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SYNOPSIS 

Semibatch emulsion polymerization of styrene under the monomer-starved condition is 
strongly affected by the gel effect. A mechanistic model based on diffusion-controlled reaction 
mechanisms is developed to predict the kinetics of semibatch emulsion polymerization. Ex- 
perimental data available in the literature are employed to assess the proposed model. Rea- 
sonable agreement between the model predictions and experimental data is observed. The 
simulation results suggest that the reaction system approaches Smith-Ewart case I1 kinetics 
(ii = 0.5) when the concentration of monomer in the particles is close to the saturation value, 
whereas the reaction system under the monomer-starved condition is characterized by dif- 
fusion-limited reaction mechanisms (6 >> 0.5). 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

Emulsion polymerization is a process in which most 
of the propagation reaction takes place in the seg- 
regated particles (50-1000 nm in diameter) dispersed 
in water. These innumerable particles can be sta- 
bilized by anionic surfactants which impart repulsive 
forces between similarly charged electric double 
layers to the emulsion polymer. Semibatch emulsion 
polymerization is an important process for com- 
mercial production of polymeric materials because 
of limitations of heat transfer in large-scale reactors. 
In a typical semibatch process, most of the water 
along with the initial surfactant and monomer is 
charged to the reactor. The initial reactor charge is 
then brought to the reaction temperature, followed 
by the addition of initiator solution to initiate the 
reaction. After a period of time, the remaining 
monomer is fed to the reactor over a few hours. The 
rate of monomer addition can be determined by the 
rate of polymerization (i.e., the rate of heat gener- 
ation) and the cooling capacity of the reactor system. 
Polymerization temperature is kept constant 
throughout the reaction. After the end of monomer 
addition, the reactor temperature is maintained at  
the same level for about 1 h to reduce the residual 
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monomer to an acceptable level. Nowadays latex 
products are widely used in coatings, adhesives, 
plastics, and rubber industries. 

Wessling’ analyzed the kinetics of semibatch 
emulsion polymerization and predicted that the re- 
action system which followed Smith-Ewart case I1 
 kinetic^^-^ would approach a pseudo-steady state if 
the rate of monomer addition R, was kept constant. 
In the pseudo-steady state, the rate of polymeriza- 
tion Rp depends on R, according to the following 
equation: 

l /Rp  = 1/K + 1/R, 

where K = KpNpii/(N,V,). Here, Kp is the propa- 
gation rate constant, Np is the number of particles 
per cubic centimeter of latex, r i  is the average num- 
ber of free radicals per particle, N ,  is Avogadro’s 
number, and V,  is the molar volume of monomer. 
Recently Dimitratos’ reached the same conclusions 
using a more rigorous treatment and his derivation 
showed that Eq. ( 1 )  was also valid for more water- 
soluble monomers such as vinyl acetate and methyl 
acrylate. 

The pseudo-steady-state behavior predicted by eq. 
(1) was tested against Gerrens’ data on a water-in- 
soluble monomer which was assumed to 
obey Smith-Ewart case I1 kinetics (i.e., ii = 0.5). 
Gerrens presented two sets of Rp-vs.-R, data. In the 

22 1 



222 CHERN 

first series of experiments, all of the water, surfac- 
tant, and initiator and 17.1% of the total monomer 
were charged to the reactor to start the reaction. 
Nucleation of primary particles took place at  50°C 
over 30 min. The remaining monomer was then 
added to the reactor at a prescribed feed rate. Po- 
lymerization temperature was kept at 50°C 
throughout the reaction. 

In the second series using the monomer emulsion 
feed technique, the reaction started in the part of 
the whole recipe initially charged to the reactor. 
Contrary to the runs with the monomer feed, the 
monomer emulsion feed brought more and more 
surfactant/water into the reaction medium. The 
primary function of the surfactant in the monomer 
emulsion feed is to stabilize the growing particles. 
Nevertheless, feeding surfactant to the reaction 
vessel might cause secondary nucleation and affect 
the reaction kinetics through Np present in the pa- 
rameter K [see Eq. ( I ) ] .  Furthermore, addition of 
water, associated with the monomer emulsion feed, 
to the reactor will lead to dilution of both particles 
(reaction loci) and initiator. Change in the concen- 
tration of particles or initiator in water might cause 
the reaction system to deviate from Smith-Ewart 
case I1 kinetics. 

The concise model of Wessling failed to predict 
the R,-vs.-R, data for the monomer feed process.' 
The calculated Rp was lower than the experimental 
data in the range of R, investigated. Deviation from 
the pseudo-steady-state behavior is most likely 
caused by the assumption of Smith-Ewart case I1 
kinetics. Reasonable agreement between the theory 
and experimental data was achieved for the mono- 
mer emulsion feed process. However, the success of 
the model in the series with the monomer emulsion 
feed should be accepted with reservations due to the 
above-mentioned complexity added to the reaction 
kinetics. 

The primary locus of reaction in emulsion poly- 
merization is generally believed to be inside the par- 
ticle in which the concentration of polymer is so 
high that the viscosity of the reaction medium is 
very high. This is especially true for semibatch 
emulsion polymerization under the monomer- 
starved condition. Thus, extensive chain entangle- 
ments and low free volume greatly reduce the trans- 
lational and segmental mobility of polymeric radi- 
cals. The termination reaction becomes diffusion 
controlled. This will result in a buildup in radicals 
and, consequently, increase the rate of polymeriza- 
tion if desorption of radicals from particles is neg- 
ligible. This so-called gel effect in batch emulsion 
polymerization of styrene has been studied by sev- 

eral It is postulated that it is the gel 
effect that is responsible for the discrepancy dis- 
played by the Wessling model. The objective of this 
work was to develop a model based on diffusion- 
controlled reaction mechanisms to describe the 
kinetics of semibatch emulsion polymerization of 
styrene. 

MODEL DEVELOPMENT 

The rate of polymerization for semibatch emulsion 
polymerization can be written as 

where [MI, is the concentration of monomer in the 
particles, which shows an upper limit governed by 
an equilibrium between swelling pressure and in- 
terfacial tension." The saturation concentration of 
styrene in the particles is 5.2 X mol/cm3, rep- 
resenting 46% conversion.12 The [MI,  data as a 
function of percentage of monomer added are avail- 
able in Ref. 7. Note that the reported values of Rp 
are normalized by dividing by the final latex volume, 
2000 cm3 (units of Rp : mol/cm3 - s ) . ' , ~ * ~  

The most difficult kinetic parameters in Eq. (2) 
to predict are Np and ii. Here, Np is determined by 
the process of particle nucleation, which is beyond 
the scope of this study. The value of Np for the fin- 
ished batch was determined to be 1.4 X loi5 cm-3 
by electron micro~copy.~ Ugelstad and co- 
w o r k e r ~ ' ~ ~ ' ~  derived the following 
culate ri at steady state: 

a = a' + mri - Ya2 

a = PaVp/KtdVp 

a' = Pivp/KtPp 

m = Koap/Ktp 

equations to cal- 

where a, a', m, and Yare dimensionless groups re- 
lated to absorption of radicals by particles, gener- 
ation of radicals in water, desorption of radicals from 
particles, and termination in the aqueous phase, re- 
spectively. The term p a  is the rate of absorption of 
radicals by particles, p i  is the rate of production of 
radicals in water, Vp is the volume of a monomer- 
swollen particle, a, is the surface area of a particle, 
Ktp is the termination rate constant in the particles, 
Kt, is the termination rate constant in the aqueous 
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phase, KO is the rate constant for desorption of rad- 
icals from particles, and K, is the rate constant for 
capture of radicals by particles. 

The desorption process involves transfer of the 
activity of polymeric radicals to monomer, emulsi- 
fier, and chain transfer agent, followed by diffusion 
of those monomeric radicals so produced to the 
aqueous phase.15 Considering the relatively low val- 
ues of water solubility of styryl radicals (assumed 
to be similar to that of styrene, ca. 0.03%)16 and 
chain transfer to monomer constant (ca. 3 X lop5 
Kp to 6 X Kp at 6OoC),l7 desorption of radicals 
from particles is assumed to have an insignificant 
effect on the reaction kinetics. With the additional 
assumption that the termination reaction in water 
is not important, Eqs. (3)-(7) can be reduced to 
Stockmayer's solution:" 

where a = (8~x')''~ and I .  and Il are the Bessel func- 
tions of the first kind of order 0 and 1, respectively. 
Other assumptions used in the model development 
include the following: 

1. The reaction is isothermal (50°C). 
2. The inhibition reaction is not considered. 
3. The rate of monomer addition is constant 

throughout the reaction. 
4. The concentration of styrene in water is nil 

compared to that in the particles. 
5. There is no secondary nucleation or coagu- 

lation of particles taking place during the 
monomer addition, that is, the total number 
of particles (reaction loci) available for po- 
lymerization is a constant. 

In order to calculate ii and hence R,, the only 
task left is to determine a' = piVp/KtpNp and K,. 
Note that V, will increase throughout the monomer 
addition period. The parameters pi and Vp can be 
calculated as follows: 

V, = W,(% monomer added)/ 

where f is the initiator efficiency factor, KdeC is the 
initiator decomposition rate constant, [I], is the 
concentration of initiator in the aqueous phase. In 

this work, [I], can be regarded as a constant 
throughout the reaction because all water is charged 
to the reactor initially for the monomer feed process 
and the decomposition rate constant Kdec at 50°C 
(ca. 1.333 X sP1)l9 is relatively low. Here, W, 
is the total weight of monomer shown in the recipe, 
Vt is the total volume of the finished batch, pm is 
the density of monomer, p p  is the density of polymer, 
@, is the volume fraction of polymer in the particles, 
and MW, is the molecular weight of monomer. 

Since the viscosity of the growing particles is quite 
high under the monomer-starved condition, the 
translational movement of macroradicals is re- 
stricted. Thus, the termination reaction becomes 
diffusion controlled and the termination rate is 
greatly reduced. This will result in an increase in 
the concentration of free radicals in the particles 
and a corresponding increase in the rate of poly- 
merization. 

As the viscosity of the reaction mixture increases 
to a still higher level, the rate of polymerization re- 
mains fast but the termination component of the 
gel effect does not continue to change significantly. 
This limitation on the gel effect is attributed to re- 
sidual termination. When the translational move- 
ment of growing polymer chains becomes seriously 
restricted, the rate of termination does not approach 
zero since the active chain ends still possess a certain 
degree of mobility due to the propagation reaction. 
Thus, the termination rate constant Ktp can be writ- 
ten as 

where Kt,t is the translational termination rate con- 
stant and Kt,, is the residual termination rate con- 
stant. 

In general, Kt,t has been correlated with conver- 
sion or free-volume parameters and takes the fol- 
lowing 

where Kt,* is the termination rate constant at  the 
reference fractional free volume V,, Vf is the frac- 
tional free volume of the polymer particles, and B, 
is an adjustable parameter that is a measure of the 
degree of diffusion control. 

By assuming additivity of the free volume of 
polymer and monomer, the fractional free volume 
of the reaction loci can be calculated by the following 
equations:20 



224 CHERN 

Vj = Vjm(1 - @ p )  + V j p @ p  (14) 

(15) 

(16) 

v, = 0.112 + 6.2 x 10-4~(oc) 

V, = 0.0245 + 1.4 X 10-4[T("C) - 821 

where V, and Vjm are the fractional free volumes 
contributed by polymer and monomer, respectively, 
and T is the polymerization temperature. 

GardonZ4 first realized that the termination re- 
action could take place even when the movement of 
all chain segments was completely restricted. He 
proposed a lattice model which did not take into 
account the excess chain-end mobility provided by 
the propagation reaction. The following equation 
derived from the lattice model represents the theo- 
retical lower limit of the termination rate constant: 

According to Soh and Sundberg?' the residual ter- 
mination rate constant Kt,p was related to the jump 
length and jump frequency (i.e., frequency of prop- 
agation). Thus, Kt,p can be expressed as 

where f t  is the efficiency parameter, jc is the entan- 
glement spacing, uo is the average root-mean-square 
end-to-end distance per square root of the number 
of monomer units in the chain, X, is the minimum 
degree of polymerization for entanglement for pure 
polymer, and [R*], is the concentration of free rad- 
icals in the particles. 

The fact that many vinyl polymer reactions do 
not proceed to complete conversion is a well-docu- 
mented phenomenon. When the reaction tempera- 
ture is lower than the glass transition temperature 
of polymer being formed, conversion does not reach 
100%. When the movement of monomer in the par- 
ticles becomes diffusion limited, the propagation re- 
action slows down and the rate of polymerization 
decreases rapidly. Eventually, the reaction ceases 
when the glass transition temperature of polymer- 
monomer mixture equals the reaction temperature. 
Arai and SaitoZ3 proposed a semiempirical equation 
for Kp to describe the limiting conversion phenom- 
enon as shown below: 

where Kpo and DmO are the propagation rate constant 
and diffusion coefficient of monomer at  zero con- 
version, respectively, D, is the diffusion coefficient 
of monomer in the particles, Bp is an adjustable pa- 
rameter, and ( Vjo), is the critical fractional free vol- 
ume at  which the propagation rate constant starts 
to decline. 

At  this point, it is only necessary to assign values 
to the kinetic parameters in order to carry out the 
computer simulation with the proposed model. Ex- 
perimental data available in the literature are used 
to assess the proposed diffusion-limited reaction 
mechanisms. 

RESULTS AND DISCUSSION 

Gerren~'?~ used the monomer feed process to study 
the kinetics of semibatch emulsion polymerization 
of styrene at  50°C. The rate of monomer addition 
ranged from 1.43 X to 1.37 X mol/cm3-s. 
The log($-vs.-percent-monomer-added data for dif- 
ferent values of R, are shown as discrete points in 
Figure 1. The ii data are obtained from the measured 
Rp and the calculated Kp using Eq. (2). The param- 
eters necessary for computer simulations are ob- 
tained from the literature or estimated from the re- 
action conditions and are compiled in Table I. 

The only remaining parameter that needs to be 
specified before computer modeling can be carried 
out is ft, which determines the magnitude of Kt,p. 
Determination of Kt,p and ri involves a trial-and- 
error procedure shown below since the concentration 
of free radicals in the particles in Eq. (18) is un- 
known: 

1. Assume a value for ri. 
2. Compute Kt,p according to Eqs. (18) and (19). 
3. Compute Ktp according to Eqs. (12)-( 16). 
4. Compute ii by means of Eqs. (8)-(11). 
5. Compare the guessed and theoretical ri 

6. Go to step 1 until the guessed and theoretical 
values. 

ri values are equal. 

Figure l (a)  shows the model predictions (contin- 
uous curves) for various values of f t .  Also included 
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Figure 1 Average number of free radicals per particle 
as function of percent monomer added. (a) R, = 1.43 
X mol/cm3-s, (0) experimental data, (-) ft = 0, 
( - - - )  ft = 0.01, ( - - - - - )  ft = 1; (b) (X, -) R, = 2.86 
x 10-7, (+, - - - - - )  R, = 3.89 x 104, (*,---) R, = 4.76 
x 10-7, (0, -. -) R, = 7.62 x (A, - - -) R, = 9.53 
x 10-7, (0, - - -  -) R, = 1.14 x (0, - - - -  -) R, 
= 1.37 X mol/cm3-s. 

in Figure l(a) are the log($-vs.-percent-monomer- 
added data (discrete points) for the run at a mono- 
mer feed rate of 1.43 X mol/cm3-s. This exper- 
iment with the slowest R, is expected to show the 
strongest gel effect. The calculated ii increases with 
a decrease in ft and the model with ft equal to zero 
gives the best fit of the experimental data. These 
results suggest that the residual termination reaction 
can be neglected. Thus, ft will be set at zero hereafter. 
Please note that during the early stage of monomer 
addition r i  decreases to a minimum due to the ac- 

cumulation of monomer in the particles (see the 
[ MI,-vs.-percent-monomer-added data shown in Fig. 
3 of Ref. 7) and, subsequently, increases toward the 
end of polymerization, even under the pseudo- 
steady-state condition. Reasonable agreement be- 
tween the model predictions and experimental data 
is observed. 

Corresponding to Figure l(a), the calculated Ktp 
and Kp as a function of percentage of monomer 
added for the run at a monomer feed rate of 1.43 
X lo-’’ mol/cm3-s are shown in Figs. 2(a) and 3, re- 
spectively. The value of KLp decreases with a decrease 
in f t .  In addition, the changes in Ktp during the 
monomer addition are more than three orders of 
magnitude when f t  < 0.01. The calculated log(Kp)- 
vs-percent-monomer-added data at a monomer feed 
rate of 1.43 X mol/cm3-s shown in Figure 3 
indicate that the propagation reaction is diffusion 
controlled throughout the monomer addition. Sim- 
ilar to Ktp, Kp first goes up to a maximum very 
quickly and then declines as polymerization pro- 
ceeds. Nevertheless, the changes in Kp during the 
monomer addition are only about two orders of 
magnitude because of the smaller value of Bp in 
Eq. (20). 

It is interesting to compare the calculated Ktp/Kp 
with the lowest theoretical limits of Ktp/Kp developed 
by GardonZ4 for the run at a monomer feed rate of 
1.43 X lop7 mol/cm3-s. The log(Ktp/Kp)-vs.-@p data 
are illustrated in Figure 4, in which the solid line 
represents Gardon’s predictions and the other three 
curves spanned over a narrow range of aP (ca. 0.84- 
0.95) are the predicted results with various values 
of f t  by the present model. The range of GP encoun- 

Table I 
Emulsion Polymerization of Styrene 

Kinetic Parameters for Semibatch 

Parameter Numerical Value Reference 
- ~~~ 

104 g/mol 
0.909 g/cm3 25 
1.05 g/cm3 25 
1 
2.17 X 10’’ exp[-3905/T (K)] 26 

cm3/mol-s 
1.8 X lo9 cm3/mol-s 10 
0.6 10 
0.38 10 
0.1151 
0.047 10 
385 27 
7.4 x 1 O P  cm 27 

a Value corresponds to 40% conversion. 
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Figure 2 
cent monomer added: (a) R, = 1.43 X 

Termination rate constant as function of per- 
mol/cm3-s, 

(-) ft = 0, (-*-) ft = 0.01, ( - - - - - )  f t  = 1; (b) (-) 
R, = 2.86 x 
= 4.76 x 
= 9.53 x 

( - - - - - )  R, = 3.89 x (- - -) R, 
(-.-) R, = 7.62 x 10-7, (--. --) R, 
(- - -) R, = 1.14 x 10-6, (- - -  -) R, 

= 1.37 X mol/cm3-s. 

tered in semibatch emulsion polymerization repre- 
sents a monomer-starved condition and the log(Ktp/ 
Kp)-vs.-Qp data support the proposed diffusion-con- 
trolled reaction mechanisms in this work. Figure 4 
shows that the Ktp/Kp data with ft equal to zero is 
approximately 10-100 times greater than the lowest 
theoretical limits when compared at a fixed Qp The 
simulation results suggest that the segmental mo- 
bility and perhaps the translational movement of 
polymeric radicals play an important role in the ter- 
mination reaction inside the relatively viscous par- 
ticles. 

The model with ft equal to zero adequately pre- 

\ 
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Figure 3 
cent monomer added (-) R, = 1.43 X 
= 2.86 X 

X 
x mol/cm3-s. 

Propagation rate constant as function of per- 
( - - - - - )  R. 

(--. -) R, = 4.76 

(- - - -  -) R, = 1.37 

(- - -) R, = 3.89 X 
x 10-7, (-. . -) R, = 7.62 x (- - -) R, = 9.53 

(- - -  -) R, = 1.14 X 

dicts all of the features of log( r7)-vs.-percent-mono- 
mer-added data for the entire range of R,, as shown 
in Figure 1. The experimental data along with model 
predictions are also included in Table I1 for a closer 
examination, especially when R, > 7.62 X lop7 mol/ 
cm3-s. The results show that ti decreases with an 
increase in R, due to the lower viscosity and, con- 
sequently, faster termination reaction in the parti- 

l o /  

Figure 4 K,/K, as function of volume fraction of poly- 
mer in particle: (-) Gardon, (- - - -  -) ft = 0, (- - -) ft 

= 0.01, (- * -1 ft = 1. 
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Table I1 ii-vs.-Percent Monomer Added and Model Predictions" 

By Percent Monomer Added 
R, x lo7 

(mol/cm3-s) 20% 30% 40% 50% 70% 90% 

1.43 4.86 1.35 8.32 35.8 200 1068 
(4.05) (2.20) (8.11) (23.3) (81.7) (258) 

2.86 1.92 0.45 0.66 2.19 24.5 161 
(1.49) (0.65) (1.11) (2.48) (13.7) (52.3) 

3.89 0.63 0.50 0.52 0.61 1.58 12.1 
(0.63) (0.54) (0.58) (0.74) (1.97) (8.09) 

4.76 0.67 0.55 0.60 0.68 0.86 2.90 
(0.55) (0.52) (0.55) (0.63) (1.18) (2.85) 

7.62 1.07 0.71 0.71 0.76 0.92 1.07 
(0.55) (0.51) (0.51) (0.51) (0.57) (0.71) 

9.53 1.19 0.69 0.67 0.71 0.81 0.89 
(0.55) (0.50) (0.50) (0.51) (0.52) (0.54) 

11.40 1.51 0.85 0.76 0.78 0.95 1.05 
(0.55) (0.50) (0.50) (0.50) (0.51) (0.52) 

13.70 1.72 0.99 0.91 0.89 0.90 0.98 
(0.55) (0.50) (0.50) (0.50) (0.50) (0.51) 

a Model predictions are given by numbers in parentheses. 

cles. Moreover, Figure l(b) shows that the runs with 
R, < 4.76 X mol/cm3-s (monomer starved) are 
characterized by the diffusion-controlled reaction 
mechanisms. Whereas the runs with R, > 7.62 
X mol/cm3-s (near monomer saturated) ap- 
proach Smith-Ewart case I1 kinetics. 

Such a transition in the reaction kinetics is also 
evident in Figures 2 and 3. The predicted log(K,)- 
vs.-percent-monomer-added profiles are shown in 
Figure 2. When R, < 4.76 X lop7 mol/cm3-s, Ktp 
decreases rapidly during the monomer addition pe- 
riod. As R, continues to increase and ultimately ap- 
proach the point in which the particles are saturated 
with monomer, the gel effect becomes less important. 
Figure 3 shows the calculated log(K,)-vs.-percent- 
monomer-added profiles. The curves with R, > 7.62 
X loT7 mol/cm3-s are rather flat, and they coincide 
with each other, which means that the propagation 
reaction is not diffusion limited. On the contrary, 
the runs with R, < 4.76 X lo-' mol/cm3-s show a 
decrease in Kp as polymerization proceeds. The 
slower the rate of monomer addition, the stronger 
the effect of the diffusion process on the propagation 
reaction. Thus, it can be concluded that depending 
on R, both diffusion-controlled reaction mechanisms 
and Smith-Ewart case I1 kinetics can be found in 
semibatch emulsion polymerization of styrene. 

Table I1 shows that after 90% monomer was 
added to the reactor f i  has a value of 1068 for the 
run with R, = 1.43 X mol/cm3-s. According to 
Eqs. (10) and ( l l ) ,  V, is estimated to be 1.56 X 

cm3 and this ri corresponds to a concentration of 
1.14 X mol/cm3! For comparison, [R*], is only 
5.35 X mol/cm3 if Smith-Ewart case I1 kinetics 
prevails. One may question whether such a high 
concentration of radicals within the tiny particles 
(ca. 6.67 X cm in diameter) is practical. As 
mentioned above, the ri data are obtained by means 
of Eq. (2), in which R,, [MI,, and Np are available 
in the work of Gerrens and Kp is calculated according 
to Eqs. (14)-(16), (20), and (21). Apparently, it is 
the diffusion-controlled propagation (Kp/K@ = D,/ 
DmO = 0.0012) that is responsible for the very high 
fi. Note that the reported [MI, data only represent 
an average monomer concentration in the particles, 
based on the assumption that monomer is uniformly 
distributed in the particles. However, this might not 
be the case when considering the restricted diffusion 
of individual monomer molecules at  low free vol- 
umes. 

Chern and Poehlein2' postulated that monomer 
molecules could freely move in the particles due to 
their relatively small size. Thus, monomer is most 
likely to be uniformly distributed within the parti- 
cles. To support this concept, they then used the 
following equation to calculate the monomer con- 
centration profiles in a particle: 

[MIL = sinh(8rr)/[rr sinh(O)] (22) 

where [MI; = [M],,/[M],, r' = r/rs, and O 
= rs(K,[R*l,/D,)1/2 = rs(K~[R*],/D,o)'/2 [see Eq. 
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(20)]. Here, r is the radial distance from the center 
of the particle, r, is the radius of the particle, and 
[MI,, and [MI,, are the monomer concentrations at  
r and r,, respectively. 

As shown in Figure 5, the monomer concentration 
gradient in the particle increases with increasing 6'. 
For a very small value of 8 (i.e., 6' < 0.5), no appre- 
ciable monomer concentration gradient is observed. 
For styrene, DmO is estimated to be 2 X cm2/s 
at 60°C.29 If DmO is proportional to the absolute tem- 
perature according to the hydrodynamical theory or 
Eyring rate theory,30 the value of ii must be greater 
than 1.34 X 10' in order to have a value of 8 greater 
than 1, that is, a nonuniform distribution of mono- 
mer in the particles. Thus, the simulation results 
based on Eq. (22) do not support a monomer con- 
centration gradient in the particles at  the point 
where Ra = 1.43 X mol/cm3-s and 90% monomer 
has been added to the reactor. 

In an attempt to reconcile the different view- 
points, a core/shell model is proposed as follows. 
Considering the fact that (i) monomer must diffuse 
into the particles from the aqueous phase to com- 
pensate for consumption of monomer by propagation 
and (ii) the viscosity of the reaction medium is ex- 
tremely high under the monomer-starved condition, 
the polymerizing particle is modeled as a heteroge- 
neous system comprising a pure polymer core and 
a monomer-swollen shell as illustrated in Figure 
6(b). For simplicity, monomer is assumed to be uni- 
formly distributed in the shell phase. In this manner, 
the volume fraction of polymer in the core (a,,,) 

i 0.6 

.' /' 
/ 

/ 
/' 

r' 
Figure 5 Dimensionless monomer concentration pro- 
files as function of dimensionless radial distance from 
center of particle: (-) 0 = 0.1, (- - - - -) B = 0.5, (- - -) 0 
= 1.0, (- * -) 8 = 2.5, (- - -) 0 = 5.0. 

=Monomer rJ=Polyrner 

Figure 6 Core/shell model: (a) uniform particle, (b) pure 
polymer core and monomer-swollen shell, (c) pure polymer 
core and pure monomer shell. 

equals 1 and the volume fraction of polymer in the 
shell (aps) ranges from zero to 0.954. The greater 
the aPs, the smaller the resistance for monomer 
molecules to penetrate the particles. For comparison, 
two limiting cases are also included in this diagram: 
(a) uniform distribution of monomer throughout the 
particles, that is, the resistance for monomer mol- 
ecules to penetrate the particles is zero, and (c) a 
pure polymer core and a pure monomer shell, that 
is, the resistance for monomer molecules to pene- 
trate the particles is infinite. In addition, the poly- 
meric radicals are presumably located in the shell 
phase because a hydrophilic sulfate end group is at- 
tached to the incoming radical. 

The following equation is employed to compute 
the experimental it 

where [MI, is the concentration of monomer in the 
shell. The theoretical ii can be calculated by using 
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Figure 7 Volume of shell or concentration of monomer 
in shell as function of volume fraction of polymer in shell: 
(-) v,, ( - - - - - )  [MI,. 

Eqs. (8)-(10), (13), (15), and (16) in combination 
with the following equations: 

where V, and V, are the volumes of the shell phase 
shown in Figures 6(b) and (c), respectively. 

Figure 7 shows the calculated V, and [MI, versus 
aps curves for the point in which R, = 1.43 X 
mol/cm3-s and 90% monomer has been added to the 
reactor. The extent of monomer penetration in- 
creases with an increase in aPs. consequently, V, 
increases and [MI, decreases with an increase in GPs. 
The log(Ktp) and log(Kp) vs. aps curves are shown 
in Figure 8. Here, Ktp decreases with an increase in 
aPs, whereas Kp remains relatively constant before 
aPs reaches a value of about 0.75 and then drops 
rather rapidly thereafter. 

Figure 9 shows both the experimental data (dis- 
crete points) and theoretical values of r i  (continuous 
curve) predicted by the core/shell model as  a func- 
tion of ap8. The intersection between the experi- 
mental data and model predictions occurs a t  the 
point where QPs = 0.87 and the corresponding ii 
= 5.3. Thus, [R*], = ii/V,N, is calculated to be 1.6 
X mol/cm3. Note that this value of [R*], derived 
from the core/shell model is 30 times greater than 
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Figure 8 Termination rate constant or propagation rate 
constant as function of volume fraction of polymer in shell: 
(-) Kp, ( - - - - - )  Ktp. 

that of Smith-Ewart case I1 kinetics and it is about 
two orders of magnitude lower than that predicted 
by the model based on diffusion-controlled reaction 
mechanisms only. The simulation results suggest 
that the resistance for monomer molecules to  pen- 
etrate the particles might not be that great, but the 
propagation reaction and hence the value of ii [see 
Eq. (as)] is very sensitive to the extent of monomer 
penetration under the monomer-starved condition. 
Thus, such a core/shell model developed for distri- 
bution of monomer in the particles might be useful 

loo] 

IC "1 
I 
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0.1 , , , , , , ,  - - Q -  I , , , ( ,  ,I,:,;,;,,;,l,,a,, , ,  , ,  
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Figure 9 Average number of free radicals per particle 
as function of volume fraction of polymer in shell: 
(0, - - - - -) experimental data, (-) model predictions. 
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in describing the reaction kinetics of semibatch 
emulsion polymerization of styrene at  extremely low 
free volumes. 

CONCLUSIONS 

A mechanistic model based on diffusion-controlled 
reaction mechanisms has been developed to predict 
the kinetics of semibatch emulsion polymerization 
of styrene. The termination reaction is governed by 
the translational diffusion-controlled mechanism. 
When the reaction medium becomes extremely vis- 
cous, even the monomer molecules do not readily 
diffuse in the particles. The propagation rate starts 
to decrease significantly, and this phenomenon plays 
an important role in the reaction kinetics of semi- 
batch emulsion polymerization of styrene. The pro- 
posed model has been tested with experimental data 
available in the literature. The model adequately 
predicts all of the features of log($-vs.-percent- 
monomer-added data for the entire range of mono- 
mer feed rate. The simulation results suggest that 
the reaction system approaches Smith-Ewart case 
I1 kinetics when the concentration of monomer in 
the particles is close to the saturation value, whereas 
the system is characterized by diffusion-controlled 
reaction mechanisms under the monomer-starved 
condition. For the run with a monomer feed rate of 
1.43 X mol/cm3-s, the predicted concentration 
of free radicals in the particles is unusually high. In 
this regard, a core/shell model, in which the poly- 
merizing particle is treated as a heterogeneous sys- 
tem comprising a pure polymer core and a monomer- 
swollen shell, is developed to predict the reaction 
kinetics of semibatch emulsion polymerization of 
styrene at  extremely low free volumes. 
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