskundige modellen van Rawlings en Ray voor de dynamische 
modellering van continue emulsiepolymerisatie uit te breiden met 
homogene nucleatie en coagulatie. 

Rawlings J.B. and Ray W.H., Polym. Engng. Sci., 28, 237 (1988) 
Dit proefschrift, hoofdstuk 2 en 3 

4. Het door Fitch et al. (1971) ontwikkelde en later door Kiparissides et al. 
(1979) toegepaste model voor homogene nucleatie is in de meeste voor de 
praktijk relevante situaties niet toepasbaar. 

Fitch R.M. and Tsai C.H., in Polymer Colloids, Fitch R.M. Ed., Plenum press New York (1971) 
Kiparissides C., MacGregor J.F. and Hamielec A.E., J. Appl. Polym. Sc i., 23, 401 (1979) 

5. De bepaling van kinetische parameters uit conversiesnelheden heeft alleen 
zin als naast het deeltjesaantal en de gemiddelde deeltjesgrootte ook de 
deeltjesgrootteverdeling bekend is. 

Dit proefschrift, hoofdstuk 5 en 7 



6. Ondanks het geringe aantal publikaties over coagulatie en 
reaktorvervuiling bij emulsiepolymerisatie, zijn deze processen zeer 
relevant voor de praktijk. 

7. De emulsiepolymerisatie van styreen met rosin acid soap als emulgator 
vertoont qua kinetiek en dynamica in continue raaktoren sterke 
overeenkomst met de emulsiepolymerisatie van vinylacetaat. 

Dit proefschrift, hoofdstuk 5 en 7 

8. Bij emulsiepolymerisatie hangt de maximale volumefraktie latexdeeltjes 
waarbij isotherm reaktorbedrijf mogelijk is sterk af van de 
deelljesgrootteverdeling. 

Mayer, M.J.J., Meuldük J. and Thoenes D., Chem. Engng. Sci., 47, 4971 (1994) 

· 9. Landen die internationaal gezien "het voortouw nemen" door een zeer 
strenge milieuwetgeving toe te passen lopen een grote kans om, tenminste 
in eerste instantie, een negatieve bijdrage aan de totstandkoming van een 
schoon milieu te leveren. 

10. Het feit dat genetische manipulatie een techniek is waarvan zo emstig 
misbruik kan worden gemaakt dat de gevolgen voor mens en omgeving niet 
te overzien zijn, pleit sterk voor een snelle ontwikkeling van deze techniek 
in een zo breed mogelijk samenwerkingsverband. 

11. Het gecontroleerd kappen van tropisch regenwoud leidt niet zonder meer 
tot een afname van de netto zuurstofproduktie op aarde. 

12. Bij de discussie of de Betuwelijn al dan niet gedeeltelijk ondergronds moet 
worden aangelegd dient ook de verwachte duur van de discussie zelf te 
worden betrokken. 

13. Met de term synergisme wordt aangeduid dat het geheel meer is dan de 
som der delen. In veel organisaties wordt door frequent vergaderen het 
tegenovergestelde bereikt. 

14. Het brengt geen ongeluk om 13 stellingen bij het proefschrift te hebben. 


