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Summary 

Summary 

In this thesis the results of a kinetic and mechanistic investigation of the 

butadiene emulsion polymerization are presented. In spite of the early interest and 

the considerable industrial importance of the butadiene monomer little is known 

about the kinetics determining the anomalous behaviour of the butadiene emulsion 

polymerization. This thesis deals with some crucial problems for which answers are 

needed to elucidate the main drawback of the butadiene emulsion polymerization: the 

relatively low rate of polymerization. Three key questions can be formulated: 1. What 

is the value of the propagation rate coefficient, ~· 2. Why is the rate of 

polymerization per particle virtually independent of the persulfate concentration, and 

3. What additional effects are caused by tertiary dodecyl mercaptan (TDM) used as 

chain transfer agent. 

In order to solve these problems well-defined seeded emulsion polymerizations 

were performed on monodisperse seed latexes prepared by emulsifier free emulsion 

polymerization. The process of emulsifier free emulsion polymerization is described in 

chapter 4. It was shown that the process produces colloidally highly stable latexes up 

to high final solid contents (up to 60%), with relatively small particle diameters 

(below 300 nm). The explanation for this peculiar behaviour is the efficient in situ 

production of surface active oligomers and concomitant slow rate of polymerization in 

the particles. Agitation rate is a key parameter in controlling the latex particle size 

and distribution, which is related to a coagulation induced nucleation mechanism 

operating at high rates of agitation. 

In chapter 5 seeded emulsion polymerizations are described. The product of 

propagation rate coefficients, and average number of radicals per particle, ii, 

increases with seed latex particle diameter. The Smith-Ewart case I and II kinetic 

regimes are located and from the case II regime (ii=O.S) the propagation rate 

coefficient at 60"C has been determined to be: ~=320±50 dm3moi-1'S·1• Excellent 

agreement of model calculations and experiment allows for the estimation of the 

order of magnitude of the rate coefficient for radical transfer to monomer, Itir=0.1-

0.01 dm3mo1·1'S·1• 
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The poorly understood effects of varying the persulfate concentration on the 

rate of polymerization is described in chapter 6. It was once more shown that ii is 

virtually independent of the persulfate concentration, varied over tjvo orders of 

magnitude, in the presence of TDM, which defies all currently accepted emulsion 

polymerization theories. The strong influence of the persulfate concentration 

predicted by general theory is indeed observed in the absence of TDM. Whereupon 

the used model calculation fits two separate sets of data: kpii versus particle diameter 

and kpfi versus persulfate concentration in the absence of TDM. The effect of TDM 

is related to radical desorption but could not yet be fully explained. 

In chapter 7 three methods of monitoring non-steady state kinetics are 

described to measure radical absorption (entry) and desorption (exit) rate coefficients. 

The i'i data obtained by the gamma radiolysis method was in good a~eement with 

data obtained from chemically initiated experiments but no entry or exit rate 

coefficients could be obtained. The Fremy salt method yields results only in the 

absence of TDM which is a strong indication that the suggestions of chapter 6 are 

valid. The chemical initiation method finally yields entry and exit rate coefficient data 

albeit with limited accuracy. The dependence of the exit rate coefficient on the 

persulfate concentration was observed as predicted in chapter 6. 

In chapter 8 the effect of TDM on the rate of polymerization in the presence 

of fatty acid emulsifiers, often referred to as the 'promoting effect', is evaluated. It 

was found that the 'promoting effect' is determined by three parameters: 1. fatty acid 

emulsifiers, 2. persulfate, 3. diene monomers. A mechanism was proposed, basically 

an extension of a mechanism reported by Kolthoff, that elucidates the effect of TDM, 

and explains the combined effect of diene monomers, fatty acid emulsifiers and 

persulfate. 



Samenvatting 

Samenvatting 

In dit proefschrift zijn de resultaten bescbreven van een kinetisch, 

mecbanistisch onderzoek naar de emulsiepolymerisatie van butadieen. Ondanks de 

reeds vele jaren bestaande interesse voor butadieen en bet grote industriele belang is 

er weinig bekend over de kinetische processen die bet afwijkend gedrag van de 

emulsiepolymerisatie van butadieen bepalen. Dit proefschrift bebandelt een aantal 

aspekten die geacbt worden belderheid te verscbaffen in bet overkoepelende 

probleem van de butadieen emulsiepolymerisatie: de relatief lage 

polymerisatiesnelheid. Er werden drie kernvragen geformuleerd: 1. Wat is de waarde 

van de propagatiesnelheidsconstante, t.,. 2. Waarom is de polymerisatiesnelbeid, 

nagenoeg onafhankelijk van de persulfaatconcentratie, 3. Welke effecten worden 

veroorzaakt door tertiair dodecyl-mercaptaan dat gebruikt wordt als ketenoverdracbt 

reagens. 

Teneinde deze problemen op te lossen zijn goed gedefinieerde emulsie

polymerisaties uitgevoerd met behulp van een kiemlatex, welke geproduceerd is door 

middel van zeepvrije emulsiepolymerisatie. Bet proces van de ab initio zeepvrije 

butadieen emulsiepolymerisatie is beschreven in boofdstuk 4. De mogelijkheid om 

colloidaal zeer stabiele latices te produceren met een boog vastestofgebalte en 

relatief kleine deeltjesdiameter ( < < 300 nm) werd aangetoond. Dit is mogelijk door 

een zeer efficiente in situ produktie van oppervlakte aktieve oligomeren 

gecombineerd met een lage polymerisatiesnelbeid in de deeltjes. De roersnelbeid is 

een sleutelparameter bij bet beheersen van de deeltjesgrootteverdeling, die 

gerelateerd werd aan een coagulatief gestimuleerd nucleatieproces dat operationeel 

wordt bij boge roersnelheden. 

In hoofdstuk S zijn emulsiepolymerisaties op kiemlatices bescbreven. Er is 

aangetoond dat het produkt van de propagatiesnelheidscoefficient en bet gemiddelde 

aantal radicalen per deeltje, ii, toeneemt met toenemende deeltjesdiameter. De 

Smith-Ewart case I en II kinetische regimes zijn gelokaliseerd en in bet case II regime 

kon de waarde van de propagatiesnelheidscoefficient van butadieen bij 60"C 

vastgesteld worden op: t.,=320±50 dm3mol"1'S"1• Goede overeenstemming tussen 

modelberekeningen en experimenten liet een afschatting toe van de 
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snelheidscoefficient voor radicaaloverdracht naar monomeer, ~r=0,1-0,01 

dm3-moi-111·1• 

Het effect van de variatie van de persulfaatconcentratie op h~t gemiddelde 

aantal radicalen per deeltje is beschreven in hoofdstuk 6. Er werd andermaal 

aangetoond dat de waarde van fi nagenoeg onatbankelijk is van de persulfaat

concentratie gevarieerd over twee orden van grootte, wanneer IDM gebruikt werd in 

de receptuur. Dit is onverenigbaar met de algemeen aanvaarde emulsiepolymerisatie

theorie. De voorspelde sterke invloed van de persulfaatconcentratie werd wel 

gevonden wanneer geen IDM gebruikt werd in de receptuur. Hierdoor komen de 

gebruikte model-berekeningen overeen met twee afzonderlijke groepen experimentele 

waarden, namelijk: ~ii versus de deeltjesdiameter en de persulfaatconcentratie in 

afwezigheid van IDM. Het effect van IDM werd gerelateerd aan radicaaldesorptie 

uit de deeltjes maar kon niet volledig met een model worden bescbreven. 

In hoofdstuk 7 zijn drie experimentele metboden beschreven om niet 

stationaire kinetiek te onderzoeken. Deze methoden zijn gebruikt om 

radicaalabsorptie- en -desorptie-snelbeidscoefficienten te meten. De waarden voor ii 

verkregen met bebulp van de gamma-radiolysemethode kwamen goed. overeen met 

waarden verkregen met bebulp van de chemiscb geinitieerde-metbode, de gewenste 

snelheidscoefficienten konden ecbter niet worden bepaald. De Fremy-zout-metbode 

geeft alleen resultaten wanneer geen IDM gebruikt wordt in de receptuur. Met de 

chemisch geinitieerde-metbode konden de snelbeidscoefficienten wel worden bepaald 

echter met beperkte nauwkeurigheid. De afhankelijkbeid van de 

desorptiesnelbeidscoefficient van de persulfaatconcentratie, die voorspeld werd in 

hoofdstuk 6, kon nu worden aangetoond. 

In hoofdstuk 8 wordt bet effect van IDM op de polymerisatiesnelheid 

geevalueerd voor experimenten waarbij vetzure zepen in de receptuur werden 

gebruikt. Dit fenomeen wordt vaak omscbreven als bet 'promoting effect'. Het wordt 

aangetoond dat het 'promoting effect' bepaald wordt door de gelijktijdige 

aanwezigheid van drie componenten: 1. vetzure zepen, 2. persulfaat, 3. dieen

monomeren. Er wordt een nieuw reactiemecbanisme voorgesteld, in feite een 

uitbreiding van een mechanisme voorgesteld door Kolthoff, dat het effect van dieen

monomeren, vetzure zepen en persulfaat combineert en opheldert. 
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Introduction 

Chapter 1 Introduction 

Summary: In this chapter a brief historic overview is given or early 
publications on emulsion polymerization in general and models describing 
the process. The backgrounds or the investigation are given as a literature 
overview or the subjects treated in this thesis. Finally the aims or the 
investigation and a survey or this thesis are presented. 

1.1 Brief historic overview 

1 

This paragraph deals with the first attempts and reports of processes in 

emulsion-like systems, eventually known as emulsion polymerization. Therefore, it is 

inevitable to formulate a definition of emulsion polymerization: 

Emulsion polymerization involves the dispersion of one or more kinds 

of unsaturated organic molecules, from here on denoted as monomers, 

in the continuous aqueous phase, colloidally stabilised by a surface 

active agent, from here on denoted as emulsifier, followed by free 

radical addition polymerization started with an initiator. During the 

process the reaction medium is a complex mixture of monomer droplets 

and colloidally stable monomer swollen sub-micron polymer particles 

dispersed in a monomer saturated aqueous phase in which emulsifier 

and initiator maybe present. The process results in a colloidal aqueous 
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dispersion of polymer sub-micron particles, from here on denoted as 

latex. 

With this extensive definition at hand it is clear that the first reports of 

{>olymerizations in emulsions described by Hohenstein and Mark<1> in their review 

and in the detailed review by Blackley<2> are actually no emulsion polymerizations 

but rather suspension polymerizations. From 1909 to 1915 several patents were 

granted ta the Farbenfabriken Bayer AG.<3><4><5> for processes involving diene 

monomers in aqueous dispersion stabilised with egg albumin, starch or gelatin. The 

reason for polymerizing in aqueous dispersion was most likely the aim of copying or 

approaching the process of natural rubber formation in plants. True emulsion 

polymerization appeared in patent literature in 1929. In that year Dinsmore<6> 

working for the Goodyear Tire and Rubber Company was granted a patent for a 

process involving thermal polymerization of aqueous emulsions of diene monomers 

with oleate salts and egg albumin. Dinsmore clainls that product properties depend 

on their dispersion-like appearance. Furthermore, the catalysing effect of stabilizing 

agents is noted. Luther and Heuck_<7)(S) working for I.G. Farbenindustrie AG. 

were granted United States patents in 1932 for processes involving monomer 

emulsified in aqueous dispersion with emulsifying agents of soap-like character. The 

use of a buffering system was introduced. In a second patent the simultaneous use of 

emulsifiers and polymerization initiators like hydrogen peroxide were claimed, 

moreover the use of reducing agents like sodium bisulfite and the like were 

introduced. In the following years a large number of patents were granted making 

claims and disclosures about parts of the now common emulsion polymerization 

recipes like: emulsifiers, protective colloids, catalysts, electrolytes, plasticisers, and 

surface tension modifiers. 

Synthetic rubber latexes were in production in the mid 1930s in Germany and 

during World War II in Soviet Russia.<9> The commercial use of emulsion 

copolymerization of 75 parts butadiene and 25 parts styrene started in the USA under 

the imputses of World War II with the production of General Purpose Rubber (GR-
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S) developed under the guidance of the office of the Rubber Reserve Program. At 

the end of World War II the total annual GR-S production was 7.SxlOS tons<10> 

and set the standard for synthetic rubber production until today. Nowadays emulsion 

(co )polymerization is large scale industrial operation finding all sorts of applications 

in latex form as coatings, inks, adhesives but also the polymer, separated from the 

aqueous phase, is used in elastomers, commodities as well as engineering polymers. 

Frequently the polymers are separated from the aqueous phase because emulsifier 

and initiator residues may affect the product properties adversely. Sometimes the 

typical colloidal appearance of the polymer is used as a desired product property like 

in impact modifier use. 

There are a large number of publications on theories describing the kinetics of 

emulsion polymerization. Early models were developed for the ideal styrene system. 

Harkins(11><12><13><14> was the first who based a model on the styrene system 

that adequately explained qualitatively the characteristics of emulsion polymerization 

kinetics. Smith and Ewart<15> quantified this model and the resulting mathematical 

kinetic treatment is still the most widely used model in emulsion polymerization 

literature. After Smith and Ewart's early work, other outstanding contributions to the 

development of the emulsion polymerization kinetics were published by 

Stockmayer,<16> O'Toole,<17J Ugelstad,<18> Gilbert and Napper.09> The 

theories currently used in emulsion polymerization literature are discussed in chapter 

2. Literature overviews of relevant phenomena are given in the pertaining chapters 

4,5,6,7,8 and 9. 

1.2 Backgrounds of the investigation 

All early attempts of polymerization in aqueous dispersion involve diene 

monomers indicating that emulsion polymerization has been developed to reduce the 

dependence on natural rubber resources. It is therefore remarkable that after World 

War II so little was published about the emulsion polymerization of butadiene. Much 

of the fundamental knowledge on the emulsion polymerization of butadiene has been 
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published as a spin-off from the Synthetic Rubber Program.<20> An important series 

of papers was published by Morton et al.<21X22X23X24> This work deals with 

cross-linking and several initiator systems. More importantly the only value for the 

propagation rate coefficient, ~ and a value for the activation energy of propagation 

for butadiene, Eact> determined in emulsion polymerization stem from this early 

work.(23) The values reported are regarded highly questionable when considering the 

following problems: 

1. Ab irdtio polymerizations were used causing considerable inaccuracy in 

the particle number, a key parameter in determining the ~; 

2. Polymerizations were performed at a relative low temperature (0 -

30"C) thus a value at 60"C of ~=100 dm3mol"1
'S"

1 is an extrapolation. 

The ~ determined for butadiene in emulsion is always an average of ~ 

values for the various kinds of additions possible for butadiene like 1,2 , 

1,4 cis and trans addition. The relative amounts of configurations 

produced in emulsion is a function of the reaction temperature;<25> 

3. Particle sizing was performed by the soap titration method leading to 

considerable error in particle number. The latexes used had broad 

particle size distributions as an extra complicating factor. 

The lack of reliable rate parameters especially for the propagation rate coefficient, ~ 

is still the most formidable obstacle in unravelling the kinetics of the emulsion 

polymerization of butadiene. Kolthoff et a/.C'1.6)(27X21l) published a series of 

papers on the persulfate-mercaptan initiating system. Numerous analytical tools were 

discussed to determine the concentrations of persulfate<26> and mercaptan.CZ7) The only 

value for the n-dodecyl mercaptan water solubility known to the present author stems 

from this work. The persulfate dissociation and the effect of persulfate concentration 

on the rate of polymerization were investigated. Kolthoffs work offers two more 

unresolved problems: 

1. The virtual independence of the butadiene rate of polymerization in 
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emulsion on the persulfate concentration; 

2. The minimal amount of mercaptan needed to obtain reasonable 

polymerization rates, also called the promoting effect of mercaptans, has 

not been adequately explained. 

5 

In 1964 a Ph.D. thesis by Bhakuni appeared entitled: Kinetics of the Persulfate

Mercaptan Emulsion Polymerization of Butadiene.<1!J) This work deals with the effect 

of the type of emulsifier, which is reported to influence the kinetics. Network 

formation is concluded not to affect monomer swellability. Wendler et 

a1.<30)<31><32)(33) reported on the emulsion polymerization of butadiene in the 

presence of large amounts of bis-(alkoxythiocarbonyl)-disulfanes. The results indicated 

a deviation from Smith-Ewart case Il kinetics, ii was suggested to be larger than 

ii=05. In 1974 Ishigure<34> published on the radiation induced emulsion 

polymerization of butadiene. In this study it was concluded that n-dodecyl mercaptan 

increases the rate of polymerization. The value for the propagation rate coefficient 

calculated from this work was extremely low due to the false assumption that the 

average number of radicals per particle, fi, is fi=0.5. This is unlikely since the particle 

diameters utilised in this work were extremely small: 12.2 - 37.5 nm. Eliseeva et 

a1.<35> reviewed results from Russian workers: It was reported that the initial 

butadiene-styrene ratio affects the final particle number and the rate of 

copolymerization. The latter effect could not be explained with the difference in the 

~values utilized. Recently a series of articles by Weerts et al.<36>(37)<38><39> 

c4o)(4t)C42> appeared in open literature, which largely complements and verifies 

the findings of other workers. The work reports on chemical, physical and colloidal 

aspects like type and concentration of initiator, amount of chain transfer agent, 

monomer to water ratio, agitation, type and concentration of emulsifier, and 

electrolyte concentration. Important conclusions relevant to the kinetic investigation 

described in the thesis of Weerts are: 

1. The average rate per particle is not affected by type and concentration 
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of emulsifier and initiator but strongly depends on particle size; 

2. Bimolecular termination in the particles is not rate determining and 

radical loss via exit of radicals from particles is significant. Entry of 

radicals is limited, and this is attributed to an extreme low initiator 

efficiency. Therefore, it was concluded that the butadiene system obeys 

Smith-Ewart case I system kinetics (ii< <0.5) in the particle size range 

measured; 

3. The promoting effect of mercaptans depends on impurities in the 

emulsifiers used. 

The recent revival of interest in the emulsion (co)polymerization. of butadiene 

and the lack of understanding of its mechanisms obstructed by the absence of reliable 

rate parameters, urgently calls for further kinetic and mechanistic investigation. 

1.3 Aims or this investigation 

The aims of the present investigation are to unravel the main problems 

defined above, perhaps summarized in one overall problem: the relative slow rate of 

polymerization of the butadiene monomer in emulsion as compared with the emulsion 

polymerization of styrene. The three main problems dealt with in this thesis originate 

from this issue: 

1. Determination of as many rate parameters as possible, including the 

propagation rate coefficient, by performing ideal model polymerizations 

on well characterized seed latexes; 

2. Unravelling the ·virtual independence of the polymerization rate of 

initiator concentration by determination of the initiator efficiency and 

other related parameters; 
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3. Clarifying the role of mercaptans in the promoting effect by performing 

ab initio and seeded experiments, emulsifier free as well as in the 

presence of fatty acid soaps, in order to verify the alleged effect of 

emulsifiers. 

7 

In order to be able to achieve the above defined aims, a method of performing 

seeded polymerizations on well characterized seed latex had to be designed as well as 

a means of accurate on-line monitoring of the monomer conversion during 

polymerization. For the determination of absorption and desorption of radicals three 

polymerization techniques were applied, two new for the butadiene system. and one 

completely new. The analytical method of analyzing particle size distributions by disk 

centrifuge photo sedimentometry has been modified to analyze polybutadiene latexes. 

1.4 Survey of this thesis 

The various chapters of the present thesis are dealing with the following key issues. 

Chapter 2: The current status of emulsion polymerization theory 

relevant to this investigation is discussed in this chapter. 

Chapter 3: Experimental procedures, ingredients and analytical 

techniques used and developed are presented and 

discussed here. 

Chapter 4: This chapter deals with Ab initio emulsifier free 

experiments designed to produce well characterised seed 

latexes as well as investigations to unravel emulsifier free 

nucleation mechanisms. 

Chapter S: The seeded emulsion polymerizations performed for the 

experimental determination and model evaluation of the 



8 

propagation rate coefficient of butadiene at 6<l°C are 

presented and evaluated in this chapter. 

Chapter 6: This chapter describes and discusses the seeded emulsion 

polymerizations performed for the experimental 

determination, the model evaluation of the persulfate 

initiating efficiency and the effect of tertiary dodecyl 

mercaptan on the average number of radicals per particle 

as a function of initiator concentration. 

Chapter 7: Three routes are presented here for the monitoring of 

non-steady state kinetic behaviour during seeded emulsion 

polymerization and the subsequent determination of 

radical absorption and desorption rate coefficients in 

order to further illuminate the initiator efficiency. 

Chapter 8: This chapter describes emulsion polymerizations 

performed in the presence of tertiary dodecyl mercaptan 

and fatty acid emulsifiers for the experimental 

determination and evaluation of the role of tertiary 

dodecyl mercaptan in the 'promoting effect'. 

Chapter 1 
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Theory 

Chapter 2 Theory 

Summary: In this chapter the basic aspects of emulsion polymerization 
kinetics are discussed. It becomes clear that the process has to be divided 
into three distinct intervals. Particle nucleation is shown to be extremely 
complex and has therefore only been treated qualitatively. However, 
particle growth is discussed quantitatively and in more detail. Strategies 
for measuring absorption and desorption rate coeflicients of radicals 
entering or exiting particles are given. 

2.1 Emulsion polymerization: defining the three interval process 

11 

The batch emulsion polymerization process, is divided in three distinct 

intervals by Harkins.<1X2X3X4> During interval I polymer containing particles 

are formed in a nucleation process described in more detail in paragraph 2.2. In 

interval I an extra phase is created: the monomer swollen particles. During interval II 

the newly formed particles grow at the expense of the monomer droplets. Ideally no 

new particles are formed in this interval and the monomer concentration in the 

particles remains constant as it is determined by the equilibrium between particles 

and monomer droplets. Consequently, the rate of polymerization is constant in this 

interval. Interval II ends when all monomer droplets have disappeared and the 

process enters interval III. In interval III the two remaining phases are the water 

phase and the monomer swollen particles. Since monomer concentration in the 

particles decreases so does the rate of polymerization, ideally until complete 
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monomer conversion. Although the system comprises less phases in this interval, the 

kinetics of particle growth become more complicated due to changes in monomer and 

polymer concentrations in the particles and water phase, resulting in changing rates of 

radical absorption and desorption. Sometimes changes in monomer or polymer 

diffusion rates can be observed. 

2.2 Particle nucleation 

Particle nucleation in emulsion polymerization is a complex process that is still 

not well understood. Numerous investigations have been conducted in attempts to 

clarify this phenomenon. Literature on nucleation can roughly be divided into 2 

groups according to the assumed locus of nucleation: 

1. monomer swollen micelles; 

2. the aqueous phase. 

Harkins in his widely used theory proposes the micelles as the locus of nucleation. 

Radicals generated in the aqueous phase enter the monomer swollen emulsifier 

micelles and initiate polymerization, thereby stabilising the otherwise rather dynamic 

structure of the micelle, and growing to form a monomer swollen polymer latex 

particle. The high total surface area of micelles ensures that, a much larger portion of 

the generated radicals enter the micelles as compared with monomer droplets. Due to 

compartmentalisation of the radicals in the micellar phase and the resulting high 

radical concentration in the micelles and subsequent particles, the polymerization rate 

will be high in micelle and particle phases as compared with the rate of 

polymerization in the monomer droplets. As a result the monomer diffuses from the 

dropplets through the water phase to the particles and polymerizes rapidly in the 

particles. This way a latex is formed instead of a suspension of polymerized droplets. 

However, it is generally accepted that every droplet eventually becomes a particle. 

This nucleation mechanism is elegantly quantified by Smith and Ewart<5> who stated 

that particle nucleation will stop when the emulsifier concentration drops below its 
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CMC due to adsorption onto the newly formed polymer particle surface. 

The observation that a polymer latex could be formed below the CMC or even 

without the use of emulsifierC6)(7)(8)(9XtoXnxizx13> justified new models of nucleation. A 

homogeneous nucleation model was proposed<11X14> in which radicals react in the 

aqueous phase with solubilised monomer to form growing oligomeric species. These 

species will form particles when the critical water solubility length is reached. Feeney, 

Napper and Gilbert(IS) proposed a refinement of this theory in which it is proposed 

that first colloidally unstable precursor particles are formed as a result of the 

previously described growth of oligomers in the aqueous phase which will coagulate 

with each other and with mature particles to form growing polymer particles. This 

model accurately describes the rate of nucleation in interval I. Recently new 

insights<16>Ct7) and quantification of nucleation models reveal that Inicellar and 

homogeneous nucleation occur concurrently which intuitively is most acceptable. 

Quantification of nucleation is therefore becoming extremely complex. 

2.3 Particle growth 

Once formed and given colloidal stability, particles will take part in the 

polymerization process in interval I, II and ill. The complexity of the kinetics of 

polymerization during these intervals depends on the depth one is prepared to 

investigate. The kinetics are mainly controlled by the distribution and exchange of 

radicals over the various phases and cannot be oversimplified. Models are numerous 

but well described in excellent reviews.<18X19X20> 

The basis rate equation for batch free radical polymerization is: 

Rpo1 =- d[M] = k [M] [R•] 
dt p 

(2.1) 

where Rp.,1 is the rate of polymerization per unit volume, kp the propagation rate 

coefficient, [M] the monomer concentration, and (R•] the radical concentration. In 
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the emulsion polymerization process the main loci of polymerization are the particles 

thus the rate equation must contain the number of particles, N, as well as the 

concentration of monomer and radicals in the particles leading to: 

R = _k"-P_n_c_m_N_ 
P Nav 

(2.2) 

where Cm is the monomer concentration in the particles, ii is the average number of 

radicals per particle and Nav is Avogadro's number. The time evolution of the 

fractional conversion in a batch process, x, is then: 

dx 
dt 

kP Cm N _ -
--..,,.-- n = An 
Nav nmo 

(23) 

where A=~CmN/Navflmo and nm0 is the initially added number of moles of monomer 

per unit volume. Eq 2.3 is valid in interval I, II and III. In interval II ~ and Cm are 

constant at least to within an excellent approximation. In interval III the monomer 

concentration Cm decreases making eq 2.3 hard to use in this form. However, one 

then uses: x = 1- Cm/C...&> leading to C,., = (1-x) Cm0. Introduction into eq 2.3 yields: 

_d ln{l-x) 
dt 

(2.4) 

where xis now the monomer conversion in interval III and defined according to :x=O 

at weight fraction of polymer in the particles, wp=0.6 and x=l at wp=l. Cmo is the 

monomer concentration in the particles at the beginning of interval III. In literature 

kinetic models are proposed claiming to predict fi given an accurate value of ~-

2.3.1 11te average number of radicals per particle 

The value of ii is determined by three processes, namely: 

1. absorption of radicals from the water phase into particles; 

2. desorption of radicals from particles; 

3. bimolecular termination of radicals in the particles. 
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Smith and Ewart<5> were the first in formulating an equation for fi in the form of a set 

of population balance equations describing a number of particles N,, containing n 

radicals: 

dN,. Pa ( - = - [N 1-N] + k [ n+PAT 1-nN J + dt N n- n P'n+ n 

k 
_!! [(n+2)(n+l)N,,.2-n(n-l)N,.] 
v 

(2.5) 

where Pa is the rate coefficient of entry of free radicals, k is the rate coefficient of 

exit of radicals from particles, kt., is the rate coefficient for bimolecular terlnination of 

radicals in the particles and v the volume of a monomer swollen particle. Several 

workers have reported various ways of solving this general set of equations. Slnith and 

Ewart presented solutions for limits in the ratios of entry, exit and termination. 

case 1: (pjN) < < k :ii<<O.S 

This situation is the result of faster desorption as compared with absorption of 

radicals by particles. Consequently, particles contain at most 1 radical at a time and 

on average a number far smaller than unity. Neglecting the extremely few particles 

with more then 1 radical simplifies eq 2.5 to: 

(2.6) 

As in this case there will be far more N0 particles as compared to N1 particles it 

follows N0 1111 N leading to: 

Pa N1 -
- =- =n (2.7) 
kN N 
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case II: k < < (p./N) < < (kJv) : ii=0.5 

This situation is the result of instantaneous termination when a second radical 

enters a particle already containing a radical, and negligible desorption of radicals 

from particles. The time interval between entries varies in random fashion. If a 

radical enters a particle, this particle immediately polymerizes at a steady state rate. 

When a second radical enters, this rate abruptly falls to zero. Under these condition it 

is obvious that the active and inactive periods of each particle are equal in length 

thus: N0 = N1 and N1/N = fi = 0.5. Case I and II are known as the zero-one systems. 

Note that without careful examination one cannot assume that an emulsion system 

will be described with case II approximations. 

case III: (kJv) < < (p./N) :ii>>0.5 

This situations occurs when bimolecular termination is no longer instantaneous 

upon entry of a second radical in an active particle. This case is not relevant for the 

present thesis and will not be discussed. 

Ugelstad et at.<21> extended the general equation for eq 2.5 derived by 

Stockmayer<22> later modified by O'Toole<23>, now including aqueous phase 

kinetics: 

n (2.8) 

where Im and I,,._1 represent Bessel functions of the first kind and m, a and a are 

defined as: 

m = kv /~ 

a = (8a)o.s 

Cl= Pa V / N ~ 
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ii can be calculated by solving equation 2.9: 

a = a' + mn - Ya2 (2.9) 

where: 

a'= Paq v / N kq. 
Y = 2 N kq. ki/ k,, 2v 

where Paq is the rate of radical production per unit of volume of aqueous phase, kq. is 

the bimolecular termination rate coefficient in the particle phase, k1 the termination 

rate coefficient in the aqueous phase and k,, the radical absorption rate coefficient. A 

typical numerical set of solutions including the limited solutions of Smith-Ewart for a 

system with negligible aqueous phase termination (Y =O) is shown in Figure 2.1; 

Smith-Ewart case I, II and III are visualized in the figure. This plot is of tremendous 

significance for the present investigation as will be explained in detail in chapter 5 

(although Y =0 will not hold for the butadiene system) . 

. 
Gr 

Figure 2.1 Ugelstad plot for Y=O 
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Gilbert and Napper contributed and still contribute important work in this 

field. They where the first to present a general solution to eq 2.5 involving modern 

numerical techniques<24>, and reexamination of the Smith-Ewart cases. In their 

treatment of the zero-one equations termination is instantaneous and therefore not 

rate determining. As a consequence, only entry and exit of radicals are taken into 

account. The pseudo first order entry rate coefficient, p, is defined here as the 

average number of free radicals entering a single latex particle per second. In the 

population balance equations only particles with 1 or 0 radicals are considered and 

their populations are normalised according to: 

(2.10) 

(2.11) 

The time evolutions of N1 and N0 are given by: 

(2.12) 

(2.13) 

Eqs 2.12 and 2.13 are solved assuming p and k to be constant yielding: 

(2.14) 

where 1 =2p + k, r.> = p /l and fio is the initial value of ii at t =O. In chemically initiated 

systems fio=O. The expression for the time dependence of ii is an important one. Not 

only will the long time limit yield a steady state (SS) value of the average number of 

radicals per particle, i'iss, but the approach to and the decay from this steady state will 

hold information about p and k. It was first recognised by Gilbert and Napper that eq 

2.14 holds a method of determining p and k experimentally: in the long time limit eq 

2.14 reduces to a familiar result: 
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ii= _P_ 
2p+k 

1!> 

(2.15) 

Eq 2.15 can also be obtained directly from eqs 2.10, 2.12 and 2.13. In case I where k 

> > p eq 2.15 properly reduces to p/k, and in case II where k < < p eq 2.15 yields ii 

= 0.5. In interval II le, and Cm are constant at least to within an excellent 

approximation. The combination of eqs 2.14 and 2.3 is then integrated to yield: 

(2.16) 

An example of the type of curves described by eq 2.16 is presented in Figure 2.2. The 

linear parts of this plot describe the steady state polymerization which can be 

represented by: x(t)=a + bt. The curved parts of the plot describe the approaches to 

steady state and decays from steady state. This sort of plot can be obtained if one is 

able to stop and restart initiation of the polymerization during an experiment (see 

chapter 7). 

1.00 

0.80 

d 
0 0.60 ·;n .... 
13.) 

> 
d 0.40 0 
(.) 

decay 

\ _____. 

\ 
0.20 approach to SS 

0.00 
0 1 2 3 4 5 

time 

Figure 2.2 Model conversion-time curve with approach to steady state and decay from 
steady state regions. 
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Intuitively it is clear that the process needs a certain amount of time to reach a steady 

state since fi is determined by entry and exit of radicals and no exit is possible before 

entry has occurred. The slope of the linear part of such a plot is the left hand side of 

eq 2.3 and hence yields ii given a value for A The slope thus only holds information 

on the ratio of p and k, one needs the information imbedded in the approach to SS 

to obtain values for p and k separately. The information of the approach to SS is 

determined by the intercept of the linear part of the plot x(t) versus t with the y-axis: 

p = -b nss I a (2.17) 

k -b (1-2iiss) /a (2.18) 

where a is the intercept with the y-axis and b the slope of the long time limit of x(t). 

The above described method of determining p and k is known as the slope and 

intercept method. The equations 2are the same for interval m except that eq 2.3 is 

replaced by eq 2.4. 

Gilbert and Napper take into account aqueous phase events and reentry of 

desorbed radicals by introducing the fate parameter a<25
)(1.6). In an attempt to 

simplify the extremely complicated kinetics a is defined as: 

p = Paq + akn (2.19) 

where Paq is the pseudo first order entry rate coefficient for entry originating only 

from aqueous initiator, k is the exit rate coefficient, ii is the average number of 

radicals per particle and a is the fate parameter. If all desorbed radicals reenter the 

particle phase than a= 1, if all exited radicals react with radicals in the aqueous phase 

arising from initiator dissociation than a=-1. After introduction of eq 2.19 into eq 

2.13 the subsequent solution of the differential equation yields a result comparable 

with eq 2.14: 
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ii2 (2ak) + ii (2paq + k - ak) - Paq = 0 (2.20) 

for a=O eq 2.20 reduces properly to eq 2.15. Whang et al.<m extended the slope 

and intercept method by incorporating the fate parameter a. Introducing a into eq 

2.13 yields: 

! = (Paq + akn)(l - ii) + (Paq + k (l + an)) ii (2.21) 

Mathematics comparable to that used in the regular slope and intercept method leads 

to: 

where: 

k A lnF 
2a7J Paq = Gk 

G = [2aa2 +A (1 - a)a] 
A (A 2a) 

2G + (1 - a) + 4aii0 F = 0.5 + -----------..,.,. 
2[4G 2 + (a - 1)2 + 4G(a + 1)]112 

(2.22) 

(2.23) 

(2.24) 

Note that the experimental determination of p and k presumes the adoption of 

certain models therefore, it is ambiguous to compare theories predicting values for p 

and k with values measurl!d by the slope and intercept method. 

Having obtained a way, albeit model dependent, to measure p and k for zero

one systems, theories have emerged that predict the rates of radical absorption and 

desorption. However, these theories are far from generally accepted. Theories 

predicting p and k are introduced and applied in chapter 5, 6 and 7. 
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Chapter 3 Experimental Procedures 

Summary: In this chapter, the chemicals, standard recipes, experimental 
set up and reaction conditions used in both ob initio. and seeded 
polymerizations throughout the investigation, are discussed in detail. 
Methods of analyzing: monomer conversion, gel content and particle size 
distribution, are outlined. The density of polybutadiene prepared in 
emulsion is found to be 0.86 g'Cm..J at 60"C. A new particle sizing 
technique for polybutadiene latexes utilizing a disk centrifuge 
photosedimentometer (DCP) is introduced. Good agreement in particle 
size distribution between the transmission electron microscopy (TEM) and 
the DCP technique was accomplished. 

3.1 Experimental polymerization procedures 

3.1.1 Puriftcation and storage of the chemicals 

23 

Butadiene (DSM Chemicals, Geleen, The Netherlands) was distilled directly 

from a 27 litre storage vessel into a cooled steel recipient. A two isomer mixture of 

tertiary dodecyl mercaptan (IDM), sodium persulfate (Fluka AG, Buchs, 

Switzerland), sodium dodecyl sulfate (p.a. Merck, Darmstadt, Germany), sodium 

carbonate (p.a. Merck, Darmstadt, Germany), and Aerosol MA 80 (Sodium dihexyl 

sulfosuccinate, Cyanamid B.V., Rotterdam, The Netherlands) were all used without 

further purification. Water was doubly distilled and purged with nitrogen to remove 

oxygen. Potassium nitrosodisulfonate (Aldrich Chemie, Brussels, Belgium)( chapter 7) 
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was stored in a desiccator in the presence of calcium oxide lumps and ammonium 

carbonate as described by Zimmer et a1Y> Potassium nitrosodisulfonate was 

dissolved in water that was purged with Argon under heating in order to remove 

oxygen. Fresh solutions were prepared for every polymerization prior to the 

introduction into the reactor by a syringe. Dresinate 214<2><3> (chapter 8) was used 

as a 14.9 wt% aqueous dispersion of potassium salts of disproportionated rosin acid 

soap. 

3.1.2 Ab initio polymerizations 

The emulsion polymerizations were carried out in a stainless steel reactor 

vessel (2.4 litre, K.K. Juchheim, Bernkastel-Kues, Germany) fitted with four baffle 

plates located at 90° intervals and a twelve-bladed turbine-type impeller. In Figure 1 a 

cross-section of the reactor is shown. 

Reactor dimensions in mm: 

turbine position (from top) 112 
turbine diameter 60 
blade diameter 18 
blade height 15 
reactor diameter 134 
baffle diameter 13.4 
reactor height 175 
temp. sensor diameter 4 

Figure 3.1 Cross-section of the reactor used for ab initio polymerizations. 
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The reactor was charged at room temperature with all ingredients under nitrogen, 

except for the butadiene. The head space was cleared of inert gases by flushing 

through gaseous butadiene followed by evacuation. This procedure was repeated 

twice. The amount of butadiene prescribed by the recipe was added last to the 

reactor. After adding all the ingredients, the mixture was emulsified. The rise of 

temperature was taken as the starting point of the polymerizations. Usually the 

desired temperature was reached within 1 % of the total reaction time. Tabel 3.1 

shows the standard recipe used for the ab initio polymerizations. The head space was 

minimized, less then 1 % of the amount of butadiene was in the gaseous state. The 

reaction vessel was thermostated with an accuracy of i==i0.1°C. The agitation rates were 

kept constant over a wide range of latex viscosity using a rotation speed sensor (RE 

166/162, Janke & Kunkel GMBH & CO. KG, IKA-1..abortechnik, Staufen, Germany). 

Table 3.1: Standard recipe for emulsifier free polymerizations. 

ingredients description recipe/(g) 

water 1100 

butadiene 30 wt% final solids•> 470 

potassium persulfate 20x10-3 mohlm·3 b) 6 

potassium carbonate 20x10-3 mohlm·3 3.03 

TDM 1 wt% on monomerCc> 4.7 

turbine rate of rotation 500 rpm 

temperature 80"C 

a) 30% solid content by weight of the final latex at 100% monomer 
conversion. 

b) In the case where the monomer water ratio was changed the amounts of 
potassium persulf ate and potassium carbonate are related to the amount of 
water. 

c) TDM stands for t-dodecyl mercaptan and its amount is related to the 
amount of butadiene since it is dissolved in the monomer. 
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3.1.3 Seeded polymerizations 

The seeded emulsion polymerizations were carried out in a cylindrical stainless 

steel reactor (1180 cm3
, diameter=96 nun, height=205 mm) fitted with four baffie 

plates located at 90" intervals and a twelve-blade turbine type impeller (diameter=60 

nun, placed at the middle of the liquid height level). In Figure 3.2 a cross-section of 

the reactor used for seeded polymerizations is shown. The recipe, listed in table 3.2, 

has been used for all seeded polymerizations unless stated otherwise and is designed 

to minimize the gas cap in the reactor. The polybutadiene is added in the form of an 

emulsifier free seed latex. The preparation of this seed latex will be discussed in 

detail in chapter 4C4>. All the seed latexes have been prepared under comparable 

process conditions. Note that no emulsifier is present in the polymerfaation recipe, 

except for perhaps small amounts of residual emulsifier on the seed latexes of 90 and 

45 nm diameter which were prepared using Aerosol MA 80 and SDS respectively. 

,.. •1 
5cm 

Reactor dimensions in mm: 

turbine position (from top) 113 
turbine diameter 60 
blade diameter 18 
blade height 15 
reactor diameter 96 
baffle diameter 13.4 
reactor height 205 
temp. sensor diameter 4 

Figure 3.2 Cross-section of tlie reactor used for seeded polymerizations. 
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Table 3.2: Recipe and description of seeded interval Ill emulsion 
polymerization beginning at we=0.6. 

component 

polybutadiene 

butadiene 

water 

sodium carbonate 

sodium persulfate 

t-dodecyl mercaptan 

recipe description 

wp=0.6 

40% of maximum solid 
content at 100% 
conversion 

90% of reaction mixture 

variable a) 

variablea> 

1 % on monomer 

recipe 
/(g) 

97.5 

65 

877.5 

0.65 

a) Initiator and buffer are used in equivalent concentrations. However, the 
buffer concentration is never reduced below 10-3 mo/ dm-3 
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The seed latexes used were dialysed until low serum conductivity {<20 µS-cm·1
) was 

observed in order to remove traces of initiator. Literature reports suggest that dialysis 

is an efficient but time consuming method.<5> Other methods are available<6> but 

were found less effective in the present case. 

The following ingredients were added to the reactor under a nitrogen 

atmosphere: seed latex, water, sodium carbonate and IDM. The system was cleared 

of inert gases by flushing the gas cap with gaseous butadiene followed by evacuation. 

This procedure was repeated twice. The desired amount of butadiene was added and 

an emulsion was made by relatively mild agitation (300 rpm). The monomer was 

allowed to swell the seed latex at 25°C for 24 hours. The time needed for complete 

swelling was verified by swelling a small amount of seed latex in a glass vessel 

containing the components in the same ratio as in the recipe, with inhibitor added to 

prevent polymerization. After 3 hours no creaming occurred when agitation was 

stopped. It was concluded that a swelling time of 24 hours was amply sufficient. 
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After swelling the initiator was added as a 50 ml aqueous solution by means of a gas 

tight syringe through a valve. The beginning of the polymerization was taken to be the 

moment when the temperature was raised to 60°C. Usually the desired temperature 

was reached within 1 % of the total reaction time. After 20 minutes the swollen latex 

was allowed to flow through the density meter and the pump was started. During the 

rest of the polymerization, latex was continuously pumped through the density meter. 

After polymerization the reactor and density meter were thoroughly cleaned, 

pressurized and checked for leaks. This was essential since butadiene is a liquified gas 

(r:s7 bar at 6Q°C) and therefore a slight leak has an enormous effect on the accuracy 

in conversion measurements. In Figure 3.3 a flow diagram of the complete set up is 
, 

shown including the reactors depicted in Figures 3.1 (A,B) and 3.2 (D, C are shown in 

the diagram) and the distillation equipment. 

-----l)J1~6 
3 I 

r---;::::::::::;;~====:::;iJ:::-=-==-=-=-==-=-=~======::::::1===::;::+====N2 
BD 

1 JJ1:7 
Figure 3.3 Flow diagram of the experimental set up: 1. reactor C 2. density meter 3. 
membrane piston pump 4. dosage vessel 5. distilled monomer recipient 6. computer 7. 
balance PI: pressure indicator 1R: temperature regulation TI: temperature indicator 
DI: density indicator N2: nitrogen BD: butadiene 
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3.2 Monomer conversion analysis 

3.2.l Gravimetrical analysis of samples 

Gravimetric samples were collected using a high pressure proof syringe. From 

these samples the conversion was calculated via the following equation: 

x(t) 
DS(t) - DSinilial 

DSjiMI - DSinilial 
(3.1) 

where xis the fractional conversion, DS(t) is the dry solid content determined at time 

t of the reaction, DSinitial is the dry solid content at the start of the reaction and DSr.nal 

is the maximum dry solid content at 100% conversion, both latter parameters being 

calculated from the recipe. Conversions assessed in this way were accurate to within 

~0.5%. Even though the gas cap is minimized, a limited percentage of the butadiene 

is present as gas phase in the reactor. This caused a small systematic error for 

gravimetrical conversion data; however, this error is negligible as compared with 

statistical errors involved in the sampling. Nevertheless excessive sampling was 

avoided. Final conversions were measured by 4 gravimetrical samples, usually all 

determined within 1% conversion. Recipes were weighed to within 0.01 g accuracy, 

thus reducing recipe errors on the total reactor volume of 1180 cm3 to negligible 

values. 

3.2.2 Monomer conversion analysis by on-line densitometry 

The use of Anton Paar density meters in emulsion polymerization has been 

described elsewhere.<7)(S) The density meter was calibrated with 6 different liquids 

with densities spanning the range of density fluctuations occuring during 

polymerization. The signal of the density meter varies linearly with density within the 

relevant range. The calibration is incorporated in the computer program that records 

density data in 30 second intervals throughout the reaction. The polymerizations were 

performed in interval III (absence of monomer droplets) to enable densitometry to be 
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accurately applicable. Due to the specific properties of butadiene (viz. its low viscosity 

and large density difference between monomer and water), creaming of butadiene is 

rapid. Consequently the absence of monomer droplets (interval III) is desirable for 

the prevention of phase separation which would make densitometry untenable. On the 

other hand the large density difference between monomer and polymer makes the 

butadiene system particularly suitable for monitoring the polymerization rate by 

densitometry. In order to calculate conversions from density data one must either 

assume ideal mixing of monomer and polymer or calibrate the density readings. 

Weerts et a1.<9><10> reported that mixing of butadiene and polybutadiene is not 

ideal but that the mutual solubility of monomer and water is low enough to be 

ignored. Gravimetrical conversion data are used to calibrate density data by plotting 

gravimetrical conversion versus density at corresponding reaction times (see Figure 

5.1). The correlation produced is used to transform the density data into conversion 

data (x). The densitometric technique seems well suited and accurate for this system, 

even when considering that heterogeneous mixture of water and a monomer swollen 

polymer at 60° C, the polymer having a glass transition temperature as low as -86°C, 

is pumped through a glass cell at a pressure of 7 bar. Filtering of the raw density data 

was found to be unnecessary. The conversion calibration of the density data is always 

based on an interpolation between gravimetrical data, never on an extrapolation. The 

conversion data are transformed into plots of -In (1-x) versus time. The slope of the 

linear part of these plots is determined by linear regression. Generally some 1000 

data points are used to create the -ln(l-x) versus time plots. 

The density of polybutadiene at 600C was obtained from measurements on a 

polybutadiene latex, using a Anton Paar DMA 55 internal density cell combined with 

determination of the solid content of the latex. The density of the polybutadiene was 

found to be 860 kgnr3
, independent of particle size and gel content (see Table 3.3). 

This is an important result since the density of polybutadiene at the reaction 

temperature is needed to calculate the monomer concentration in the particles. 
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Table 3.3: Density of polybutadiene, PPB> determined from seed latexes of varying 
weight average particle diameters, d,.. and polydispersity, P, and gelcontent. 

d,.. p gel content Pm 
/(nm) /(-) /(%) /(kg1D.3) 

235 1.()()7 51.0 0.860 

207 1.010 76.1 o.~60 

216 1.014 49.3 0.858 

190 1.020 69.1 0.861 

3.2.4 Monomer and polymer concentrations in seeded systems 

The monomer concentration in the particles at the start of the polymerization 

in interval Ill (a constant) was calculated according to: 

Mbat 

c"'° 
MW/Jl# (3.2) 

Mbat MPB 
+--

pbl# PpB 

where Mbu1 is the initial mass of butadiene utilised in seeded systems (see Table 3.2), 

MWbut is the molecular weight of butadiene, Pbut is the density of butadiene at 60"C, 

and Mm is the initial mass of polybutadiene utilised. The slight volume contraction 

occurring when mixing polybutadiene and butadiene is not compensated for, causing a 

small systematic error in Cm!l' The initial number of moles of butadiene per unit 

volume of water at the start of the seeded polymerization was calculated according to: 

(3.3) 

where M..accr is the initial mass of water utilised. 
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3.2.S Network formation and gel content determination 

The degree of network formation in the seed latex particles is restricted to 

moderate levels by the use of t-dodecyl mercaptan and therefore the swelling of the 

polymer with monomer was not significantly affected. This finding is in agreement 

with literature data.<9>cn>c12> BhakuniCll) and Weerts et al.C9>U0> reported that Cm is 

unaffected by moderate network formation in the polymer particles and independent 

of particle size for the range utilised in this work. The degree of network formation in 

the polymer particles was characterized by the gel content. The gel content was 

measured with a toluene extraction methodC9><12> and is based on the extraction of the 

soluble fraction of the polybutadiene. The insoluble residue is by definition the gel 

fraction. The polybutadiene is isolated from the latex by precipitation, washed and 

dried. An accurately weighed sample of 1 g is dissolved in 100 ml of toluene and 

moderately agitated for 48 hours. The solution is filtered and 50 ml of filtrate is 

evaporated until constant weight The gel content is calculated according to: 

(w -2w) 
gel content = PB F (3.4) 

WPB 

where wp8 is the weight of the PB sample and Wp is the weight of the dried filtrate. 

3.3 Latex particle characterization 

3.3.1 Photo correlation spectroscopy 

Photo correlation spectroscopy (PCS) (Malvern Autosizer Ile 90" fixed angle, 

Springlane, Malvern, Worcestershire, England) was performed on diluted and filtered 

(Acrodisc, Gelman Sciences, Ann Arbor, USA) latex samples at 25°C. Particle 

diameter values obtained using PCS and TEM compare quite acceptably in the 

diameter range of 50 - 200 nm. Increasing differences between the TEM and PCS 

values are found for particle diameters above 200 run. 
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3.3.2 Transmission electron microscopy 

The average particle diameter and the particle size distribution were measured 

using transmission electron microscopy (IBM, Jeol 2000 FX) in combination with 

Os04 staining techniques. Typically some 1000 particles were counted (Zeiss TGA-10 

particle analyzer) on a micrograph taken from various parts of the IBM sample grid. 

Calibration of the measured particle diameters was performed with specimens of 

known diameter. The particle diameters considered in this thesis are weight average 

diameters, d.,. number average particle diameters, d11 and surface average particle 

diameters, d,. Particle size distributions of the seed latexes used were extremely 

narrow (typical polydispersity s:=l.01). Polydispersity (P) is defined as dw/d11• 

3.3.3 Disk centrifuge photosedimentometry 

Summary: Polybutadiene latexes with diameters ranging li"om SO nm to 
300 nm of both unimodal and bimodal particles size distributions were 
analyzed by the line-start (LIST) method in a Brookhaven Instruments 
Disk Centrituge Photosedimentometer. A special spin Ouid was designed to 
be able to sediment polybutadiene since the density of the polymer is 0.89 
g-cm"" and it is thus less dense than its suspending medium. Density and 
viscosity gradients were created simply by sequentially adding 5 dit'f'erent 
mixtures of ethanol, water and emulsiner in sequential density to the 
spinning disk. Coagulation problems caused by diluting polybutadiene 
latices with ethanol were overcome by using nonionic Triton X-100 
surfactant. Good agreement in the average particle size and distribution 
as well as in polydispersity was accomplished between Transmission 
Electron Microscope and Disk Centrifuge Photosedimentometer data. The 
analysis time for polybutadiene latex particle sizing was thus reduced li"om 
several days to approximately one hour. 

3.3.3.1 Introduction 

Polybutadiene (PB) latex is an important industrial emulsion polymerization 

product produced in enormous quantities annually. PB latex is used in a wide variety 

of applications in which often particle size and size distribution are important 

parameters in determining the final product characteristics. PB latexes are often 
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purposely produced having a broad or bimodal particle size distribution '(PSD). 

For analysis of the average particle size of polymer latexes with a relatively narrow 

PSD a wide variety of commercially available equipment is at hand. However, for the 

analysis of broad particle size distributions accurate data is hard to obtain. Dynamic 

light scattering is unsatisfactory for latexes with particle sizes varying over a wide 

range due to the stronger scattering of light by the larger particles. The classical way 

of determining the PSD of PB latices is Transmission Electron Microsc9py. However, 

due to the low glass transition temperature, Tg of the polymer (-86°C) dense cross

linking (Le. staining) is necessary. Staining of the final latex by osmium tetroxide 

(Os04) is a tedious and dangerous practice. Counting particle sizes from electron 

micrographs is unimaginative and time consuming work. The difficulty of preparing 

representative samples requires the counting of at least 1000 particles. Analysis times 

for any TEM measurement are long (several days) and thus absolutely unfit for 

product control during manufacturing. TEM image analysis provides powerful means 

to overcome the counting but not the specimen preparation problems. Field Flow 

Fractionation (SF3) and Hydro Dynamic Chromatography (HDC) in principle provide 

means of particle size analysis that overcome the TEM specimen problems. However, 

in this thesis a new and simpler way of determining particle size and size distribution 

of PB latexes is presented, namely the disk centrifuge technique. 

A commercially available disk centrifuge equipped with a photo electric 

detector, computer and software was utilised in this study (Brookhaven BI ncpC13> 

from now on denoted as DCP) for the analysis of particle size and distribution by 

means of sedimentation. The DCP can be used in the particle range of 10 nm to 60 

µm for a wide variety of colloids like polystyrene latexes, silver bromide colloids and 

titanium oxide pigments. Separation of particles is based on Stokes law<14> for 

sedimentation of particles in a centrifugal force field: 
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2 18 11 In (RiR,,.) 
d =------

"' '• .i1p n2 
(3.5) 

where dw is the particle diameter, 11 is the viscosity of the spin fluid, Rd is the radius 

at which the detector is positioned, Rm is the radius at which the sample enters the 

meniscus of the spin fluid, n is the rotational speed of the disk, .i1 p is the density 

difference between the particles and spin fluid and ts is the time needed for a 

spherical particle to sediment to the detector. The theory concerning the 

sedimentation and detection is well described in literature.<15> The apparatus 

creates the necessary centrifugal force field in a hollow PMMA disk that is filled with 

the so called spin fluid. The sample is injected near the axis of the disk and the 

detector is positioned near the perimeter of the hollow cavity inside the disk. This 

short description of the equipment shows it is designed to sediment colloids with a 

specific density larger than that of the spin fluid utilised. Generally the criteria for 

disk centrifuge operation are: 

1. The density of the sample dispersion (i.e. suspending medium and 

particles) must be less than that of the spin fluid in order to prevent 

rapid flow of sample into the spin fluid upon injection. 

2. Particle density must be higher than that of the spin fluid in order to 

cause sedimentation instead of creaming. 

3. Viscosity of the suspending medium must be adjusted slightly higher 

than that of the spin fluid. 

4. Spin fluid must be compatible with the suspending medium of the 

sample in the sense that coagulation of the colloid needs to be 

prevented at all cost. 



S. Refractive index difference must exist between spin fluid and p?-rticles 

otherwise photo electric detection is impossible. 

In the generally accepted procedure of operating the disk centrifuge known in 

literature as the Line-start method (LlST)<16>, a sample is injected into the spinning 

disk after which the particles sediment to the detector. Another method, the 

Homogeneous-start method (HOST)<16> is reported for analysis of colloids with a 

specific density lower than that of the spin fluid and of its suspending medium. The 

sample is diluted in the rotor and creams towards the axis of the spinning disk. 

Although this is of current interest for low density systems like polybutadiene, the 

HOST method has not been explored since the available equipment is not suited for 

this mode of analysis. 

For colloids like polystyrene latexes, silver bromide and Ti02 pigments 

literature reports spin fluids usually consisting of mixtures of water, sucrose, glycerol 

and methanol depending on the density and viscosity needed. However, these spin 

fluids are not suitable for sedimentation of PB latexes. The density of polybutadiene 

made in emulsion is 0.89 g-cm..J at 25°C as determined by (latex flow through) a 

density meter (Anton Paar DMA 401, Graz Austria). The density and total miscibility 

requirements led to spin fluid mixtures of water and relatively large amounts of small 

alcohols like methanol, ethanol or propanol. 

Coll and Searles<17> report that a spin fluid has to be built up in density and 

viscosity gradients to cushion the hydrodynamic shock of the particles as they enter 

the spin fluid. The gradients provide laminar flow thus avoiding what is called 

streaming. Streaming iS the effect<17> that small bands of sample break through the 

sample layer and disturb the analysis. The causes of streaming and band broadening 

are well documented.<14><13><19><1.0><21> Coll and Searles describe a method of 

making an external density gradient and transferring this into the disk. However, 

many workers in the field use the so called buffer layer method. In this method a layer 

of pure solvent is introduced on top of the solute containing spin fluid, followed by 
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mixing of the layers through accelerating or slowing down the disk speed. In this 

manner the layer smoothly mixes with the spin fluid and forms the required gradients. 

In this paper a more straightforward approach is used to create a density and viscosity 

gradient capable of analyzing the average particle size and PSD of PB latexes. 

3.3.3.2 Experimental 

The PB latexes used were prepared by emulsifier free emulsion 

polymerization. Full experimental details are given in chapter 4,C4> The PB latexes are 

dialysed against doubly distilled water for several days until a constant conductivity 

was reached equal to that of the water used. Note that the latexes used were 

extremely stable against mixing with solvents like methanol, ethanol, propanol and 

acetone. 

For control purposes the particle size and size distribution were first 

determined by IBM (Jeol 2000 FX) in combination with osmium tetroxide staining 

techniques. Typically some 1000 particles were counted (Zeiss TGA-10 particle 

analyzer) on a set of micrographs taken from various parts of the IBM sample grid. 

The solvents methanol, ethanol and propanol were examined for use as spin 

fluid. Methanol and water mixture gradients seemed incapable of stabilizing the spin 

fluid enough to prevent streaming and band broadening. The density differences 

between pure methanol and polybutadiene are small thus creating ineffectual 

gradients. The viscosity gradients suffer from the same disadvantage. Mixtures of 

propanol and water were unsatisfactory because relatively high viscosity prolonged the 

analysis time during which latex coagulation was causing excessive band broadening. 

The selected spin fluid was prepared as a mixture of ethanol, Triton X-100 

nonionic surfactant (Janssen Pharmaceutica B.V., Tilburg, The Netherlands) and 

water by making 5 different solutions of 3 ml of 68, 76, 84, 92 % ethanol and 2 ml of 

100 % ethanol going from detector to injection level. The problem of latex 



38 Chapter 3 

coagulation was overcome by adding 5% Triton X-100 to the ethanol. The density 
I 

and viscosity gradients were formed by injecting the 5 mixtures in proper sequence 

(see Table 3.4) in the spinning disk. It was not necessary to accelerate or slow down 

the disk speed to mix the layers doing so even evoked poor results. It is assumed that 

the layers will be mixed to an adequate degree by injection of the liquids. After 

creating the gradients in the spin fluid the equipment was left spinning for 15 minutes 

to acquire a steady base line. The set-up was then ready for injecting the sample. 

The density of the spin fluid components was determined using a density meter 

(Anton Paar OMA 55, Graz. Austria). The density meter was calibrated with distilled 

water and p.a. toluene at 20"C. The viscosity of the spin fluid was determined using a 

viscosimeter (Ubbelohde Capillary Viscosimeter CT1450, Schott Gerate GMBH, 

Hofheim, Germany) which was calibrated at 20"C. The densities measured in the 

density meter are also used in the calculation of the viscosities. 

The samples used in the disk centrifuge are dilute solutions of latex in ethanol 

(and 5% Triton X-100) since the total density of the sample must be lower than that 

of the spin fluid. Approximately 0.5 ml of latex of 30 % solid content was added 

dropwise to 15 ml of an ethanol and soap mixture under constant mild agitation. The 

total number of particles analyzed this way is about 1013 times larger as compared 

with TEM analysis. The repi:esentability of the samples under dilution with solvent in 

terms of the occurrence of any possible coagulation was checked by dynamic light 

scattering (Malvern Ile). 

3.3.3.3 Results and discussion 

The main aim of this paragraph is to show that the disk centrifuge method is 

capable of determining the PSD and average particle size of PB latexes, i.e. a colloid 

of a density lower than its suspending medium. 

The densities of the spin fluid components are listed in Table 3.4. The average 
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density of the spin fluid mixture is calculated to be: p = 0.839 g·cnf3• Introducing the 

densities of Table 3.4 in the calculation of the viscosities of the spin fluid components 

yields the results also shown in Table 3.4. The average viscosity of the spin fluid 

mixture is: ri = 1.881 cp. The average viscosity and density have been calculated 

according to equation 3.6: 

- 2l: l00% + 3E 9:2% + 3E S4% + 3E 76% E=------------ (3.6) 
11 

where ~ is either viscosity or density. The spin fluid containing 68% ethanol is 

omitted from the average since this part of the spin fluid mixture is positioned in the 

spinning disk beyond the detector. It serves as a reservoir for the particles that passed 

the detector. 

Table 3.4: The densities, viscosities and injection order of the spin 
fluid components. 

spin fluid component density viscosity inject. 
order 

/(wt% ethanol) /(gcm-3) /(cp) 

100 0.806 1.358 5th 

92 0.827 1.677 4th 

84 0.846 2006 3rd 

76 0.866 2.309 2ru1 

68 0.882 2.655 pt 

In Figure 3.4A and 3.4B the cumulative distributions of a PB latex with narrow PSD 

measured by TEM and the disk centrifuge are compared. Obviously both the average 

particle size and PSD are in good agreement. For disk centrifuge 

photosedimentometry the apparent diameter measured is proportional to the square 

root of the inverse density difference between the particles and the suspending 

medium. Cl
3
) The differences observed between the DCP and TEM measurements are 

therefore probably not explained by inaccuracies in the determination of the spin 

fluid density or viscosity. It is more likely that the cause of the differences between 
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TEM and DCP lies in the way the measurements take into account the particle size 

distribution. 
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Figure 3.4A The cumulative number 
PSD of a PB latex measured with 
TEM:", dn = 159 run and <lw = 166 
nm; and measured with DCP;11, and dn 
= 152 run and <lw = 157 run. 
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Figure 3.48 The cumulative number 
PSD of a PB latex measured with 
TEM:" dn = 226 run and <lw = 228 
nm; and measured with DCP;11, and d

0 

= 224 run and <lw = 227 run. 

In Figure 3.5A and 35B the analysis of a two PB latex mixture (1:1 ratio in 

polymer particles), resulting in a bimodal PSD is shown together with the TEM PSD 

analysis of the separate latexes. In Figure 3.5A the two signals of the bimodal 

distribution were analyzed simultaneously and compared with TEM data. In Figure 

35B the two peaks were analyzed separately and compared with the separate sets of 

TEM data of the separate latices. The disk centrifuge appears to be capable of 

separating the two particle populations provided the average particle sizes are not too 

close together. The average particle sizes of both latexes as determined by DCP is in 

good agreement with the TEM data. 
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Figure 3.SA The cumulative number 
PSD of a PB latex blend measured 
with TEM: ""• dn = 193 nm; and 
measured with DCP:.t., d., = 191 nm. 
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Figure 3.SB The cumulative number 
PSD of a PB latex blend measured 
with TEM: latex 1: ""• d11 = 159 nm and 
~ = 166 nm latex 2:.,, d,, = 226 nm 
and ~ = 228 run; and measured with 
DCP: latex 1:.t., dn = 150 nm and d,, = 
153 nm latex 2:v, dn = 224 run and ~ 
= 227 nm. 

In Fig. 3.6A and 3.6B the number and weight cumulative particle size distributions 

are shown of a broadly distributed PB latex. TEM detects smaller particles than the 

disk centrifuge. This effect obviously shows up in a less pronounced way in the weight 

average particle diameter. The disk centrifuge seems to underestimate the small 

particles with a diameter below 100 run. This phenomenon was observed on several 

occasions. The problems of detection of small particles in the presence of large 

particle is well known.<15> The broadness of the distribution also makes the TEM data 

less accurate. Although about one 1000 particles are counted from the micrographs 

this number is very small as compared with the particle number concentration of such 

a latex. The true distribution is therefore hard to obtain and probably lies between 

the values provided by TEM and DCP. In Table 3.5 the average particle size and 
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polydispersity are given for the distributions depicted in Figures 3.4 to 3.6. The 

agreement between TEM and disk centrifuge is quite acceptable. 
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Figure 3.6A The cumulative number 
PSD of a PB latex measured with 
TEM;•, dn = 144 run, and measured 
with DCP;A, and dn = 154 nm. 
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Figure 3.68 The cumulative weight 
PSD of a PB latex measured with 
TEM;•, dw = 160 nm, and measured 
with DCP;A. dw 161 nm 

Table 3.5: Number average diameter, dn /(nm), weight average 
diameter, dw /(nm), and polydispersity, dw/dn, determined 
by DCP and TEM. 

DCP TEM 

Figure dn dw dw/dn dn dw dw/dn 
/(nm) /(nm) /(nm) /(nm) 

lA 152 157 1.033 159 166 1.044 

lB. 224 227 1.013 226 228 1.009 

2B latex 1 150 153 1.020 159 166 1.044 

2B latex 2 224 227 1.013 226 228 1.009 

3A&B. 154 161 1.045 144 160 1.111 
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3.3.3.4 Conclusions 

It was possible to create a spin fluid with adequate density and viscosity 

gradients by sequentially filling the spinning disk with 5 different layers. It has been 

shown possible to analyze polymer particles of a density lower than that of its 

suspending medium by diluting the latter with a completely miscible solvent of lower 

density than the suspending medium and the colloid. Using this technique it has been 

shown that the overall agreement between results from 1EM in combination with 

Os04 staining techniques and those from the disk centrifuge is satisfying in average 

particle size, PSD and polydispersity. Inherently the number of particles analyzed by 

the disk centrifuge is 1013 times larger as compared with 1EM analysis. The analysis 

times of the disk centrifuge including the preparation of the samples are ~1 hour 

depending on the particle size of the sample at hand. This is a considerable 

advantage over 1EM analysis which usually requires several days. The representability 

of the sample is not affected by dilution in the solvent as was shown by dynamic light 

scattering. 

3.3.4 Particle number concentration 

The number concentration of particles, N, per unit volume of water is 

calculated from: 

N "' 6 x (M/W) P,.. 
% 

(3.7) 

where x is the fractional monomer conversion, dx is the number, weight or surface 

average particle diameter, (M/W) is the monomer to water weight ratio, p.,, the 

density of water at 6C>°C and PPB the density of polybutadiene at 6C>°C. Special care 

was taken to inspect the particle size distributions of both the seed latex and the 

seeded latex by 1EM for any possible occurence of secondary nucleation or 

coagulation. Neither phenomenon was ever observed during the seeded 

polymerizations as used here. 
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Chapter 4 Emulsifier free butadiene emulsion polymerization 

Summary: Emulsifier free emulsion polymerizations were performed over a 
temperature range of 60°C to 90°C leading to latexes of 30% to 60 % final 
solid content of excellent colloidal stability. The particle sizes of the 
latexes varies from SO to 300 nm. The latexes can be made with both 
narrow and broad particle size distributions. The latexes obtained with 
narrow particle size distributions are particularly suited for use in seeded 
polymerizations and model colloidal studies. The unique properties of the 
butadiene emulsifier free emulsion polymerization system are attributed to 
the chemical structure of the water soluble and surface active oligomers 
produced in the process, the relatively high monomer solubility in the 
water phase and the relatively low rate of the butadiene polymerization in 
general. The critical micelle concentration (CMC) of the surface active 
oligomers is reached and therefore nucleation is possibly micellar in 
nature in interval I. The particle size distributions are sensitive to the 
impeller speed applied during polymerization. A coagulation-induced 
mechanism of nucleation was derived, explaining the effect of high 
impeller speeds in interval II and Ill. Other explanations of the observed 
behaviour could be refuted on the basis of experiments. 

4.1 Introduction 

45 

Despite the enormous volume produced annually, very little is reported in 

open literature about the emulsion polymerization of butadiene. Whereas the 

literature available on the emulsion polymerization of butadiene may be sparse, the 

literature on the emulsifier free emulsion polymerization of butadiene is even more 

rare. Wendler et aJ.OX2X3X4) discussed emulsifier free emulsion polymerization 

of butadiene in the presence of bis-(alkyloxythiocarbonyl)-disulfanes; final conversions 
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were about 10%. An interesting paper on the emulsifier free emulsion polymerization 

of styrene-butadiene copolymers was published by Willes.<5> In this paper final 

conversions of 100% and a final solid content (by weight) of the latexes of 33% were 

reached. Willes<5> reports on the effect of initiator concentration, chain transfer agent 

concentration, pH and monomer to water ratio. The final particle sizes were in the 

range of 200 to 500 nm. Weerts et ol.<6> mention emulsifier free emulsion 

polymerization, but only up to 10% solid content of the latexes. Final particle sizes 

were about 170 nm and the particle size distributions were extremely broad. This 

chapter deals with the emulsifier free emulsion polymerization of butadiene in which 

process parameters like reaction temperature, impeller speed and solid content of the 

latexes have been varied over a wide range. 

In general, reducing the emulsifier charge or even performing emulsifier free 

emulsion polymerization is acknowledged as a means of improving product properties, 

since emulsifiers often adversely affect adhesive strength, water resistance and colour 

properties. If particles are stabilized by charged species, of which some are chemically 

bound to the polymer, product treatment reducing the emulsifier coverage can be 

performed while preserving the latex stability. Latexes polymerized in the absence of 

emulsifier are to be preferred in model colloid chemical studies. The emulsifier free 

emulsion polymerization has been thoroughly examined for the styrene system only. 
(7)(8)(9)(10)(11)(12) 

One of the most important aspects of emulsifier free emulsion polymerization 

is its homogeneous nucleation mechanism.<1°l<13l Since micelles are not present, 

nucleation occurs in the aqueous phase. In the case of a persulfate initiated 

polymerization the oligomers formed in the water phase may either grow to a size at 

which the oligomers are no longer water soluble and collapse to become precursor 

particles, or they propagate to a size at which they become surface active and 

subsequently will be absorbed by already existing particles.<14lC15l Of course the 

latter possibility can only take place when particles are present. Hence at the start of 

an emulsifier free emulsion polymerization oligomers will form particles until enough 
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particles are available to absorb all oligomers.<16) The oligomers .!lbsorbed by 

particles thus may initiate the polymerization in these particles, as well as stabilise the 

particle with terminated oligomeric species. Recently it has been proved possible to 

determine qualitatively the presence of butadiene oligomers in the water phase using 

isotachophoresis. cm A polybutadiene latex particle formed in an emulsifier free 

emulsion polymerization is stabilized by the charges of the sulfate end groups and 

surface active oligomers, some of which will be chemically bonded to the surface of 

the particle. The term emulsifier free emulsion polymerization is therefore not 

entirely correct since surface active species are formed in situ. 

Polybutadiene latexes are often used as seed latexes for the polymerization of 

other monomers, in order to prepare impact modifiers within a matrix of glassy 

polymer, as for instance in ABS (acrylonitrile-butadiene-styrene) production. It is a 

well-known fact that latexes polymerized below the CMC or in emulsifier free systems 

have narrow particle size distributions. The aim of the investigation described in this 

chapter is to find means of producing highly monodisperse and well-defined latexes 

suiteable for use as seed latexes in the seeded polymerization studies presented in the 

chapters 5, 6, 7 and 8.<19> 

4.2 Results and discussion 

4.2.1 Conversion time curves 

Figure 4.1 shows normal sigmoidal curves with a linear part in interval II 

polymerized using the standard recipe (see Table 3.1). The linearity in interval II 

indicates a normal steady state post-nucleation period. The nucleation behaviour 

shown in Figure 4.1 is remarkably different from emulsifier free styrene behaviour 

where very short nucleation times are found.<18> Nucleation is expected to be 

homogeneous in nature because of the absence of added emulsifier. However, 

indications will be given for a micellar nucleation mechanism. Note that there is very 

little difference in nucleation time and steady state rate of polymerization slope in 
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interval II, indicating surprisingly good reproducibility of the ab initio polymerizations. 

Figure 4.2 shows a normal curve of monomer conversion and particle number versus 

reaction time for a polymerization according to the standard recipe but now without 

IDM. The number of particles plotted in Figure 4.2 levels off at the beginning of 

interval II (taken to be the beginning of the steady state rate of polymerization slope 

of the conversion time curve), and narrow size distributions are to be expected. 
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Figure 4.1 Conversion /(%) versus 
time /(min) curve for standard 
polymerizations, impeller speed 500 
rpm. 
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Figure 4.2 Conversion /(%) (A) and 
weight average particle number 
measured by DI.S, Nwots (D) versus 
time /(min) for a standard 
polymerization but without TDM, 
impeller speed 500 rpm. 

The latexes formed by polymerization according to the standard recipe of Table 3.1 

with a final solid content of 30 % by weight have a perfect colloidal stability. The 

latexes show iridescence typical of narrow size distributions. Coagulum formation was 

negligible during the reaction, so reactor fouling is absent. The stability of the latexes 
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is not affected by dilution in water or solvents such as methanol and acetone. This is 

a unique property since latexes stabilized with rosin acid soaps are easily coagulated 

in this way. The reason for this peculiar behaviour may be the chemical bonding 

between the stabilizing species and the polymer, but further investigation is needed. 

The gel fraction of the polymers, determined by the toluene extraction method (see 

chapter 3)<19
), is a function of final conversion and varies between 40% and 70%. 

4.2.2 High solid experiments 

In order to expand the solid content range, efforts have been put into making 

emulsifier free latexes of butadiene with 50% and 60% solid content It is very 

difficult to produce such latexes when using the normal procedures and stirring 

devices. At high fractions of dispersed phase, turbine impellers will not provide 

sufficient agitation as these impellers are designed for low viscosity systems. 

Therefore a low pitch helical ribbon agitator was chosen for these polymerizations. It 

takes several days to polymerize a high solid latex up to near 100% conversion. The 

initiator concentration rapidly decreases long before high conversions are reached due 

to a high dissociation rate at the elevated reaction temperature of 80°C (Jc.i=9.2x10-S 

(20>). Since initiator decomposition products are mainly stabilizing the particles, a 

decrease in production of these species combined with their degradation by hydrolysis 

of the sulfate end groups, leads to coagulation after two or three days of reaction 

time. In order to prevent a rapid decrease of the initiator concentration. and also to 

ensure enough radicals are formed during the nucleation interval (to maximize the 

initial particle number concentration), temperature profiles are needed during these 

polymerizations. The final particle size is determined by the reaction temperature 

during the nucleation interval (800C, 4hr), thus allowing a lower reaction temperature 

(600C) in interval II and m. Note that the temperature profiles are only used in high 

solid (<?50%) recipes. The initiator concentration then can be maintained at an 

acceptable level during the polymerizations which ensures monomer conversions up to 

90%. The products resulting from the use of the described temperature profiles are 

high solid emulsifier free latexes with 50% and 60% solid content. In literature we 
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found no record of emulsifier free latexes exceedin~ 50% solid content. 

4.2.3 Comparison of the styrene and butadiene emulsifier free emulsion 

polymerization 

Chapter 4 

The author considers it highly probable that the above listed unique properties 

of the butadiene emulsifier free system are caused by the chemical structure of its 

water soluble oligomers. Using persulfate as initiator, sulfate radicals will form 

oligomers by adding 8 to 12 carbon atoms or 3 to 4 monomer units.<17> These 

oligomers will become surface active at a degree of polymerization of 3<15> and are 

quite comparable with well-known surfactants like sodium dodecyl sulfate. This 

emulsifier made in situ will eventually reach a relatively high emulsifier concentration. 

The initiator concentration is 20x10-3 mol-dm-3
• If all initiator molecules would form 

emulsifier molecules then an eventual emulsifier concentration of 40x 10-3 mol -dm-3 

could be reached since persulfate dissociates into two radicals. At 80 °C persulfate 

will rapidly dissociate, the half life is approximately 2 hr (ln2/Jc.i, see Table 4.2) so 

after 4 hr (the nucleation time) 75% of the initiator has dissociated, thereby forming 

a maximum emulsifier concentration of 30x10-3 mol-dm-3
• This maximum will 

probably not be reached since some sulfate radicals will be terminated in the water 

phase before adding sufficient monomer units to become surface active and some of 

the surface active oligomers will be incorporated in polymer chains. :However, the 

CMC of the emulsifier made in situ might easily be surpassed making micellar 

nucleation possible. The CMC of SDS at the conditions of the polymerizations (20 

mM of persulfate and carbonate) was measured and found to be (0.8±0.l)xl0-3 

mol-dm-3
• The air-water interfacial tension at this CMC is 34±2 dyne cm·1• In order 

to quantify the oligomer concentration in the water phase and to verify if it would be 

possible to reach the CMC, polymerizations were performed at 60°C and an impeller 

speed of 750 rpm according to the recipe presented in Table 4.1 
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Table 4.1: Recipe for emulsifier free emulsion polymerization of butadiene at W'C 
resulting in 10% final solids content. 

parameter description value 

water 1634.4 g 

butadiene 10 wt% final solids•> 181.6 g 

potassium persulfate 20x10.a mohlm-3 8.84g 

potassium carbonate 20x10-3 mohlm-3 4~52 g 

IDM Og 

impeller speed 750 rpm 

temperature W'C 

a) 10% solid content by weight of the final latex at 100% monomer 
conversion. 

The interfacial tension at the latex and air interface of samples collected during 

polymerization was measured by the DuNouy ring method. Note that the butadiene 

emulsion system is exceptionally suitable for this type of measurement since the 

monomer easily evaporates and does not influence the measurement. The results are 

shown in Figure 4.3. The interfacial tension of a latex sample is thought to be 

indicative of the concentration of surfactant-like species in the water phase, in 

analogy with a standard tensiometric titration to determine a CMC (as was done for 

SDS). Very soon after the start of the polymerization (in Figure 43 only the very 

beginning of the polymerization is shown) a maximum concentration of surfactant like 

species was formed (i.e. a low interfacial tension). The concentration of oligomers 

then remains constant during a certain period of time. During this time the 

concentration of emulsifier-like oligomers must rise since it was observed that while 

talcing a sample, markedly more foam was created upon spraying the latex in a flask. 

The constancy of interfacial tension, while at the same time an increase in the 

emulsifier-like species concentration is suspected by observation of the latex 

behaviour, provides a strong indication that the CMC of the oligomeric surfactant is 

reached and even surpassed. 
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Figure 4.3 Interfacial tension at the latex and air interface /(dyne cm"1) (4) and 
conversion /(%) (0) versus time /(min) at the start of a polymerization using the 
recipe listed in Table 2. A schematic representation of the interfacial tension is given 
by the dotted line. 

This is an important result because concentrations high enough to form micelles 

explain the large number of particles (N~ 1016 dm"3
) formed in the emulsifier free 

emulsion polymerization of butadiene. The formation of micelles, however, is not 

unambiguous proof of the occurence of micellar nucleation, since both homogeneous 

and micellar nucleation will benefit from a large in situ created surfactant 

concentration. The interfacial tension value at CMC of the present system is higher 

than of SDS: this could be due to structural differences between the surfactants. After 

particle formation is completed the interfacial tension increases to the value 

measured at zero percent conversion and a value close to the value of pure water (70 

dyne cm -1) in interval II and III (not visible in Figure 4.3, but depicted in Figure 4.4). 
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Figure 4.4 Interfacial tension at the latex and air interface /(dyne cm"1) versus 
conversion for a polymerization at 60"C using the recipe listed in Table 4.1. 

When comparing the monomer water solubility of styrene (4.5 mohJm·3 CB>) 

and butadiene (37 mol -dm-3 <20) it becomes obvious that the butadiene system 

could produce a ten-fold concentration of oligomeric species as compared with the 

styrene system, although the styrene oligomers become surface active at a lower 

degree of polymerization, z=2(1S) The attainment of the CMC of the oligomeric 

surfactant as for example in the case of polybutadiene is explained by the fact that at 

the start of an emulsion polymerization, even if oligomers reach surface activity, there 

are no particles available to be absorbed by. Meanwhile aqueous termination is rapid 

and dead oligomeric material at surface active length is formed. The butadiene 

system is known to polymerize at a low rate in general. This low rate is most likely 

caused by 'in-particle' kinetics, or more specifically, by a high value of the rate 

coefficient of exit of radicals from particles.<19><22> Thus particles formed in the 

emulsion polymerization of butadiene grow slowly as compared with styrene emulsion 

polymerization whereas the rate of oligomer formation in the water phase is 

comparable with, or even higher than in the case of styrene. This means that more 
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oligomeric surfactant is produced in situ by aqueous phase termination: a mechanism 

that in principle allows the CMC to be reached. 

4.2.4 Ell'ect of Initiator concentration 

Despite the fact that in interval II at 800C the initiator concentration will drop 

to negligible concentrations, the rate of polymerization versus time curve in interval II 

is not influenced by the decreasing initiator concentration, as is shown by Figure 4.5. 
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Figure 4.5 Rates of polymerization, Rpo1 /(% hr.1) (A,D,0) and initiator concentration, 
[I] /(mol-dm"3) (-) versus time /(min) for 3 standard polymerizations using an 
impeller speed of 500 rpm. 

This effect must be due to an insensitivity of Rpoi to initiator concentration 

<23><24><25> and makes polymerization up to 99% monomer conversion possible. 

An explanation for this behaviour will be given in chapter 6.<26> 
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4.2.5 Efl'ect of reaction temperature 

Since the aim of this investigation was to prepare well-defined monodisperse 

latexes suitable to be used as seed latexes, some process parameters were varied in 

order to optimize particle size distnbutions. The determinants of monodispersity have 

been documented by Feeney et a1.<21) who stated that an important parameter for 

latex monodispersity is the entry rate coefficient. High entry rates during 

polymerizations reduce the nucleation time and small nucleation times produce 

latexes with narrow particle size distributions (PSD). The entry rate can be increased 

by increasing the polymerization temperature and with that the persulfate dissociation 

rate. Fig. 4.6 shows a plot of number and weight average particle diameter versus the 

reaction temperature. Obviously more particles are formed at a more narrow 

distribution at elevated temperature. At elevated temperature more radicals are 

formed thus more stabilising surfactant-like oligomers can be formed. Also micelles 

can be formed earlier and start growing more rapidly. Nucleation stops when all 

oligomeric radicals are captured by existing particles. This happens earlier at higher 

initiator concentrations or reaction temperature since: 

1. the rate of micelle formation is faster (i.e. loci for polymerization); 

2. more entering species are formed causing a higher average number of 

ditto radicals per particle, ii; 

3. polymerization is faster at elevated temperature. 

The combination of these effects will cause a shorter nucleation time and more 

monodisperse PSDs. On the other hand, the effect of temperature on particle 

concentration is relatively small as can be seen in Table 4.2. The dissociation rate is 

varied over two orders of magnitude while particle number varies only by a factor of 

4. This is most likely due to a decreasing efficiency for making surface active 

oligomers at high radical concentration due to aqueous phase mutual termination of 

radical species. 
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Figure 4.6 Number and w~t aver~ 
particle diameter, d,, ( v) & <lw 
(A) /(nm) versus reaction temperature 
for standard polymerizations using an 
impeller speed of 500 rpm. 

Table 4.2: Dissociation rate coefficient of persuHate in water, 1c.i,<20> number average 
and weight average particle diameter, dn & d,,.. number and weight average particle 
number concentration, Nn & N,.. and polydispersity, P, defined as <lw/dn for 
polymerizations performed at reaction temperatures, T, of 60, 70, 80 and 90°C. 

T k.i dn <lw Nnx1014 Nwx1014 p 

/(oC) /(s-1) /(run) /(nm) /(g-1) /(g-1) /(-) 

60 5.2xlo-6 224 246 0.8 0.6 1.1 

70 2.3x10·5 180 199 1.5 1.1 1.1 

80 9.2x10·5 161 170 2.1 1.8 1.06 

90 3.5x10'4 141 148 3.1 2.7 1.05 
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4.3 Effect of impeller speed 

4.3.1 Introduction 

It was observed that mixing parameters have a large effect on particle size and 

particle size distribution. The impeller speeds have been quantified universally by 

using a Reynolds number for the impeller. The definition for the impeller Reynolds 

number is: 

D 2 n p 
Re. = ---

rmp µ. 
(4.1) 

where D is the impeller diameter, n rotational speed in rotations per second of the 

impeller and p and µ. are respectively the density and dynamic viscosity of the liquid 

all in SI units. At Reimp > 10" the flow is usually turbulent which will result in a 

homogeneous dispersion. However, Reimp only describes a certain area around the 

impeller and not the total mixing in the reactor.<211> According to Cutter (29) the 

differences in the state of turbulence at the different positions within the reactor give 

rise to differences in energy dissipation by factors in the order of ten to one hundred. 

Since two different liquids with different densities and viscosities are of concern here, 

the volume ratio of the two phases needs to be considered. The average density, p, 

and viscosity, µ., can be calculated according to:<30><11> 

P = <l>c Pc + <l>o Po (4.2) 

- IJ.c [ 1 1.5 IJ.o <l>o] µ. - - +----
4>c IJ.o +JJ.c 

(4.3) 

where q> is the volume fraction, and the subscripts C and D denote the continuous 

and the dispersed phase, respectively. In the case of emulsion polymerization of 

butadiene in the presence of SDS, higher impeller speed leads to larger particle 

diameters. This was explained by Weerts et a1P2> by a competition of emulsifier 
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molecules between the particle surface and the droplet surface. At higher impeller 

speed more droplets will be formed and therefore less emulsifier will be available for 

particle nucleation. Figure 4.7 shows a plot of particle diameter and particle number 

versus impeller speed for emulsifier free emulsion polymerization. 
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Figure 4.7 Weight averaf,e particle diameter, <fwDLS /(nm) (4) and particle number, 
concentration, NwoLS /(g·) (a) versus impeller speed for standard polymerizations. 

It is noteworthy that there is an opposite effect of impeller speed in the case of 

emulsifier free polymerization as compared with emulsion polymerization in the 

presence of added emulsifier.<29) The PSD changes from extremely narrow distribution 

at moderate impeller speed (200 - 500 rpm), to a wide distribution at high impeller 

speed (750 - 1000 rpm). Impeller speeds of (750.1000) rpm induce distributions 

skewed to the side of small particles as can be seen in Figure 4.8. The small particles 

must be nucleated at a late stage of the polymerization as can be deduced from their 

size. In Figure 4.9 conversion time curves of three experiments polymerized using 

impeller speeds of 300, 500 and 750 rpm are shown. 
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Figure 4.8 Particle size distribution (TEM) of standard polymerizations performed 
using impeller speeds of 200 rpm (A) and moo rpm (a). 
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The fact that the particle number rises with impeller speed is confirmed by the slight 

increase of the polymerization rate with impeller speed, as can be measured from the 

slope of the linear part of the conversion time curves. 

The effect of impeller speed can provide an explanation for the extremely 

broad particle size distributions of emulsifier free latexes with 10% solid content, 

reported by Weerts et aJ.<6> In the equations 4.2 and 4.3 the amount of butadiene or 

dispersed phase is an important factor. Recipes of 10% final solid content need less 

agitation to create the same Reimp due to the presence of less dispersed phase in the 

reactor. The Reynolds numbers calculated for the circumstances under which these 

10% solid latexes were produced<6
) (49.3xle>3) are in the range where broad 

distributions are formed (see Table 4.4). In Table 4.3 the values of density and 

viscosity of butadiene, water and hexane used to calculate Reimp are given. In Table 

4.4 the impeller speed and the calculated current Reimp are listed. 

Table 4.3: The density, p, and dynamic viscosity, µ., at 80"C of water, butadiene and 
hexane. 

chemical p µ.xle>4 

/(kgm-3) /(kgm·ls-1) 

water 0.972 3.565 

butadiene 0.54 1.15 

hexane 0.60 1.85 

Table 4.4: Impeller Reynolds numbers, Reimp as a function of impeller speed, n, in 
standard polymerizations. 

n 200 250 275 300 400 500 750 1000 
/(rpm) 

Re- 12.8 
xlOS' 

16.0 17.6 19.2 25.6 32.0 48.0 64.0 
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The mixing of monomer and water was observed using a model two-phase 

system and a glass on-scale model reactor including all normal auxiliary utensils like 

baffles and temperature sensors etc. The hexane-water system was chosen as a model 

system since hexane matches the viscosity and density of butadiene to a acceptable 

degree (see Table 43). A model system was needed since butadiene emulsions are 

hard to observe due to the gaseous nature of the monomer, the pressure under which 

it is liquified (making a glass reactor untenable) and the relatively high density 

difference between monomer and water phase which causes rapid creaming. 

In Figure 4.10 a photographic presentation of the mixing conditions in the 

reactor is given. Relatively low impeller speeds leads to negligible mixing of the 

hexane and water layer. Impeller speeds faster than 500 rpm are needed to produce 

adequate mixing. It has been shown<29> that mixing conditions of the butadiene system 

in the presence of emulsifier needs less rigorous mixing to ensure adequate 

emulsification. Although inadequate mixing seems undesireable in emulsion 

polymerization, it is under these conditions that monodisperse latexes are formed 

which are especially apt for the use as seed latexes.<111> In an attempt to calculate 

whether monomer transport from the completely separated monomer layer to the 

water layer was in any way limiting the rate of nucleation or polymerization, a simple 

model, usually referred to as 'mass transpo11 and reaction in series', was used. The 

monomer flux, J, between the two phases is calculated according to: 

(4.4) 

where ki is the mass transfer coefficient, A is the surface of the interface, Maqinterface is 

the aqueous monomer concentration at the interface, and ~ is the bulk aqueous 

monomer concentration. The difference between Maqinterfac:e and M.q is a measure of 

the level of saturation that is obtained in the aqueous phase. Note that a simple 

thermodynamic equilibrium is assumed between particle and aqueous phase monomer 

concentration (i.e. both water and particle phase show equally unsaturation with 

monomer). The model only considers concentration gradients in the water phase and 

assumes no concentration gradients in the monomer layer. 
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200 rpm 300 rpm 

400 rpm 500 rpm 

750 rpm 1000 rpm 

Figure 4.10 Photographic presentation of the mixing conditions in the reactor using 
impeller speeds of: 200, 300, 400, 500, 750 and 1000 rpm. 
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The rate of polymerization is given by: 

(4.5) 

where ~ is the rate of polymerization, ~ is the propagation rate coefficient, ii is the · 

average number of radicals per particle, Cm is the monomer concentration in the 

particles, N is the particle number concentration, Nav is Avogadro's number and Vaq is 

the volume of the aqueous phase. When the rate of polymerization just equals the 

rate of monomer transport (le. when equation 4.4 equals equation 4.5), the number 

of particles above which monomer transport is no longer sufficient to sustain the 

predicted rate of polymerization can be calculated. The values of the parameters used 

are only available at 60"C although the polymerizations were performed at 80"C. The 

rate of polymerization used for the calculations is therefore a minimum value due to 

the increased rate of polymerization at higher temperatures. An estimation of k1 in 

liquid-liquid systems is k1 = lo-4 dm -s·1• The interface surface, A, is calculated 

according to d2 ir /4 where d is the reactor diameter, which is a good approximation 

when there appears to be no mixing. The saturation aqueous monomer concentration 

at saturation pressure, Maq interface, is reported to be 37x10-3 moh:tm·3.C22> For ~ the 

recently determined value of ~=320 dm3moi-1-s·1 was used (see chapter 5)P9> The 

maximum monomer concentration in the particles is Cm=5.6 mol1:lm"3.<22> The 

volume of the aqueous phase is vaq = 1.1 dm3• The average number of radicals per 

particle was used as an adjustable parameter and varied over a realistic range of 

ii= 0.01 - 0.5 (!9) 

The results of the estimation calculations, le. the limiting number of particles 

for which the predicted ~ cannot be sustained by monomer transport versus the 

level of unsaturation of both particle and water phase for three values of ii=0.5, 0.1, 

0.01., are shown in Figure 4.11. The experimental particle number is indicated for 

experiments using the standard recipe and an impeller speed of 500 rpm. Figure 4.11 

clearly shows that the number of particles experimentally found at 500 rpm is 

sufficient to cause monomer unsaturation of water and particle phase. 
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Figure 4.11 Estimated and experimental particle number versus the fraction of 
saturation in both particle and water phase (0.00; no monomer, 1.00; saturation). 
ft=05; - - - 0.01; --·--0.1;---500 rpm;--

Particle nucleation and growth are thought to be affected by this limited level of 

saturation at least during the early stages of polymerization. It is conceivable that 

emulsifier formed in situ facilitates monomer mixing during later stages of the 

polymerization. The evaluation of the mixing experiments and model calculations on 

mixing conditions at the start of butadiene polymerizations leads to the following 

conclusions: 

1. At low impeller speeds (200 < rpm < 500) negligible mixing of the 

butadiene and water layers occurs. This leads to a relatively small interface 

through which only limited diffusion of monomer to the water and particle phase can 

occur. It is therefore conceivable that lower monomer concentrations in the water and 

particle phase exist under these circumstances as compared with adequate mixing 

conditions. The narrow particle size distributions observed under these mixing 

conditions are believed to be the result of limited nucleation caused by a reduced 
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monomer concentration in the water phase which plays a crucial role in the formation 

of the oligomeric surfactant. As a consequence less particles are nucleated. Small 

particle numbers lead to high radical entry rate conditions per particle which in turn 

is reported to result in monodisperse latexes. (27) 

2. High impeller speed (rpm > 500) leads to adequate mixing of the 

butadiene and water layers. The monomer concentration in both particle and 

water phase are maximized in this manner. Nucleation then will be at its maximum 

rate in interval I of the polymerization. According to the considerations given above 

this now leads to the opposite effect: a broad PSD. However, it does not explain the 

peculiar skewed particle size distributions formed under these conditions. The 

enhanced occurence of small particles in the PSD of latexes polymerized utilizing 

high impeller speeds will be discussed in more detail below. 

4.3.2 Nucleation mechanism at high impeller speed 

The nucleation interval for polymerizations performed at various impeller speeds are 

approximately equal in lenght and last about 4 hours as can be deduced from Figure 

4.9. Three additional experiments were conducted to examine the behaviour of the 

final latex particle size distribution with changing impeller speed during the 

polymerization. (1) One standard experiment was performed. (2) During the second 

experiment the impeller speed was changed from 300 rpm to 1000 rpm after 4 hours, 

i.e. after the completion of interval I. (3) During the third experiment the impeller 

speed was changed from 300 rpm to 1000 rpm after the completion of interval II. The 

completion of interval II can be easily recognised in the emulsion polymerization of 

butadiene by the onset of the pressure decrease typical of interval m. The pressure 

was allowed to decrease to 80% of its interval II value to ensure no monomer 

droplets existed in the water phase anymore. In Figure 4.12 the particle size 

distributions following from the 3 experiments are given. 
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Figure 4.12 Particle size distributions (TEM) of standard polymerizations in which the 
impeller speed is varied during the polymerization: no variation (o), varied from 300 
to 1000 rpm after interval I (A) and varied from 300 to 1000 rpm after interval II (D). 

Apparently new particles are nucleated when changing the mixing conditions from 

negligible to adequate mixing in interval IL The PSDs become skewed to the side of 

small particles upon changing the impeller speed during the polymerization. Changing 

the mixing condition in interval III has a less pronounced effect, however, some new 

particles are formed. Intuitively one is tempted to draw the conclusion that the 

existence of a separate droplet phase is an important factor contributing to the 

observed effect of impeller speed. However, the observation that new particles are 

formed in interval III shows that a more complex mechanism is operative. 

Measurement of particle size distributions during a standard polymerization using an 

impeller speed of 750 rpm shows that new particles are nucleated during the entire 

course of the reaction. In Figure 4.13, cumulative distributions of samples taken 

during polymerization are shown. 



Emulsifier free butadiene emulsion polymerization 

100 

75 

50 

25 

50 100 150 200 

d./(nm) 

Figure 4.13 Cumulative particle size distn"butions (TEM) of samples taken during a 
standard polymerization at conversions of: 19.5% (.a), 36% (<>), 63% (o) and 82% 
(0). 

The results of Figures 4.9 and 4.13 lead to the following conclusion. The conversion 

time curves of polymerizations performed utilizing an impeller speed of 750 rpm 

seem to follow the Harkins model. The polymerizations pass through distinct intervals 

I, II and III. However, close examination of the PSD during the polymerization 

reveals that new small particles are formed during interval II and III. These 

observations will be examined in more detail below. 

A polymerization was performed at 60"C and an impeller speed ·of 750 rpm 

using a recipe presented in Table 4.1. TEM observation of the samples showed that, 

although the reaction temperature was 600C, small particles were nucleated in interval 

II and III. The interfacial tension to air of latex samples of this polymerization was 

measured by the DuNouy ring method. The results are shown in Fig 4.4. The 

interfacial tension of a latex sample is thought to be indicative of the oligomer 

concentration in the water phase. Ver:y soon after the start of the polymerization a 
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maximum concentration of surfactant like species is formed. It is highly probable that 

even a CMC is reached (i.e. a low interfacial tension). Note that the plot in Figure 4.4 

spans the entire conversion range and interfacial tension is plotted versus conversion, 

whereas Figure 4.3 only spans the first few percent conversion and shows interfacial 

tension plotted against time. The important CMC plateau in the interfacial tension 

can only be seen in Figure 4.3 since the resolution of Figure 4.4 is too low. During 

reaction the aqueous phase concentration of oligomers decreases (due to adsorption 

of the oligomers onto particle surface) to a constant value close to zero as indicated 

by the interfacial tension value reaching the value of pure water (72 dyne -cm-1
) in 

interval II and III. This is a particularly interesting result since it means that the 

newly nucleated particles in interval II and III do not change the concentration of 

oligomeric species in the water phase. Since the oligomeric concentration is small in 

interval II and III the nucleation process must be other than micellar in interval II 

and III. These results can be explained by several mechanisms each giving rise to the 

creation of the broadly distributed PSDs skewed to the side of small particles. These 

mechanisms will be discussed in the following sections 1. through 4. 

1. Droplet polymerization as a nucleation mechanism. 

Intuitively one is drawn to the conclusion that droplet size must be decreased 

by raising the impeller speed and that this may at some stage lead to droplet 

polymerization. However, droplet polymerization as in mini- and microemulsion 

polymerization are significant only when extremely small droplet sizes and large 

numbers of droplets occur, as induced by effective surfactant-cosurfactant systems. 

The unique properties of the butadiene emulsion polymerization system as caused by 

the gaseous nature of the monomer, and their possible effects on emulsification are 

well described by Weerts et a1.<29> Direct measurement of the droplet size showed 

droplets that may be as small as 8x10-7 m. However, this was measured in the 

presence of 16.2 g-ctm·3 SDS. The presence of these high concentrations of emulsifier 

must reduce the average droplet diameter considerably as compared with the current 

emulsifier free system. Only the in situ creation of a surfactant-cosurfactant system in 
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an emulsifier free system could possibly induce droplet number concentrations 

significantly high to contribute to the latex particle number. On the other hand the 

observation that particles are nucleated in interval m is hard to explain on the basis 

of this hypothesis since there are no droplets in interval III. The observed constancy 

of the oligomeric concentration in the water phase in interval II and III is not 

explained by the present concept. 

2. Surfactant-'cosurfactant' activity induced by tertiary dodecyl mercaptan 

(TDM). 

Hexadecane is erroneously described in literature as a cosurfactant.<33> It is 

known, however, to enhance attraction between the apolar moieties of surfactant in 

the particle and micellar phase. Moreover, it is known to slow down diffusional 

degradation of emulsions by stopping the so called Oswald ripening effect but it is 

certainly not a surfactant. Hexadecane stops Oswald ripening because it is an organic 

substance of extreme low water solubility. The chain transfer agent used in the 

standard recipe is tertiary dodecyl mercaptan with a reported<34> water solubility of 

3.5x10-s mol-dm-3
• Hence TOM could be envisaged to behave like hexadecane. An 

effect of large amounts of n-dodecyl mercaptan {NDM) on the particle number is 

described by Song.<35> Increasing the amount of NDM is reported to reduce particle 

size. The observed higher particle numbers are attributed to a stabilising effect of 

NDM which is not further explained. In Figure 4.14A two conversion time curves are 

presented of reactions according to the standard recipe at an impeller speed of 750 

rpm. However, one of the experiments was performed without TOM. No significant 

difference in rate of polymerization was detectable (Table 4.5). In Figures 4.14B the 

PSDs of both polymerizations products are presented. Although omitting TOM from 

the recipe induces a slight change in the PSD, both latexes have a broad PSD skewed 

to the side of small particles. The effect of the presence of TOM on the PSD, 

although small, is not ignored and will be discussed in chapter 6,7 and s.<n> 
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Figure 4.14A Conversion time curves 
for standard polymerizations with (D) 
and without IDM (A), performed at an 
impeller speed of 750 rpm. 
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Figure 4.148 Particle size distributions (TEM) of latexes of standard polymerizations 
with (0) and without IDM (A), performed at an impeller speed of 750 rpm. 
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Table 4.5: Rate of polymerization, ~· number average particle number 
concentration, N8 , and rate per particle, R.,.,JN8 for standard polymerization with and 
without mercaptan using an impeller speedof 750 rpm. 

recipe Rpoi 
/(%'1llin-t) 

without TOM 0.336 

with TOM 0.316 

N0 xl014 

(g"l) 

2.29 

2.42 

~JNn xl0-15 

/(%'1ll.in"1-g-1) 

1.47 

1.31 

No significant difference is detectable between the PSD's of latexes 

polymerized in the presence of hexadecane (without TOM) and a standard 

polymerization without TOM as is shown in Figure 4.15. 
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Figure 4.15 Cumulative particle size 
distributions (DCP, see chapter 3) of 
standard polymerizations performed at 
an impeller speed of 750 rpm: without 
TOM (.t.), without TOM with 
hexadecane (D), and without TOM with 
dodecanol (o). 

The results of the Figures 4.14A and 4.14B are in accord with the observation 

reported by Weerts et a/}6) on a comparable experiment and make clear that any 

effect of TOM as the sole determinant in the enhanced occurrence of small particles 

in the PSD must be refuted. 
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3. Surfactant-cosurfaetant activity induced by the hydrolysis of the sulfate 

end groups of the oligomerie surfactant. 

Alcohols are known to act as cosurfactants. They reduce the repulsive effects 

of charged emulsifier molecules and enhance the attraction between the apolar 

moieties of the emulsifier.C36> The oligomeric species formed in the emulsion 

polymerization of butadiene using persulfate as initiator can be transformed into the 

equivalent alcohols by hydrolysis of the sulfate end group. Moreover, the dissociation 

of persulfate is known to generate OH• radicals which can form alcohols. In order to 

test the effect of alcohols on the PSDs of latexes, a standard recipe experiment was 

performed using dodecanol in a concentration equal to that of persulfate. The 

relevant PSDs are presented in Figure 4.15, one resulting from a standard 

polymerization without IDM and one from a polymerization in the presence of 

dodecanol. No effect of dodecanol on the occurrence of small particles is detectable 

and therefore the mechanism involving the effect of alcohols made in situ by using 

persulfate as initiator must be refuted. An overview of particle sizes and distributions 

of polymerizations testing any possible effect of IDM, hexadecane and dodecanol is 

given in Table 4.6 

Table 4.6: Number average particle diameter, d0 , weight average particle diameter, ~ 
and monodispersity, rlw/dn, measured with IBM for standard polymerizations (750 
rpm. 80"C) with IDM, without IDM, without IDM and with hexadecane, and 
without IDM and with dodecanol. 

recipe dn /(nm) "1w /(nm) "1w/d0 

with IDMa> 157 162 1.032 

without IDM 151 158 1.046 

with hexadecane•> 154 161 1.045 

with dodecanolb) 152 159 1.046 

a) 1 % on monomer 

b) equal to persulfate concentration, 20 mol -drn"3 
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4. New particles are formed as a result of particle surface loss through 

coagulation or existing particles. 

73 

Recent insights in nucleation mechanisms(37) show that the particles 

absorbing all generated water soluble radicals is the main reason of completion of 

nucleation processes. In this train of thought coagulation may lead to new nucleation 

by providing the chance for radicals to grow to the size of particles. During the entire 

course of the polymerization surface active dead oligomeric material is formed but 

new particles can only be formed when free radical oligomers can add enough 

monomer before being captured by existing particles. When coagulation of existing 

particles allows new nucleation, the surfactant constantly made can be rearranged 

over the particle surface available including the newly nucleated particles. This· way 

the constancy of oligomer concentration in the water phase (see Figure 4.4 interval II 

and ID) and the broad PSDs can be explained. The proposed mechanism can be 

tested by measuring the PSD during a reaction using the recipe in Table 4.1. The 

surface tension of the samples has already been presented in Figure 4.4. The total 

surface area of the swollen particles can be described according to: 

(4.6) 

where A.w,tot is the total surface of the swollen particles, ~ is the surface average 

diameter of swollen latex particles and N is the particle number concentration. In 

determining the total surface of the particles it is desirable to use the surface average 

diameter. For the description of the particle number concentration the following 

equation is used in analogy with eq 3.7: 

Nn 
6 x (M/W) P,.. 

3 
ff' PPB dn 

(4.7) 

plotting A.w,tot measured and calculated using DCP data versus conversion offers the 

possibility to deduce whether the total particle surface changes in a manner different 

from the expected linear increase of the surface caused by the progress of the 
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conversion. For example if nucleation would take place the slope of such a curve 

would constantly increase with conversion. However, if coagulation would occur the 

slope should decrease. The proposed mechanism claims a constant particle surface 

because the concept claims that any surface lost by coagulation is compensated for by 

nucleation. In Figure 4.16 the above described curve measured by DCp<38> (see 

chapter 3) is presented for interval IL 
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Figure 4.16 The total swollen particle surface area As..,tot versus conversion of latex 
samples polymerized at 60"C using the recipe listed in Table 4.1. 

The curve appears to be linear indicating that the total particle surface is growing 

constantly as monomer conversion increases, and that the surface of the particles is 

not altered in any other way (the sloi)e is constant). It is noteworthy that the linear 

curve does not pass through the origin of the plot, this indicates that the curve must 

rise in a non-linear manner in interval I due to nucleation. The result of Figure 4.16 

is strongly in favour of the proposed mechanism of coagulation-induced-nucleation. 
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The slope of the curve does not rise as a result of the (constant) creation of in situ 

surfactant during polymerization. This indicates that the surfactant production is not 

large enough to form micelles and hence to allow for micellar nucleation and 

consequent increase of the particle surface. Also the in situ surfactant production does 

not allow for homogeneous nucleation unless simultaneous coagulation decreases the 

total particle surface in interval II. The nucleation in interval II is therefore 

completely determined by the surface active radical capture efficiency. This indicates 

that during the entire polymerization the surface active radical capture efficiency by 

particles should be close to its maxim.um value of 100%. Coagulation decreases and 

nucleation increases the capture efficiency which leads to a dynamic equilibrium 

involving a continuous nucleation process. 

4.4 Conclusions 

Emulsifier free butadiene emulsion polymerization forms small particles, as 

compared with the styrene system under the same conditions. The latexes have a high 

colloidal stability that is not affected by mixing the latexes with solvents like methanol 

or acetone. It is possible to prepare high solid emulsifier free polybutadiene latexes 

by using a low pitch helical ribbon agitator and the following reaction temperature 

profile: 80"C for 4 hr in interval I, and 60"C in interval II and III. The particle size 

distributions become more narrow toward higher reaction temperature (range 

investigated: 60"C to 90"C). The polybutadiene emulsifier free latexes are especially 

well suited to serve as seed latexes in seeded polymerizations. The peculiar behaviour 

of the emulsifier free butadiene emulsion system is directly related to the rapid and 

efficient formation of oligomeric surfactant combined with a low rate of in·particle 

polymerization. 

The impeller speed is an important process parameter. At increasing impeller 

speed, particle size decreases and particle size distributions become broader. 
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Experimental evidence is found for a mechanistic concept in which. through some 

limited coagulation, particle surface is lost which then can be replaced[ by nucleation 

of new (small) particles. Throughout the entire polymerization the surface active 

radical capture efficiency of radicals by particles is close to its maximum value. 
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The propagation rate coemcient 

Chapter 5 Seeded butadiene emulsion polymerization: 

The propagation rate coemcient 

Summary: The kinetics or the emulsifier free seeded emulsion 
polymerization or bntadiene at CiO"C in Smith-Ewart interval III was 
investigated using sodium persulfate as initiator. The aim of this work was 
to measure the propagation rate coemcient Ckp) of butadiene at Ci0°C in 
emulsion polymerization. All experiments were conducted in the presence 
or tertiary dodecyl mercaptan, as is usual in industrial practice. The 
fractional conversion was based on gravimetrlcally calibrated on-line 
densitometry and was found to be highly accurate. In analogy with the well 
known Ugelstad plots the product of the propagation rate coemcient (k,) 
and the average number or radicals per particle (ii) versus seed latex 
particle diameter clearly shows Smith-Ewart case I and case II regimes. 
From a constancy in values of k,ii (case II regime) in this plot, a value for 
k, could be calculated that was three times larger than the current 
literature value. It was found that negligible 'thermal background 
initiation• is present in the butadiene system. Two linear regions in 
polymerization rate are observed in interval III. Model calculations are 
presented which are in excellent agreement with the experimental data. 
From these calculations a value of the rate coemcient for transfer to 
monomer, Jt..., could be estimated. 

5.1 Introduction 

79 

The available literature value for the propagation rate coefficient (~) at 60"C 

reported by Morton et a1.<1> is highly questionable la. because (1) the measurements 

were done on ab initio polymerizations at low temperatures (0 • 30"C): the value for 

~ at 60"C is therefore an extrapolation, (2) particle sizing on latexes with broad 

particle size distributions was performed by the soap titration method, (3) in the 
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modelling of the data, Smith-Ewart case II kinetics were assumed without 

justification. 

Model independent techniques to measure propagation rate coefficients like 

spatially intermitted polymerizations<2X3X4> have until recently not been used for 

butadiene since network formation and branching problems prevented acquiring the 

necessary data from G.P.C .. Concurrently with this work a value for kp measured by 

laser flash photolysis was published by Deibert et a1.<5> The aim of the present 

chapter is to evaluate the propagation rate coefficient of butadiene at 60"C by seeded 

emulsion polymerizations of butadiene in interval Ill, by attempting to see clear 

indication of case II (ii=05) conditions. Knowing ii.=0.5 and from observed rate and 

particle number, kp can be found unambiguously. 

5.2 Theory 

Seeded emulsion polymerizations were performed in the Smith-Ewart interval 

III regime. An interval III analysis is relatively straightforward (see chapter 2): the 

monomer concentration in the particles is described by eq 2.4<6> From the steady 

state regime of a plot of -ln(t-x) versus time the product of kpii. can be calculated 

since all other variables on the right hand side of eq 2.4 are known (see Figure 5.3). 

Note that a value for kp cannot be calculated from such a plot unless the value of fi is 

known. For this reason several important results deduced<9><13> from ab initio interval 

II and III analysis of the emulsion polymerization of butadiene need to be evaluated. 

From ab initio interval II analysis it was shown that the polymerization kinetics 

depend solely on particle size: there is a decrease in the rate per particle with 

decreasing particle size. Using the estimate for kp of 100 dm3mor1-s·1 as reported by 

Morton et at.<1> implies that n < < 0.5. Ab ini.Jio interval III analysis <9><13> showed that 

plots of -ln(t-x) versus time under various initiator and electrolyte concentrations and 

over a wide range of particle sizes are linear. However, bimolecular termination rate 

coefficients are expected to vary significantly with the weight fraction of polymer (wp) 

in interval III. Therefore, the following conclusions were reached: 
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1. Termination is not rate determining and thus instantaneous upon entry of free 

radicals into growing particles. This leads to the conclusion that butadiene is a Smith· 

Ewart case I system at 62°C and at particle diameters below 200 run. This is an 

important consideration since in the limiting case of fi = 0.5 a value for . ~ can be 

calculated from the linear part of the plot of -ln(l·x) versus time by means of eq 24. 

2. Both ii and ~ are constant during a particular polymerization up to wp = 0.85, 

since it is highly unlikely that fi and ~ would perfectly counterbalance over such a 

wide range of experimental conditions. This should be the case because the right 

hand side of eq 2.4 consists of constants only within a particular polymerization. Thus 

for every separate seeded polymerization experiment a unique value of the product of 

~ can be determined. 

The aim of this work was to see if raising the particle diameter above 200 nm in 

seeded polymerizations could drive fi to the limiting Smith-Ewart case II value of 

ii =0.5. This would enable the calculation of ~ at that limit. This strategy is slightly 

different from the one that bas been successfully applied to the styrene system.(7)(2) 

Here the . initiator concentration was increased to raise ii. In the butadiene case the 

particle diameter is increased since as has been reported, we also found, that the 

polymerization rate per particle in the butadiene case is insensitive to large changes 

in initiator concentration<&)(9)(tO)(ll)(t2)(l3)(t4) ;this aspect will be discussed in chapter 6. 

5.3 Results and discussion 

In order to convert the gravimetrical conversion data and density data into 

conversion-time data, three plots were made for every polymerization (each 

polymerization was separately calibrated). Examples of such plots are depicted in 

Figures 5.1, 5.2 and 5.3. In Figure 5.4 a plot of~ ,calculated from eq 2.4 using the 

slopes of curves originating from reactions with varying particle diameters (e.g. Figure 

5.3) is presented. The data clearly show that ~ii is constant above particle sizes of 
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200 run, strongly suggesting that this corresponds to ii=0.5. Below particle diameters 

of 200 run the approach to the limit of ii = 0.5 is obvious and in excellent agreement 

with the data reported by Weerts et al.<13><9> Table 5.1 incorporates the values 

necessary to calculate the experimental values of ~ii. For the experiments performed 

the particle concentration is varied over two orders of magnitude while Cmo and nmo 

are virtually constant. Note that the Cmo never surpasses the reported maximum<9><13> 

solubility of butadiene in polybutadiene of cm = 5.6 mol 'Clm-3, hence all 

polymerizations are performed under interval III conditions. 

The constant value of ii above particle diameters of 200 run shows some 

scatter due to a combination of error sources inherent to determining the slopes of 

-ln(l-x) versus time curves (ca. 10%) and also in the latex particle concentrations (ca. 

10% ). As a consequence, the propagation rate coefficient can only be calculated with 

limited accuracy as is expected from such a model dependent method. The value for 

the propagation rate coefficient as determined from Figure 5.4 is l),=320 ± 50 

dm3moi-1-s·1• Note that this new value is three times higher than the value reported 

by Morton et al:<•> The value agrees acceptably with the value of 216 dm3moi-1-s·1 

reported by Deibert et al.<5>, measured in solution by the laser flash photolysis 

technique. It must be noted that these authors did not mention how problems like 

branching and possible cross-linking of the polybutadiene could interfere with the 

necessary molecular weight measurements by size exclusion chromatography GPC and 

how these problems were overcome. Moreover, these authors assumed that the I), in 

bulk (emulsion particles) is identical to the value in the solution used. For instance 

this assumption neglects possible effects of the different addition possibilities present 

in butadiene polymerization which are different in emulsion as compared with 

solution. cs> 
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Table 5.1: Values calculated from experiments performed on seed latexes of 
weight average diameter d.,. for the number concentration of particles N, monomer 
concentration in the particles at the start of the polymerization Cm0 number of moles 
of monomer present per unit volume of aqueous phase 11m0> slope of the linear part of 
the plots -In(l-x) versus time, and the product of the propagation rate coefficient k., 
and the average number of radicals per particle ii. . 

liw N.,xl0-16 Cm0 ~ slope kpil. a) 

/(nm) /(dm-3) /(mol-dm."3
) / ( mol -dm"3

) /(hr'"l) /{dm3mot·1-s·1) 

310 0.79 5.4 1.4 0.0311 171 

268 1.05 5.3 1.4 0.0392 162 

268 1.22 5.3 1.3 0.0340 118 

268 1.22 5.3 1.3 0.415 144 

234 1.98 5.3 1.4 0.0558 121 

224 2.09 5.3 1.4 0.0599 122 

216 2.30 5.3 1.4 0.0781 145 

216 2.34 5.3 1.4 0.0983 180 

216 2.34 5.3 1.4 0.1027 188 

210 2.55 5.3 1.4 0.1171 198 

207 2.64 5.3 1.3 0.1098 177 

207 2.64 5.5 1.5 0.0985 166 

190 3.42 5.1 1.4 0.1062 141 

166 5.17 5.4 1.4 0.1289 109 

151 6.82 5.3 1.4 0.1277 80 

90 31.8 5.3 1.4 0.3055 41 

45 264 5.3 1.4 0.3550 6 

45 275 5.3 1.4 0.3888 6 

a) Calculated using eq 24. 
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Figure 5.1 Calibration of density data with gravimetrical conversion data at 
corresponding reaction times. 
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Figure 5.2 Conversion in interval Ill versus reaction time. These plots consist of an 
average of a 1000 data points gained from transforming density data into conversion data. 
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Figure 5.3 -In( 1-x) versus reaction time calculated from conversion-time data as 
depicted in Figure 5.2. The plot shows an approach to steady state and a steady state 
linear part. The slope of the linear part of such plots is used in eq 2.4 to calculate the 
~and ft. 
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Figure 5.4 Product of ~ and i'I versus seed latex particle diameter. The plot shows a 
plateau for particle diameters > 200 nm and an approach to that plateau for particle 
diameters < 200 nm. 
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It is worthwhile noting that 'background initiation•<15> i.e. initiation of origin 

other than added persulfate, may fluctuate with, say, particle size, and could be a 

cause of the scatter mentioned in the previous paragraph. The possible !presence of a 

'thermal background initiation' rate in the butadiene system was checked by 

performing two seeded polymerizations on the same seed latex. In one of the 

experiments the seed latex was covered with 75% of the maximum SOS coverage (as 

was determined by tensiometric titration) and heated at 80"C for 16 hours before 

swelling and polymerization. The other experiment was performed normally. The 

heating of the latex will hopefully decompose any possible radical yielding substances 

like peroxides of residual persulfate. Table 5.2 shows the results of both 

polymerizations. No significant difference in slopes or kpii is found. Therefore, it was 

concluded that 'thermal background initiation' is negligible in the butadiene system 

and not the cause of the previously mentioned scatter in slopes or kpii. This however 

does not exclude other forms of 'background initiation': further work has been done 

on this subject<16> and is described in chapter 6 and 7. 

Table 5.2: Seed latex particle diameter ~ number concentration of particles N, 
and the product of the propagation rate coefficient kp and the average number of 
radicals per particle fi of two experiments, one of which was pre-heat treated to 
inspect any possible effect of 'thermal background initiation'. 

dw Nx10"16 kpfi 
/(nm) /(dm"3) /(dm3mo1·1'S-1) 

216 2.34 180 

2168
) 2.34 188 

a): pre heat treated seed latex. 

From Figure 5.3 it is obvious that the butadiene system has a relatively long 

(up to 15 hours is observed) semi-linear region before it reaches a final and steepest 

linear region. Note that this is not necessarily a kinetically determined approach to 

steady state. The reason for this unusual result is not yet clear. On the other hand the 

behaviour of the butadiene system is similar to that of butyl acrylate<m or 
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styrene<lS) where a kinetically determined and relatively shon (in the order of 

minutes) approach to steady state is usua1<1
6) (see chapter 6 apd 7). From this final 

linear region the slope was used to calculate the kpfi values. This is important in 

determining the plateau region in Figure 5.4 since it means that the ~i\ values 

calculated are the maximum values to occur during the polymerizations. N'ote that 

should retardation be present, this stops when a steady state is reached and therefore 

has no effect on the value of the steady state slope or Iyi. This point illustrates the 

importance of accurate, and frequent data collection: the first linear region in Figure 

5.3 could easily be mistaken for a final steady state leading to too low values of kpfi. 
A serious disadvantage of the experimental data is that, because of the two regions 

behaviour no entry or exit rate coefficients can be calculated, utilising the slope and 

intercept method as described by Gilbert et al.<6> More work has been done on this 

subject(l6) and is described in chapter 6 and 7. 

5.4 Model calculations 

In this section known theories for entry and exit of radicals from latex particles 

are combined in a model to elucidate the behaviour of the average radical 

concentration in the particles in an emulsion polymerization of butadiene as a 

function of particle diameter. The increase of i\ with increasing particle size is due to 

two phenomena: the increase of the entry rate per particle caused by a decrease of 

particle concentration in the various recipes (constant solid content) and a 

simultaneous decrease of the exit rate because of an increase in particle diameter. 

1. The entry rate coefticient for radicals into particles (p) as reported by 

Maxwell et a1.<1&)(l9) is given by equation 5.1: 

P = [2 kd (/] Nav] [2 k, (T•] +l] l-z 

N kP Maq 
(5.1) 
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where p is the entry rate coefficient, kd is the dissociation rate coefficient of 

persulfate, [I] is the initiator concentration, ~ is the bimolecular termination rate 

coefficient in the water phase, [T•] is the total aqueous phase radical concentration 

for which Ugelstad et aJ.(W) used: [T• ]::::(~[I]/~)112, M.q is the butadiene water 

solubility and z is the degree of polymerization that causes an oligomeric radical with 

a sulfate endgroup to be surface active. The values of the parameters are listed in 

Table 5.3. The following brief discussion presents some information about the 

parameters used. The value for ~ used is reported in literature and measured in the 

presence of butadiene in an emulsion system: 6.3x10~ s·1 <21><9> From literature it is 

known that bimolecular termination rate constants (~) in aqueous media are in the 

order of magnitude of 109 to 1010 dm3 ·mol'1-s'1, <19l(2Z)(Z3)(Z4)(2S) For Maq the 

value of 37x10'3 mol-dm-3 
(
26

) is taken since this value is measured at a saturation 

pressure of butadiene, comparable with polymerization conditions. The value for z 

used is 3 monomer units, calculated according to a method described by Maxwell et 

a/.<18> Further work has been done on this value<14> (chapter 6). The entry rate 

coefficient, p, is inversely proportional to the number of particles present in the water 

phase. In the recipes used, the amount of polymer is chosen to be constant, 

accordingly the number of particles decreases with the particle diameter. Hence, p 

increases as particle size increases. In Figure 5.5 the entry rate coefficient calculated 

according to eq 5.1 is depicted versus particle diameter for various values of the 

propagation rate coefficient. One of the curves in Figure 5.5 should reflect the actual 

entry rate coefficients of the experimental polymerizations since at each particle size 

the experimental particle number concentration was used to calculate the entry rate 

coefficient. It is apparent that the predicted entry rate coefficient increases rapidly 

over the experimental range of particle number concentrations. 



The propagation rate coefficient 89 

0.60 

0.40 

""" 
~ --a. 

0.20 

0.00 
25 125 225 325 

dj(nm) 

Figure 5.5 Model calculation according to eq 5.1 of entry rate coefficient, p for 
various values of the propagation rate coefficient, ~ /(dm3mol'1-s'1) and [1]=10.2 

mol-ctm·3• ~=100; --200;--- 320; -·-·-·- 400; _,_,_,_ 

2. The first order exit rate coefficient is given by:<27) 

(5.2) 

Where k,r is the rate coefficient for transfer to monomer, ~ is the propagation rate 

coefficient of a single monomeric radical with a monomer unit and k .. is the escape 

rate coefficient of monomer from the particle given by: 

3D" 
k =--es 2 

R, q 
(5.3) 

Where R. the swollen radius of the latex particles, q is the partition coefficient of the 

monomeric radicals between the particle and water phases (q =Cm/M.q) and D" is the 

diffusion coefficient of the monomeric radical in water. Introducing the expression for 

the escape rate coefficient of monomer in the final equation for the first order exit 
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rate coefficient as proposed by Ugelstad and Hansen(27) yields: 

3D 11 

k 
(1/2 dwi q (5.4) 

k 1 • + 3D
11 

pu-m {1/2 dws)2 q 

The values of the parameters are listed in Table 5.3. The following brief discussion 

presents some information about the parameters used. Very little is reported on the 

value for kt, except for an estimation on kinetic grounds by Weerts et al.<9)(t3) of 

ku=0.1 dm3mo1·1'S·1• The monomer concentration in the particles, Cm, is 

reported<9XI3> to be 5.6 mohlm·3• D" the diffusion coefficient of monomeric radicals 

in water is calculated according to the Wilke and Chang<211> equation and found to 

be 1.5x10-7 dm2'S·1• The value of ~ may differ from the long chain value of ~<27); 

however, foJ simplicity in the following discussion ~ is assumed to be identical to ~· 

d,.. is the swollen weight average particle diameter. Figure 5.6 shows the values of the 

exit rate coefficient predicted from eq 5.4 for various values of~ (actually ~). It is 

apparent that the exit rate coefficients decrease with particle diameter although the 

decrease is less significant than the increase in entry rate coefficients. One of the 

curves in Figure 5.6 should reflect the actual exit rate coefficient of the experimental 

polymerizations, since at each particle size the experimental particle concentration 

was used to calculate the exit rate coefficient by eq 5.4. 
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Figure S.6 Model calculation according to eq S.4 of exit rate coefficient, k, using the 
swollen particle diameter. versus unswollen particle diameter. dw- ~ = 100; 
200; - - - 320; ---- 400; -·-··-·-

Table S.3: Numeric values of the parameters references and recipe information 
used in the model calculations. 

parameter value parameter value 

kd 6.3xlo-6s·1 (9) kpi :::::~ dmlmor1·~r1 

le. 7xl09 dm3mo1·1'S·1 (23)(24) [I] 10·2 moh:lm·3 

z 3 (18) M"ut a) 65 g 

~ 320 dm3n10r1'S·1 MPBa) 97.5 g 

Maq 37x10-3 mol-dm·3 <26> w•> 877.5 g 

D" 1.Sxl0-7 dm2s:1 (2S) PPB b) 0.86 g cm·3 

q 151 p b) 
but 0.57 g cm·3 

k.r 0.1-0.01 dm3mor1'S·1 <13> Pw 
b) 0.98 g cm·3 

a) The amounts added in the recipe as depicted in Table 3.2 
b) The density values at 60°C are used. 
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Assuming that the Smith-Ewart case I and II approximations hold for the 

butadiene polymerization system at interest, ii can be calculated in terms of the entry 

and exit rate coefficients<29>: 

-n (5.5) 

It is easily shown that as the particle diameter increases the corresponding increase in 

p and decrease ink results in the limiting value of ii=0.5. In practice this means that 

a plot of ~ii versus particle diameter, in analogy with the well known Ugelstad 

graphs,<30> should show a constant value of ki)i (in fact a constant value of ii since 

~ is assumed to be constant) above a certain particle diameter as long as the Smith

Ewart case II approximation holds. Figure 5.7 shows a graph of ~ii versus particle 

diameter calculated with the use of the values estimated for entry rate coefficient, p, 

and exit rate coefficient, k (see Figures 5.5 and 5.6). 
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Figure S.7 Model calculations and experimental data (Table 5.1) of the product of~· 
and ii versus seed latex particle diameter. ~= 100; -- 200; - - - 320; -·-·-·-
400; _,,_ .. _.,_ 
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Comparison of the experimental data (~ii versus <I.. ,Figure 5.4) with prediction 

(Figure 5.7) indicate that the model predicts both the approach to the plateau and the 

existence of the plateau itself. Note that ~ has been varied over a small range as 

compared with the usual inaccuracy in propagation rate coefficients. The curve 

describing the experimental data includes two pieces of independent information: 

1. The data show a plateau in ~ versus <I.. from which a propagation rate 

coefficient can be determined. The assumptions necessary to reach this 

conclusion are: a) butadiene behaves like a Smith-Ewart case I or II system, b) 

~ and fl are both constant throughout the measured part of interval III, c) 

ii=0.5 at the plateau value (case II approximation). 

2. An approach to a plateau which is to be expected as a consequence of the shift 

from case I to case II kinetics. It will be shown below that given a value of the 

~ determined by the plateau regime, a value of k.r can be deduced from the 

non- plateau regime of the ~fl versus <I.. plot. 

The fact that both regimes discussed above can be fitted using the Smith-Ewart case 

II approximations ( eq 5.5) and models for p and k is a strong indication that the use 

of these approximations is justified for the butadiene system. 

The fit of model and experiment is extremely sensitive to variations in the 

values of ktr and k1• Figure 5.8 shows a plot of calculated ~fi values versus particle 

diameter using ~=320 dm3mo1·1;;·
1 for various values of kw Note that the k,r is 

varied over a wide range. The best agreement between model and experiment occurs 

at a value of Jc.,=0.01 dm3mol'1;;·1• We should realize, however, that these values 

were found by ass~ming a value for k1=7xl09 dm3mol'1;;·1• Variation of k1 within 

the range discussed before has a dramatic effect as is shown in Figures 5.9 and 5.10. 

Therefore, Jc., is presented as an order of magnitude value, Jc.,=0.1 • 0.01 

dm3mo1·1;;·1• This range is in accord with the proposed value for the k1, as reported 

by Weerts et a1.<9X13> 



Chapter 5 

--

Figure· 5.8 Model calculations and experimental data (0) of k., and ii versus d,. for lei 
= 7>Clo' dm3mol1'S"1 and various values of 'kir /(dm3mo1·1'S-
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Figure 5.9 Model calculations and experimental data (0) of k., and ii versus d,. for lei 
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Figure 5.10 Model calculations and experimental data of~ and i'i versus <Iw for J.. = 
1010 dm3mol"1 'S.1 and various values oflcir /(dm3·mol"1'S.1) (~ = 320 
dm3 mol"1

"S·
1
). Icir=0.1; --0.01; - - - 0.001; -·-·-·- 0.0001; -··-··-··-

From the ~ii versus <lw data the following 3 conclusions can be reached. 

1. The propagation rate coefficient can be calculated from the plateau 

regime. The assumptions necessary to reach this conclusion are; a) 

butadiene behaves like a Smith-Ewart case I or II system, b) ~ and ii 

are both constant during the beginning of interval III, c) ii=0.5 at the 

plateau (case II approximation). 

2. The non-plateau regime is a consequence of the shift from case I to 

case II kinetics and therefore a strong indication of the existence of case 

I and case II regimes in the butadiene system. 

3. The excellent agreement of model an experiment allows the calculation 

of an order of magnitude value for k1r from the non-plateau regime. The 



96 Chapter 5 

fitted value of ~r is the result of a model calculation using some, 

(within certain limits adjustable), parameters and is therefore only 

calculated to within an order of magnitude. No value for the k,, of the 

butadiene system has been reported except for a proposa1<9><13> 

S.S Conclusions 

The emulsifier free seeded emulsion polymerization of butadiene could be 

performed at 60"C in Smith-Ewart interval III without any coagulation or secondary 

nucleation. Gravimetrically calibrated densitometry is an extremely useful method of 

determining monomer conversion at high data acquisition rates with minimal 

disturbance of the polymerization system. The density of polybutadiene at 60°C was 

found to be independent of both the particle size and the degree of network 

formation in the particles. The gel content of the seed latexes was moderate and did 

not affect the monomer solubility in the polymer nor the time needed to swell the 

polymer. 

The plots of -ln(l-x) versus time show two linear regions. The last and steepest 

re~ion is used to determine ~ii. From the data acquired by simultaneously varying 

the seed latex particle diameter (45-300 nm) and particle number concentration over 

two orders of magnitude, a plot of ~ii versus seed latex particle diameter could be 

determined which clearly shows Smith-Ewart case I and case II regimes. From the 

constancy of ii in this plot above a particle diameter of 200 nm, the propagation rate 

coefficient for butadiene polymerizations at 60"C could be estimated to be 320 ± 50 

dm3·mo1·1-s·1• A kinetic model is presented that fits the experimental data well and is 

capable of yielding an extra piece of information namely an order of magnitude value 

for the rate coefficient for transfer of radical activity to monomer, k,,=0.1 - 0.01 

dm3·moi-1-s·1• 
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Effects of persulfate and tertiary dodecyl mercaptan 

Chapter 6 Seeded butadiene emulsion polymerization 

Effects of persultate and tertiary dodecyl mercaptan 

Summary: The kinetics of the emulsion polymerization of butadiene at 
60°C in Smith-Ewart interval III were investigated using sodium persultate 
(persulfate) as initiator. The aim of this work was to elucidate and model 
the persulfate initiator efllciency. Monomer conversion was based on 
gravimetrically calibrated on-line densitometry. Plots of the product of the 
propagation rate coeft'icient, k,, and the average number of radicals per 
particle, ii, versus initiator concentration showed minimal dependence on 
the initiator concentration if tertiary dodecyl mercaptan (TDM) was 
present during polymerlzatioL These results could not be modelled using 
normal emulsion polymerization theory. The model used in the absence of 
IDM fits two separate sets of data, ii versus particle diameter and ii 
versus initiator concentration. In the absence of IDM, ii depends strongly 
on initiator concentratioL The significant effect of TDM is asscribed to a 
decrease in radical desorption. A possible effect on radical absorption is 
refuted on the basis of theory and experiment. 

6.1 Introduction 

Important papers on the butadiene emulsion polymerization have been 

published as a result of the synthetic rubber program <1> by, Kolthoff et al. <2l and 

by Morton et a1.<3><4><5><6> Important for this chapter are the observations by 

Bovey et a1.<1> and Blackley(7) who reported a weak dependence of the rate of 

polymerization on initiator concentration. This puzzling behaviour is confirmed by 

exhaustive experimental evidence reported by Weerts et al. C8>C9><10><11><12>< 13>c14) 

In the latter work extremely low values of the initiator exponent with regard to 
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polymerization rate per particle have been found. Because this work dealt with ab 

initio experiments, the rate of polymerization per particle was used to compare 

separate experiments. Weerts et al.<14> explain the weak dependence of the rate of 

polymerization on initiator concentration by an extremely low initiator efficiency 

rendering this rate independent of initiator concentration and particle number. 

However, this explanation would imply a change of initiator efficiency as a function of 

initiator concentration exactly compensating for the effect of initiator concentration: 

there is no experimental evidence for such a mechanism. Moreover, in the light of 

recent advances in theoretical description of radical absorption (entry)<15> this 

seems unlikely. The new entry model, along with uncertainties in particle number 

invoked by the ab initio experiments reported in literature, and also the recently 

available value of the rate coefficient of propagation for butadiene have inspired the 

present efforts in obtaining new data from well-defined seeded emulsion 

polymerization experiments in which the persulfate concentration is varied 

systematically. 

Until now no explanation has been given at present for the relatively low rate 

of polymerization generally observed in the butadiene emulsion polymerization, since 

these low rates can not be explained by a low propagation rate constant since the 

experimentally measured propagation rate coefficient is not exceptionally 

small. <16X17) At present there are two remaining observations on the rate of 

emulsion polymerization of butadiene that are not adequately explained in the open 

literature: 

1. The 'observed' near independence of the rate of polymerization on 

initiator concentration. 

2. The promoting effect of dodecyl mercaptans on the rate of 

polymerization. <2> 

The present chapter primarily focuses on the first problem. However, it will 
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become evident from this chapter that both problems, the independence of the rate 

on the initiator concentration . and the effect of mercaptans, are interlinked by a 

complex mechanism. Seeded emulsion polymerizations were conducted in order to 

clarify the effect of persulfate concentration on the entry of free radical into particles 

and also to measure the average number of radicals per particle. 

6.2 Emulsion polymerizations 

Experimental details are elaborately explained in chapter 3.<16> A summary of 

features important for this chapter is presented below. The seeded emulsion 

polymerizations were carried out in a cylindrical stainless steel reactor. The reactor 

was connected with a remote density meter (Anton Paar DMA 401, Graz, Austria) 

linked to a registration unit (Anton Paar DMA 60, Graz, Austria) and a computer. 

The reaction mixture was pumped with a piston-membrane pump (Orlita KG, MK 10, 

Gie~n/l.ahn, FRG) from the reactor through the density cell and back into the 

reactor. Gravimetrical conversion data is used to calibrate on-line density data 

Gravimetric samples were collected using a high pressure proof syringe. From these 

samples the conversion was calculated. Conversions assessed in this way were 

accurate to within 0.5%. The density data converted into conversion data is 

transformed into plots of -In (1-x) versus time. The slope of the linear part of these 

plots is determined by linear regression. 

Recipe 1, listed in Table 3.2, is used for all polymerizations unless stated 

otherwise and is developed to minimalise the head space in the reactor. Recipe 1 is 

also designed to start the polymerizations at the beginning of interval III at weight 

fractions of polymer in the particle, wp=0.6.<14> In Table 6.1 a second recipe is listed. 

This recipe 2 is developed to start a seeded polymerization later in interval III at 

wP =0.72. Recipe 2 was formulated as a result of the observation of 2 long linear 

regions in plots of -ln(l-x) versus time in interval III of a butadiene emulsion 

polymerization. <16> It was observed that the shift from the first to the second linear 

region was determined by the conversion or weight fraction of polymer. 
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Table 6.1: Recipe z» recipe and description of seeded interval III emulsion 
polymeri7.ation beginning at w2=0.72. 

component recipe description recipe 
/(g) 

polybutadiene wp=0.72 102 

butadiene 28% of maximum solid 39.7 
content at 100% 
conversion 

water 90% of reaction mixture 918.4 

sodium carbonate variablea> 

sodium persulfate variable 

t-dodecyl mercaptan 1 % on monomer 0.4 
(variable) 

a) Initiator and buffer are used in equivalent concentrations. However the 
buffer concentration is never reduced below 10-3 mo/ t1m·3• 

b) See Table 3.2 for Recipe 1 

In Figures 6.1 and 6.2 the weight fraction of polymer at which the polymerizations 

shifts from the first to the second linear region are shown (see Figure 5.3) for 

experiments performed at a wide range of particle size and initiator concentration. 
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Figure 6.1 wP (A) and x (0) at which polymerizations shift from the first to the second 
linear region versus seed latex particle diameter, <fw. using recipe 1. 
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Figure 6.2 wP and x (closed symbols: d,.= 150 nm. open symbols d,.=90 run) at which 
polymerizations shift from the first to the second linear region versus initiator 
concentration, [I] using recipe 1. 
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Recipe 2 is developed to start a seeded polymerization further into interval III at 

wp=0.72. In Table 6.2 values of ~ii versus particle diameter and initiator 

concentration obtained by using recipes 1 and 2 are compared. The values compare 

quite acceptably, and well within experimental error. In Figure 6.3 a -ln(l-x) versus 

time curve obtained from an experiment utilising recipe 2 is shown. Note that the plot 

shows only one linear region starting close to zero time. 

Table 6.2: Comparison of ~ii values from experiments utilizing recipe 1 and 2 at 
various particle diameters, <Iw and initiator concentrations, [I]. 

<iw") [I]x1C>3 ~RECIPE lb) ~ii RECIPE 2 

/(nm) /(mol-dm-3
) /(dm3mo1·-1s-1) /( dm3·mo1 ·-1s-1) 

100 10 41 42 

100 1 44 46 

100 1 64 

100 0.1 41 36 

100 0.01 14 13 

45 10 6 6 

225 10 122 102 

a) Experiments in recipe 1 and 2 are performed on different seed latexes. The 
particle diameters of these experiments are within 10 nm (i.e. well within 
experimental e"or). 

b) Determined from the second linear region 
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Figure 6.3 -ln(l-x) versus time from an experiment using recipe 2. The plot shows 
only one constant slope from which the maximum product of "i.ii can be determined. 

From Table 6.2 and Figures 6.1-3 it can now be concluded that: 

1. The two linear regions observed when using recipe 1 are not an effect 

of retardation nor a kinetically determined approach to steady state 

since a number of polymerizations show the same behaviour irrespective 

of particle size and initiator concentration which are both varied over a 

wide range. 

2. Seeded emulsion polymerizations of butadiene started in interval III at 

wp=0.72 show only one linear region. This steepest linear region is 

kinetically determined and not influenced by the wP at which the seeded 

polymerization is started. The "i.ii values are determined from the slope 

of this second linear region and are the maximum values of ~ii. 

An explanation as to why the seeded emulsion polymerization of butadiene shows this 
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unusual behaviour is unclear as yet. The use of recipe 2 is more convenient since now 

the slope of the curves of -ln(l-x) versus time used to calculate fl can be determined 

from the beginning of the reaction. This is useful when reaction conditions leading to 

extremely low values of fl are observed. 

6.3 1beol)' 

Seeded emulsion polymerizations were performed in the Smith-Ewart interval 

ill regime. An interval III analysis is relatively straightforward and derived from 

general kinetics<18> see chapter 2 eq 2.3. In interval ill the monomer concentration 

in the particles is not constant and the relationship between conversion and monomer 

concentration is described by: 

(6.1) 

where xis the monomer conversion in interval III defined according to: x=O at weight 

fraction of polymer, wp=0.6 and x=l at wp=l. Cm0 is the monomer concentration in 

the particles at the beginning of interval Ill. Introducing the result of eq 6.1 into eq 

2.3 yields eq 2.4. From the steady state regime of a plot of -ln(l-x) versus time the 

product of ~ can be calculated since all other variables on the right hand side of eq 

2.4 are known and constant. Note that a value for fl can be calculated from such a 

plot given the value of ~ reported by the present authors in chapter s.<16> As is 

evident from eq 2.4 a value of Cm0 is needed to calculate ii. Using recipe 1 the value 

of Cmo is taken as the value at the beginning of interval Ill (wp=0.60 <14>). This value, 

however, is linked to the definition of the monomer conversion in interval III, x, as 

can be deduced from eq 6.1. Using recipe 2, Cmo is taken as the value at wp=0.72; 

consequently xis now defined according to: x=O at wP=0.72 and x=l at wP=l, The 

value of Cmo then is simply calculated from the added quantities of monomer and 

polymer according eq 3.2. The slight volume contraction that occurs when mixing 

polybutadiene and butadiene is not compensated for, causing a small systematic error 

in Cmo- The monomer dissolved in the water phase is not taken into account in the 
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calculation of Cm0t which is a reasonable assumption given the low water solubility of 

butadiene at saturation pressure, Maq. 

The monomer concentration in the aqueous phase, Maq• is an important 

parameter in the model calculations described later on, and is assumed to be in 

thermodynamic equilibrium with the monomer concentration in the particles. 

Although Cm0 can be calculated in a simple manner by neglecting the amount of 

monomer in the aqueous phase, this evidently cannot be the case when Maq has to be 

calculated as well. Recently Maxwell et aJ.<19> reported a semi-empirical approach 

in calculating the equilibrium monomer concentration in the particles and in the 

aqueous phase of swollen latexes. Assuming monomer partitioning is fast as compared 

with polymerization, the C... and Maq during polymerization can be calculated 

according to:<19> 

(6.2) 

where vP is the volume fraction of polymer in the particle phase, M0 is the number 

average degree of polymerization of the swollen polymer and Maq,sat is the saturation 

concentration of monomer in the aqueous phase. The term 'corr.' is a correction 

factor adequately explained elsewhere <19> and calculated according to: 

(6.3) 

The term ~ usually is large enough to allow l/M0 :::s 0. The quantities Cm and Maq 

can be found by solving eq 6.2, 6.3 and mass balance considerations. Numerical 

solution of these equations is needed since the equations are non-linear. Cm and Maq 

versus wP for butadiene swollen polybutadiene latexes are shown in Figure 6.4. 

Calculating Maq in this fashion may introduce a small systematic error in later model 

calculations. However, this is unavoidable since no experimental ~ data is available 

for the butadiene system and experimental data is difficult to obtain due to the 
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gaseous nature of butadiene. The model calculations are not strongly affected by 

small deviations in Maq. 
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Figure 6.4 Monomer concentration in the particles, Cm (- - -), and monomer 
concentration in the aqueous phase, Maq (-·-·-·-) versus fractional monomer 
conversion in interval III, x. 

Some important earlier results deduced from ab initio interval II and III 

analysis of the emulsion polymerization of butadiene<14> need to be evaluated. From 

ab initio interval II analysis it was shown that the polymerization kinetics depend 

solely on particle size: there is a decrease in the rate per particle with decreasing 

particle size. In interval III the bimolecular termination rate coefficients would be 

expected to vary significantly with the weight fraction of polymer (wp).<20><21> 

Hence, the linearity of the plots -ln(l-x) versus time over a wide range of initiator and 

electrolyte concentrations and particle sizes indicates that: 

1. Termination is not rate determining and thus instantaneous upon entry 
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of free radicals into particles. This leads to the conclusion that 

butadiene obeys Smith-Ewart case I kinetics at 62°C and at particle 

diameters below 200 nm. This is an important consideration since in the 

Smith-Ewart case II regime the rate of polymerization, ~. is 

independent of initiator concentration. Thus the reported near 

independence of the ~ on initiator concentration can not be 

explained by assuming ideal case II behaviour. On the other hand 

experiments conducted to clarify the effect of initiator efficiency should 

not be performed in the case II regime (i.e. not at particle diameter > 

200 run). 

2. Both ii and ~ are constant during a particular polymerization up to wP 

= 0.85, since it is highly unlikely that, ii and ~ would counterbalance 

over such a wide range of experimental conditions. This is because the 

right hand side of eq 2.4 consists of only constants within a particular 

polymerization. Thus for every separate seeded polymerization a unique 

value of ii can be determined given a value for the propagation rate 

coefficient, ~· The value used in this paper will be ~ = 320 
dm31llOJ•l,~fl (Iii) 
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Several important results from seeded emulsion polymerizations of butadiene 

in intetval m(16)' reported in chapter 5, need to be evaluated. 

1. Data of y versus particle diameter show a plateau in ii for particle 

sizes above 200 run from which a value of the propagation rate 

coefficient was determined<16>, ~=320 ± 50 dm3mot1-s·1• This value 

agrees well with a value measured by laser flash photolysis reported by 

Deibert et af.01) It must be noted that these authors did not mention 

how problems like branching and possible cross-linking of the 

polybutadiene could interfere with obtaining the necessary molecular 

weight data from size exclusion chromatography. 
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2. Data of ~ versus particle diameter show a non-plateau region as a 

consequence of the shift from case I to case Il kinetics and therefore a 

strong indication of the existence of case I and case II regions. 

3. Data of ~ versus particle diameter are fitted well with a relatively 

simple model utilizing, among other things, the following kinetic 

parameters: the rate coefficient for radical termination in the water 

phase, kt. and the rate coefficient for radical transfer to monomer, kt,; 
the latter has been determined(16> to lie within the limits: 0.01 - 0.1 

dm3mo1·1-s·1• 

The evaluation of earlier work on the butadiene system makes clear that: 

1. An experiment designed to monitor the effect of the initiator 

concentration should be performed using seed latexes with a particle 

diameter well below 200 nm to avoid case II kinetics and the 

consequent insensitivity of the rate of polymerization to initiator 

concentration as explained by the Smith-Ewart theory. 

2 When using particle sizes below 200 nm an effect of the initiator 

concentration must be found if butadiene is to follow the Smith-Ewart 

theory. If not the use of the previously mentioned model calculations 

partially using the Smith-Ewart model is not a priori valid. 

6.4 The model evaluation or the entry and exit or radicals to and from particles 

The entry model for absorption of radicals into latex particles for persulfate 

initiated emulsion polymerization, as reported by Maxwell et a!P5>, describes the 

mechanism 'of entry as follows. A sulfate radical dissolved in the water phase will 

react with monomer also dissolved in the water phase and form oligomeric radicals. 

This oligomeric radical will grow to become surface active after addition of z 
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monomer units. After this growth, entry is supposed to be instantaneous. Thus the 

rate determining step for entry is the growth of a sulfate radical to become a surface 

active oligomer. The degree of polymerization of a surface active radical, z, is an 

important factor in determining the initiator efficiency. This is intuitively clear when 

considering the possibility of termination in the water phase during the growth of the 

oligomer. The entry rate coefficient for radicals into particles (p) as reported by 

Maxwell et al. (15) is given by: 

-[2 kd [J] Nav]'[k1 [T'] ] l-z 
p- --+1 

N kP M 04 

(6.4) 

where p is the entry rate coefficient, ~ is the dissociation rate coefficient of 

persulfate, [I] is the initiator concentration, lei is the bimolecular termination rate 

coefficient of two radicals in the water phase, and z is the degree of polymerization 

that causes an oligomeric radical with a sulfate end group to become surface active. 

The factors between the left hand side brackets represent 100% efficiency. The right 

hand side brackets enclose an efficiency factor strongly influenced by the factor z. 

Maxwell et aJ.ClS) report theoretically derived values of z=2 for styrene-and values of 

z=2 - 4 for butadiene. Intuitively the value of z=3 for butadiene is acceptable 

considering the similarity between a butadiene oligomer of degree of polymerization, 

z = 3 with a sulfate end group, and well-known surfactants like sodium dodecyl sulfate. 

In this paper a new limit in the entry rate coefficient equation is proposed which is of 

particular importance to the butadiene system. Introducing the resuJtC15X22> 

[T•]=(2~[1]/lci)05 into eq 6.4 yields: 

p = [2 kd [J] Na] [2 kJl2 k~/2 [J]l/2 + 1] 1-z 

N kP Maq 
(6.5) 

Consider the low efficiency limiting case in which: 

(6.6) 
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Incorporating this limit into eq 6.4 offers the possibility to determine how p depends 

on the exponent of [I]: 

[2k N ][2e12e12]1-z 3-z 
p = d av d t [I] T 

N kP Maq 
(6.7) 

Whether this new limit holds the result is particularly interesting in the case of 

butadiene since the reported value <23> for z=3 would reduce the dependence of 

the rate of radical entry on [I] to zero and explain the insensitivity of the rate of 

polymerization to the initiator concentration as reported in literature. The validity of 

this new limit is examined in this paper by introducing values for important 

parameters used, such as the water solubility of butadiene and the aqueous 

bimolecular termination rate coefficient, ki· For a brief discussion of the parameters 

used see Table 6.3 and chapter 5. For Maq the value of 37x10-3 mol-dm"3 <24> is 

used since this value is measured at a saturation pressure of butadiene or a value 

belonging to the polymerization conditions via eq 6.2 and 6.3. 

In Figure 6.5 model calculations of the entry rate coefficient calculated using 

the full eq 6.5 (the new limit is not incorporated) are shown for the widest range in 

initiator concentration still physically feasible. The new limit presented in this paper is 

valid as can be deduced from the asymptotic behaviour of ii at higher initiator 

concentration. Obviously the limit only describes a insensitivity of p to the initiator 

concentration at high values of the latter above 10"2 mol -dm-3• At initiator 

concentrations, [I] < < 10-2 mol -dm-3, p rapidly decreases. Hence this limit cannot be 

used to explain the independence of the rate of [I] at lower [I]. 

The model evaluation of the exit of radicals from particles and the model 

calculation of the first order exit rate coefficient, k, according to eq 5.4 are 

adequately discussed in chapter 5. Note that the exit rate coefficient is not a function 

of the initiator concentration. 
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Figure 6.5 Model calculations for the radical entry rate coefficient, p versus initiator 
concentration, [I] using the full eq 6.5. z= 1; -- 2; - - - 3; -·-·-·- 4; - - -
5;----

Table 6.3: Numeric values of the parameters and recipe information used in the 
model calculations. 

parameter valued) parameter value 

kd 6.3xl0-<i/(s-1) ~ ~!), /(dm3mo1·1 -s-1) 

k, 7xl09 /(dm3mor1-s-1) [I] (variable) 10-5.10-2 /(mol-dm-3) 

z 3 Mbut 65") /39.7b) /(g) 

!), 320 /(dm3mor1 -s-1) MPB 975•) /102b) /(g) 

Maq 37x10-3 /(mol-dm-3) w 877.s•>/918.4b> /(g) 

D" l.5x10·7 /(dm2s:1) PPB 
c) 0.86 /(g-cm-3) 

q 151 Pbut 
c) 0.57 /(g-cm-3) 

k,, 0.1-0.01 /(dm3mor1-s-1) Pw 
c) 0.98 /(g-cm-3) 

a) The amounts added in recipe 1 as listed in table 3.2. 
b) The amounts added in recipe 2 as listed in table 6.1. 
c) The density values at 60°C are used. 
d) The references used are given in Table 5.3 
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Assuming that the Smith-Ewart case I and Il approximations i hold for the 

butadiene polymerization system of interest, ii can be calculated in terms of the entry 

and exit rate coefficients(2S> (see eq 5.5). Calculating the entry and exit rate 

coefficients via the above described models offers the possibility to model data of ii 

versus initiator concentration. 

6.S Results and discussion 

Seeded emulsion polymerizations were performed using a wide range of the 

initiator concentrations ranging from 10-5 mohln13 to 10-2 mohlm·3 on two different 

seed latex particle diameters of 90 and 150 nm. The deduction of kpii from the slopes 

of curves of -ln(l-x) versus time (the left hand side of eq 2.4) is elaborately discussed 

in chapter s.<16> The results are shown in Table 6.4 and Figure 6.6. 
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Figure 6.6 The product of kp and ii versus [l] for experiments using recipe 1 and seed 
latex diameters, <iw=90 (4) and 150 nm (0). Note that the almost constant values of ii 
are well below the limiting value of ii= 0.5. 
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When mercaptan is present the effect of initiator concentration on the value of 

ii is small, which is in full accord with literature.<1X14> The observed small effect 

cannot be explained by considering the Smith-Ewart case II regime since the ii values 

are still significantly below il=0.5. Note that the initiator concentration has been 

varied over 3 orders of magnitude. The insensitivity of ii becomes even more 

intriguing considering the model calculations presented in Figures 6.7 and 6.8 

(involving eq 6.5, 5.4 and 55 using the full entry theory). These show ~fl versus 

initiator concentration for two seed latex particle diameters. The values for the rate 

parameter used are given in Table 6.3. 

Table 6.4: 'kpii values from experiments utilizing various particle diameters, <lw, 
particle numtiers, N, and initiator concentrations, [I]. TDM represents tertiary dodecyl 
mercaptan. 

[I]xla3 d,. Nxl0-19 recipe TDMin ¥ 
/(mol·dnf3) /(nm) /(m-3) number recipe /(dm3mor1-s·1) 

10 90 31.8 1 yes 41 

1 90 31.8 1 yes 44 

1 103 21.2 1 yes 64 

0.1 103 21.2 1 yes 41 

0.01 103 21.2 1 yes 14 

0 102 22.3 2 yes 4 

10 151 6.8 1 yes 80 

1 151 6.8 1 yes 87 

1 156 6.2 1 yes 115 

0.1 156 6.2 1 yes 99 

O.ot 156 6.2 1 yes 72 

10 166 5.2 1 no 96 

1 147 7.3 2 no 48 

0.4 147 7.3 2 no 45 

0.1 147 7.3 2 no 5 
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Figure 6. 7 Model calculations (-) and experimental data of the product of ~ and ii 
versus [I] for experiments using recipe 1 and seed latex diameters,<Iw = 90 nm ( 4 ). 
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Figure 6.8 Model calculations (-) and experimental data of the product of ~ and ii 
versus [I] for experiments using recipe 1 and seed latex diameters, <Iw= 150 nm (0). 
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The data and model calculations presented in Figures 6.7 and 6.8 lead to the 

following conclusions: 

1. The insensitivity of the rate of polymerization to the initiator 

concentration is explained by the new limit but only at relatively high 

initiator concentrations and not at initiator concentrations normally 

used. The new limit is therefore incapable of solving the problems 

defined in this chapter. 

2. The data cannot be fitted with the model utilising the values for the 

parameters that accurately fit data of~ versus particle diameter (see 

chapter 5).<16> 

3. The data confirm the expectations put forward in chapter 5 that 

variation of the initiator concentration could result in finding an almost 

constant value of ii, but that this could not be used as solid proof for 

assuming il=0.5. Determination of the propagation rate coefficient on 

the basis of such obviously false assumptions, as is done by Morton et 

ar.<S) in their determination of~· must be incorrect. 

Recently an extension of the entry theory was proposed.<26> This extension 

tries to incorporate the effect of minimally water soluble mercaptans, commonly used 

as chain transfer agents. This theory describes an important enhancement of the 

initiator efficiency of persulfate by chain transfer of the radical activity from water 

soluble sulfate radicals to mercaptan dissolved in the water phase. The mercaptyl 

radicals created in this manner enter particles at a diffusion limited rate. Although 

the tertiary dodecyl mercaptan used in the experiments is mainly in the particle 

phase, individual molecules will be transferring rapidly between the particle and water 

phase. The proposed theory assumes a limited but definite aqueous concentration of 

mercaptan. Kolthoff et al.(27) report a saturation aqueous water solubility of tertiary 

dodecyl mercaptan of, [TDM]aq=3x10·5 mohlm"3• In order to verify the effect of 
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IDM on the sensitivity of the rate of polymerization to the initiator concentration, 

experiments were performed using recipe 2 without IDM. As reported earlier in 

chapter 4 no IDM appears to be necessary to produce reasonable rates of 

polymerization provided the polymerizations are performed in the absence of 

emulsifier.<13)(7.ll> The experiments without IDM are performed in a reactor in 

which IDM was never used to ensure not even the smallest traces of TDM to be 

present during these polymerizations. The reactor was comparable in every other 

aspect with the one normally used except that no densitometer was installed. 

Conversion data is therefore acquired by gravimetry. The seed latexes used for these 

experiments were polymerized in the same IDM free reactor to ensure completely 

IDM free seed latexes. The monomer solubility in the seed latexes was verified by 

swelling the latexes with the required amount of butadiene in a glass model reactor. 

After swelling no separate monomer layer could be detected. It was concluded that 

latexes prepared without IDM exhibit the same monomer swelling as compared with 

normal latexes. The steady state slopes of plots of -ln(l-x) versus time are linear for 

seeded polymerizations without IDM. Weerts et aI.<13> report that the monomer 

concentration in the polymer is not affected by the gel content of the polymer over a 

large range. Bhakuni(29> also observed that network formation within the latex 

particles has no influence on the saturation monomer solubility in the polymer. Hence 

the linearity of the plots of -In(l-x) versus time is expected since the monomer 

concentration is not affected by the absence of IDM during preparation of the seed 

and during subsequent seeded polymerization. 

In Figure 6.9 and Table 6.5 values for ~ii versus initiator concentration 

determined in polymerizations with IDM (0) and without IDM (.6) on seed latexes 

with particle diameter, <iw=150 nm, are shown. The results shown in Figure 6.9 are of 

major importance to this chapter. The results show that the presence of IDM has a 

major effect on the initiator efficiency. Note that the presence of IDM only affects 

the low initiator concentration region of the range observed. At high initiator 

concentration, [1]~10·2 mohlm·3 the influence of IDM on~ is not significant. 
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Figure 6.9 The product of ~ and ii versus initiator concentration, [I] using seed latex 
diameters, ct..= 150 run for experiments using recipe 1 with TDM (D) and recipe 2 
without TDM (~). 

Table 6.5: Iyi values from experiments utilizing seed latexes of weight average 
diameter, ct..= 150±6run (Nw==6.5xl019 m"3) and various initiator concentrations, [I]. 
TDM represents tertiary dodecyl mercaptan. 

[I]xl0-3 ~ii with TDM 

/(mol-dm"3
) /(dm3mol"1 'S-1

) 

10 80 

1 

1 

0.4 

0.1 

0.01 

87 

115 

99 

72 

~ii without TDM 

/(dm3mol"1 'S-1) 

96 

48 

45 

5 
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The experiments described in chapter 4<13X28> on ab initio emulsifier free emulsion 

polymerization of butadiene in the presence and absence of IDM are not in 

contradiction with the currently described experiments because the ab inito 

experiments were performed at high initiator concentration, [1]<?:10-2 mohlm-3 (ie. the 

region in the [I] range that is not influenced by the presence of IDM). Moreover 

both authors report an effect of IDM on the particle size distribution (PSD) and 

particle number obtained. This observation confirms an effect of IDM on the kinetics 

of nucleation since the PSD and particle number are known to be influenced by 

entry<31l> and exit<34> of radicals. Figure 6.10 shows the data of Figure 6.9 with model 

calculations using eq 6.5, 5.4 and 55. Slightly adapted values for the rate parameters, 

k:i and k:ir are used. As is shown in chapter 5<16> the values for these rate parameters 

are adjustable within certain physically realistic boundaries. 
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Figure 6.10 Model calculations (--) using a value for the rate coefficient of radical 
transfer to monomer of, kir=0.05 dm3mot1'S-1, a value for the rate of bimolecular 
termination in the water phase of, k:i=2x109 dm3mol"1 'S-1 and experimental data of 
Figure 6.9 (with IDM;D, without IDM;d). 



Etrects of persulfate and tertiary dodecyl mercaptan 121 

Obviously the data obtained without IDM is fitted adequately with the simple model 

used. The data of kJi versus particle diameter reported in chapter 5<16> obtained from 

experiments in the presence of IDM fits the simple model because this data is 

obtained at high initiator concentration, (1)2: 10-2 mohlm-3
• The fact that the model 

fits two completely different sets of data: kJi versus particle diameter and versus 

initiator concentration is a strong indication of the validity of the model. 

In order to verify the effect of the adjustments made for the values of the rate 

parameters, lei and kir. model calculations are performed using kit in the range 0.1 <kit 
<0.01 dm3·n101-1'S-1, as proposed in chapter 5<16> and lei in the range 109 <lei<l010 

dm3mo1-1'S-1, as reported in the literature (see Table 6.3, Figures 6.11 and 6.12). 
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Figure 6.11 Model calculations using a range of values for the rate coefficient of 
radical transfer to monomer of, leir=0.1 to 0.01 dm3mol"1

'S-1 a value for the rate of 
bimolecular termination in the water phase of, lei=2x109 dm3mo1-1'S-1 and 
experimental data of Figure 6.9. With IDM;D, without IDM;A kit=0.1; - - - 0.05; 
-·-·-·- 0.01; - - -



Chapter 6 

200 

100 
"""' 
~ 

0 e 
~ e 10 
"O ..._, -1= .. 
~ 

1 
10·6 

[l)/(mol.dm·3
) 

Figure 6.12 Model calculations using a range of values for the rate coefficient of 
bimoleatlar termination in the water phase of,1<>9<~<1010 dm3mo1-1-s-1 and a value 
for the rate coefficient of radical transfer to monomer of, k1,=0.05 dm3moi-1-s-1 and 
experimental data of Figure 6.9. With TDM;D , without TDM A, ~ = 1<>9; - - -
7x1G9; ---·- 101°; - - -

The data presented in this chapter is regrettably subject to limited accuracy. 

Moreover, the values for ~ii versus initiator concentration determined by model 

calculations are not significantly affected by variation of the values of the parameters, 

~ and ~... As a consequence the data cannot discriminate between the values of ~r 

and~- However the model calculation of the Figures 6.11-12 indicate that the current 

model is incapable of describing the experiments performed in the presence of TDM. 

Much effort was directed into quantitatively describing the experimental data 

obtained from experiments in the presence of TDM by using the model proposed by 

Maxwell et at.<26> The model describes the effect of mercaptan as an enhancement of 

the initiator efficiency. From the plots presented in the paper of Maxwell et al. it is 

clear that an enhancement of the initiator efficiency is significant only at high initiator 

concentn1.tion, which is not in accord with present data as these show a larger effect 

at lower initiator concentration. However, at the TDM concentrations utilized in 
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experiment (~1% of the saturation aqueous concentration) the model of Maxwell et 

aL suggests that IDM would have no effect on entry or the ~· 

The initiator efficiency is already very high at low initiator concentration which 

is clear from Figure 6.5, where the curves of p versus [I] become similar for different 

values of z (deduced from the fact that z is only incorporated in the efficiency term of 

eq 6.5). Initiator efficiency is high at low initiator concentration because radical 

oligomers can grow to surface active length without being subject to termination this 

is because of the low concentrations of aqueous phase sulfate radicals. This insight is 

used to further evaluate the effect of IDM on the rate of polymerization. The 

experimental entry rate coefficient in the presence of IDM is calculated using the 

experimental fl. values and exit rate coefficients using eq 5.4. These values are plotted 

in Figure 6.13 together with entry rate coefficients calculated with eq 6.5 and with 

entry rate coefficients calculated with only the left hand side of eq 6.5 (le. the 100 % 

efficiency value of the entry rate coefficient: 2k.i [I] N8 /N). 
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Figure 6.13 Model calculations p using: 1. The full eq 6.5. (- - -). 2. Only the left 
hand side of eq 6.5 (i.e. assuming 100% efficiency) (-·-·-·-). 3. Experimental ii data 
of Figure 6.9 and values fork using eq 5.4 (4). 
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From Figure 6.13 it can be concluded that in order to reach the experimental ii 

values using the exit rate coefficient of eq 5.4 more radical entry is needed than 

initiator dissociation allows for. This could only be explained by an enhancement of 

persulfate dissociation by IDM. The effect of IDM on the dissociation rate 

coefficient, k,, is well described in literature. Kolthoff et al.<31> report that 

mercaptan does not react with persulfate and does not enhance the dissociation rate 

of persulfate, neither in the emulsion polymerization of styrene nor when directly 

determined in emulsifier solutions.<27> Contrary to popular opinion, Kolthoff et _al. 

never reported an enhancement of the dissociation rate of persulfate by mercaptans. 

An effect of mercaptan on the dissociation rate of persulfate is, however, reported by 

Blackley<7> in his well-known book. But it is not clear who reported •this and it is 

definitely not reported by Kolthoff et al.<2> Measurements reported by Weerts et al.<ff) 

give the k,, of persulfate during actual emulsion polymerizations as a function of the 

dresinate 214 concentration. At low dresinate 214 concentrations the value of ~ 

compares excellently with the value of Kolthoff et al.<32> measured in pure water 

(0.1 M NaOH). The emulsion polymerization performed by Weerts et al. contained 

ID M ( 1 % on monomer) which is not stated directly in the paper but is deduced from 

the fact that polymerizations without IDM are severely retarded in the presence of 

dresinate 214. The literature evaluation given above leaves but one conclusion: IDM 

has no effect on the dissociation rate of persulfate. In Table 6.4 the results of a 

thermal experiment (i.e. in the absence of initiator) is shown. Thermal rates are 

known to be comparable with initiator concentrations of 10-4 to 10-5 mol-dm·3 <33
)_ 

The results of the thermal polymerization indicate that IDM is not a radical forming 

species itself. The thermal experiment shows that the ii values found in experiments 

in the presence of IDM are not completely independent of initiator concentration. At 

low initiator concentration (i.e. the thermal equivalent) the ii was decreased. This 

indicates that IDM shifts the plot of ii versus initiator concentration to higher values 

of i'i by an effect operating on the radical loss mechanisms. 

The results of Figure 6.13 seem to point at an effect of IDM on the exit rate 
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coefficient. The exit rate coefficients calculated using experimental values of ii in the 

presence of TDM and entry rate coefficients using eq 6.5 are shown in Figure 6.14. 
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Figure 6.14. Model calculations of the radical exit rate coefficient, k using: 1. The full 
eq 5.4 (-·-·-) 2. Experimental ii data of Figure 6.9 and values for the entry rate 
coefficient, p using eq 6.5 ( ! ). 

From Figure 6.14 it is clear that the exit rate coefficients must be decreased 

considerably by TDM to account for the experimental ii values. Kolthoff et ai.£2> 
showed, in their experiments conducted in order to illuminate the promoting effect of 

mercaptan, that the conversion reached during ab initio butadiene emulsion 

polymerization after 12 hr was not affected by variations of 0.005 to 1 % on monomer 

of a commercial mixture of n-dodecyl mercaptans (given that a minimum amount of 

mercaptan was present). Whether particle number varies is not mentioned by the 

authors and the initiator concentration used was high, [I] =6xl0-3 moh:lm-3
• One 

could deduce that the data reported by Kolthoff suggests that the mercaptan 

concentration does not significantly affect radical desorption. However, since in ab 
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initio experiments particle number might change considerably as a result of changes in 

the exit rate coefficient the data is too ambiguous to be used in the present context. 

Moreover, the .initiator concentration used is high. Nomura et al.<'34> conclude that 

n-dodecyl mercaptan (NDM) does not enhance radical desorption since it has no 

effect on the rate of polymerization nor particle number in the emulsion 

polymerization of styrene ([l]=Sxlo-3 mol-dm-3
). From Nomura's work one is 

tempted to conclude that the NDM concentrations varying from 2.7x10·5 to 1.lx104 

mo1-g·1 do not decrease radical loss via exit since this would result in a strong rise in 

ii. However, the system used was styrene at 5C>°C using an initiator concentration of 

5x10·3 moh:tm·3• Styrene emulsion polymerizations under these conditions are known 

to behave as a Smith-Ewart case II system (i.e. ii=0.5) Thus a decrease in radical 

desorption has no effect on ii since it is already at its limiting value. Weerts et at.<13> 

report that no significant difference in the rate of polymerization per ·particle could 

be measured between ah initio butadiene emulsion polymerization experiments using 

NDM or IDM ([1]=13x10·3 mol-dm-3). Hence no change of the effects observed in 

this paper are expected from the difference between NDM and IDM since the water 

solubility of both mercaptans is expected to be in the same order of magnitude as are 

the transfer rate coefficients. From literature one is tempted to conclude that 

mercaptans do not influence the rate of radical desorption, however, all the data 

described in the literature is obtained at high initiator concentration where, as the 

present work indicates no effect of IDM has been found. Moreover, all literature 

data is obtained from ah initio experiments and the rate of polymerization is therefore 

a function of particle number. Consequently, no unambiguous data is found in 

literature to prove that IDM could not significantly decrease radical desorption. 

An effect of IDM on radical desorption could be envisaged as follows. Radical 

desorption is possible via monomeric radicals thus the process of desorption always 

starts with transfer to monomer.<22> Monomeric radicals can undergo three processes: 

1 propagation, described by kpi cm = 320 x 5.6 = 1792 s·1 
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2 desorption, described by k ... 

3 transfer to TDM, described by ~nn [TDM], where k1nn is the rate 

coefficient for transfer of monomeric radicals to TDM (dm3
• mol"1-s"1) 

Literature<15> reports a value for the long chain limit of k1rm =20 x ~ 

= 6400. CmM is the TDM concentration in the particles (mol-dm-3). 

From recipe 1, CmM is calculated using a slightly altered version of eq 

3.2 incorporating TDM leading to: CmM = l.4x10·2 mol-dm-3• Thus 

ktrm CmM = 89.6 s·I 

Including the third possibility in the probability of escape leads to: 

127 

(6.8) 

Transfer of monomeric radicals to TDM (89.6 s"1
) occurs significantly less frequently 

than propagation (1792 s:1
). Any effect of TDM on radical desorption is therefore 

hard to imagine unless the rate coefficient of transfer from a monomeric radical to 

TDM is significant larger than that of its long chain limit. However even if the exit 

rate coefficient were given by eq 6.5 this would not yet explain how the exit rate 

coefficient changes with initiator concentration. This consideration implies that the 

following issues are important in the butadiene emulsion polymerization: 

1. Exit and reentry of monomeric radicals. This would allow exit to depend 

on initiator concentration via termination of exited radicals involving 

initiator, or through the effect of ii on the fate of reentered radicals. 

Complicated models<36>C37)(3S)C39><40><41> including these processes exist, but 

are not readily utilized due to the large number of adjustable 

parameters. Further work is being done on the subject.C42> 

2. There may be another radical loss process not considered sofar. 
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The reported 'promoting effect' of mercaptans<2><13> (i.e. the observation that 

butadiene emulsion polymerization using fatty acid soap based emulsifiers is only 

polymerized at. a reasonable rate when small amounts of mercaptan are present) 

remains unexplained by the current findings. Both Kolthoff et a1,,<27l and Weerts et al. 

<13> show that the presence of emulsifier is but one clue in unravelling the 'promoting 

effect'. It is important to note that the enhancement of the rate of polymerization by 

IDM in this chapter may occur concurrently with the 'promoting effect'. Literature 

data obtained in the presence of fatty acid soaps suggest chemistry involving the fatty 

acid soap is important. This matter will be discussed separately in chapter s.<43> 

6.7 Conclusions 

A recipe was developed starting a seeded polymerization at wp=0.72 yielding -ln(l-x) 

versus time curves with only one linear region from which fl values could be obtained 

comparable to values obtained from recipes starting at wP=0.6. Experiments show 

that data of 9J. obtained in the presence of IDM is virtually independent of the 

initiator concentration, which is not predicted by model calculations. Experiments in 

the absence of IDM show that data of 91 strongly depends on initiator 

concentration, this data could be adequately fitted with model calculations. The used 

model is therefore capable of fitting two separate sets of data of ~ii versus particle 

diameter and 91 versus initiator concentration. The earlier reports of the 

independence of ii of the initiator concentration are explained as an effect of IDM. 

The data suggests that radical loss via desorption is decreased in the presence of 

IDM. How exactly IDM affects radical loss cannot yet be explained. 
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Chapter 7 Determination of radical absorption and desorption 

rate coefficients 

Summary: The aim of this work was to obtain insight in the radical 
absorption (entry) and desorption (exit) rate coefficients in the butadiene 
emulsion polymerization by monitoring non-steady state kineties. Three 
methods of monitoring non-steady state kinetics were applied to allow the 
use of the 'slope and intercept method'. 1. gamma radiolysis, 2. using a 
uniquely water soluble radical scavenger, Fremy salt, and 3. monitoring 
the start-up of chemically initiated polymerizations. Gamma radiolysis did 
not render accurate rate coefficients due to inappropriate experimental 
design. On the other hand important results concerning the average 
number of radicals per particle, and thermal background initiation were 
obtained. The Fremy salt method was applied for the first time to 
determine values for the entry and exit rate coefficients. However, this 
method did not yield rate coefficient data which is ascribed to the 
peculiarity of the persulfate initiated emulsion polymerization of butadiene 
to be insensitive to the persulfate concentration applied in the presence of 
tertiary dodecyl men:aptan. The monitoring of the start-up of persulfate 
Initiated polymerizations rendered useable data albeit with limited 
accuracy. The data thus obtained was in good agreement with the 
predictions made earlier that the exit rate coefficient is a function of the 
persulfate concentration in the emulsion polymerization of butadiene In 
the presence of tertiary dodecyl men:aptan. All the methods showed the 
importance or the etl'ect of tertiary dodecyl men:aptan and generated new 
Insights In its role in the butadiene emulsion polymerization 

7.1 Introduction 

131 

In an effort to elucidate the kinetic behaviour of the emulsion polymerization 

of butadiene, experiments were designed to monitor non-steady state kinetics. Some 
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of these experiments in the presence of a uniquely water soluble radical scavenger, 

potassium nitrosodisullonate (Fremy salt, FS). The ability to stop and restart a 

polymerization . offers possibilities to observe non-steady state kinetics. From the 

steady state conversion time history only an average number of radicals, ii, can be 

determined if the propagation rate coefficient, ~ is known.C1
) When certain 

conditions apply, a propagation rate coefficient can be determined <2X3X4) 

assuming i'i=0.5. The parameters that determine ft, like the rate coefficients for entry 

of radicals into particles, p, and the rate coefficient for exit of radicals out of 

particles, k, cannot be determined from steady state conversion time history alone 

since this only determines the ratio of p and k, in zero-one systems: i'i=p/(2p+k). 

The parameters p and k which determine the behaviour of the emulsion 

polymerization in Smith-Ewart case I and II, can. however, be determined from the 

steady state rate of polymerization and the time needed to reach the steady state 

polymerization. Without fully describing the mathematics here (see chapter 2) it is 

intuitively clear that the values of p and k determine bow fast a polymerization 

reaches its steady state. A measure of the latter observable is the intercept of the 

linear slope of the rate of polymerization with the y-axis. This method is commonly 

denoted as the 'slope and intercept method' (see chapter 2).<1X5> A standard 

emulsion polymerization reaches a steady state in a time scale of· minutes. The 

accuracy to which an intercept can be determined is critical. Stopping and restarting 

the polymerization a number of times during a small time scale compared to the total 

reaction time offers an elegant method of acquiring more accurate data since all 

other variables can be kept reasonably constant this way. The usual way to meet these 

preconditions is the use of gamma rays for the initiation of polymerizations.<6> One 

can simply remove a reactor vessel in or out of a gamma source to stop and restart 

the initiation of the polymerization. 

In this chapter the application of a uniquely water soluble radical scavenger, 

potassium nitrosodisulfonate (Fremy salt) in combination with a water soluble 

initiator like persulfate is described as a possible substitute for gamma radiation 

facilities. The use of Fremy salt as water soluble radical scavenger in emulsion 
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polymerization has been described by Lacik et a1.<1J and Barton et a1.<8)C9) 

A third alternative is monitoring the beginning of a chemically initiated 

polymerization given a step function of the initiator dissociation from zero radicals to 

the steady state rate of radical production can be achieved. This step function is 

approximated by injecting the initiator in the reaction mixture at reaction 

temperature. The advantages and disadvantages of the methods compared in the 

following section. 

The advantage of gamma rays as initiator is that one can start and stop the 

initiation by simply moving the reactor, in and out the gamma source, respectively. 

This has three advantages: 1. It is possible to restart the polymerization after a steady 

state has been observed during the first insertion in the source, followed by removal 

from the source. The differences between the approaches to steady states (SS) before 

and after removal from the source will give information about any possible 

retardation during this approach. The steady state condition usually observed marks 

the disappearance of any retardation. Hence during the second insertion the 

retardation is absent and reliable information can be found about steady state slopes 

and intercepts since approach to steady state is now only a function of the desired 

kinetic parameters. 2. The insertions can be frequently repeated during the same 

experiment thus enhancing the number of data obtained. 3. When the reactor is 

moved out of the source one is able to monitor the time needed for the rate of 

polymerization to reach a steady state, the decay time, which will give specific 

information on exit of radicals from particles (exit coefficient, k) and on the rates of 

thermal background initiation rates, often present in emulsion polymerization. A 

serious disadvantage of gamma initiation is the fact that the initiating species, being 

predominantly OH• radicals, are different from the sulfate radicals used in chemically 

initiated polymerization. This will have an effect on the entry of radicals in particles. 

Hence entry coefficients (p) determined from gamma radiolysis data can be 

compared neither with data from persulfate initiated systems nor with model 

calculations specifically designed for persulfate initiated systems<18> like the model 
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used in chapter 5 and 6. 

In theory the aqueous radical scavenger method, using Fremy salt, should offer 

the same advantages as mentioned for gan:ima radiolysis. In addition, it offers the 

advantage of allowing the use of persulfate as initiator. Thus sulfate radical 

absorption can be monitored and the resulting entry rate coefficient can be compared 

with model calculations. Moreover, insight is gained on which factors govern the 

persulfate initiating system. 

The chemical initiation method offers the advantage of allowing persulfate 

initiation like the , Fremy salt method, but the non-steady state kinetics can be 

monitored only once per experiment. Possible retardation of the polymerization will 

affect the data. 

7.2 Monitoring non-steady state kinetics: Gamma radiolysis 

7.2.1 Theory 

In a gamma initiated experiment the reactor is exposed to a 00co source 

emitting high energy gamma rays. The gamma rays create radicals in the water phase 

as shown in equations 7.1-4. The OH• radical is the most important radical for 

polymerization. 

(7.1) 

(7.2) 

(7.3) 

(7.4) 
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The gamma radiolysis experiments were performed at the Nuclear Research 

Laboratories of the Commonwealth Scientific and Industrial Research Organisation at 

Lucas Heights, Sydney, Australia in cooperation with The Sydney University Polymer 

Group. The 60Co gamma source used was moderately strong (2 krad·hr-1
) and from 

its radiation level at the time of measurement (half life time of 60Co is about 5 years) 

an equivalent persulfate initiator concentration can be calculated using a so called G

value which is defined as the number of radicals produced per 100 e V radiation 

energy. Thus 1 rad yields 10-9 mohlm-3 of radicals.<10><6> This is not unambiguous 

since gamma rays are allegedly capable of forming radicals directly in the particles. 

However, the majority of the effective OH• radicals are formed in the aqueous 

phase. This is simply due to the fact that the attracting Coulomb forces, trying to 

regain the electron shot out of its molecule by the gamma rays, are shielded by the 

polar medium of water whereas in organic apolar liquids this shielding against the 

coulomb forces is not present enabling rapid recombination. This has been 

investigated in organic liquids like cyclohexane, however, in monomer the two radicals 

created by a gamma photon may react with monomer before recombination occurs 

thereby possibly raising the effective number of radicals produced in monomer. These 

considerations make clear that the persulfate equivalent of gamma radiation is 

ambiguous and strongly dependent on the G-value used and the initiating efficiency of 

persulfate and gamma produced radicals. The number of radicals formed by gamma 

radiation is calculated according to: 

[/] (7.5) 

where E is the gamma emission: 0.56 rad 'S-1
, k.i is the persulfate dissociation rate 

coefficient at 60"C: 6.3x10-{; <11>, and the G-value for water used in the present 

context is G=6<10> if OH•,e- and H• are all effective. For the experiment performed 

this leads to an equivalent persulfate concentration of: 0.27x10-3 mol-dm-3 
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7.2.2 Experimental 

Dilatometry was used as a method of on-line conversion monitoring. For 

butadiene, a liquified gas, a special stainless steel dilatometer was available (designed 

for previous investigations). A schematic presentation of the gamma radiolysis set up 

at Lucas Heights is shown in Figure 7.1. The reactor and dilatometer system, as 

adapted during the present investigation to make it more applicable for the 

experiments at hand, is shown in Figure 7.2. The volume change caused by 

polymerization is measured by monitoring the movement of the piston of a gastight 

syringe which is connected to the reactor. This process is automated utilizing a Llnear 

Variable Differential Transformer (LVDT) device. The syringe is pressurized with 

argon up to 10 bar to assure a constant pressure and to immobilise the piston for 

movements other then those caused by volume changes in the reaction mixture. 

The set up had several drawbacks. The reactor is designed to fit in the reactor 

cavity of the gamma source and is therefore rather small (reactor volume =23 ml). As 

a consequence the amounts used in the recipes are too small for accurate weighing 

and sampling. The volume to surface ratio is undesirably small. The temperature of 

the reactor could not be accurately controlled since no heat control coupling between 

reactor and thermostatic bath existed. The sampling during polymerization, necessary 

to convert the dilatometry data into conversion data, caused problems due to the 

small reactor volume. Unfortunately these problems could not be solved adequately 

within the short time span in which the radiation facilities were available to us. 

The sampling and subsequent gravimetrical determination of. the conversion 

are essential since butadiene and polybutadiene do not mix ideally and therefore 

dilatometry, like densitometry, needs to be calibrated.<29> The sampling is done by a 

gastight syringe and the sample volume is replaced by water from the ballast tank. 

While taking a sample the 3 way valve (see Figure 7.2) is turned in such a way that 

the reactor is connected with the ballast tank and not with the L VDT. 
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5 5 

1. Lead shielding 
2. Moving lead cylinder with 

reactor cavity 
3. Cobalt rods 
4. Reactor cavity (140 mm 

diameter, 160 mm height) 
5. Bores, used for tubing and 

wires 

Figure 7.1 Schematic representation of the gamma radiolysis facilities 
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Figure 7.2: The gamma radiolysis reactor and dilatometer system. 
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Sampling out of the reactor significantly reduces the amount of particles due to the 

small reactor volume as compared with the sample volume (1 ml). Tberefore, after 

sampling, recalculation of the reactor contents is necessary, but this is only possible 

when the conversion at sampling time can be accurately determined. Errors 

introduced at the beginning of this procedure may have a large effect on the accuracy 

in the determination of the conversion of the last samples. Another problem arises 

from the fact that samples can only be taken while the reactor is out of the source 

and after decay, because sampling usually takes 5 to 10 minutes. Therefore it was 

decided to take samples only three times during each polymerization: at the beginning 

of the reaction, after the first decay and after the second decay (3 data points is the 

minimal number required for a calibration curve!) 

The gravimetrical conversion determination indicated the limitations of the 

accuracy possible in the present design. The gravimetry, accurate only to plus or 

minus 5% conversion together with the errors in the weighing of the recipe 

ingredients, causes a relatively large inaccuracy in the data. 

7.2.3 Results and discussion 

Four gamma radiolysis experiments were performed. Conversion was 

determined with an error of about 5% which means that also rates must have at least 

5% error. Intercepts will have a much larger error. With this in mind the data was 

examined to see if it was useable. The most important data was taken from the steady 

state slope and intercept of polymerization during decay out of source since the 

inhibition phenomena mentioned earlier should have no effect in tl;tis region. Very 

useful was the observation of the difference in approach to steady state between the 

first and the second insertion. The seeded recipes used, begin the polymerizations at 

wp=0.6. This means, as was elucidated in chapter 6, that in plotting -ln(l-x) versus 

time, two kinetic regions occur from which the second region is always linear. In 

Figure 7.3 such a plot is shown for a gamma radiolysis experiment. When the second 

linear region .is reached, the second insertion in the gamma source leads to an 
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approach to steady state that is purely kinetically determined. Figure 7.3 proves the 

statements made in chapter 6 that the non-linear regions observed in plots of -ln(l-x) 

versus time in interval III are not caused by an approach to steady state over several 

hours since the second approach to steady state is only determined by kinetics 

parameters and lasts only minutes. 
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Figure 7.3 -ln(l-x) versus time plot of a gamma radiolysis experiment consisting of 
two insertions in the gamma-source. 

The experiments were performed using 3 seed latexes of different particle sizes 

and consequent particle numbers (the amount of polymer present in the system is 

constant). Either the first decay or the second decay was used to calculate the values 

for the average number of radicals per particle, ii. and the exit rate coefficient, k, 

listed in Table 7.1. The ii values from chemically initiated systems (iichem see Table 

5.1, using ~=320 dm3 mo1·1 s"1) are presented for comparison. These n values are 

obtained using exactly the same seed latexes but a persulfate concentration 

considerably higher than the calculated equivalent concentration created by the 
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gamma source. This is acceptable due to the near independence of ft of the persulfate 

initiated butadiene emulsion polymerization in the presence of TDM. The equations 

used have been described in chapter 2. 

Table 7.1: Calculated values for fie) in chemically and gamma initiated 
polymerizations. 

d,.. particle iisschem ftssT f!.ssdecay k 
number 

/(nm) /(dn13) /(s-1) 

45. 2.1x10Z1 0.03•> 0.05 0.002 0.3 

90. 2.9xl<i» 0.2•> 0.09 0.008 0.01 

90.b) 2.9xl<i» 0.04 0.02 0.02 

150. 6.7x1019 0.3•) 0.25 0.03 0.03 

a) Values from Table 5.1 experiments perfonned at [I)= 10·2 mol dm-3 

b) Experiment perfonned without TDM 
c) Ii calculated using eq 24 

Note that the procedures used for chemically initiated polymerizations and gamma 

initiated polymerizations were very different. The reactors used were different in 

shape and size. The way conversion was monitored was different. Even the initiating 

species used were different. In this light the good agreement of fissc11em and f!.ss1 is a 

strong indication of the validity of the ii data and of course a result of the earlier 

mentioned phenomenon that butadiene emulsion polymerizations in the presence of 

TDM are not affected by the persulfate concentration. Again this is an indication that 

TDM influences in-particle kinetics, as suggested in chapter 6, since the water phase 

kinetics are totally different when comparing gamma radiolysis . and persulfate 

initiation. 

During the steady state reached when the reactor is out of source it is possible 

to measure the radical activity due to 'thermal background initiation' (in the absence 

of any other mechanism of initiation) The values of the entry rate coefficients (pdecaY) 

and the vall,leS of fissdecay depicted in Table 7.1 (calculated from the steady state 
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reached when the reactor is out of source) are very low and comparable to the ft 

obtained from a thermal run performed: ii=0.012 (see Table 6.4., clw=102 run ,[I]=O, 

and using kp=320 dm3 mo1·1 -s-1) This is a particularly useful result since it indicates 

that 'thermal background initiation' is not an important source of radicals during 

decay. This leads to the reasonable assumption that 'thermal background initiation' is 

not important during gamma or chemically initiated polymerizations and need not be 

compensated for when calculating initiator efficiencies. 

7.3 Monitoring non-steady state kinetics: The Fremy salt method 

Summary: The kinetics or the seeded emulsion polymerization or butadiene 
in combination with variable Fremy salt (potassium nitrosodisulfonate) 
concentrations was investigated in order to monitor non-steady state 
kinetics necessary for obtaining information on entry and exit or radicals 
from latex particles. Fremy salt is used because it is an entirely water 
soluble stable radical that in principle can scavenge water soluble radkals 
produced by a water soluble initiator like persulfate, but allegedly will not 
interfere with radicals within latex partkles. Adequate butrering of the pH 
is a prerequisite for stable Fremy salt concentrations in time. Emulsion 
polymerizations in the presence of Fremy salt showed that not all radicals 
in the aqueous phase or a swollen polybutadiene latex are scavenged. The 
use or Fremy salt to monitor non-steady state kinetics in the seeded 
emulsion polymerization of butadiene in the presence of tertiary dodecyl 
mercaptan yields no satisfying results. The use of Fremy salt seems to be 
restricted to systems where the rate or polymerization is strongly 
inftuenced by variation in initiator concentration i.e. the styrene system or 
the butadiene system in the absence of tertiary dodecyl mercaptan. 

7.3.1 Theory 

The proper monitoring of non-steady state kinetics depends on a step function in the 

presence of effective radicals capable of polymerizing monomer dissolved in the 

aqueous phase. Ideally, the injection of a uniquely water soluble radical scavenger 

reduces the efficient radical concentration in the aqueous phase from its steady state 

value to zero but should not interfere with the radicals or growing chains in the 

particle phase. This section describes the application of Fremy salt to serve as such a 
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scavenger. 

FS is a nitroxyl radical which has found widespread use as an ESR standard 

and as a selective oxidizer for some organic compounds.<12> The most important 

feature of FS is its extremly high stability. It is a long-living radical, which makes it 

suitable for use as a scavenger of other radicals. It has been suggested by Lacik et 

al. (7) that FS could be used as a scavenger in an emulsion polymerization when a 

water soluble initiator is used. Several important advantages of the use of FS in an 

emulsion polymerization would be: 

1. FS is highly water soluble and almost completely insoluble in organic 

solvents<13> , thus only radicals in the water phase are scavenged. 

2. FS shows no interaction with SOS-micelles, <13><14> consequently it 

seems reasonable to assume that FS will not enter SDS stabilized latex 

particles and therefore will not interfere with the polymerization inside 

the latex particles 

The orange crystals of FS form a purple solution when dissolved in water. It 

has been observed that the decomposition of FS in water, among other things, 

depends on the pH of the solution. Murib et al.05> described this decomposition as 

summarized by equation 7.6: 

(7.6) 

4 (SOJ/102-· + 7 Hp .... 2 (SOJ/IOH2- +Np + 4 so;- + 4 Hp+ 

Furthermore, Murib et a1.<m described the reactions that occur at low pH as given by 

equations 7.7-9: 
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(7.7) 

(7.8) 

Np 
· HNO 

OH• + (S03)µ02
- • .... intermediates .... so/ (7.9) 

H
3
0+ 

Lacik et al. (7) described inhibition during an emulsion polymerization of styrene 

initiated by gamma radiation, thus by a combination of mainly OH• and some H• 

and e·· radicals, in the presence of FS. This inhibition can probably be explained by 

equation 7.9. 

Persulfate, a commonly used initiator in emulsion polymerization, dissociates in 

water producing so4• • radicals. To be effective as a radical scavenger in such a 

system FS should react with so4• • or with active oligomeric radicals formed in the 

water phase by so4• •• Wilson et ai.<16> indicate that FS should be able to react with 

so3•• radicals and that decomposition of FS in water is facilitated by S03:z... The 

decomposition of FS, however, is not affected by SO/. Taking into account that these 

reactions took place in strongly alkaline solutions it is still not unambiguously shown 

that FS radicals react with so4:z... radicals, i.e. with the primary radicals formed 

during emulsion polymerization in the aqueous phase. The same uncertainty applies 

to organic oligomeric radicals in the water phase. There are some indications02)(?) 

that FS reacts with these species. It is, however, not known if these reactions actually 

occur under emulsion polymerization conditions. Barton et aJ.<8> claim that the 

effectiveness of FS as a radical scavenger is based upon its reaction with oligomeric 

radicals rather than primary radicals in the water phase of a polymerizing latex. 
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After this literature survey some questions remain whether FS meets the 

requirements of the ideal radical scavenger defined earlier. Nevertheless experiments 

were performed to verify the usefulness of FS 

7 :3.2 Results and discussion 

7:3.2.1 Fremy salt aqueous solutions 

The FS solutions as used in polymerizations were tested for radical activity. In 

Figure 7.4 an ESR signal is plotted of a lx10·3 mol-dm-3 solution of FS buffered with 

10-2 mol-dm-3 NazC03• The ESR signal is used here as a fingerprint of FS, which is 

used as an ESR standard and thus has a well known signal.02
) To verify whether FS 

radicals react with sulfate radicals a mixture of FS (10-3 mol-dm-3) from a stock 

solution and potassium persulfate (5x10-3 mol-dm-3) buffered with 10-2 mol-dm-3 

N~C03 were dissolved in water and heated for 4 minutes at 90"C. A reference 

solution of only FS from the same stock solution was treated likewise. In Figures 7.5-6 

the ESR signals of both solutions after heating are shown. From the intensity of the 

signals in the Figures 7.4-6 the concentrations of FS could be determined and these 

are shown in Table 7.2. 

Table 7.2: The relative intensity of the ESR signals of FS solutions of: 10-3 mol-dm"3
, 

10-3 moMm·3 after 4 minutes heating at 90"C and 10-3 moMm·3 plus 5xto-3 

mol -dm-3 persulfate after 4 minutes heating at 90"C. 

FS solutions ESR relative signal FS radical 
/(mol-dm-3) intensity 

10-3 FS 1 

10-3 FS 90"C, 4 min. 0.7 

10-3 FS, 5xl0-3 persulfate, 90"C, 4 min. 0.16 

concentration 
/(mol-dm-3) 

10-3 

0.7x10-3 

0.16xto·3 
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Figure 7.4 ESR signal of a 10-3 mohlnf3 FS solution buffered with 10-2 mohlnf3 

NazC03, frequency 9.67 GHz, modulator frequency lOOkHz, mid range 3470 G and 
scan range 100 G. 

Figure 7.5 ESR signal of a 10"3 mol ·dnt"3 FS solution buffered with 10"2 mo1.L·1 

NazC037 heated for 4 minutes at 90"C. 

Figure 7.6 ESR signal of a mixture of a 10"3 mohlm.3 FS solution and a Sx10"3 
Naz$z08 mol11m..3 solution buffered with 10"2 mol11m..J NazC037 heated for 4 minutes 
at 90"C. 
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The difference in FS concentration after heating between the solution with persulfate 

and without persuHate is 0.53x10-3 mol"Cln13
• This agrees acceptably with the amount 

of thermally created S04"• radicals. assuming that all these radicals ar~ scavenged by 

FS. In 4 minutes at 90"C the concentration of S04"• radicals formed (in the absence 

of FS) would be 0.7x10-3 mohlm."3 calculated utilizing eq 7.10 and a value for the 

persuHate dissociation constant,~ = 3.lxlo-4 s·1 at 90"CY7> 

El = e-1<.i' 
[Jo] 

(7.10) 

where [I] is the initiator concentration in /(mohlm·3), and t is time in /(s). The 

deviation is within experimental error. Note that in the scanned range the ESR only 

detects signals of FS radicals. Sulfate radicals cannot be detected by ESR at room 

temperature because rapid termination ensures extremely low suHate radical 

concentrations. The reactions leading to termination of FS radical activity are not 

clear. From these measurements one cannot unambiguously state that FS radicals 

scavenge sulfate radicals since persuHate dissociation also produces OH• radicals by 

means of reaction with water:<17> 

(7.11) 

There is some evidence that charged species like sodium dodecyl micelles are not 

2affected or penetrated by FS due to electrostatic repulsion. <13> This might also 

prevent direct scavenging of sulfate radicals by FS, but does still allow for scavenging 

of products of the reaction:<17> 

(7.12) 

Some evidence exists for reaction of FS radicals with OH•.<7){15
) However, careful 

reading of the Lacik paper reveals that FS and gamma initiated radicals are present 

simultaneously. In his paper a polymerization is described during which a reactor 

vessel is taken in and out of a gamma source. In the source gamma rays initiate the 

polymerization, out of the source the polymerization rate decays. It is stated that the 

polymerization comes to a full stop after the latex-FS mixture has been in and back 
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out of the gamma source. This full stop of the polymerization is an effect ascribed to 

FS since comparable polymerizations without FS decay to a slow but measurable 

background rate. Nevertheless the latex-FS mixture polymerizes in the source thus 

showing polymerization is possible in the presence of FS. The Figures 7.4-6 and Table 

7 .2 show that the FS solutions prepared in the current investigation contain active FS 

radicals and these FS radicals terminate with whatever radicals are formed as a result 

of persulfate dissociation almost equivalently. The presence of monomer dissolved in 

the aqueous phase is a complicating factor. The following reaction is claimed to be 

diffusion controlled:<18><19><20X21> 

so;· + M .... •Mso; (7.13) 

The rate coefficient for this reaction kp;= 109 dm-3mo1-1-s·1.<18> Whether the rate of 

the reaction between S04"• radicals and FS is also diffusion controlled is not clear. In 

the presence of monomer, competition between the reaction of sulfate radicals with 

FS and the reaction of sulfate radicals with monomer is determined .. by the rate 

coefficients and the ratio of FS and monomer aqueous concentrations. After the 

oligomeric radicals are formed the following reaction is likely to happen: 

•MSO; + FS .... dead products (7.14) 

For the kinetics of entry it makes little difference which radicals, so4-. or oligomeric, 

are terminated by FS. 

The stability of FS radicals as a function of pH of the solution was verified by 

monitoring the pH of several aqueous solutions of FS and sodium persulfate (NaPS). 

In Figure 7.7 the pH is plotted versus time and shows that FS is degraded rapidly in 

pure water probably via reaction 7.6. Persulfate is known to produce acidic 

components as a result of dissociation via reactions described by equations 7.11 and 

7.12. The pH of an FS solution buffered with potassium carbonate is monitored in 

time and from the results shown in Figure 7.8 it is clear that FS is stable and present 

at 60"C in solution for at least 120 minutes given an adequate buffering of the pH. 
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Figure 7.7 pH versus time of aqueous solutions: +: [FS] = to-2 mol·dnf3, ~= [NaPS] 
= lo-2 moJ.dm-3

, o: [FSJ = [NaPS] = 0.5xlo-3 mohlm-3
• 

Figure 7.8 Decrease of pH versus time in a buffered solution of: [FS] [NaPS] = 
O.Sxto-3 mohlm-3, [NaHC03] = 0.5x10-3 mohlm-3• 
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7.3.2.2 Emulsion polymerizations 

After testing the radical activity of FS solutions in time and as a function of 

pH it was verified whether FS could actually meet the requirements defined for an 

ideal aqueous radical scavenger in order to obtain proper non-steady state kinetics 

upon injection of FS in a butadiene emulsion polymerization at 60"C. 

The polymerizations are performed using the recipe shown in Table 3.2. 

During polymerization 1: 0.9x 10-3 mol -dm-3 FS was added to the reaction mixture 

twice. The initiator concentration used was 10-2 mol -dm-3
• The molar amount of FS 

added was calculated to be equivalent to the molar amount of persulfate radicals 

formed by dissociation during a time interval of 2 hours using the straightforward 

equation 7.10 and a value for k,. of 6.3x10-6 at 60"c.<22> Note that the thermal 

degradation of FS is not taken into account: from Figure 7.8 it becomes clear that this 

is justified. In theory the FS radicals should scavenge the radicals formed by 

persulfate instantaneously. Bimolecular termination of small radical species in the 

water phase has been reported by several authors and found to be a diffusion 

controlled process.<23><24><25> In Figure 7.9 the conversion-time history of 

polymerization 1 is shown. The injections of FS are indicated by the two arrows. The 

effect of FS on the rate of polymerization is negligible. This observation leaves a 

number of possible conclusions. Note that monitoring of the ESR signal of FS 

radicals, as depicted in the Figures 7.5-6 does suggest active radical scavenging by FS. 

In polymerization 2 the injected amount of FS was drastically increased to 

verify whether the FS concentration was too low in polymerization 1 to have a 

noticeable effect. This resulted in a total inhibition of polymerization 2, no 

polymerization was observed (see Table 7.3). The observation of polymerization 2 

suggests that radical scavenging was incomplete during polymerization 1 which can be 

compensated by adding more FS. However, this does not explain why the 

polymerization is inhibited long after the FS concentration drastically must have 

diminished as can be deduced from the Figures 7.5, 7.6 and 7.8. 
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Figure 7!J Polymerization 1: Conversion in interval m versus reaction time: [NPS] 
10·2 moh:lnf3, particle diameter: ~ = 44.6 nm. Two injections of FS: t=O [FS] 
0.19xl0-3 mol-dm·3, t=3.5 hr [FS] = 0.19xt0·3 mol-dm-3. 

In polymerization 3 a compromise in FS concentration between polymerization 

1 and 2 was chosen. Figure 7.10 shows the conversion-time history of two comparable 

experiments: polymerization 3 and a polymerization in which no FS was added. 

Obviously the rate of polymerization and the average number of radicals per particle, 

ft is reduced considerably by the presence of FS. However, the second injection of FS 

has no effect on the rate at all. This result is inexplicable with currently accepted 

ideas on entry of radicals into latex particles! The amount of FS added at the start of 

the reaction should have inhibited any polymerization for 5 hours, according to eq 

7.10. 

In polymerization 4 yet another concentration of FS and persulfate was chosen. 

Fig 7.11 shows the conversion-time history of the experiment. The first injection yields 

little or no effect, the second injection leads to an absolute stop of the 

polymerization. The polymerization does not restart after the calculated inhibition 

time of 15 hours has expired for long. 
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Figure 7.10 Polymerization 3 Conversion in interval m versus reaction time: [NaPS] = 
1()"3 mol"Clm--3, particle diameter: d,. = 223.9 run. Two injections of FS: t=O [FS] = 
0.21><10-3 moh:l.m·3, t= 18.9 hr [FS] = 0.21xlo-3 mohmf3• 
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Figure 7.11Polymerization4 Conversion in interval m versus reaction time: [NaPS] = 
10--3 mohtm·3, particle diameter: d,. = 101.6 run. Two injections of FS: t=O [FS] = 
0.47x10-3 mohl.m-3, t=S.3 hr (FS] = 0.89x10"3 mol-dm·3• 
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FS is capable of creating acidic components therefore an investigation of the pH of 

the final latex samples was performed by introducing a calibrated pH-probe directly 

in the latex. In Table 7.3 the experimental results are compared. The polymerizations 

2 and 4 that suffered a complete stop of the polymerization seem to have developed a 

very low pH. Most likely the FS reactions with water lead to acidic components that, 

although a buffer was added (NaHC03), reduce the pH. It is well known that below 

pH=3 the following reaction of persulfate increasingly contributes to its 

dissociation:(t7) 

Hsp; + HzO -. HS05 - + HS04 - + H • (7.15) 

This suggests that the inhibition in polymerization 2 and the full retardation in 

polymerization 4 are due to degradation of persulfate caused by inadeql;late buffering 

of the pH. Barton et al.cs) describe comparable polymerizations using styrene in which 

none of the previously discussed problems occur. However, the effect of pH is not 

mentioned and no information about pH or the use of buffer is given in their work. 

although the concentrations used are comparable. 

In literature many reports are available describing the near independence of 

the rate of persulfate initiated butadiene emulsion polymerization in the presence of 

mercaptan (see chapter 6)<26)(Z7)(2S)(Z9)C30) It is therefore conceivable that 

Fremy salt is capturing all but few of the produced radicals, whereas this would not 

show up in the rate which is virtually unvaried over two orders of magnitude in 

persulfate concentration. <30
) The rate of polymerization becomes sensitive to the 

persulfate concentration only in the absence of IDM. A recipe without IDM and 

with adequate buffering is chosen for polymerization 5. The concentration of Fremy 

salt and persulfate utilized are given in Table 7.3. In Figure 7.12 the results of the 

polymerization 5 are shown. Obviously experiments in the absence of tertiary dodecyl 

mercaptan are adequately stopped by adding Fremy salt. This is again a strong 

confirmation of the data presented in chapter 6 where a strong influence of the rate 

of polymerization on the persulfate concentration was shown to occur by omitting 

IDM from the polymerization recipe. Two explanations are discussed: 
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Figure 7.12 Polymerization 5 -ln(l-x) in interval m versus reaction time: [NPS] = 10·3 

moh:tm·3, particle diameter: dw = 158 nm. One injection of FS: t=9.5 hr [FS] = 10-3 

mol-dm-3. 

1. IDM actively interferes with aqueous phase kinetics. However, this 

option is not likely in the light of the extremely low aqueous 

concentrations of IDM and of radicals in general as compared with the 

FS concentration. 

2. IDM influences in-particle kinetics. This option is readily supported by 

data from chapter 6 and paragraph 7.2.3. 

By reducing radical desorption. IDM ensures that very small amounts of radicals 

produce a much higher rate of polymerization than expected. A reduction of three 

orders of magnitude in the persulfate concentration still has little effect on the rate of 

polymerization. This means that FS has to scavenge more than 99.9 % of the created 

radicals to bring about a significant decrease in the polymerization. From 

polymerizations 1 to 4 it can be deduced that FS does not scavenge all created 

radicals. Omission of IDM from the recipe significantly increases the dependence of 
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the rate of polymerization on the persulfate concentration. Combined with a much 

larger likelihood of radical desorption bringing monomeric radicals back into the 

realm of the FS explains the full stop of the polymerization by FS in polymerization 

5. The final pH of the latex resulting from polymerization 5 is in the required range 

for normal persulfate dissociation. This explains the restart of the polymerization after 

the FS concentration is diminished by reaction with water and the generated radicals. 

Table 7.3: Overview of polymerizations on seed latexes of variable particle diameter, 
d., and the effect of Fremy salt concentrations, {FS], on the rate of polymerization 
and final latex pH. 

number [I)x1a3 

1 (Fig. 7.9) 10 

2 0.1 

3 (Fig. 7.10) 1.0 

4 (Fig. 7.11) 1.0 

5 (Fig. 7.12) 1.0 

[FS]x1a3 ~iclc 

/(mol-dm3
) /(nm) 

pH effect on the 

~I 

0.76 1st injection 44.6 a) no effect 

0.85 2nd injection 7.5 no effect 

0.15 1st injection 44.6 3.3 inhibition, no 

polymerization 

0.21 1st injection 223.9 7.3 retardation 

0.21 zru! injection 

0.47 1st injection 101.6 a) no effect 

0.89 2nd injection 2.4 reaction stops 

1.0 161 injection 158 6 decay and 
restart 

a) Not measured but pH=neutral is expected. 

From the polymerizations performed under a wide variety of particle sizes, 

initiator concentrations and FS concentrations the following can be concluded. The 

rate of polymerization of seeded emulsion polymerization of butadiene is not affected 

by FS concentrations to a degree that can be expected according to the calculated 

production of sulfate radicals. Degradation of persulfate without the production of 
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sulfate radicals at pH< 3 explains the retardation of polymerizations without adequate 

buffering of the pH. On the other hand retardation is obseived in polymerization 3 

where adequate buffering of the pH is provided and this leads to the conclusion that 

FS terminates a portion of the radicals formed by persulfate, so4-. and oligomeric 

radicals, but not all the radicals formed in the aqueous phase of a swollen 

polybutadiene latex. A total scavenging of all radical activity is necessary to stop a 

butadiene emulsion polymerization in the presence of TDM. Explanation of these 

phenomena are found in the virtual initiator concentration independence of the rate 

per particle of butadiene emulsion polymerization. This is elegantly proven by 

polymerization 5 were an expected decay and restart of the polymerization is 

obtained in the absence of TDM. This is in excellent agreement with the findings 

revealed in chapter 6 indicating the peculiar and poorly understood role of TDM in 

the emulsion polymerization of butadiene 

The use of the Fremy salt method is somewhat dubious in obtaining kinetic 

information since it is not clear to which extent the Fremy salt interferes with the 

normal emulsion polymerization kinetics. The ideal step function in radical activity 

from steady state activity to zero activity and vice versa. required for the slope and 

intercept method to be used, is probably not achieved. To what measure this will 

affect entry and exit rate coefficient data remains unclear as yet. This could be tested 

using the styrene system which is sensitive to the persulfate concentration and for 

which entry and exit rate coefficients are known. 

7.4 Monitoring non-steady state kinetics: The chemical initiation method 

7.4.1 Results and discussion 

The proper monitoring of non-steady state kinetics in the chemical initiated 

method depends on the creation of a step function in radical production. This is 

approximated by injecting the initiator into the system. The sequence of procedures is 

slightly different from the procedures mentioned in paragraph 3.1.3. The reaction 
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mixture, except for the initiator, was allowed to reach the reaction temperature. The 

on-line conversion monitoring signal was established and the initiator was injected 

when the on-line signal was maintained at a constant value for a short period of time. 

Conversion and time were defined zero at injection time. In Figure 7.13 an example 

of a -ln(l-x) versus time curve, from which a slope and intercept can be obtained, is 

shown (the injection of persulfate is indicated by the arrow). The intercept data is 

hard to obtain within reasonable accuracy as will be evident from the very short 

approach to steady state in Figure 7.13. However, under experimental conditions 

leading to low values of p (low [I] and high number of particles) the approach to 

steady state is longer and can be measured more accurately. The results of this 

method are shown in Table 7.4. The values are calculated using the a=l and a=O 

models described in chapter 2 and therefore are model dependent data! The accuracy 

of the data can be estimated from the accuracy of the components used in the 

calculation of p and k. The three components required are the slope, the intercept 

and a value for A (see eq 2.3). The error in the slope is small and estimated to be 

10%. The error in A with respect to the calculation of fl. is mainly due to errors in the 

particle number (~10%) and C.., (~5%), and estimated to amount to 15%. The error 

in the intercept is large because the intercept itself is often very small (10-2 to 10-{\) as 

compared with the error in the slope. 

Table 7.4 Values for p, k and il obtained from the chemical initiation method. 
IDM was present in the recipes underlying these experiments. 

[I]xlo' p(a=O) p(a=l} k(a=O) k(a=l) ii 

/(mol-dm3> /(s-1) /(s-1) /(s-1) /(s-1) 

10 3.lxl0-3 2.3x10-3 1.8x10-2 5.0xl0-2 0.13 

1 4.5x104 3.4x1Q4 2.2x10"3 5.8x10"2 0.14 

0.1 4.7x10-5 3.Sxlo-5 3.3x104 1.lx10·3 0.11 

0.01 2.9xl~ 2.0xl~ 6.6x10..s 5.9x104 0.04 

0 3.4x10-7 2.4x10-7 2.7x10..s 7.7x1Q4 0.01 
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Figure 7.13 -Jn(l-x) versus time plot with extremely short aproach to steady state 
(persulfate injection indicated with the arrow). 

The maximum error in the intercept is estimated to be 1 to 2 orders of magnitude 

which reduces the significance of all other errors. However, at lower persulfate 

concentrations the error in the intercept is much less than an order of magnitude and 

the range in p and k values spanned by the measurements is 3 orders of magnitude. 

Although the data is fairly inaccurate it is the only p and k data currently available 

and will be discussed accordingly. 

The data of Table 7.4 is depicted in the Figures 7.14 and 7.15, together with 

model calculations presented in chapter 5 and 6. The values for k.r and lei from 

chapter 6 (k.r=5x10-2, Ic.=2x109
) are used in the model calculations. The data and 

model calculations are not in good agreement, even when considering the inaccuracy 

of the data. which is not surprising since the model used was also incapable of fitting 

ii data versus [I] (see Figures 6.7 and 6.8). Alas no entry or exit rate coefficient data 

of polymerizations without TOM is available. 
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Figure 7.14 p versus [I] for a particle diameter of 101 nm. Model calculations us~ 
eq 6.8 and a value for the rate coefficient of radical transfer to monomer, ku=5x10' 
and a value for the termination rate coefficient in the aqueous phase, kt=2xlo". 
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Figure 7.15 k versus (I] for a particle diameter of 101 run. Model calculations using eq 
6.8 and a value for the rate coefficient of radical transfer to monomer, ktr=5x10·2 and 
a value for the termination rate coefficient in the aqueous phase, k1 =2x~09• 
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As is suggested in chapter 6 a mechanism that would allow the exit rate coefficient to 

be influenced by the initiator concentration is needed to explain the anomalous 

behaviour of the butadiene emulsion polymerization in the presence of IDM under 

different persulfate concentrations. The data in Figure 7.15 does show a dependence 

of k on [I] (which is not accounted for in the currently used model) and is thus in 

agreement with the predictions made in chapter 6. Again these observations imply 

that the following issues should be considered in modelling the butadiene emulsion 

polymerization: 1. Exit and reentry of monomeric radicals. This would allow exit to 

depend on initiator concentration via termination of exited radicals involving initiator, 

or through the effect of fl on the fate of reentered radicals. 2. Other possible radical 

loss mechanisms unaccounted for in the present modelling. It is noteworthy that the 

data of the Figures 7.14-15 are close to the model calculations at high initiator 

concentration which explains the good fit of fl versus particle diameter at this high 

initiator concentration and discussed in chapter 5. The data depicted in Figure 7.14 

cannot be completely explained. There is no obvious reason why the experimentally 

determined p data should not be fitted by the model prediction. This could, however, 

be caused by inaccurate data acquisition. The main problem of the chemical initiation 

method is that possible retardation or inhibition occuring after injection of the 

initiator will reduce the values of p and k. More accurate data of p and k should be 

obtained using recipes with and without TDM together with incorporating reentry of 

exited radicals in the slope and intercept calculations thus complying with the more 

complex kinetics of the butadiene emulsion polymerization. Nevertheless the models 

used in chapter 5 and 6 should not be discarded. Although the models are 

simplifications of the mechanisms involved, the fit of two separate sets of accurate fl 

data still provides a powerful tool in description and control of butadiene emulsion 

polymerization. The kinetic regimes in which the system polymerizes can be derived 

as well as useful information on the persulfate initiating efficiency. Moreover, the 

complicated models, taking into account reentry of desorbed radicals have a number 

of adjustable parameters or do not allow experimental determination of the rate 

coefficients by the slope and intercept method. 
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7.5 Coacluslons 

Three methods of monitoring non-steady state kinetics have been applied in 

order to obtain data, via the slope and intercept method, of the radical entry and exit 

rate coefficients. 

The pmma radiolysis metho<l: The acquired fl data shows good agreement 

with chemically initiated data, even though different reactors, initiating species and 

concentration, and conversion monitoring systems were used. It was shown that the 

approach to steady state in the seeded butadiene emulsion polymerization is 

kinetically determined and not caused by retardation phenomena. The intercept data 

obtained is unfortunately inaccurate and was not included in the discussion. Thermal 

background initiation can be neglected as an important source of radicals during 

gamma or chemically initiated polymerizations as was deduced from the very low 

values for flss decay. 

The Fremy salt method: Indications are found for a reaction of FS radicals 

with radicals generated by persulfate dissociation. In aqueous FS solutions buffering 

of the pH is necessary to maintain a stable concentration of FS. If FS is added to a 

polymerization in such a way that the pH is reduced below pH =3, then inhibition of 

the polymerization occurs via degradation of the persulfate. The use of FS to monitor 

non-steady state kinetics is unsatisfying. Only polymerization in the absence of IDM 

can be stopped and restarted. The FS radical does not seem capable of stopping all 

radicals formed. 

The chemical initiation method: The data obtained by this method shows an 

initiator concentration dependence of the exit rate coefficient. This explains the 

independence of the rate of butadiene emulsion polymerization of initiator 

concentration in the presence of mercaptan. The exact mechanism for this 

phenomenon could not be elucidated. More accurate entry and exit rate coefficient 

data obtained in the-presence and absence of IDM is needed. 
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The 'promoting effect' of mercaptans 

Chapter 8 The 'promoting effect' of mercaptans 

Summaiy: The observation that butadiene emulsion polymerizations in the 
presence of fatty acid emulsifiers need minimal amounts of tertiary or n
dodecyl mercaptans to polymerize at a reasonable rate is often refened to 
as the 'promoting effect' of mercaptans and is evaluated in this chapter. 
Experimental evidence is presented which shows that fatty acid emulsifiers 
can actively reduce the average number of radicals per particle. In this 
chapter it will be shown that three components are necessary for 
retardation of the rate of polymerization in the absence of mercaptan to 
occur: 1. Only diene monomer polymerizations show retardation. 2. Only 
persulfate initiated polymerizations show retardation. 3. Retardation of 
the rate of polymerization only occurs in the presence of fatty acid 
emulsifiers. These three components are combined for the r ... st time in a 
reaction scheme which is an extension of a reaction scheme proposed by 
Kolthoff in 1951. Experimental evidence justifies the suggestion that 
reactions between a fatty acid-radical and butadiene play an important 
role in the 'promoting efl'ect'. 

8.1 Introduction 

163 

Chain transfer agents or modifiers like mercaptans have always played a 

crucial role in reducing the molecular weight of the polymers formed during the 

process of butadiene and styrene·butadiene emulsion (co )polymerization. <1> It was 

noted that the presence of mercaptans had a complex effect on the polymerization 

kinetics as well. Important observations were reported by Kolthoff et 

a1.<2X3><4>(S) The latter published a series of papers on the effect of C12 

mercaptans on the rate of polymerization and their possible effect on the dissociation 
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rate of persulfate. This series of papers was induced by the observation that a 

minimal amount of dodecyl mercaptan was necessary to obtain a reasonable rate of 

polymerization in persulfate initiated butadiene emulsion polymerization in the 

presence of saturated carboxilic acid soaps of the rosin acid type. This effect has 

become known as the 'promoting effect' of mercaptans. The mercaptans are 

commonly used as modifiers of the molecular weight but due to the 'promoting effect' 

they serve two purposes. The pursuit of the effect of mercaptans is of considerable 

importance since in industrial practice butadiene rubbers are often polymerized in the 

presence of mercaptans. However, the effects of mercaptans on the general kinetics of 

emulsion polymerization are not solved as yet and hamper the unraveling of the 

standing problems like the persulfate initiating efficiency, discussed in chapter 6. 

This chapter reports on well characterised emulsifier free experiments and 

experiments in the presence of fatty acid emulsifiers performed in an effort to 

elucidate the effect of tertiary dodecyl mercaptan (IDM) on the rate and nucleation 

in butadiene emulsion polymerization. 

8.2 Results and discussion 

The role of mercaptans is not restricted to modification of the molecular 

weight. The effects of sparingly water soluble IDM on the kinetics of an emulsion 

polymerization are numerous. The following section will summarize the possible 

effects of IDM on the kinetics and the experimental evidence reported in literature. 

In theories on exit of radicals from latex particles, transfer of radical activity 

from the polymer chain to a mobile and short molecule, usually the monomer 

molecule, is often introduced.<6X7)(S)(9)(to) The short and mobile radical thus 

formed is then suggested to be capable of desorbing from the particle. Therefore, it is 

conceivable that the addition of some chain transfer agents could ~ exit of 

radicals from latex particles, thus seriously retarding the polymerization rate. This has 

been discussed in chapter 6, where it has become clear that tertiary dodecyl 
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mercaptan in fact causes the reverse: it may ~ radical desorption. In chapter 6 it 

was shown that the independence of the rate of polymerization (~1) of initiator 

concentration, [I] is caused by the presence of TDM. In chapter 4 and 6 it was 

reported that the effect of TDM in emulsifier free polymerizations is restricted to low 

initiator concentrations. At high initiator concentrations the presence of TDM has no 

effect on the emulsifier free emulsion polymerization of butadiene. The reports on 

the 'promoting effect', however, show that there is a strong effect of TDM at high 

initiator concentration in the presence of saturated fatty acid emulsifiers.<11><5> The 

reduction of radical desorption therefore cannot explain the 'promoting effect' but 

will nevertheless occur concurrently. 

Various investigations were dedicated to the problem of the minimum 

concentration of 'IDM necessary to polymerize diene monomers at a reasonable rate 

in the presence of fatty acid soaps. Oose examination of the available data reveals 

three requirements for retardation in the absence of 'IDM to occur. 

L Retardation only occurs in the emulsion polymerization of diene 

monomers like butadiene and isoprene.<11xsx12> Styrene can readily be 

polymerized using a variety of emulsifiers including saturated fatty acid 

soaps and initiators, and without mercaptans.<4> 

2. The differences between rates of polymerization and nucleation in the 

presence and absence of TDM, at high persulfate concentration, only 

occur in the presence of emulsifier.<12> (also see chapter 4 and 6) 

3. The observed retardation in the absence of TDM is only observed when 

persulfate is used as initiator. When an oil soluble initiators like AIBN 

are used the presence of TDM has little effect on the rate of 

polymerization.<12> 

In an effort to elucidate these puzzling phenomena several authors suggested 
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explanations for the effects of mercaptan. The following sections are a summary of 

the explanations given in literature and of experimental evidence in favour of or in 

contradiction with the explanations. 

8.2.1 1be enhancement of persulfate dissociation by mercaptan 

It has been suggested by BlackleyC13> in his well known book that the 

following reaction scheme describes the reaction of IDM to form a redox couple with 

persulfate. Thus enhancing the dissociation rate of persulfate and introducing a non 

charged radical for which no barrier exists against entry into a charged latex particle: 

spt ... 2 S04• (8.1) 

S04• + RSH ... Hso; +RS• (8.2) 

M +RS• ... RSM• (8.3) 

Overall stoichiometry: 

sp:- + 2 RSH ... 2 HS04 + RSSR (8.4) 

However, it is not clear who reported the redox couple effect and it definitely has not 

been reported by Kolthoff et aJP> in 1947, although this is suggested between the 

lines in Blackleys book. The effect of IDM on the dissociation rate coefficient, k.i is 

well descnbed in literature. Kolthoff et aJ.<4> report that mercaptan does not enhance 

the dissociation rate of persulfate in the emulsion polymerization of styrene and by 

direct determination in emulsifier solutions.<3> Kolthoff et al. never reported an 

enhancement of the dissociation rate of persulfate by mercaptans. Weerts et aJ.<14> 

report measurements of the k.i of persulfate in the presence of IDM during actual 

emulsion polymerizations as a function of the dresinate 214 concentration. At low 

dresinate 214 concentrations the value of k.i compares excellently to the value of 
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Kolthof et aJ.C2> measured in water (0.1 M NaOH). Apart from the experiments cited, 

the redox couple model also fails to explain why IDM does not influence the rate of 

styrene emulsion polymerizations. Moreover the emulsifier free emulsion 

polymerizations reported by Weerts et aJ.<12> and in chapter 4 of this thesis, show that 

the rate of polymerization is unaffected by the presence of IDM at high persulfate 

concentrations in the absence of emulsifier. The literature evaluation given above 

leaves only one conclusion: IDM has no effect on the dissociation rate of persulfate 

and the existence of a redox couple does not lead to a satisfactory explanation of the 

'promoting effect'. 

8.2.2 The enhancement of radical absorption by mercaptan 

It is proposed that persulfate radicals, being negatively charged and water 

soluble, have no driving force for diffusion into the organic phase of monomer 

swollen negatively charged micelles or particles. This was first recognized by 

Priest<JS), whereas Vanderhoff(16> first proposed that sulfate radicals grow in the 

aqueous phase to surface active oligomers before they are adsorbed on the particle 

surface and subsequently enter the particle. Recently Maxwell et al. (7) reported a new 

entry model on the basis of this concept. This model suggests that the rate

determining step for radical entry is the growth of the water soluble sulfate radical to 

a oligomeric radical of a degree of polymerization, z, at which this oligomer becomes 

surface active and enters the particles instantaneously. 

The general entry theory is extended to incorporate the effect of sparingly 

water soluble mercaptans like IDM.<17) In addition to the termination and 

propagation possibilities of the oligomeric radical a possible transfer of radical activity 

to IDM is proposed. This seems unlikely given the reported low water solubility of 

IDM, [fDM]aq· On the other hand Kolthoff et al.(3) report a value of [fDM]aq = 
3xl0-5 mohlm-3• This value is reported to be strongly enhanced by the presence of 

fatty acid soaps.CJ> Maxwell et aJ.<17) use the value of 3xl0-5 mol-dni3• It elegantly 
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explains the observation that only a minimal amount of mercaptan is necessary, since 

it involves water phase kinetics and due to the low water solubility of mercaptans a 

very small amount is needed to saturate the water phase. In the presence of a 

monomer swollen polymer phase the mercaptan will be partitioned mainly in the 

polymer phase but individual mercaptan molecules will be transferring rapidly 

between the particle and aqueous phase. Although the mercaptan concentration in 

the water phase might be significantly below its saturation value, this will still be 

orders of magnitude higher than the average radical concentration in emulsion 

polymerizations: [T•]aq = 10.s mol 'Clm3 (see chapter 5 and 6 C6>). Consequently, it is 

argued by Maxwell et al (t7) that a mercaptyl radical has no barrier against radical 

absorption into a latex particle and entry will therefore be instantaneous. It is argued 

that this model offers an explanation for the observed difference between butadiene 

and styrene emulsion polymerization in the absence of TOM. During the growth of 

the sulfate radical to become a surface active oligomeric radical, a portion of the 

radicals will be terminated. Thus the higher the value of z the less efficient entry of 

radicals will be. The proposed values of z for styrene and butadiene are 2 and 3, 

respectively. Although the values seem practically the same it explains a large 

difference in initiator efficiency (the value of z is in the power of the initiator 

efficiency, see eq 6.7). If, however, chain transfer to TOM would take place in the 

aqueous phase the initiator efficiency would be strongly enhanced. Whether the 

difference in z between styrene and butadiene is large enough to generate the 

difference in behaviour between the two monomers in the absence of TOM is 

questionable. Weerts et aJ.02> and in chapter 4 of this thesis it is reported that the 

emulsifier free emulsion polymerizations of butadiene shows no difference between 

the rates of polymerization with or without TOM at high persulfate concentration. In 

chapter 6 it was reported that the presence of mercaptan makes a strong difference at 

low persulfate concentration. whereas Maxwell et al. (t7) predict a large influence at 

high persulfate concentration. Moreover, it has been proved in chapter 6 that the 

difference in rate of polymerization is not due to enhanced entry of radicals by 

mercaptan since it would require higher entry rates than persulfate dissociation allows 

for. The extended model incorporating the effect of TOM in predicting rates of entry 
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of radicals in latex particles is therefore not successful, although the basic model does 

seem to hold for styrene(7) as well as butadiene.<18> 

8.2.3 Retardation or the rate or polymerization caused by saturated fatty acid 

em.ulsiliers 

In 1951 Kolthoff et a1.<3> suggest an expanded reaction scheme for the transfer 

reaction of a sulfate radical to mercaptan involving fatty acid emulsifiers: 

s20;- + Rcoo- .... so;• + RCOO• +so;- (8.5) 

so;· + Rcoo- .... Rcoo· +so;- (8.6) 

RCOO• + RSH + oH- .... RS• + Rcoo- + HzO (8.7) 

2 RS• .... RSSR (8.8) 

Considerable experimental evidence exists for the proposed reaction scheme. Again 

the mercaptyl radicals could be envisaged as the prime polymerization-initiating 

species while at the same time the fatty acid soap radicals are considered, incapable 

of initiating polymerizations. 

Weerts et a1.<12> report a decreasing retardation effect for different emulsifiers. 

The authors linked this to the presence of chemical impurities in the emulsifiers. 

Dresinate 214 (rosin acid soap) K-stearate, K-oleate and SDS gave less retardation in 

this order, and emulsifier free emulsion polymerizations showed no retardation. What 

the effect of the impurities is, or on what exactly the impurities would have an effect 

is not stated. Although the data suggests that the chemical purity of the emulsifiers 

used is an important parameter it is not stated why the presence of IDM overcomes 

these problems. The reaction mechanism of Kolthoff and Miller <3> adequately 

explains the observations reported by Weerts et al. Especially the observation that 

emulsifier free emulsion polymerizations are not affected by the presence of IDM is 
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a strong indication of the validity of Kolthoffs reaction scheme: the emulsifier serves 

as a retarder for radical absorption and therefore emulsifier free polymerizations are 

not retarded. On the other hand, the Kolthoff reaction scheme fails to explain why 

styrene emulsion polymerizations using fatty acid emulsifiers are not in need of IDM 

to occur at a reasonable rate. The Kolthoff scheme seems to rely on the fact that the 

fatty acid radicals are not reactive which can be refuted on the basis of styrene 

polymerizations. <4> 

In order to clarify the effect of IDM on the kinetics of the emulsion 

polymerization of butadiene several emulsifier free experiments were performed. In 

Figure 4.14A the conversion time data of two ab initio emulsifier free experiments 

are presented: one polymerized in the presence of IDM and one in the absence of 

IDM according to the standard recipe of Table 3.1 at 750 rpm. Obviously there is 

little difference in rate of polymerization or in length of the nucleation period as an 

effect of the presence of IDM. The average particle diameters are given in Table 4.6. 

The particle numbers and rates per particle of both experiments are presented in 

Table 8.1. These experiments are in excellent agreement with experiments reported 

by Weerts et al.<12>. Although the nucleation effects occurring in these experiments 

depicted in Figure 4.14B may render direct comparison ambiguous. 

Table 8.1: Average particle diameter, dn• t\, measured with TEM, particle size 
polydispersity, P=t\,/dn, particle number, N, and rate per particle, l\oi/N of the 
experiments shown in Figure 4.14A. 

IDM ~ t\, P Nx10·17 (}\o.JN)x1Q21 

/(nm) /(nm) /(dm-3
) /(mohr1

) 

with 

without 

157 

151 

162 

158 

1.032 

1.046 

2.0 

2.3 

2.2 

2.0 

To avoid particle nucleation effects, seeded emulsifier free emulsion 

polymerizations are performed to verify whether the presence of IDM has any effect 

on the the average number of radicals in the latex particles, ii. The s~ed latex used 

for these experiments was prepared emusifier free and in the absence of mercaptan 
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(see chapter 4) to prevent the possibility of introducing TOM via the seed latex. 

Consequently the gel content of the latex was high. However, the swellability of the 

latex was not affected as was checked by swelling experiments described in chapter 3. 

The particle diameter was chosen in the Smith·Ewart case I regime (see chapter 5). 

In Table 8.2 the results of both seeded experiments are shown. Within the accuracy of 

the experiments no effect of TOM on ii is observed. 

Table 8.2: Values of the monomer concentration at the beginning of interval ill in the 
particles, Cmo and number of moles per volume of aqueous phase, Dm0> the particle 
number, N, and average number of radicals per particle, ii of standard seeded 
experiments with and without TOM. 

experiments Cmo Omo N ii 
/(mol-dm-3) I ( mol-dm'3) /(dm-3) 

with TOM 5.40 1.42 5.2 0.36 

without TOM 5.33 1.38 5.2 0.30 

In order to verify the importance of particle number in polymerizations in the 

presence of fatty acid soaps a seeded experiment was performed on a TOM free seed 

latex which was covered with dresinate 214. In order to obtain a full coverage of the 

particle surface with dresinate 214 the seed latex was dialysed against a buffered 

dresinate 214 solution. This way in situ formed not covalently bonded oligomeric 

surfactant, located at the particle surface, can be exchanged with dresinate 214. 

Moreover, the water added to the recipe was saturated with dresinate under CMC 

conditions.<14X1
9) In Table 8.3 the results of this experiment, a standard seeded 

emulsifier free experiment with TOM and a comparable experiment with TOM but 

without initiator (thermal polymerization) are shown. The value for ii obtained from 

the seeded experiment in the presence of dresinate 214: fi=0.09 is considerably below 

the usual value for a comparable particle diameter: ii =0.35. Moreover a seeded 

emulsion polymerization in the absence of any initiator (thermal polymerization) has 

a comparably low ii. This experiment proves that dresinate 214 actively prevents 

radicals entry into latex particles, thus also indicates that radicals are prevented to 
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enter dresinate 214 micelles. This is a strong indication that indeed the mercaptan is 

necessary to secure reasonable radical activity in the latex particles. 

Table 8.3: Values of the initiator concentration, [I], monomer concentration at the 
beginning of the polymerization in the particles, c.no and number of moles of 
monomer per volume of aqueous phase, °"10> the particle number, N, and average 
number of radicals per particle, ii, of seeded experiments with and without 1DM: 

experiment <lw [I]x1<>3 Cmo n.no N·to-16 ii 
/(nm) /(mohim-3

) /(mol-dm-3
) /(mol-dm-3

) /(dm-3
) 

dresinate 165 10 5.3 1.35 5.13 0.09 
without 1DM 

with 1DM 166 

with TDM 102 
thermal 

10 

0 

5.4 

3.sa> 

a) Seeded Recipe 2 is used see chapter 6, Table 6.1 

1.42 

0.77a) 

5.17 

22.3 

8.2.4 Retardation of polymerization caused by a combination of fatty acid 

emulsifiers and dlene monomers 

0.35 

0.01 

At this stage two of the observed essential components for the mercaptan 

'promoting effect' are clarified: 

1. The 'promoting effect' only occurs when persulfate is used as initiator. When 

oil soluble initiator like AIBN is used in the presence of mercaptan has little 

effect on the rate of polymerization. This is readily explained by the fact that oil 

soluble initiator fragments do not need to add monomer until surface activity 

develops in order to enter the organic phase inside a latex particle. Possibly initiation 

from within the particle occurs in this particular case. Also radicals produced by these 

initiators may not transfer their radical activity to the fatty acid emulsifier molecules. 

These problems reach beyond the scope of this thesis. 
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2. The 'promoting effect' of TOM only occurs in the presence of emulsifiers 

capable of accepting radical activity like fatty acid emulsifiers. This also 

explains why emulsifier free experiments are not in need of TOM to polymerize 

monomer. 

The last and most puzzling problem remains to be solved: The 'promoting 

effect' of mercaptans seems specific of diene monomers when using fatty acid soaps 

but is not observed when polymerizing styrene<4> or any other monomer. In order to 

explain this behaviour a reaction mechanism is proposed trying to combine the three 

elements leading to retardation of polymerization in the absence of mercaptan: 

persulfate, saturated fatty acid emulsifiers and diene monomers. The reaction starts 

with the dissociation of persulfate (eq 8.1) The sulfate radicals subsequently react 

with the saturated fatty acid emulsifier to give a carboxyl radical following the 

reaction scheme reported by Kolthoff et a1.<3> (eq 8.5). This fatty acid emulsifier 

radical obviously is capable of forming polystyrene at a normal rate, as can be 

deduced from styrene emulsion polymerizations using fatty acid emulsifiers in the 

absence of mercaptan. Therefore there is no reason to assume that the fatty acid

radical is incapable of polymerizing butadiene. It is now proposed for the first time 

that this fatty acid emulsifier radical might react with diene monomer via a hetero 

Diels-Alder or concerted reaction: 

~ 
R 

<=\. 
.. (8.10) 

Followed by: 

2 3 B 

+ ... ·q.~ + 
0 

on- (8.11) 
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The butadiene-fatty acid adduct formed by reaction 8.10 is supposed to form 

polybutadiene at a low rate as can be deduced from the low rates of persulfate

initiated butadiene emulsion polymerization using fatty acid emulsifiers in the absence 

of 1DM. Diels-Alder reactions with double bonded oxygen are known<20> but will 

only occur with diene monomers and not with styrene thus explaining the difference 

in behaviour between the diene monomers and for instance styrene. The OH• radical 

produced by reaction 8.11 will probably also transfer its radical activity to fatty acid 

which is present in abundance in the aqueous phase as compared to free radicals. 

There are two ways of explaining the observed behaviour. 

1. Mercaptan could enhance the radical entry into particles through radical 

transfer from the butadiene-fatty acid emulsifier adduct to mercaptan and 

subsequent radical entry. This explains the 'promoting effect' of mercaptan as an 

effect of enhancement of radical adsorption. This is not in conflict with the 

suggestions ventilated in chapter 6 where an effect of radical absorption was refuted 

in that context. The polymerizations described currently involve high persulfate 

concentrations ([I]> > 10·2 mol 'Clm"3
), a region where enhancement of radical 

absorption is not in conflict with current ideas on initiator dissociation. 

2. Fatty acid emulsifiers 'scavenge' radicals produced in the aqueous phase. The 

radical scavenging is presumably not complete, as can be deduced from the low rate 

of polymerization in the absence of IDM using fatty acid emulsifiers. This together 

with the ability of 1DM to reduce radical desorption which is described in chapter 6 

may lead to 'normal' high polymerization rates in the presence of IDM. 

It is likely that both mechanisms occur concurrently. However, there is a 

striking resemblance in the conduct of mercaptan-free polymerizations between 

reactions with fatty acid emulsifier present and those in the presence of Fremy salt. In 

both cases retardation of the polymerization only occurs in the absence of 1DM, most 

likely via the same mechanism, le. radical scavenging in the aqueous phase by either 

Fremy salt or fatty acid emulsifier. The enhancement of radical entry by IDM might 
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occur but is probably not the main effect deduced from the analogies in the conduct 

of butadiene emulsion polymerizations in the absence and presence of 1DM at low 

initiator concentrations. 

Experiments were performed in an attempt to isolate any reaction products 

created during a persulfate initiated emulsion polymerization of butadiene in the 

presence of a fatty acid emulsifier. For this reason equivalent amounts of persulfate, 

stearate and butadiene were polymerized at 90"C for 155 hr in a mercaptan free 

reactor (see Figure 3.2). Table 8.4 shows the recipe used. Stearate was chosen as a 

model fatty acid emulsifier to avoid effects of impurities in the dresinate 214 (natural 

product) which would seriously interfere with the analysis of the eventual latex. Due 

to the low amount of butadiene utilized, insignificant particle formation occurred. 

Table 8.4: Recipe utilizing equivalent amounts of: fatty acid emulsifier, persulfate and 
butadiene. 

ingredients description recipe 

water maximum reactor filling llOOg 

butadiene aqueous solubility + =10 g 
gascap 

potassium persulfate 20x10-3 mol·dnf3 5.96 

potassium carbonate equivalent to persulfate 7.6 

stearic acid 20x10-3 moh.lnr3 6.26 

impeller speed 300 rpm 

temperature 90"C') 

a) The reaction temperature of 90°C was chosen to maximize the amount of 
radicals produced. 

The resulting latex was extracted with diethyl ether. The diethyl ether was separated, 

evaporated and the eventual dry solid was dried under vacuum at room temperature. 
1H-NMR in deuterated chloroform features the spectrum shown in Figure 8.1. The 

signals belonging to polybutadiene (at 6: 5 - 6 and 2 ppm) <21> and stearate (at 6: 
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0.89, 1.29, and 2.35 ppm) <22> are present. These limited experiments and analysis 

do not render unambiguous proof for the suggested reaction mechanism. However, 

the peaks in the 1H-NMR spectrum at 6: 4.65 and 4.55 ppm offer an indication that 

reaction between stearate, persulfate and butadiene yields a reaction product, other 

than polybutadiene and residual stearate, probably the final product, marked B, of 

reaction 8.11. The product B has, in the light of 1H-NMR, but two different 1H-signals 

as compared with a mixture of butadiene and stearate namely those from the 1H

atoms on the carbon atoms marked 1 and 4. The presence of the residual double 

bond shifts the signals to higher ppm values. The doublets at 4.65 and 4.55 ppm of 

carbon number 1 could originate from two possible configurations (cis and trans) of 

the C-2,3 double bond. The signal at 4.1 ppm is not explained but on the left hand 

side of this rather large signal the presence of a smaller signal, probably from the H

atoms on carbon atom number 4, can be seen. The intensity of this signal is 

proportional to the signals of the H-atoms on carbon atom number 1. 

7), 16.b I s.b I 4~ I 3'.o I in I i.o I O.o 
ppm 

4.S 4.0 
ppm 

J!1&are 8.1 1H-NMR results of an analysis of a latex polymerized using the recipe of 
Table 8.4. On the right hand side an enlargement of the significant signals is given. 
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With this experiment in mind and combined with the total evaluation of the 

'promoting effect' given above, it now seems justified to state that chemical reactions 

between fatty acid-radicals and diene monomer play an important role in determining 

the 'promoting effect' of mercaptans on the rate of butadiene emulsion 

polymerization in the presence of fatty acid emulsifiers. Additionally it can be stated 

that no currently available model based on physical chemistry principles adequately 

describes the 'promoting effect'. 

8.3 Conclusions 

Close examination of the 'promoting effect' of tertiary dodecyl mercaptan 

(IDM) on the rate of emulsion polymerization in general reveals that three recipe 

components are necessary for retardation to occur: 1. fatty acid emulsifiers, 2. 

persulfate, 3. diene monomers. The reaction mechanism suggested by Kolthoff et aJ.<3> 

involving a radical transfer from sulfate radicals to fatty acid emulsifiers explains the 

necessary presence of the first two recipe components for retardation to occur. 

Concurrently, the observation that emulsifier free butadiene emulsion polymerizations 

are not in need of IDM to polymerize at a reasonable rate is explained. The third 

component required for retardation to occur, diene monomers, is incorporated in a 

new mechanism involving a Diels-Alder or a concerted reaction between the fatty acid

radical shown to be fonned by Kolthoff et al. and diene monomers. Reaction 

products, other than polybutadiene and residual stearate, and similar to the expected 

compounds were detected by 1H-NMR. The 'promoting effect' of mercaptan is 

explained as a decrease of radical desorption, caused by IDM. 
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Epilogue 

In the chapters 5,6 and 7 the work devoted to the kinetics of the butadiene 

emulsion system, in present and previous investigations, is evaluated in order to solve 

the main question as to why the butadiene emulsion polymerization is an intrinsically 

slow reacting system. An answer to this key question is given in this section on the 

basis of the current knowledge of the butadiene emulsion polymerization. 

In chapter 5 it is shown that the low rate of polymerization of the butadiene 

system is not caused by a low value of kp. The kp is fairly high and quite comparable 

to the value for styrene (at 60"C kp,bui=320 and at 50"C kp,.1y=258 dm311101·1-s-1). The 

extremely low initiator efficiency claimed and suggested to cause the low rate of 

polymerization has been refuted in chapter 6 (see Figure 6.13). When comparing the 

butadiene with the styrene system the relatively high value of z (the degree of 

polymerization at which oligomers become surface active) for butadiene (z,,u1=3, 

z.iy=2) is compensated by the also relatively high butadiene saturation solubility in 

water (Maq,bu1 =37·10-3
, Maq.s1y=4·10-3 mol1im'3). The initiator efficiency defined as 

in the right hand side bracket of eq 5.1 and 6.5 is mainly determined by z and Maq 

since the values for all other parameters are more or less comparable for the 

butadiene and styrene system. Although this discussion of the initiator efficiency is 

restricted to model predictions the latter have been shown to describe the styrene and 

butadiene systems adequately (see chapter 5 and 6). In chapter 2 it was explained that 

in a zero-one system the termination is not rate determining and therefore it is not 

taken into account here. This leaves radical desorption from the latex particles as the 
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main reason of the low rate of butadiene emulsion polymerization. This is largely due 

to a relatively high value for the rate coefficient for radical transfer to monomer, lcir 
(see chapter 5) which has important implications for further research. Unfortunately 

the chain transfer to monomer is unavoidable given the need for high monomer 

concentrations during polymerization. This implies that, at the current state of 

understanding there are tediously few ways left one could exploit to raise the in

particle rate of polymerization. An increase in the initiator concentration has no 

effect, as has been shown in chapter 6 in Figure 6.5. The initiator dependence of the 

entry rate coefficient reduces to zero at initiator concentrations higher than the ones 

currently used in industrial practice (~10-2 mol-dm-3). No industrialy process 

optimization of the persulfate concentration in order to reduce batch times will raise 

the in-particle rate of polymerization significantly beyond the plateau reached at an 

persulfate concentration of 10-2 mol 'Clm-3. On the other hand, the persulfate 

concentration will have an effect on the number of particles formed in ab initio 

emulsion polymerizations. The overall rate of polymerization is a strong function of 

the number of particles formed. Increasing the number of particles is a simple way to 

improve batch times. It is well known that the rate of polymerization per particle 

decreases with decreasing particle size, nevertheless an increase in particle number 

ensures an increase in the overall rate of polymerization. For those butadiene latexes 

produced whereby the product properties do not depend on the particle size, this is 

the feasible route for batch time reduction. Limited coagulation of latex particles with 

small diameters (high rate of polymerization) after polymerization is one way of 

avoiding long batch times when large particles are needed for product property 

reasons. 
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List or symbols 

symbol units 

A parameter defined as: A=~ cm NI N.v Dmo s-1 

A_,tot total swollen particle surface m2 

a dimensionless parameter defined as: a=(8a)05 

a intercept with the y-axis of plots of x versus time 

b slope of plots of x versus time s-1 

Cm monomer concentration in the particles mol-dm-3 

Cmo monomer concentration in the particles in interval III mol-dm-3 

CrnM concentration of TOM in the polymer phase mol-dm-3 

corr. correction factor defined in eq 6.6 

D impeller diameter m 

D" diffusion coefficient in the aqueous phase dm2-s 

os. dry solid content of a sample: x=(t), initial, final 

d reactor diameter dm 

d, particle diameter: x = n, w and s nm 

E gamma source emission rad -s·1 

F dimensionless parameter defined in eq 2.24 

G - G-factor defined as number of radicals per 

100 eV radiation energy (eq 7.5) mol/100 eV 

- dimensionless parameter defined in eq 2.23 

I Bessel function of the first kind 

J flux mol-s-1 

k rate coefficient for radical exit s-1 

k. rate coefficient for radical absorption s-1 

k.i initiator dissociation rate coefficient s-• 

kes escape rate coefficient defined in eq 5.4 as: k .. =30"/R,? q s·l 
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mass transfer coefficient 

propagation rate coefficient 

propagation rate coefficient for reaction 7.13 

List of symbols 

dm·if1 

dm3 mo1-1-s-1 

dm3moi-1-s-1 

propagation rate coefficient of monomeric radical dm3111oi-1 -s-1 

rate coefficient for bimolecular termination in the aqueous phase dm3 11101-1 -s·1 

rate coefficient for bimolecular termination in the particles dm3mol"1-s·1 

k.r rate coefficient for free radical transfer to monomer 

le.rm rate coefficient for free radical transfer to mercaptan (TDM) 

Maq aqueous monomer concentration 

Maq int aqueous monomer concentration at monomer / water interface 

M0 number average molecular weight 

Mx mass of: x = but, PB, water 

MW molecular of butadiene: 54.09 g11101·1 

m dimensionless parameter defined as: m = k v /ki 
Nav avogadros number 

N0 number of particles with n radicals 

Nx particle number concentration: x = n, w and s 

NY number of particles with y amount of radicals: y=l, 2 

l\no initial monomer charge per volume of water 

n number of radicals per particle 

ii average number of radicals per particle 

fio dimensionless parameter defined as: ii at time=O 

fiss dimensionless parameter defined as: fl at steady state conditions 

dm3 "IIIOl-1-s·l 

dm3 mo1-1 -s·1 

mol-dm·3 

mol-dm·3 

gmo1·1 

g 

gmol"1 

moi-1 

dm..J 

dm·3 

dm·3 

mol-dm·3 

q partition coefficient of monomer between particle and aqueous phase 

radius of the DCP disk detector position (eq 3.5) m 

Reimp Reynolds impeller number defined as: Re;mp=IYnp/µ 

Rm radius of the DCP disk where the sample enters the disk (eq 35) 

Rpot rate of polymerization 

R. particle radius of monomer swollen particles 

T
1 

glass transition temperature 

t time s 
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t5 sedimentation time ( eq 3.5) s 

x monomer conversion: fractional 

in percentage 

in interval m 
x(t) fractional monomer conversion at time=t 

Y dimensionless parameter defined as: Y = 2N ~ lei / Jc. 2 v 

Vaq volume of the aqueous phase 

v volume of the monomer swollen particle 

vP volume fraction of polymer in the particle phase 

w1 weight of the dried filtrate in eq 3.4 

wP weight fraction of polymer in the particles 

wp8 weight of polybutadiene sample in eq 3.4 

z degree of polymerization at which oligomers become surface active 

Greek symbols 

a dimensionless fate parameter -l<a<l defined in eq 2.19 

a dimensionless parameter defined by: a= p; v /N lei 
a' dimensionless parameter defined by: P; v /N 

% 

--/% 

dm3 

dm3 

g 

g 

,, dynamic viscosity of the spin fluid kgm·1 -s·1 

1 parameter defined as: 1 =2p + k s·1 

µ. dynamic viscosity kgm·1-s·1 

p rate coefficient for entry of free radicals per particle s·1 

Pa rate coefficient for entry of free radicals into the particles dm"3-s·1 

Paq rate of radical production in the aqueous phase dm"3 -s"1 

<..> dimensionless parameter defined as: <..> = p/1 

Px density: x= but, PB, water g'Clm·3 

~ p density difference kg m·3 

I: either viscosity or density defined in eq 3.6 kgm·3 or kgm·1 -s·1 

<Pz volume fraction: z=D, C 

n rotational speed of the DCP-disk r.p.s. 
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Concentrations 

[I] initiator concentration 

[lo] initial initiator concentration 

[M] monomer concentration 

[R •] free radical concentration 

[T•] total free radical concentration in the aqueous phase 

Subscripts and abbreviations 

aq aqueous phase 

but butadiene 

c continuous phase 

D dispersed phase 

m monomer 

n number average defined 

s surface average defined 

sat saturated 

w weight average defined 

Ust of symbols 

mol;:lm-3 

mol;:!m·3 

mol-dm·3 

mol-dm·3 

mol;:lm-3 
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