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An attempt to develop a predictive and manageable mathematical model for particle growth in emulsion 
homopolymerization was carried out by fitting the time evolution of the conversion in the chemically 
initiated seeded emulsion polymerization of styrene carried out under a wide range of experimental 
conditions with models of different complexity. Model discrimination based on the best fitting of the 
experimental data was carried out. No advantage was gained by increasing the complexity of the 
mathematical model. The dependence of the radical entry and exit rate parameters on the particle size was 
used to elucidate between the different mechanisms proposed for these processes. Copyright 0 1996 Elsevier 
Science Ltd. 
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INTRODUCTION 

One important goal in the investigation of the emulsion 
polymerization processes is the development of predic- 
tive mathematical models. In order to be predictive, the 
mathematical model should be based on the fundamental 
mechanisms involved in the process. However, emulsion 
polymerization is a complex multiphase reaction system 
in which polymerization proceeds according to a rather 
complicated kinetic scheme. It is possible to develop a 
complete mathematical model including all the details 
that one can imagine, but this risks being a sterile 
exercise because it may be impossible to design experi- 
ments able to provide enough information to both 
discriminate the mechanisms that actually occur and 
estimate the corresponding parameters. In addition, 
complex models are difficult to use in some applications 
such as on-line control. On the other hand, the range of 
application of too-simple models is restricted to the 
range of experimental conditions in which the experi- 
ments used to estimate the parameters of these models 
were carried out, i.e. they have a very limited predictive 
capability. Therefore, the mathematical model has to be 
both predictive and manageable. 

This paper is an attempt to develop such a model for 
particle growth in emulsion polymerization. To achieve 
this goal, mathematical models of different levels of 
complexity were used to fit the time evolution of the 
conversion during the approach to the steady state value 
of the average number of radicals per particle, fi, in the 
chemically initiated seeded emulsion polymerization of 
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styrene carried out under a wide range of experimental 
conditions. Model discrimination based on the best fit of 
the experimental data was carried out. The mathematical 
models include rate coefficients for radical entry and exit 
for which different mechanisms have been proposed1-*2. 
The dependence of the estimated values of these 
parameters on the particle size was used to elucidate 
between the different mechanisms. 

MATHEMATICAL MODELS 

The events involved in an emulsion 
initiated with a water-soluble thermal II 

polymerization 
initiator are as 

follows”: (i) generation of free radicals by decomposi- 
tion of the initiator in the aqueous phase and to some 
extent by the ‘background’ thermal process”; (ii) propa- 
gation of the free radicals in the aqueous phase; 
(iii) termination of free radicals in the aqueous phase; 
(iv) entry of free radicals into the latex particles; 
(v) desorption of the free radicals from the polymer 
particles; (vi) propagation within the polymer particles; 
(vii) termination within the polymer particles. 

In these events, free radicals with different chain 
lengths and different chemical compositions, according 
to whether they arise from the initiator or from a 
desorbed radical, are involved. The complexity of the 
mathematical model depends on the level of description 
of these radicals. In this work, different mathematical 
models have been used. 

Model I 
The simplest model (Model 1) makes no distinction 

between radicals in the aqueous phase, considering that 
all of them have the same probability for propagation, 
termination and entry. A detailed discussion about this 

POLYMER Volume 37 Number 26 1996 5907 



Emulsion polymerization: L. L. de Arbina et al. 

model is provided in ref. 13. The monomer material 
balance for an emulsion homopolymerization carried 
out in a batch reactor, under conditions such as the 
contribution of the aqueous phase polymerization to the 
overall conversion is negligible and the ‘zero+one’ 
assumption holds, is as follows: 

dx k, [Ml& 
z= MONA 

(1) 

where x is the fractional conversion of the monomer, k, 
the propagation rate constant in the polymer particles, 
[Ml, the concentration of the monomer in the polymer 
particles, N1 the number of particles per cm3 of water 
containing 1 radical, MO the initial amount of monomer 
per cm3 of water, and NA is Avogadro’s number. 

The population balance for N1 is 

dN, ~ = KBIRIW(NT - 2N,) - kdNl 
dt (2) 

where k, is the entry rate coefficient, kd the rate 
coefficient for radical desorption, NT is the number of 
polymer particles per cm3 of water, and [RI, the 
concentration of free radicals in the aqueous phase that 
can be calculated through the material balance for free 
radicals in the aqueous phase: 

4RIw 
~ = 9-k, [I21 + kd 2 - k,[Rlw 2 - 2k,,[R]: dt 

(3) 

where kI and f are the rate coefficient and the efficiency 
factor, respectively, for the generation of free radicals 
from initiator decomposition, and k,, is the termination 
rate constant in the aqueous phase. It has been 
demonstrated13 that the pseudo steady-state assumption 
can be safely used, and hence equation (3) can be 
converted into an algebraic equation by making the 
accumulation term of the left hand side member equal to 
zero. In equation (3) it is assumed that the volume of the 
aqueous phase is equal to the volume of water, which is 
acceptable for sparingly water-soluble monomers like 
styrene, and that the ‘background’ thermal production of 
radicals is negligible. 

The material balance for the initiator is: 

Model 1 includes the rate coefficients for radical entry 
and exit. The radical absorption phenomenon has been 
explained through different mechanisms. Gardon2 treated 
the entry as a collisional process predicting that the 
radical entry rate is proportional to the square of the 
particle diameter. Ugelstad and Hansen6 proposed that 
the rate-determining step for entry is the diffusion of 
soluble oligomeric species from the aqueous phase to the 
particle surface. In this model, a linear dependence of 
the entry rate coefficient on the particle diameter is 
predicted. Yeliseeva’ suggested that the displacement of 
surfactant from the particle surface is the rate-determining 
step. This mechanism implies that the radical capture 
rate depends on the surface coverage of the latex particle 
by the surfactant. However, Adams et a1.14 found that 
the entry rate was virtually independent of the extent of 
the latex surface coverage. Penboss et a1.9 proposed the 
colloidal process, where the entering species are large 
insoluble colloidal entities and the rate-controlling step 
is based on DLVO-type colloidal considerations. The 

dependence of the entry rate coefficient on the particle 
diameter can be considered as linear. 

More recently, Maxwell et al.” have postulated a new 
mechanism in which the propagation of the free radicals 
in the aqueous phase to a critical degree of polymeriza- 
tion is the rate-determining step for entry. This model, 
called propagational, predicts almost no dependence of 
the entry rate coefficient on the particle diameter, for a 
constant number of particles. However, its use in the 
framework of Model 1 may be inconsistent because 
conflicting assumptions are used: Model 1 assumes that 
any radical can enter into the particles, while Maxwell’s 
model considers that only radicals of a critical length 
enter into the polymer particles. 

Table I presents a summary of the dependence of the 
entry rate coefficient on the particle diameter predicted 
by the different models proposed in the literature and 
described above. 

The early works related to radical desorption from 
polymer particles’15 assumed that excited free radicals 
did not reabsorb into the polymer particles. Ugelstad 
et a1.3 proposed a mechanism involving a rapid desorp- 
tion and reabsorption of radicals in the latex particles 
in the investigation of the kinetics of vinyl chloride 
emulsion polymerization. Nomura and co-workers457 
and Asua et al.” presented an analysis of free radical 
exit kinetics taking into account the reabsorption of 
previously described single-unit monomeric radicals. 
However, Nomura and co-workers4,7 considered irrevers- 
ible entry of the reabsorbed radicals, whereas Asua 
et al.” took into account the possibility of redesorption. 
Asua et al.” were able to explain experimental results15 
that Nomura’s model could not justify. Assuming that 
only single-unit radicals can desorb, Asua et al.” derived 
the following equation for the desorption rate coefficient: 

where kf, is the monomer chain transfer rate constant, 
N,, the number of particles containing n radicals, P, the 
probability of desorption of a monomeric radical from a 
particle containing n radicals, and p the probability that 
the desorbed monomeric radical reacts in the aqueous 
phase by either propagation or termination. These prob- 
abilities are given by 

P, = KO 
Ko + k,, [M& + 2c(n - 1) 

P= 
k, Mw + ktw Plw 

k, [Mlw + ktw Plw + kaNT/NA (7) 

Table 1 Dependence of entry rate coefficient on particle diameter 
predicted by different models 

Model Dependence on d, 

Collisional 
Diffusional 

4’ 

Colloidal’ 
4 

Propagational” 
4 
Almost no dependence’ 

a For a constant number of particles 
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where K0 is the rate of exit of monomeric radicals out of 
the particle. Assuming a diffusion mechanism and no 
additional resistance in the interphase, Nomura7 derived 
the following equation for K,,: 

12(Dw/md) 1 - 
K” = 1 + 2(&/?@,) d; 

where D, and D, are the diffusion coefficients of a 
monomeric radical in the aqueous phase and the polymer 
particles, respectively, ??&t is the partition coefficient of 
such a radical between polymer particles and aqueous 
phase, and dp is the diameter of the monomer swollen 
polymer particles. Parameter kp, is the propagation rate 
constant of a monomeric radical, [Ml, is the concen- 
tration of monomer in the aqueous phase, k, is the entry 
rate coefficient, and c is the termination rate coefficient, 
given by: 

c = kt/upNA (9) 

where k, is the termination rate constant in the polymer 
particles and wp is the volume of the swollen particle. 

Unless very small particles are involved, P, remains 
constant for low values of 12 and equation (5) reduces to”: 

kd = kr,,,[M] K” 
’ PKo + kp, [Ml, (10) 

For sparingly water-soluble monomers ,L3 -+ 0, whereas 
for highly water-soluble monomers ,D + 1. In addition, if 
the exit occurs by diffusion with no additional resistance 
in the interface, K. is inversely proportional to the square 
of the particle diameter7. Therefore: 

kd +A if k,, Wlp B PKo (11) 
P 

h ff Cd,) if kp,Mp e PKo (12) 
The propagation rate constant of a monomeric radical, 
kP1, is expected to be higher than the average propa- 
gation rate constant. In addition, for sparingly water 
soluble monomers like styrene, both ,0 and K. should be 
low and the limit given by equation (11) likely applies. 

Casey et a1.12 claiming that the previous models did 
not account properly for the differences between initiator 
derived radicals and monomeric radicals, have proposed 
a detailed model for radical exit that includes different 
population balances for particles containing monomeric 
radicals and particles with longer radicals. However, 
Barandiaran and Asua16 have demonstrated that the 
complicated equations developed by Casey et aLI can be 
reduced to equation (5) because the distinction between 
initiator derived radicals and monomeric radicals was 
properly accounted for in equation (5). In this paper, the 
simplified expression for kd given by equation (10) was 
used. 

Model 2 

Model 2 does make distinction between initiator- 
derived radicals and transfer-derived radicals in the 
aqueous phase. It is worth stressing that this distinction 
affects only the entry mechanism because this difference 
is already included in the exit model developed by Asua 
et al.“. 

The initiator-derived free radicals are produced in the 
aqueous phase and irreversible entry into the polymer 

particles is considered to be negligible if the length of 
the radical is less than a critical value, z. This minimum 
length of the hydrophobic chain is required to overcome 
the effect of the inorganic part resulting from the 
initiator. Two alternative submodels are used based on 
the different mechanisms proposed for initiator-derived 
free radicals of length > z. In submodel 2a, it is assumed 
that the initiator derived free radical of length > z can 
either enter into the polymer particles, propagate in the 
aqueous phase or terminate in this phase. In this sub- 
model, monomer chain transfer derived radicals of 
any length can be absorbed into the polymer particles 
because they do not contain inorganic parts. The sub- 
model 2b corresponds to the propagational entry model 
proposed by Maxwell et al. ‘l. These authors postulated 
that instantaneous entry occurs when the initiator 
derived oligoradicals become surface active by reaching 
the critical degree of polymerization, z. The monomer 
chain transfer-derived radicals that appear in the aqueous 
phase by desorption from the polymer particles have no 
inorganic part and hence, oligoradicals of any length 
can enter into the polymer particles. In the frame of 
submodel 2b, a critical length for irreversible entry 
of these radicals is required. This critical length has 
been assumed to be 2, that is likely to be an upper limit 
for aqueous solubility of polystyrene oligomers. 

The pseudo steady state balances for initiator-derived 
radicals in the aqueous phase are: 

q = 0 = 2fk,[I,] - kPrl [I”] [Mlw - 2k,,[I”] [T”] (13) 

F = 0 = kPrl [I”] [Mlw 

- kp[WI [ML - 2kvW~I [ToI (14) 

7 = 0 = k,[IM;_ i] [Mlw 

- k&IMP] [Mlw - 2k,,[IM;] [T”] (2 I i<z) 

(15) 

The [IMT] balance for j 2 z depends on the entry 
mechanism considered. For submodel 2a, which does not 
consider instantaneous entry of initiator derived radicals 
of critical length, the material balance for [IMT] is: 

d [Id?’ = 0 = kp[IMjO_ i] [Ml,,, - kp[IM;] [Mlw 

- 2k,,[IM;] [T”] - k$$[IM;] 2 (j 2 z) 

(164 
whereas for submodel 2b (propagational entry mecha- 
nism), it is: 

[IM;] = 0 (j 2 z) (16b) 

In equation (16a), the entry rate coefficients can be 
both radical length dependent and particle size depend- 
ent. Taking into account the relationship between the 
diffusion coefficient and the molecular volume proposed 
by Wilke and Chang [17], the entry rate coefficients can 
be written as follows: 

k (i) 
a1 

=k* G 
'I j0.6 (17) 
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For a ‘zero-one’ system, submodel 2a (any radical can 
either absorb into the particles or propagate or terminate 
in the aqueous phase) leads to the following pseudo 
steady-state balances for the transfer-derived radicals in 
the aqueous phase: 

q = 0 = kd 2 - k,, [My] [Ml,+, 

Table 2 Recipes used for the preparation of polystyrene seeds 

Styrene MA-80 
Seed (8) (g) E,s” 

NaHCOs K2S208 

(g) (8) 

SLl 403 20.47 959 1.5 1.5 
SL2 97 14.99 1027 1.0 1.0 
SL3 422 17.14 1026 I .6 1.6 

3 
- 2k,,[M;] [T”] k(l)[My] - 3 Table 

a, 
Seeds used in the present work 

NA 
(18) 

Seed dp (nm) PDI cv (%) 

9 .~ = 0 = k&M;_ i] [Ml,,, - k,[M;] [MIW SL2 SLI 79 1.017 8.39 
100 1.012 6.92 

SL3 117 1.007 4.96 
- 2k,,[M;] [T”] ke [M;] $ - (n > 2) (19) 

For a ‘zero-one’ system, model 2b gives: Table 4 Summary of the kinetic runs 

F = 0 = kd 2 - k,, [My] [Ml, 

- 2k,,[M;] [T”] - k:; [My] 2 (20) 

Notice that chain length dependent entry rate coeffi- 
cients are used in equations (18) (19) and (20). These 
coefficients can be written as follows: 

Seed 
‘VT 
(particles cm. ’ of water) 

SLl 14.5 x IO” 

28.7 x 10’s 

(21) 
SL2 5.5 x 10’3 

The total concentration of free radicals in the aqueous 
phase for submodel 2a is: 

[T”] = 2 [IMP] + 2 [M;] + [I”] 
ikl II= I 

(22a) 

whereas for submodel 2b it is: 

2-I 1 

[To = x[IM;] + x[M,O] + [I’] (22b) 
i=l n=l 

For a ‘zero-one’ system the population balance of 
particles with one radical is as follows: 

Il.0 x 10’s 

22.6 x lOI 

SL3 4.6 x lOI 

7.9 x IO” 

11.9 x IO” 
15.9 x 10’3 

x (Nr - 2N1) - kdN, (23~1) 

dN1 __ = dt kii~iW1-t (kp, [WI [Wv+k,PL,I [Ml,) 2) 

x (NT - 2N,) - kdN, (23b) 

where equation (23a) corresponds to the submodel 2a 
and equation (23b) to the submodel 2b. 

The material balances for the monomer and the 
initiator are the same as in Model 1 (equations (1) 
and (4)). 

EXPERIMENTAL 

Styrene was purified by distillation under reduced 
pressure and stored at -18°C until used. K2S20s 
(Merck), NazS20s (Merck), NaHC03 (Merck), Aerosol 
MA-80 (sodium dihexyl sulfosuccinate, Cyanamid) and 

[N%S2081 
(mol cm-3 of water) 

0.6 x lo-’ 
1.2 x 10-7 
2.6 x lo-’ 
5.1 x 10-7 

10.4 x lo-’ 
20.7 x lo-’ 

1.3 x 10-7 
2.6 x 10 ’ 
5.2 x lo-’ 

10.4 x 10-7 
2.6 x 10m7 
4.9 x 10-7 

10.5 x 10-7 
37.2 x lo-’ 

2.6 x IOF’ 
5.1 x IO ’ 

10.4 x 10-7 
21.1 x lo-’ 

5.2 x lO_’ 
20.3 x lo-’ 

5.2 x 10m7 
10.6 x 10. ’ 

1.3 x 10 ’ 
2.6 x IO-’ 

10.5 x 10-7 
5.4 x 10-7 
1.3 x 10 ’ 
2.6 x lo-’ 
5.2 x lo-’ 

sodium lauryl sulfate (SLS, Henkel) were used as 
received. Deionized water was used throughout the work. 

Three monodisperse seed latexes were prepared at 
90°C in a batch reactor using the recipes presented in 
Table 2. Table 3 presents the seed diameter as measured 
by transmission electron microscopy (TEM). Before 
being used in the kinetic runs, the seeds were cleaned by 
dialysis. Kinetic runs were conducted at 60°C under 
Interval II conditions in a calorimeter reactor (Chemisenss 
Thermometric RM-1). Prior to the polymerization, the 
seed was swollen in the reactor at room temperature 
during 15 h. In addition, the thermal stabilization and 
the calibration of the calorimeter reactor required 2.5 h 
at the reaction temperature. Both swelling and thermal 
stabilization and calibration were carried out under 
nitrogen blanket. The flow rate of N2 (purity 99.999%) 
was chosen to evacuate 62 times the headspace of the 
reactor. Before injecting the initiator, a sample was 
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withdrawn from the reactor and its conversion deter- 
mined by gravimetry to check for thermal polymeriza- 
tion. In all runs thermal polymerization was observed, its 
extent varying widely, but corresponding to a negligible 
polymerization rate as compared to those recorded 
during most of the kinetics runs. The monomer 
consumed by thermal polymerization was taken into 
account to calculate the actual particle diameter and 
monomer concentration at the beginning of the process. 

Table 5 Parameter values taken from literature 

5.8 x 10-6 s-1 
0.6 
3.76 x lo5 cm3 mol-’ s-l 
7 x 10” cm3 mol-’ SC’ 
8.8 cm3 mol-’ SC’ 
5.01 x 10e3 molcmm3 
5.1 x 10-6molcm-3 

The kinetic runs were started by injecting into the reactor 
an aqueous solution of the initiator. Polymerizations 
were carried out under a nitrogen blanket. All the 
polymerizations were examined by TEM to check for 
new nucleations. Polymerizations with new nucleations 
were rejected. TabZe 4 presents a summary of the 
polymerizations carried out in which the number of 
polymer particles and the concentration of initiator were 
varied for each seed. 

PARAMETER ESTIMATION AND MODEL 
DISCRIMINATION 

The models contained several parameters whose values 
can be obtained from literature. Table 5 lists these 
parameters and their values. It has to be pointed out that 
k,, was assumed to be equal to the termination rate 
constant at zero polymer content and that k,, and kr,, 
were set equal to k,. The rest of the parameters of the 

Table 6 Values of k, and kd estimated for each seed using model 1 

dp (nm)” k, (cm3 mol-’ SC’) 

79 0.37 x 10” i 0.24 x 10’ 

100 0.47 x 10” i 0.61 x lo9 

117 0.55 x 10”’ * 0.12 x 10”’ 

a Unswollen seed particle diameter 

kd (s-l) E 

1.4 x 10-2 f 0.44 x 10-s 2.2 x 10-s 

1.2 x 10~2f0.11 x 10-z 9.5 x 10-6 

9.8 x 1O-3 f 1.09 x 1O-3 4.1 x 10-s 

Table 7 Values of the entry and exit rate coefficient estimated assuming different size dependences 

k, kd 
ff 1 a2 k; (d, = 150nm) k: (d, = 150 nm) E 

1 0 0.32 x 1015 4.80 x lo9 1.24 x 1O-2 1.24 x 10m2 2.86 x lO-5 

1 0.5 0.31 x 10’5 4.65 x lo9 0.46 x 10m4 1.19 x 10-2 2.49 x 10m5 

1 1 0.32 x 1015 4.80 x lo9 1.74 x 10-7 1.16 x 1O-2 2.47 x 10-j 

1 1.5 0.34 x 10’5 5.10 x 109 6.67 x lo-” 1.15 x 10-2 2.79 x lO-5 

1 2 0.38 x lOI 5.70 x 109 2.59 x lo-l2 1.15 x 10-2 3.43 x 10-s 

2 0 20.63 x 10” 4.64 x lo9 1.16 x 10m2 1.16 x 1O-2 2.52 x lO-5 

2 0.5 24.07 x 10” 5.41 x 109 0.47 x 10-4 1.21 x 10-2 2.49 x lO-5 

2 1 28.57 x lOI* 6.43 x lo9 1.90 x 10-7 1.27 x 10m2 2.77 x 10-j 

2 1.5 34.28 x 10” 7.72 x lo9 7.61 x lo-” 1.31 x 10-2 3.29 x 10m5 

2 2 41.91 x 10’8 9.43 x 109 3.02 x lo-l2 1.34 x 10-2 4.05 x 10-s 

Table 8 Values of kz,, kin and k: estimated for submodel 2a 

Z ffl ff2 Km ki, 6 E 

2 1 2 6.37 x 1017 3.19 x 10’6 1.51 x 10-12 3.46 x lo-’ 

2 1 1 7.13 x 10’7 3.48 x lOI 1.45 x 10-7 2.82 x lo-’ 

2 1 0 7.11 x 10’7 3.98 x lOI 1.40 x 10-2 3.25 x lo-’ 

2 2 2 4.75 x 1024 1.43 x 1024 1.99 x 10-12 4.36 x 1O-5 

2 2 1 4.21 x lO24 1.88 x 1024 1.86 x 10-7 3.60 x 1O-5 

2 2 0 4.88 x 1O24 2.17 x 1O24 1.74 x 10-2 3.89 x 10m5 

3 1 2 8.69 x lOI 1.27 x lOI 1.32 x lo-l2 4.77 x 10-s 

3 1 1 9.79 x 10’7 1.35 x 10’7 1.25 x 1O-7 3.97 x 10-s 

3 1 0 9.89 x lOI 3.40 x 10’7 1.24 x 1O-2 4.22 x lo-’ 

3 2 2 5.68 x 1O24 2.12 x 1024 1.45 x 10-12 4.87 x lo-’ 

3 2 1 7.86 x lO24 2.61 x 1O24 1.38 x 1O-7 4.04 x 10-s 

3 2 0 5.61 x lO24 2.33 x 1O24 1.27 x 1O-2 4.24 x 1O-5 
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different models were estimated by minimizing the 
residual sum of squares. 

Model I 

Taking into account the parameters listed in Table 5, 
only the entry and exit rate coefficient remain to be 
estimated. Because these parameters depend on the 
particle diameter and the three sets of experiments were 
carried out using seeds of different size, each set was 
treated separately. Parameter estimation was carried out 
using the approach proposed by Asua and co-workers’3’18 
assuming that the particle size did not vary during 
polymerization. Table 6 presents the values of k, and kd 
estimated for each seed. In this table, E is the square error 
per experimental point, namely, the sum of square errors 
divided by the number of experimental points con- 
sidered. The value of E is a measure of the agreement 
between experimental data and model predictions. 
Table 6 shows that k, increased and kd decreased when 
the unswollen seed diameter increased from 79 to 117 nm. 
Parameter k, was proportional to the particle diameter, 
dp, which is consistent with both diffusional and colloidal9 
entry mechanisms. On the other hand, kd was inversely 
proportional to the 0.88th power of d,,. This power is 
lower than the expected one (see equation (5)). However, 
some error can be introduced by neglecting the variation 
of the particle size during polymerization19. 

In order to take into account the variation of the 
parameters during the polymerization, the entry and exit 
rate coefficients were rewritten as follows: 

k, = k;d;’ (24) 

kd = k;d pa2 (25) 

where kz and k: include all the components of k, and kd, 
respectively, but the particle diameter dependence. (Y~ 
can vary between 1 and 2, depending on the model 
chosen (see Table I ) and (3y2 between 0 and 2, depending 
on the solubility of the monomers in water (see equations 
(11) and (12)). Parameters kl and kz were estimated using 
the approach proposed by Asua and co-workers’3”8 and 
different values of a1 and a2. The results are presented 
in Table 7 where it can be seen that the best fitting 
(minimum value of E) was obtained for crl = 1 and 
a2 = 1. Although these values are only approximate 
because CY~ and a2 were not estimated but discrete values 
were used, they confirm that k, was proportional to dp 
and kd was inversely proportional to a power close to 
one. As explained above, the dependence of k, on dp is 
consistent with both diffusional and colloidal’ entry 
mechanisms. However, the dependence of kd on dp was 
lower than what was expected (see equation (5)). This 
result might be simply due to the fact that the math- 
ematical model used was too simple to account for the 
complexities of emulsion polymerization. Therefore, the 
other models were used to fit the data. The confidence 
intervals of ki and k; for al = 1 and a2 = 1 are 

k; = 0.32 x lOI f 2.57 x lOI (26) 

k; = 1.74 x lo-’ f 8.06 x lo-” (27) 

Model 2 
As has been explained above, Model 2 has been 

divided into two submodels: submodel 2a that does not 
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consider instantaneous entry of initiator-derived radicals 
of critical length, and assumes that transfer-derived 
radicals in the aqueous phase can either absorb into 
polymer particles or propagate or terminate in the 
aqueous phase; and submodel 2b, that considers the 

Table 9 Values of k;_ and k: estimated for submodel 2b 

z 

2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 

2 
‘=1 
$ 
2 

s 

(1 I 

1 
1 
1 
2 
2 
2 
1 
I 
1 
2 
2 

k:m * 
02 kd E 

2 6.62 x 10” 1.44 X 10-12 4.87 X 10-5 
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Figure 1 Comparison between experimental results (- ) and model 
predictions (-) for seed SLl. (a) NT = 14.5 x lOI partcme3 of 
water, [I?] x 107molcm~3 of water: (m) 0.6;,jv) 1.2; (0) 2.6; (A) 5.1; 
(a) 10.4; (A) 20.7. (b) NT = 28.7 x 10 partcme3 of water, 
[Iz] x 10’ molcm-3 of water: (+) 1.3; (A) 2.6; (v) 5.2; (m) 10.4 
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propagational entry mechanism (instantaneous entry of 
initiator-derived radicals of critical length), and that only 
monomeric radicals of length 1 can exist in the aqueous 
phase. 

The parameters to be estimated in submodel 2a are 
k,, , , k,, , z, ki,, kz, and kd. The sensitivity of the model to 
the propagation rate constants is low and no attempts 
to estimate them from the data were carried out. In 
addition, although both kP,, and $,, are expected to be 
higher than the average propagation rate constant, no 
values of them are available in literature, and hence kPrl 
and k,, were set equal to k,. On the other hand, kd was 
expressed as in equation (25). 

kz,, kzm and ki were estimated by means of the 
approach proposed by Asua et aZ.13,18 for different values 
of aI, CX~ and z and using all of the experimental data 
at the same time. Table 8 presents the values of the 
estimated parameters and the square error per experi- 
mental point achieved for different values of ~1, a2 and z 
using submodel 2a, which does not consider instan- 
taneous entry of initiator-derived free radical of critical 
length. It can be seen that the best fit was achieved 

0.10 

0.08 
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Time (s) 

(a) 

0.08 

with (hi = 1, a2 = 1 and z = 2. For these values, the 
confidence intervals of kzm, kz, and k: are as follows: 

kIm = 7.13 x 10” f 1.68 x 1016 (28) 

k;, = 3.48 x 1016 f 3.5 x 1014 (29) 

k;; = 1.45 x lo-’ f4.76 x lo-” (30) 

Using similar assumptions as in submodel 2a, the 
parameters to be estimated in submodel 2b are z, klm and 
ks. Table 9 presents the values of kzm and ki estimated for 
different values of al, a2 and z, using submodel 2b in 
which the entry of initiator-derived free radicals of 
critical length is considered. It can be seen that the best fit 
was also achieved with ol = 1, cy2 = 1 and z = 2. For 
these values, the confidence intervals of kim and ks are: 

k;, = 4.65 x 10” f 2.68 x 1016 (31) 

k; = 1.38 x lo-’ f 5.39 x 1O-9 (32) 

Comparison of the smallest values of E obtained with 
the three models (Tables 7, 8 and 9) indicates that a 

0.10 

0.08 

8 
'3 

0.06 

& 
5 
3 0.04 

600 900 1200 1500 
Time (s) 

(b) 

0 300 600 900 1200 1500 
Time (s) 

(e) 

Figure 2 Comparison between experimental results (- - -) and model predictions (--) for seed SL2. (a) NT = 5.5 x 1013 partcme3 of water, 
[I,] x 1 O7 mol cm-3 of water: (A) 2.6; (W) 4.9; (V) 10.5; (*) 37.2. (b) N = 11 x 1OL3 partcmm3 of water, [Is] x 10’ molcmm3 of water: (W) 2.6; (*) 5.1; 
(A) 10.4; (7) 21.1. (c) NT = 22.6 x 1013 partcme3 of water, [I21 x 10’molcm-3 of water: (A) 5.2; (V) 20.3 
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Figure 3 Comparison between experimental results (- ~ -) and model predictions (- 
[I21 x 10’ mol cmm3 

-) for seed SL3. (a) NT = 4.6 x lOI partcm-’ of water, 
of water: (A) 5.2; (V) 10.6. (b) NT. = 7.9 x lOI partcm-’ of water, [I21 x 10’molcm~’ of water: (+) 1.3; (A) 2.6; (V) 10.5. 

(c) Nr = 11.9 x 10” partcmm3 of water, /I71 x 10’ molcmm3 of water: (7) 5.4. (d) NT = 15.9 x lOI partcm-3 of water, [I,] x lO’molcm_’ of water: 
ii) 113; (V) 2.6; (A) 3.2 

similar fit was obtained with the three models giving 
Model 2b a slightly worse fit than the others. Never- 
theless, the x2 test showed that the fit of the models were 
equivalent from a statistical point of view. Figures l-3 
present the comparison between experimental results and 
the predictions of Model 1. It has to be stressed that the 
three models predicted the same values for ol , a2 and z. 
The value of z = 2 agrees with the length required for an 
initiator derived styrene radical to become surface 
active’ ’ , and the value of crl = 1 is consistent with both 
diffusional and colloidal’ entry mechanisms. However, 
the dependence of kd on dP was lower than what was 
expected for a sparingly water soluble monomer such as 
styrene (equation (5)). A possible explanation of this 
result is that, contrary to what was implicitly assumed in 
the models, radical concentration in the polymer 
particles was not uniform but a concentration profile 
exists due to the anchoring of the entering initiator- 
derived radicals to the surface of the polymer particle. 
de la Cal et a1.20 showed that the more pronounced 
the radical concentration profile, the higher the rate 
for radical desorption. Larger particles have more 

pronounced radical concentration profiles, and hence 
comparatively faster radical desorptions that can coun- 
teract the effect of d,, on kd predicted by equation (5) 
leading to a lower value of 01~. This hypothesis will be 
further investigated in a future work because it may cast 
doubt upon the existing approaches for kinetic investiga- 
tion of emulsion polymerization systems. 

CONCLUSIONS 

An attempt to develop a predictive and manageable 
mathematical model for particle growth in emulsion 
polymerization was carried out. To achieve this goal, 
mathematical models of different levels of complexity 
were used to fit the time evolution of the conversion 
during the approach to the steady state values of ti in the 
chemically initiated seeded emulsion polymerization of 
styrene carried out under a wide range of experimental 
conditions. The mathematical models used differed in the 
detail used to describe the radicals in the aqueous phase. 
The simplest model (Model 1) made no distinction 
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between radicals in the aqueous phase, whereas Model 2 
distinguished between initiator-derived radicals and 
transfer-derived radicals in the aqueous phase. Model 2 
was subdivided into submodel 2a that does not consider 
instantaneous entry of initiator-derived radicals of 
critical length and submodel 2b that considered instan- 
taneous entry of these radicals. It was found that the 
three models fitted in a similar way the experimental 
data, submodel 2b giving a slightly worse fit, although 
the three models were statistically equivalent. No advan- 
tage was observed by increasing the complexity of the 
mathematical model by including the distinction between 
initiator-derived radicals and transfer-derived radicals 
in the aqueous phase. 

The dependence of the entry rate coefficient on the 
particle size is consistent with both diffusional and 
colloidal’ entry mechanisms. On the other hand, the 
dependence of kd on the particle diameter suggest that 
the anchoring of the initiator-derived radicals on the 
surface of the polymer particle might have a significant 
role on the desorption mechanisms. This will be further 
investigated in a future paper because it may cast doubt 
upon the existing approaches for kinetic investigation of 
emulsion polymerization systems. 
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NOMENCLATURE 

Termination rate coefficient (s-l) 
Coefficient of variation 
Diffusion coefficient of a monomeric radical in 
the aqueous phase (cm2 s-l) 
Diffusion coefficient of a monomeric radical in 
the polymer particles (cm2 s-l) 
Diameter of the swollen polymer particle (cm) 
Efficiency factor for initiator decomposition 
Concentration of initiator (mol cm-3) 
Concentration of radicals formed by homolytic 
decomposition of initiator (mol cm-3) 
Concentration of species resulting after i propa- 
gation events of I” 
(mol cmp3) 

in the aqueous phase 

Entry rate coefficient (cm3 mol-’ s-‘) 
Parameter defined by equation (24) 
Entry rate coefficient of initiator-derived radical 
of lengthj (cm3 mol-’ s-l) 
Parameter defined by equation (17) 
Entry rate coefficient of transfer-derived radical 
of length n (cm3 mol-’ s-l) 
Parameter defined by equation (21) 
Desorption rate coefficient (s-i) 
Parameter defined by equation (25) 
Monomer chain transfer constant (cm3 mol-’ 
s-1) 
Rate coefficient for initiator decomposition (s-l) 
Propagation rate constant (cm3 mol-’ s-l) 
Propagation rate constant of a monomeric 
radical (cm3 mall’ s-l) 

k PI1 

k, 
k tw 

Ko 

MP 

Mu’ 

MO 

[WI 

ii 

md 

Nl 

NA 
Nil 

NT 

PDI 
NV 

[T”l 

VP 
X 
z 
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Propagation rate constant in the aqueous phase 
of I” (cm3 mol-’ s-l) 
Termination rate constant (cm3 mol-’ s-l) 
Termination rate constant in the aqueous phase 
(cm3 mol-’ s-l) 
Rate of exit of a monomeric radical from a 
polymer particle (s-l) 
Monomer concentration in the polymer particles 
(mol cmp3) 
Monomer concentration in the aqueous phase 
(mol cmp3) 
Amount of monomer initially charged into the 
reactor (mol cmp3) 
Concentration of transfer-derived radicals of 
length i (mol cm-3) 
Average number of radicals per particle 
Partition coefficient of a radical between polymer 
particles and aqueous phase 
Number of polymer particles containing one 
radical, per cm3 of water 
Avogadro’s number 
Number of polymer particles containing n 
radicals, per cm3 of water 
Total number of polymer particles, per cm3 of 
water 
Polydispersity index 
Concentration of radicals in the aqueous phase 
(mol cme3) 
Total concentration of free radicals in the 
aqueous phase (mol cme3) 
Volume of the swollen polymer particle (cm3) 
Conversion 
Critical degree of polymerization of oligomers in 
the aqueous phase. 

Greek symbols 

Ql, Q2 
P 

& 

Parameters defined by equations (24) and (25) 
Probability that a desorbed single-unit mono- 
meric radical reacts in the aqueous phase by 
either propagation or termination 
Average residual sum of squares per point. 
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