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PARTICLE FORMATION IN EMULSION POLYMERIZATION: 
TRANSIENT PARTICLE CONCENTRATION 

ZHIGIANG SONG and GARY W. POEHLEIN 

School of Chemical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0100 

A general kinetic model of particle formation in emulsion polymeriza- 
tion is presented. This model takes into account homogeneous, micel- 
lar, and monomer droplet nucleation mechanisms. Chain transfer and 
termination in the aqueous phase, capture of oligomer radicals by par- 
ticles, and coagulation of particles are also considered. A three-param- 
eter analytical solution is obtained for the transient particle considera- 
tion: 

where N a n d  Ns are particle concentrations in number per volume of 
aqueous phase during the nucleation period and at steady state, respec- 
tively; c is time; andA2 and T are adjustable model parameters. The 
model parameters N,, A2, and T can be estimated from basic kinetic 
parameters and reaction conditions. Model predictions are in agreement 
with experimental data obtained from the literature. Values of the 
average rate coefficient for coagulation obtained from fitting the model 
t o  the experimental data were used to calculate the coagulation-average 
particle diameter. These coagulation-average particle diameters are 
much less than the measured particle diameters because small particles 
have a much stronger tendency to coagulate than large particles. 
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404 SONG AND P O E H L E I N  

I NTRODUCTI ON 

Quantitative prediction of the number of particles formed and stabilized is 
a central problem in emulsion polymerization kinetics. Harkins [l , 2 ]  was 
the first to propose a nucleation mechanism based on free radical penetration 
into monomer-swollen emulsifier micelles. Smith and Ewart [3, 41 developed 
a mathematical model based on this mechanism and particle growth kinetics. 
This treatment, which is known as the Smith-Ewart Case 2 model, predicts 
that the number of particles at the end of the nucleation period, Interval I, 
will be proportional to the 0.4 power of initiation rate p i  and the 0.6 power 
of emulsifier concentration S, i.e., 

where K is a constant with a value between 0.37 and 0.53; /J is the rate of 
volume increase of a polymer particle for S-E Case 2 kinetics, and a, is the 
interfacial area that can be covered by a unit weight of emulsifier. This 
theory is applicable to sparingly water-soluble monomers, such as styrene. 

geneous nucleation mechanism. Fitch [6-81 put these concepts in the 
methematical form 

Priest [ 5 ] ,  on the other hand, established the main concepts of the homo- 

where t is time, b is a constant introduced to account for the aggregation of 
radicals, R ,  is the rate at which radicals are captured by particles, and Rf is 
the coagulation rate among particles. This equation was treated quantita- 
tively by Hansen and Ugelstad [9-121. Thus, the homogeneous nucleation 
theory, parallel to the Smith-Ewart theory for sparingly water-soluble mono- 
mers, became the prevailing theory for more water-soluble monomer such as 
methyl methacrylate and vinyl acetate. 

Although the Smith-Ewart theory and the homogeneous nucleation 
theory are successful for some systems, neither of them alone is consistent 
with all the experimental facts. Using mixed surfactants in the emulsion 
polymerization of styrene, Kamath [ 131 believed that the particle nuclea- 
tion mechanism followed the Smith-Ewart theory. Piirma [ 141 , however, 
noticed that Kamath’s data and her own experimental results did not gener- 
ate a straight line on a plot of log R, against log S as is predicted by Eq. (1) 
for constant a,. To explain this, she proposed and showed that micellar 
size must be considered in particle nucleation during emulsion polymeriza- 
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PARTI CLE FOR MAT ION I N EMU LSI ON PO LY M E R I ZATl ON 405 

tion. Before Piirma, Roe [ 151 observed that the total number of particles 
generated depends on the composition of the mixed surfactant and not on 
the total number of micelles. Nakagawa and Kuryana et al. [16, 171 con- 
firmed the concepts of micelle formation by mixed surfactant systems. 
Wood et al. [ 181 found that the size of polystyrene particles decreased with 
increasing amount of the ionic component in the surfactant mixtures. Thus, 
they proposed that the larger polystyrene particles came from the larger 
miscelles. 

theory could account for the micelle size effects mentioned above, Dunn et 
al. [19,20] carried out experiments with two series of alkyl carboxylates 
and alkyl sulfates as emulsifiers. Values of a, of the former series decrease 
with increasing alkyl chain length, while the molecules of latter series has 
approximately the same a, values. They found that equal concentrations of 
micellar emulsifier gave equal numbers of latex particles with the same particle 
size distribution and the same Interval I1 polymerization rate. The duration 
of Interval I, however, varied with different emulsifiers used. Consequently, 
they suggested that the surface area of the original micelles (not a,) might be 
the factor which determines the number of latex particles ultimately formed. 

Interval I, particle nucleation, first proposed by Harkins, was generally 
believed to end at about 10-15% or less conversion [21]. Such a short period 
of nucleation can be calculated with the Smith-Ewart theory, which assumes 
that polymer particle nucleation ends with the disappearance of the micelles. 
This has been tested by Smith [4] and others [22] using high monomer 
(styrene)/water (M/W) ratios (40/60-30/70). However, at a low M/W ratio 
(10/90), Chatterjee [23-251 and Robb [26] found that N increased continu- 
ously up to 35-40% conversion. This might be consistent with the Smith- 
Ewart theory if the same amount of the emulsifier were used and similar 
sizes of polymer particles were produced. The same number of polymer par- 
ticles can be saturated by emulsifier, and this saturation will occur at higher 
monomer conversion for lower M/W ratio recipes. Alexander and Napper 
[21] reexamined the data reported by Van der Hoff [27] for high M/W 
ratios in styrene emulsion polymerization and found that the particle num- 
ber increased linearly with conversion up to 40%. Zollars [28] has even re- 
ported, for the emulsion polymerization of vinyl acetate, that particle con- 
centration increased with conversion from 1 I to 95%. All this evidence of 
a prolonged Interval I emphasizes the significance of studying particle nucle- 
ation in emulsion polymerization. 

In addition to micelle entry and homogeneous nucleation, Ugelstad et al. 
[lo, 29, 301 and Durlin et al. [31] clearly demonstrated that monomer drop- 

To test whether the parameter a, appearing in Eq. (1) of the Smith-Ewart 
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406 SONG AND POEHLEIN 

lets can be a significant locus for particle formation if the droplets are made 
small enough. Poehlein [32] showed that polymer particles are likely to be 
formed from droplets even if they are as large as 5-10 pm. Lichti et al. [34] 
and Feeney et al. [34,35] observed in recent papers that the rate of produc- 
tion of new latex particles increased during much of the nucleation period in 
the emulsion polymerization of styrene. To explain this, they proposed a 
two-step coagulative nucleation model. 

It is evident from the facts mentioned above that there are three loci for 
particle nucleation: 1) monomer-swollen micelles, 2 )  aqueous phase, and 
3) monomer droplets. All three loci of particle nucleation are possible in an 
emulsion polymerization system, Which mechanism is more important in a 
system depends on the specifics of that system and the conditions under 
which the emulsion polymerization is carried out. While aqueous phase 
nucleation can occur in emulsion polymerization under any conditions, 
micelle-entry nucleation requires the existence of micelles and, therefore, a 
concentration of emulsifier above the critical micelle concentration (CMC). 
Monomer droplet nucleation requires the existence of the separated mono- 
mer phase and is enhanced by an increased total surface area of the monomer 
droplets. 

Monomer solubility in water plays an important role in nucleation phe- 
nomena. With sparingly water-soluble monomer such as styrene, monomer- 
swollen micelles are thought to be the main locus, and many workers com- 
pletely ignore monomer deoplet and homogeneous nucleation in these sys- 
tems. Similarly, the micelle nucleation mechanism can play an important 
part in polymerization of more water-soluble monomers, such as methyl 
methacrylate and vinyl acetate, provided that the concentration of emulsi- 
fier is far above the CMC. 

The fact that both micelle entry and homogeneous nucleation occur in a 
system was clearly demonstrated by Sutterlin et al. [36,37].  They investi- 
gated particle formation with a series of acrylates and methacrylates. The 
S-shaped curves of particle number versus emulsifier concentration differed 
for different monomers. With sparingly water-soluble monomers, the de- 
flection of the curves at the CMC was clearly evident; with more water- 
soluble monomers, the change in the slope of the curves at the CMC was less 
pronounced. Hansen and Ugelstad [ l l ]  carried out seeded and unseeded 
polymerizations with styrene using sodium dodecyl sulfate as emulsifier, to 
test if both micelle-entry and homogeneous nucleation occur in such sys- 
tems. They concluded that, while the homogeneous nucleation mechanism 
predominated when the concentration of emulsifier was below the CMC, 
micelles became the dominating loci for particle nucleation when the con- 
centration of emulsifier was above the CMC. 
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FIG. 1. Paths for water-initiated free radicals. M = monomer; S = surfactant. 

No theory has been published which includes all three particle nucleation 
mechanisms in a methematical model. Nevertheless, Poehlein [38] has sum- 
marized previous work and proposed a comprehensive picture of mechanisms 
for particle nucleation, as shown in Fig. 1. Poehlein's scheme includes all three 
particle nucleation mechanisms in a persulfate-initiated emulsion polymeriza- 
tion system. Poehlein has further pointed out that a transfer radical which has 
desorbed from a particle into the aqueous phase will also take the paths as 
shown in Fig. 1 for an initiator radical. In this paper a mathematical model is 
developed based on Poehlein's scheme of particle nucleation. An equation 
similar in form to Eq. (2) given by Fitch [6-8] is derived. An analytical solu- 
tion of this equation is obtained which permits one to predict the transient 
behavior of particle nucleation in emulsion polymerization. The theoreti- 
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408 SONG AND POEHLEIN 

cal predictions are in agreement with experimental data taken from 
literature. 

GENERAL PARTICLE NUCLEATION MECHANISM 

The mathematical model presented in this paper follows the particle nucle- 
ation scheme proposed by PoeNein [38] (Fig. 1). An emulsion polymeriza- 
tion system in which there exist monomer droplets and micelles in the contin- 
uous aqueous phase is considered. The free radicals formed in the aqueous 
phase may 1) add monomeric units dissolved in the water; 2) be absorbed 
(after adding at  least one monomer unit) into monomer-swollen micelles; 
3) be absorbed into monomer droplets; 4) be captured by the existing poly- 
mer particles; 5) terminate in the aqueous phase; or 6 )  lose activity by chain 
transfer to another species. 

A primary radical formed from water-soluble initiator is not likely to be 
absorbed directiy by monomer-swollen micelles or monomer droplets because 
of its hydrophilic nature and charge. Once monomeric units are added, how- 
ever, it becomes an oligonieric free radical and its hydrophobicity is increased 
so that the tendency to be absorbed directly by monomer-swollen micelles, 
monomer droplets, or existing monomer-swollen polymer particles increases 
greatly. A primary radical produced by chain transfer to monomer or by 
thermal initiation of the monomer is different from a primary water-soluble 
initiator radical in that the former is hydrophobic in nature and may be cap- 
tured by micelles, monomer droplets, or existing particles. If, while growing, 
an oligomer radical is not absorbed by the said three species, it will reach a 
critical chain length n* and precipitate from the aqueous solution as a pri- 
mary polymer particle. This is called homogeneous nucleation. 

Primary particles precipitated by homogeneous nucleation are likely to be 
unstable and tend to coagulate with each other or with the existing latex par- 
ticles because f their small size and lack of sufficient surfactant molecules. 
The parimary particles can grow simultaneously both by coagulation and by 
polymerization. As they are growing, they may adsorb more and more sur- 
factant molecules and become relatively stable. Primary particles may also 
coagulate with, or rather be captured by, mature lates particles. However, 
during the initial period of polymerization when there is sufficient surfactant 
for stabilizing polymer particles, this tendency is less strong than that of co- 
agulation between primary particles themselves. After the surfactant is ex- 
hausted, its surface coverage on polymer particles decreases as a result of par- 
ticle growth. This tendency leads to a situation in which latex particle- 
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PARTICLE FORMATION IN EMULSION POLYMERIZATION 409 

primary particle coagulation events are favored over those between two pri- 
mary particles. Eventually, all primary particles being formed by homoge- 
neous nucleation will be captured by the existing latex particles. Since mi- 
celles disappear before the exhaustion of surfactant in the aqueous phase, no 
micelle-entry nucleation is possible in this stage. 

If no monomer droplets exist in the system, or if particle nucleation from 
this source is negligible, no new polymer particles will be formed in this stage. 
Thus, the latex particle number will remain constant at a steady-state value. 
Coagulation between mature latex particles is also possible. However, if the 
number of latex particles is reduced from such coagulation, the remaining 
particles may not be able to capture all free radicals, and homogeneous nucle- 
ation of primary particles may again occur in the aqueous phase. New poly- 
mer particles that are formed compensate for the loss of latex particle num- 
ber from coagulation and thus tend to maintain a steady state. Primary parti- 
cles nucleated from micelles are different from those formed by homogeneous 
nucleation due to the excess of surfactant on their surface. As a result, they 
are less likely to  undergo coagulation and more likely to grow by polymer- 
ization. 

Particles nucleated from monomer droplets are likely to be initially stable 
because of surfactant on the surface and adequate agitation. Once oligomer 
radicals enter a monomer droplet and continue to grow there, the properties 
of this monomer droplet, now a polymer particle, are changed. First, since 
the droplet now contains polymer, there is a problem of monomer partition 
with the aqueous phase. The volume fraction of polymer in this droplet is 
small at first, and there is large excess of monomer compared to the monomer 
content of mature polymer particles, which are closer to equilibrium with the 
aqueous phase. Thermodynamic forces will tend to drive this excessive mono- 
mer out of the droplet. However, the monomer concentration in the aqueous 
phase is kept nearly constant by transfer from the monomer droplets at about 
the level of monomer solubility in water. Mass transfer of this excess mono- 
mer to the aqueous phase is, therefore, limited. Thermodynamic forces will 
cause transport of the excess monomer out of the droplet, and shear forces 
in agitated systems are likely to split larger droplets to affect size reduction. 
The larger the monomer droplets, the more unstable the primary polymer 
particles nucleated from them. T h s  may explain why latex particles as large 
as monomer droplets are rarely observed in conventional emulsion polymeri- 
zation with large monomer/water ratios in which the probability of monomer 
droplet nucleation may be relatively high. 

When mixed surfactants are used to make monomer droplets smaller, one 
can easily observe the monomer-droplet-nucleated polymer particles in the 
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410 SONG AND POEHLEIN 

final products of emulsion polymerization [29-3 1, 391 . This is not only be- 
cause the reduction in size of monomer droplets increases the probability of 
monomer droplet nucleation, but also because the reduced size of monomer 
droplets increases the stability of polymer particles nucleated from them. 

The rate of particle coagulation depends on, among other things, the size 
of polymer particles. So does the rate of free-radical capture by polymer par- 
ticles. It has been shown by Dunn [4] that efficiency of initiation increases 
with decreasing particle size. For the small particles, according to his report, 
the efficiency of initiation could be up to 100%. Therefore, primary particles 
grow quickly, more by coagulation with each other and capture of oligomeric 
radicals from the aqueous phase than by polymerization. It is obvious that 
primary particles nucleated from different sources (i.e., micelles, monomer 
droplets, and aqueous solution) should have different abilities to capture radi- 
cals from the aqueous phase because of their different size and different sur- 
face characteristics. It should be noted that absorption of free radical by par- 
ticles could be reversible, and desorbed radicals may be recaptured by particles, 
micelles, or droplets. 

In addition to nucleating polymer particles, free radicals in the aqueous 
phase may also terminate with each other or undergo chain transfer reactions. 
These effects will certainly influence the efficiency of particle nucleation. 
Solubility of monomer in water is an important factor for aqueous phase ter- 
mination of free radicals. High monomer concentration in the aqueous phase 
favors the propagation reaction, thus decreasing the probability of aqueous 
phase termination. On the other hand, higher monomer solubility in water is 
often associated with the large critical chain length n* of the polymer. Thus, 
the life of oligomeric radicals will be longer before they reach the critical size, 
provided that the propagation rate constant k,  is unchanged. This will ob- 
viously increase the probability of aqueous-phase termination. Very often, 
the latter effect is more significant. 

duced may exceed the critical chain length n* and precipitate from the aque- 
ous phase as an inactive primary particle. Presumably, such particle nuclea- 
tion from aqueous phase termination can be neglected compared to other 
kinds of particle nucleation since the concentration of oligomeric radicals in 
the aqueous phase is small. The oligomers generated from aqueous-phase 
termination can act as surfactant, because of hydrophilic end groups from 
the initiator, and even form micelles when the concentration is above the CMC. 
This effect will enhance particle nucleation. Vanderhoff [41] suggested that 
particle nucleation in emulsifier-free emulsion polymerization of a sparingly 
water-soluble monomer, such as styrene, results primarily from this micelliza- 
tion effect. 

When two oligomeric radicals terminate by combination, the oligomer pro- 
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PARTICLE FORMATION IN EMULSION POLYMERIZATION 41 1 

The effect of chain transfer in the aqueous phase will, as a whole, decrease 
the rate of particle nucleation. Chain transfer will prolong the average time 
for a primary radical to grow to the critical chain length of the polymer for 
homogeneous nucleation. Hydrophilic-lipophilic properties of the chain 
transfer agents (CTA) will also be important for micelle entry and monomer 
droplet entry nucleations. A hydrophilic CTA primary radical produced by 
chain transfer, like an initiator radical, will add monomeric units before it is 
able to enter a micelle or a monomer droplet for particle nucleation. As a re- 
sult, the rate of particle nucleation could be reduced. On the other hand, 
chain transfer from oligomeric radicals to monomer, which can be considered 
as a lipophlic CTA, should have little influence on micelle or monomer drop- 
let entry though it would reduce the homogeneous nucleation rate. Chain 
transfer from hydrophilic initiator primary radicals increases the lipophilic 
property of radicals and, therefore, will probably increase the rate of micelle 
and monomer droplet entry nucleation but reduce the rate of homogeneous 
nucleation. 

Chain transfer reactions in the particle phase have different effects from 
those in the aqueous phase. Chain transfer between polymer radicals and 
monomer or other low molecular weight CTA favors radical desorption from 
particles because of the higher mobility of the low molecular weight radicals. 
The desorbed radicals can take the same paths for initiator radicals, as shown 
in Fig. 1. That is, the desorbed radicals may be reabsorbed by particles, enter 
micelles or monomer droplets, grow to the critical size and precipitate from 
the aqueous phase, terminate with other radicals, or transfer their activity to 
other species in the aqueous phase. Thus, chain transfer in the particle phase 
will enhance particle nucleation. 

Besides being a locus of particle nucleation, micelles also serve as a surfac- 
tant reservoirs in the system. The concentration of surfactant in the aqueous 
solution will be kept nearly constant until the disappearance of micelles. Simi- 
larly, monomer droplets function as a monomer reservoir to maintain a nearly 
constant concentration of monomer in the aqueous phase and also maintain 
thermodynamic equilibrium of monomer between the aqueous phase and 
polymer phase. 

The general particle nucleation mechanism presented above can be ex- 
pressed by the following chemical and physical processes ("reactions"). 
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kd 1. I-2R' 

2 .  R' t 

3. (or A') 

4. 

5. 

6. 

7. R' t 

8. Mi t 
i =  1,2 ,  
. . . , (n* - 1) 

9. 

10. 

11. 

12. 

13. 

14. 

1 
k t r  CTA- A' 

K m  C MC -Mc - Pc, 

Km d 
Md-Md- Pd 1 

k t w  i+j> n* 
Mj -Mj+i - Pi 

Pj -Pj+1,0'=1,2,..  K c  j 

k t r  . CTA -A t Of 

ktrm M -Ml t Oi 

SONG AND POEHLEIN 

Initiation 

competition for 
p,rimary radicals 
from initiator 
(R') or from 
chain transfer 
agent (A') 

Chain transfer 
from R' to CTA 

Propagation or 
homogeneous 
nucleation 

Micelle entry 
nucleation 

Monomer droplet 
nucleation 

Aqueous phase 
termination 

Radical capture 
by particles 

Chain transfer to 
CTA 

Chain transfer to 
monomer 
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P + M j  15. P- 
Ke i Radical desorp- 

tion from 
particles 

R m  P 17. Mc+P-P 

Rmp'  

Rmd" 
18. MdtMd-Md 

Particle coagula- 
tion 

Micelle disappear- 
ance to cover 
newly formed 
particle surface 

Monomer droplet 
coalescence and 
separation 

where the symbols used are defined in the Symbols section preceding the 
references. 

MATH EMATl CA L MODELS 

Before model equations are established for particle nucleation, the follow- 
ing assumptions based on the analysis in the previous part are utilized. 

(1) Reactions 3-6 are negligible compared to Reaction 2 because of the hydro- 
philic nature of the primary radical R' (or CTA radical A'). 

(2) Once an oligomeric radical enters a micelle or monomer droplet, the latter 
becomes a primary polymer particle. This means that the last step in Re- 
action 9 and Reaction 10 is much faster than the former step, i.e., polym- 
erization (propagation) inside the particles is much faster than the rate of 
radical absorption by micelles or monomer droplets in the aqueous phase. 

(3) The reversible effects (Kmc" and Kmd")  in Reactions 9 and 10 can be 
taken into account by adding correction factors (F, and F d ,  respectively) 
in the corresponding positive reaction rate constants (Kmc' and Kmd' ) .  
Thus, let K m c  = FcKmc' and K m d  = FdKmd' .  

Balance equations of the model subject to these assumptions are as 
follows . 
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414 SONG AND POEHLEIN 

The total polymer particle formation rate 

i= 1 i = i  k=i 

The formation rate of particles of Class 1, [PI] 

j =  1 

- Kci[Pi] [Rw] (i = 2,3,  . . .). 

The rate of disappearance of micelles 

The rate of disappearance of monomer droplets 
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PARTICLE FORMATION IN EMULSION POLYMERIZATION 41 5 

Formation rate for the 1 st oligomeric radicals in the aqueous phase 

m 

Formation rate for ith oligomeric radicals in the aqueous phase 

Formation rate of total oligomer radicals in the aqueous phase, 
n *- -1  

n * - I  

Disappearance rate of the chain transfer agent CTA 

-d[CTA] w / d t  = ktr [CTA] w [Rw] . (1 1) 
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416 SONG AND POEHLEIN 

Formation rate of CTA radicals 

where symbols of species in square brackets [ ] represent the concentration 
of the bracketed species in mol/L. [Pmi] is the concentration of particles 
which contain polymer radicals with chain length i, (i = 1 , 2 ,  . . .). K, repre- 
sents the rate constant for desorption of the radicals with chain length i from 
the particle phase. 

In principle, relationships for [Pi]-t, [Mc] -t, [Md] -t, [CTA] w-t, [Mi] -t, 
and [A'] -t can be obtained by solving the above simultaneous differential 
equations provided that all parameters and the monomer solubility in water 
are known. Solution of the complete model is difficult for a variety of rea- 
sons. To simplify the problem, the following further assumptions are used. 

(4) Steady state of all radical concentrations in the aqueous phase. 
( 5 )  The terms kt, [Mi] 2 ,  ( i =  1 , 2 , 3 ,  . . .), in Eqs, (8), (9), and (10) can be 

n * - i  
neglected, since [Mi] is much smaller than [Mi]. 

i= 1 

The following relationships for [ M I ]  and [Mi] are obtained from Eqs. (8) 
and (9) with the use of Assumptions (4) and ( 5 ) .  

Pi + k i c [ ~ ' I  [MI +ktrmMw [RwI +Kei[PmlI __ 
[M1l =kpMw +K,,[Mc] +K,d[Md] +k twiRw]  +ktr[CTAlw +ktrmMw +&[PI ' 

(13) 

( i =  2 , 3 , 4 , .  . ., n* - 1). (14) 

The following definitions are used to simplify symbols. Total radical con- 
centration in the aqueous phase 

n*-I  

Total desorption rate of radicals from particles 
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PARTICLE FORMATION IN EMULSION POLYMERIZATION 417 

n*-1 

Desorption rate of radicals with chain length i, 

The rate of reinitiation by chain transfer agent radicals using Assumption 4 for 
d[A' ]  /dt  = 0 

The rate of chain transfer to monomer 

Let 

The average rate constant of radical capture by particles 
M 

The average coagulation rate constant for particles 

The average rate constant of radical desorption from particles 

n *-1 
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The probability for an oligomeric radical to propagate 

kpMw ap = 
kpMw +Kmc[McI +Kmd[MdI fk tw  P w I  +kti-[CTAIw +ktrrnMw +&[PI 

(24) 
The desorption parameter 

Equations ( I  3) and (14) can then be rewritten as 

Substituting Eq. (26) into Eq. (27) gives 
i- 1 

[Mi] = apip/(kpMw) +C yapi+' [Pmi-jI. 

The total radical concentration in the aqueous phase is then 

[PmJ must be known to  use Eqs. (28) and (29) in Eq. (3) for total particle 
concentration. [Pmi] involves the molecular weight distribution of living 
polymer in particles. To simplify the problem, we introduce the average num- 
ber of radicals with chain length i per particle, mi. Then, 

 mi] = Gi [PI . (30) 
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PARTICLE FORMATION IN EMULSION POLYMERIZATION 419 

Substituting Eq. (30)  into Eqs. (28)  and (29)  yields, respectively, 

where 
i- 1 

n * - I  n*-1  i-1 

Substituting Eqs. (3 1) and (32) into Eq. ( 3 )  and rearranging yields (see the 
Appendix for the derivations of Eqs. 36 and 37) 

dP1 - 
- - { piapn *-' t pi( 1 - apn * - I )  t CktwBZ pZ - K,Bp [PI 
d t  

where B is defined by Eq. (35)  and Cis defined by the following equation: 

a/*-2 [n* - 1 - n*ffp - n*apn*-2 t 2n*ffpfl*-l - (n* - 1) a / * ]  

(1 -apn*-1)2 
C= 

(37)  
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4 20 SONG AND POEHLEIN 

The terms in the first braces on the right side of Eq. (36) represent, from 
left to right respectively: 1 )  rate of homogeneous nucleation; 2) rate of 
micelle and monomer droplet nucleation; 3) contribution from the fraction 
of aqueous phase termination reactions which produces dead polymers with 
chain length exceeding the critical value n*; 4) rate of radical capture by par- 
ticles; 5) rate of aqueous phase termination of radicals; and 6) rate of particle 
coagulation. ap, as defined by Eq. (24), is the probability of a radical to add 
a monomeric unit (i.e., chain propagation). A primary radical needs to add 
n* - 1 monomeric units before it will reach the critical chain length n* and 
precipitate from the aqueous phase as a primary particle. Thus, apn *-' in 
the first term of the first braces on the right side of Eq. (36) is the probability 
for a primary radical t o  nucleate a new particle by homogeneous nucleation. 

Since 1 - apn *-l  is the probability opposite to that of homogeneous nucle- 
ation, the second term in the first braces of Eq. (36) represents the rate of 
particle formation through micelle and monomer droplet nucleation mechan- 
isms if neither radical capture by particles nor aqueous phase termination 
occurs in the system. The particle formation rate is reduced by the rate at 
which the radicals are captured by particles (the 5th term) and the rate of 
partide coagulation (the 6th term). Since Cis  always less than unity, the 
aqueous phase termination of radicals (the 3rd and 4th terms) will further 
reduce the rate of particle nucleation. Equation (36) also shows that chain 
transfer in the aqueous phase will decrease the particle nucleation rate since 
the chain transfer rates pia and pim (contained in p as defined in Eq. 20) ap- 
pear in the 4th and 5th negative terms. 

The terms within the second braces of Eq. (36) represent the effects of 
radical desorption from particles. The first term in the second braces shows 
that desorbed radicals can reinitiate particles and, therefore, increase the par- 
ticle nucleation rate. The remaining four terms in the second braces of Eq. 
(36) result from the termination of the desorbed radicals, which may have 
grown through propagation reactions in the aqueous phase. The positive 
terms (the 2nd and 3rd terms in the second braces) come from the contri- 
bution of those termination reactions which result in dead oligomers with 
chain length exceeding the critical chain length n*. In the absence of 
radical desorption from particles, K ,  = 0, and all terms in the second braces 
of Eq. (36) are zero. All these are expected by the mechanism analysis in 
the previous section, 

Equation (36) can be rewritten as 
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where 

t i * - i  i cc Bf = Kf + ktwYtZ - ktw 

If radical desorption is not significant, Eq. (38) reduces to 

Equation (43) is identical in form to that of Eq. (2)  which was derived by 
Fitch and Tsai [6-81 from Priest’s [5] homogeneous nucleation mechanism. 
Equation (43), however, is obtained from detailed modeling of Poehlein’s 
general particle nucleation scheme (Fig. 1) which not only includes homo- 
geneous nucleation but also micelle-entry and monomer-droplet nucleation. 
It is interesting to note that the derivation of Eq. ( 2 )  by Fitch and Tsai need 
not assume the homogeneous nucleation mechanism. In fact, the form of 
Eq. ( 2 )  can be obtained even if only the micelle entry nucleation mechanism 
is assumed to be possible in the system. In any case, free radicals generated 
in the aqueous phase will nucleate particles unless they are all terminated in 
the aqueous phase. Fitch has introduced the constant b in Eq. (2)  to account 
for the aggregation (i.e., termination) of radicals in the aqueous phase. The 
parameter b in Eq. (43) is the reciprocal fraction of free radicals generated 
which terminate in the aqueous phase without producing new particles. 
Therefore, b should be, and can be shown to be, less than unity. 

Please note that the derivation of Eq. ( 2 )  by Fitch and Tsai [6-81 does 
not include the effects of radical desorption and reabsorption on particle 
nucleation. It is therefore not surprising that their equation becomes a re- 
duced form of our general model (Eq. 38) which includes the contribution 
from radical desorption and reabsorption. Equation ( 2 )  (and also Eq. 43) 
predicts that the production rate of particles, dN/dt, always decreases with 
increasing time. On the other hand, Eq. (38) allows the production rate of 
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422 SONG AND POEHLEIN 

particles to increase with time since the contribution from desorbed radicals 
(represented by the term kpM,y, in Bc of Eq. 40) may cause Bc in Eq. (38) 
to be negative. Evidence for the production rate of particles increasing with 
time has been reported by Lichti et al. [33] and Feeney et al. [34,35]. They 
observed that the curves of particle size distribution (PSD) obtained just be- 
fore the end of Interval I always skewed toward small particle size. They 
showed that this phenomenon could only be explained by an increasing rate 
of production of new latex particles. 

SOLUTION FOR TOTAL PARTICLE NUMBER 

Equation (38) can be solved to predict the particle concentration in the 
transient state. Before doing so, an analysis of the parameters in the equa- 
tion is helpful. For a given system, M, can be considered the monomer 
solubility in water and therefore is treated as a constant. In principle, K,, 
Kc and Kf are particle-size dependent and should be time dependent. How- 
ever, during Interval I of particle nucleation, change of particle size with 
time is small so that these parameters can be considered to be time indepen- 
dent. With this argument, the parameter y = Ke/(kpM,) in Eq. ( 2 5 )  is con- 
stant. Since [Mi] , [Mi- ] and [Pmi] are constant because of the radical 
steady state (Assumption 4), Eq. (27) shows that ap must also be constant. 
If we also assume pi, Pjm, and Pja change little during Interval I, b (Eq. 39), 
Bc (Eq. 40), and Bf(Eq. 41) in Eq. (38) can be taken as time independent. 
Thus, the only time-dependent variable in Eq. (38) is the particle concen- 
tration [PI. Integrating Eq. (38) with initial condition, [PI = Q, at t = 0, 
yields 

Qi - P Q z  [PI = ~ 

1 t p  ’ 

where 

JBc’ t 4bpiBf - BC 

2Bf 

JBc’ t 4bpjBf + BC 
2Bf 

Qi = 

Qz = 

(44) 
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Q, is the concentration of seed particles which exist at tht beginning of the 
polymerization. Equations (44) and (45) show that [PI approaches Ql when 
r becomes large. Thus, Q, can be considered the particle concentration at 
steady state. In fact, the same expression as Eq. (46) can be obtained by 
setting d[P] /dt  = 0 and solving Eq. (38) for the steady-state particle concen- 
tration [PI s. As a consequence, Eqs. (44) and (45) can be rearranged to give 
a dimensionless form of particle concentration. 

where 

Results computed from Eq. (48) are shown in Figs. 2 through 5. Figure 2 
shows variation of polymer particle number with time for the systems in 
which no particles exist at the beginning (i.e., A l  = 0). The particle number 
N increases with time until it finally reaches a steady state (N/Ns = 1). 7 is a 
parameter with the dimension of time. The smaller the value of r ,  the more 
rapidly the particle number N will reach its steady state. Az is another param- 
eter which can change the shape of the N vs t curves. When A2 > 1 .O, N/Ns 
increases rapidly at the beginning and then more slowly. If A z  < 1 .O, the 
N/Ns vs t /r  curve becomes sigmoidal. The influence of parameters A2 and r 
on the rate of change of N with time can be best demonstrated by Fig. 3,  in 
which d(N/Ns)/d(r/r) is plotted against dimensionless time (r/r). When A z  > 
1 .O, d(N/Ns)/d(t/r) is a monotonically decreasing function of r / r .  This kind 
of dN/dr vs t curves has been predicted by the Smith-Ewart model [4], the 
Fitch-Tsai model [7], and the Hansen-Ugelstad model [ 9 ] .  WhenAz is less 
than 1 .O, d(N/Ns)/d(r/r) increases first, passes a maximum, and then decreases. 
The two-step coagulation model proposed by Lichti et al. [33] and Feeney et 
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2 

& 0.00 1.25 2.50 3.75 5.00 6.25 
DIMENSIONLESS TIME, L/T  

FIG. 2 .  Transient particle number profiles. 

al. [34] also predicts this type of dN/dt vs t curve. Thus, our model has been 
able to simulate all types of dN/dt vs t curves reported in the literature. Figure 
2 can be used when 7, A 2 ,  and Ns can be determined from known recipe ingre- 
dients and reacter parameters for a particular system computed from Eqs. (24), 
(351, (3914421, (461, (471, (51), and (52). 

The variation of polymer particle concentration with time for seeded emul- 
sion polymerization systems (A  > 0) is shown in Figs. 4 and 5 for A 2  = 5 
and 0.025, respectively. When A is less than 1 .O, N increases with time to 
approach the steady-state value N,, while for the systems with A greater than 
unity, N decreases with time to approachN,. This demonstrates that when 
No is greater than N,, coagulation of particles proceeds faster than particle 
generation. Most radicals are captured by seed particles, and some coagulation 
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FIG. 3. Influence of parameters A 2  and 7 on the rate of particle formation. 

occurs. Although it is difficult to obtain a stable seed latex with a particle 
number that exceeds the steady-state value, situations in which the particle 
number exceeds the steady-state particle number indeed occur during the 
emulsion polymerization of some systems. An examination of the N-t curves 
of Fitch and Tsai [7] and Dunn and Chong [40] shows that particle numbers 
for emulsifier-free systems increase rapidly at the beginning of the reaction, 
pass a maximum, and then decrease with time to tend toward the steady-state 
value. The decreasing part of the N-t curves can then be simulated with the 
present model by using values for parameter A ,  greater than unity. The 
rapid increase in particle number during early stages of particle nucleation 
can be attributed to the small particle size, which reduces the ability of par- 
ticles to capture free radicals in the aqueous phase and a rapid decrease in 
n*. This phenomenon is examined in another paper [42]. The theory de- 
veloped in this paper is based on constant n*.  Therefore, the model results 
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I I I I I 
0.00 1.25 2.50 3.75 5.00 6.25 

t / r  
FIG. 4. Transient particle number profiles for seeded systems (A? = 5). 

are only applicable to the decreasing part of the N-t curves of emulsifier-free 
systems, where FZ* has reached its steady-state value. 

Since T is an important parameter in the model and has the dimension of 
time, its physical meaning is important. The definition of T (Eq. 52) shows 
that its dimension comes from the term 1 /(Bf [PI J. The aqueous-phase ter- 
mination of desorbed radicals is neglected, thus, Bf = Kf. The rate of particle 
coagulation is equal to Kf[P] s 2  at the steady state. rs = I/(Kf[P] s) is then 
the time needed for [PI particles to disappear by coagulation. Another way 
to interpret the meaning of rs is t o  imagine a system which has reached its 
steady-state particle concentration [PI which then coagulates at the rate 
Kf [PI s 2 .  
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\ 

0.00 1.25 2.50 3.75 5.00 6.25 
t 1-f 

FIG. 5. Transient particle number profiles for seeded systems (A? = 
0.025). 

The number of newly formed particles per unit volume per unit time is 
equal to Kf[P] s 2 .  Because Kf[P] s2 is much smaller than [PI s, it will not af- 
fect the coagulation rate at the steady state. Thus, rs can also be considered 
to be the time during which [PI particles would be produced per unit volume 
at the steady state if no particle coagulation were occurring in the system. 
Therefore, the smaller rs ,  the faster the particle concentration will increase to 
reach its steady-state value [PI s. The model parameter T in Eq. (52) has the 
same physical meaning as that of rs with regard to the time to reach the 
steady state of particle concentration, except that T contains another dimen- 
sionless model parameter A 2  which tends to  increase the influence of T ~ ,  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



428 SONG AND POEHLEIN 

ESTIMATION OF THE MODEL PARAMETERS 

Use of the model developed in the last section requires estimation of the 
model parameters A z  , 7 ,  and Q ,  . These parameters are all function of the 
propagation probability ap which can be estimated in the following way. 

When desorption of free radicals from particles can be neglected (i.e., y = 
0), the following equation is obtained by substituting Eqs. (12), ( 3 1 ) ,  and 
( 3 2 )  into Eq. (10) with the assumption of steady-state concentration of free 
radicals. 

K,,[Mc] +K,d[Md] + K , [ P ] p ~ v ~ ( l  - a p n * - l )  
pi - a p n * - l p  - 

kpMw(1 - a p )  

Rearranging the above equation yields 

( 5  5) 

Equations (54) and ( 3 2 )  can then be solved simultaneously to obtain cxp and 
[R,] using a proper iteration procedure. First, an initial value of cxp is 
assumed to calculate [R,] from Eq. ( 3 2 ) .  The calculated [Rw] is then used 
in estimating D ,  and D3 with Eqs. ( 5 5 )  and (57). If Dz is also estimated, a 
new value of ap can be obtained by solving Eq. (54). This value of ap is then 
compared with the assumed ap value. If the difference exceeds the required 
error limit, the new ap value is then used in Eq. (32) to estimate another 
[R,] value. The iteration procedure continues until the required error limit 
is satisfied. 
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When chain transfer reactions can be neglected (i.e., p = pi, 0 3  = 0), Eq. 
(54) reduces to 

Equation (58) is readily solved for ap using a Newtonian iteration method. 
The initial value for iteration can be estimated from the following equation, 
which is obtained from Eq. (58) assuming ap " * - '  << 1: 

The initiation rate pi needed in estimating D1 can be determined by 

where [I] is initiator concentration, k d  is the decomposition rate constant of 
the initiator, andf is the initiation efficiency. 

D2 is assumed to be constant in the model simulation since micelles and 
monomer droplets are transformed into particles. The increase in the particle 
concentration [PI counterbalances the decreases in micelle and monomer 
droplet concentrations, [Mc] and [Md] , in Eq. (56), thus maintaining D2 
approximately constant. D2 is estimated by the following equation for sys- 
tems in which micelle nucleation mechanism is dominant. 

where [Mc] is the initial concentration of micelles and ti, is the parameter 
introduced to take into account the difference between K,, and K ,  and also 
the disappearance of micelles needed to adsorb on the particle surface pro- 
duced through particle growth by polymerization. The initial micelle concen- 
tration [Mc] is related to the emulsifier concentration charged [S] by 

where CMC is the critical micelle concentration of the emulsifier used and j m  
is the number of emulsifier molecules comprising a micelle. 

The rate coefficients for free radical capture by particles and micelles, K, 
and Kmc,  respectively, can be estimated assuming a diffusion model as pro- 
posed by Hansen and Ugelstad [9]. Thus 
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430 SONG AND POEHLEIN 

where NA is Avogadro's number, D ,  is the diffusion coefficient of free radi- 
cals in the aqueous phase, and rp and r ,  are the average radii of the particles 
and micelles, respectively. 

Once the propagation probability in the aqueous phase, ap,  is determined, 
the model parameters Q,, A ? ,  and 7 can be estimated by Eqs. (46), (47), (5 l), 
and (52) from the known kinetic parameters and the reaction conditions. 

EXPERIMENTAL TEST OF THE MODEL 

The experimental data of Chatterjee [23] and Zollars [28] are listed in 
Tables 1 and 2. Recipes and reaction conditions of the experiments are also 
listed in the tables. Particle number data presented in Zollars' paper were mea- 
sured by light-scattering techniques and, therefore, are weight averages, while 
the kinetic expressions require a number average, Zollars [28] pointed out 
that Vanso [43] and Friis and Nyhagen [44] had determined that the number- 
average particle number should be 2.6 times greater than the weight-average 
for vinyl acetate emulsion polymerization. This 2.6 factor has been used to 
convert Zollars' original data to those presented in Table 2. 

The kinetic parameters used in model simulations are listed in the upper 
part of Table 3. Values of 2.86 X lo-'' dm2 /s for D,, 2.1 nm for the 
micelle radius r ,  , and 60 for jm are assumed in the model simulation for all 
experimental conditions. Hansen and Ugelstad [9] used and lo-'' for 
D, in their model simulation, but they suggested that the value of lo-'' 
was more realistic. Odian [46] reported that a micelle is comprised of 50 
to 150 emulsifier molecules with a diameter of 2 to 10 nm. 

The particle number N was calculated with the values listed in the upper 
part of Table 3, along with an appropriate choice of values for the initiator 
efficiencyf; average coagulation rate coefficient Kf, and the parameter 6,. 
The results are compared with the experimental data as shown in Figs, 6 
and 7. The squares in the figures are experimental data. The solid lines are 
the model predictions. The good agreement between experiment and theory 
is evident. The values of f ,  Kf, and 6, chosen and the model parameters 
A ~ , T ,  andN, of Eq. (48) calculated for the different experimental systems 
are all listed in the lower part of Table 3. 
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TABLE 1. Chatterjee's Dataa [23] 

t, min 10.0 14.0 19.0 22.0 27.6 32.5 49.0 62.6 

x , ~ %  8.5 16.5 23.0 23.0 38.8 47.5 70.0 81.0 

N, 10" 
l /mL 1.69 2.10 2.46 2.79 2.81 2.84 2.92 2.76 

aRecipe: styrene (5 vol%), water (59 vol%), K z S z 0 8  (0.1%) soap (0.6%) at 

bx = monomer conversion. 
5ooc. 

The values of 0.925 for f and  250 L/(mol.s) for Kf give the best fit for the 
experimental data of styrene by Chatterjee [23] (Fig. 6), while values of 0.142 
forfand 130 L/mol*s for Kfgives the best fit for the experimental data of 
vinyl acetate by Zollars [28] (Fig. 7). It is not unreasonable that different 
systems would have different values of fand  Kf. Fitch and Tsai [7] have 
chosenfvalues of 0.09,0.1, and 1.0 to fit their model to the experimental 
methyl methacrylate data using different initiators and different emulsifier 
concentrations. The value of Kf for the Chatterjee system is greater than that 
for the Zollars system. This may be attributed to the difference in particle 
size between the two systems. The particle size of the Chatterjee system 
(rp = 14 nm) is smaller than that of the Zollars system (rp = 35 nm). As dis- 
cussed previously, small particles have a stronger tendency to coagulate than 
large particles. Therefore, the Chatterjee system has a greater value for the 
coagulation rate coefficient. 

TABLE 2. Zollars' Dataa [28] 

t, min 90 120 150 180 210 

x,b % 41 55 72 82 90 

N ,  1014 l / m L  3.43 3.64 4.39 4.78 5.15 

aRecipe: vinyl acetate (614 g), water (1817 g), KzSzOs (0.125 x 

bx = monomer conversion. 

M), 
sodium cetyl sulfate (10.9 g) at 60'C. 
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432 SONG AND POEHLEIN 

TABLE 3. Kinetic Data Used in Calculation and the Model Parameters 
Calculateda 

System Chatterjee Zollars Refs. 

Monomer 

M,, mol/L 

CMC, mol/L 

[SI 9 m o m  

[I] x lo3, mol/L 

rp x lo7,  dm 

Tm X lo8,  dm 

Temperature, "C 

kd x lo6,  l / s  

k p ,  L/(mol*s) 

k,, X L/(mol-s) 

c,,, x 104 

n* 

D, X lo'', dmz/s 

f 
6, 

K f ,  L/(mol-s) 

N, x 10-'6,1/L 

A2 

r,  min 

St 

0.0035 

0.009 

0.0208 

3.699 

1.40 

2.1 

50 

0.95 

209 

1.15 

0.5 

5 

2.86 

0.925 

1 .o 
250 

282 

1.188 

6.513 

VA 

0.29 

0.0062 

0.02 

0.125 

3.5 

2.1 

60 

3.16 

12000 

4.81 

2.0 

85b 

2.86 

0.142 

1 .o 
130 

20.7 

1.032 

69.49 

41 

45 

Tables 1 and 2 

Tables 1 and 2 

23,28 

46 

Tables 1 and 2 

45 

45 

45 

45 

47 

9 

aCm = chain transfer constant for monomer. 
bAssumed 
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h 
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0 
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60.0 

t, min 

FIG. 6 .  Comparison of the model prediction (solid line) with the experi- 
mental data (marks) of styrene by Chatterjee [ 231. The solid line is calcu- 
lated using 6, = 1 .O, f'= 0.925, and K f  = 250 L/mol.s. The model parameters 
of Eq. (48) calculated from these values are A z  = I .  188, 7 = 6.5 13 min, and 
N, = 2.818 X 10" 1/L. 

Hansen and Ugelstad [ 11 ] developed an equation based on diffusion 
theory to calculate the coagulation rate constant Kfps  between particles of 
size p and size q :  

where k is Bolzmann's constant (1.38 X 
ture, 1) is the viscosity of the medium, Wp4 is the Fuchs' stability ratio [48], 
a function o f p  and q .  The radius of particles with sizep, rP,  is related to 
the radius of the primary particles, rl , by 

J/K), T is absolute tempera- 
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h 

-0 7 

t, m i n  

FIG. 7. Comparison of the model prediction (solid line) with the experi- 
mental data (marks) of vinyl acetate by Zollars [28] .  The solid line is calcu- 
lated using 6, = 1.0, f =  0.142, and K f =  130 L/mol.s. The model parameters 
of Eq. (48) calculated from these values are A2 = 1 . 0 3 2 , ~  = 69.49 min, and 
N, = 2.07 X lo'' 1/L. 

If we consider the coagulation between partjdes of equal size p ,  Eq. (65) is 
reduced to 

8kT 
Kf= -, 

317WP9 

where Wp9 can be found from Fig. 8 as a function of p for r l  = 2 nm. Chatter- 
jee's experimental data for styrene (Table l), were obtained at T = 323 K. 
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FIG. 8. Contour map of Fuchs’ stability ratio W p q  as a function of class 
indices p and q. T = 6OoC. Hansen and Ugelstad [ 91. 

The parameter Kf has been determined to be 250 L/(mol.s) by fitting our 
model of the particle concentration to the experimental data in Table 1. Substi- 
tuting this value of Kf and v =  0.5494 CP into Eq. (67), the Fuchs’ stability 
ratio, W p p ,  is calculated to be 5.212 X 10’. This value is beyond the range 
of Fig. 8, since the largest W p p  shown by Hansen and Ugelstad’s graph [9] 
is about 8 X lo6 which corresponds t o p  = 100. By extrapolating (Fig. 8), 
we obtain p = 110 for W p p  = 5.212 X 10’. Thus, the particle diameter can 
be calculated from Eq. (66) for r1 = 2 nm to be about 19.1 nm. Similarly, 
the particle diameter obtained in this manner for Zollars’ experimental data 
with vinyl acetate (Table 2) is 19.6 nm, using Kf = 130 L/(mol-s), T =  333 K, 
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and 71 = 0.4888 cP. The diameter so obtained may be called the coagulation- 
average diameter and is defined as 

where di is the diameter of particles of size i. The measured particle diameters 
estimated at about 40% conversion are about 28 and 70 nm (Table 3) for 
Chatterjee’s system and Zollars’ system, respectively. Thus, the coagulation- 
average diameters ( d f  = 19.1 and 19.6 nm for Chatterjee’s system and Zollars’ 
system, respectively) are much less than the measured particle diameters. This 
is not surprising since, as indicated before, small particles have a much stronger 
tendency to coagulate. The value of K f  determined in the manner described in 
this paper is weighted toward small particles. The d f  determined from K f ,  
therefore, reflects mainly the diameter of these small particles. 

SUMMARY 

A general kinetics model of particle formation in emulsion polymerization 
has been developed. This model takes into account homogeneous, micelle, 
and monomer droplet nucleation mechanisms. Chain transfer and termination 
in the aqueous phase, capture of oligomer radicals by particles, and coagulation 
of particles are also included in the model. An analytical solution (Eq. 48) is 
obtained for the transient particle concentration. Variation of particle concen- 
tration as well as particle generation rate with time (Figs. 2 and 3, respectively) 
for different values of the model parameters are presented. When A z  > 1 .O, 
the production rate of particles always decreases with time (Fig. 3). WhenA2 
< 1 .O, the production rate of particles increases with time first, passes a maxi- 
mum, and then decreases (Fig. 3), while the N vs t curves present a sigmoidal 
shape (Fig. 2). This model of transient particle concentration fits the experi- 
mental data of the emulsion polymerization of the styrene and vinyl acetate 
systems. The values of the average coagulation rate coefficient K f  obtained 
from the fitting procedure were used to determine the coagulation-average 
particle diameter. The fact that the coagulation-average particle diameter cal- 
culated is much less than the observed number-average particle diameter con- 
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firms that small particles have a much stronger tendency to coagulate than 
large particles. 

APPENDIX 

Derivation of Eqs. (36) and (37) 

Substituting Eqs. (31) and (32) into Eq. (3) gives 
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Rearranging Eq. (Al) gives Eq. (36). 
The third term in the first brace of Eq. (36) is derived from Eq. (Al). 

(A31 
Therefore 

= n* 
1 - a p  

j =  1 

Therefore 

= { 1  -n*apn*- l  +(n*-  l ) o l p n * \ l ( l  -@. 
Substituting the above equation into Eq. (A4) yields 
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(A5) 
(n* - 1x1 - a$*) + n*(2apn*-' - Olpn*-* - 

= ( ~ P M , ) ~ B ~  
ap2(1 - a$'-1)2 

Equation (37) for C is obtained by substituting Eq. (AS) into the right side 
of Eq. (A3). 

SYMBOLS 

A' 

CTA 

f 
I 

Km c 

KC 

kd 

Ke 

K f  

ki 

kia 

kic 

kid 

Krn d 

kP 
kta 

chain transfer agent radical 

chain transfer agent which represents any possible chain transfer 
species in the aqueous phase other than monomer 

initiation efficiency 

initiator 
rate constant of micelle entry nucleation, L/(mol*s) 
(Kmc'  for absorption; KmC" for desorption). 

rate constant of radical capture by particles 
(Kcj, capture constant by Pj particles), Ll(mo1.s) 

rate constant of initiator decomposition, 1 /s 

rate constant of radical escaping from particles 
(Kei, for escape of radicals with chain length i), L/(mol-s) 

rate constant of particle coagulation 
(Kfi i ,  coagulation between Pi particles and Pi particles), L/(mol*s) 
rate constant of initiation from initiator radicals 

rate constant of initiation from A' radicals 

rate constant of capture of R' or A' radicals by micelles, L/(mol.s) 
(kjc ' for absorption, kic" for desorption) 

rate constant of absorption of R' or A' radicals by monomer deop- 
lets, L/(mol*s) (kid' for absorption, kid'' for desorption) 

rate constant of monomer droplet entry nucleation 
(Kmd' for absorption; Kmd" for desorption), L/(mol*s) 

propagation rate constant in the aqueous phase, L/(mol*s) 

rate constant of termination between oligomeric radicals and CTA 
radicals A', Li(mo1.s) 
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kti 

ktr 

ktrm 

ktw 

M 

mi 
- 

Mc 
Md 

M i  

MW 

N 

- 
n 

n* 

Oi 
P 

Pa 

Pc 
Pd 

Pi 

Pi  

rate constant of termination between oligomeric radicals and initia- 
tor radicals, L/(mol*s) 

rate constant of chain transfer to CTA, L/(mol-s) 

rate constant of chain transfer to monomer, L/(mol-s) 
termination rate constant in the aqueous phase, L/(mol-s) 

monomer in the aqueous phase 
average number of radicals with chain length i per particle 

micelle 

monomer droplet 

oligomeric radical with chain length i 
monomer concentration in the aqueous phase, mol/L 

particle number concentration, particles/(L.w) 

average radical number per particle, n = 
00 

if 
i= I 

critical chain length 

dead oligomer with chain length i 

polymer particles 

particles formed from homogeneous nucleation 

particles formed from micelle entry nucleation 

particles formed from monomer droplet nucleation 

particles which have been initiated * times 
(Pj=Pai +Pbi +Pdj, i =  1, 2 , .  . .) 
concentration of radicals with chain lzngth i in the particle phase 

primary radicals from initiator 

rate of micelle disappearance to cover newly formed particle surface 

rate of monomer droplet coalescence 

rate of monomer droplet separation 
aqueous phase termination rate, mol/(L*s) 

total concentration of oligomeric radicals in the aqueous phase, 
mol/L*s 

initiation rate, mol/L.s 
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