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ABSTRACT: Using a model previously published, predictions for evolution of conversion
and average particle diameter in batch experiments are compared against experimen-
tal data for four emulsion copolymerizations of styrene with the following monomers:
(1) methyl methacrylate, (2) butyl acrylate, (3) butadiene, and (4) acrylic acid. For each
copolymerization system the experiments covered simultaneous variations in five vari-
ables: initiator and surfactant concentrations, water to monomer ratio, monomer com-
position, and temperature. It is shown that after data fitting for unknown or uncertain
parameters, the model is capable of explaining quantitatively the experimental obser-
vations for conversion evolution and only qualitatively the particle size evolution data.
This points out to the possible contribution of particle nucleation mechanisms other
than the micellar one, which is the only mechanism included in the model. Some of the
adjustable parameter values were found to depend on the copolymer composition. The
only case in which the model does not perform well is in the prediction of the effect of
initiator concentration on the copolymerization rate for butadiene-rich formulations. It
is also found that the model predictions are very sensitive to the value of the diffusion
coefficients of monomeric radicals in the copolymer particle, which are not readily
available in the literature. It is concluded that it is important to independently measure
these parameters in order to enhance the predictive power of models. It is also con-
cluded that the model can be useful for practical applications. © 2001 John Wiley & Sons,
Inc. J Appl Polym Sci 79: 2380–2397, 2001
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INTRODUCTION

In the first part of this series of papers experi-
mental results for a number of copolymer systems
produced by emulsion polymerization were pre-
sented and discussed. In this second part more

detailed studies, which include simulations, are
presented for the styrenic copolymerization sys-
tems included in the first part of the series. Ex-
perimental data and simulations for the systems
methyl-methacrylate/styrene, butyl acrylate/sty-
rene, butadiene/styrene, and acrylic acid/styrene
are presented and contrasted.

Styrene polymers and copolymers are some of
the most studied systems due to their industrial
and scientific importance. Industrially, a second
monomer is copolymerized with styrene in order
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to enhance the physical properties of polystyrene,
still preserving its good processability and rea-
sonable cost of production. From the scientific
standpoint, emulsion homo- and copolymerization
of styrene have long been used as models for the
study of theories of emulsion polymerization. In
spite of this, very few studies have been published
in which the copolymerization of styrene with
several monomers is considered and contrasted;
most of the studies of copolymerization of styrene
with other monomers have concentrated on only
one comonomer.

To date deterministic modeling of free-radical
and emulsion copolymerization has been tackled
in two ways:

1. An empirically oriented one in which most
of the parameter values of the system are
fitted to data, even when some of the pa-
rameters could be measured by indepen-
dent experiments. An example of this is the
work of Garcı́a-Rubio et al.1 This approach
tends to yield good fitting of the experimen-
tal data and the resulting model can be
used for engineering purposes as a tool for
interpolation.

2. A fundamentally oriented approach in
which most of the parameter values are
taken from independent sources. In this
case data fitting is kept to a minimum and
parameter values that come from indepen-
dent experiments are taken from the liter-
ature or are estimated a priori, but only
qualitative behavior and trends are pre-
dicted (see, for example, ref. 2). Through
this approach the general plausibility of
the model can be evaluated, but a quanti-
tative assesment of the practical applica-
bility of the model is not possible.

A third approach could be considered as an
intermediate one and is the one adopted in this
work. In this approach all parameters for which
reliable values are available are taken from the
literature. On the other hand, unknown or uncer-
tain parameters are fitted to experimental data
restricting the adjusted parameter values to lie
between physically reasonable limits. Through
this approach both the theoretical plausibility of
the model as well as its practical applicability can
be assessed. Forcing the predictive capability of
the model to an extreme may help detect weak
aspects of the model. This approach is especially
useful in modeling of systems that exhibit high

complexity as in the case of emulsion copolymer-
ization. Some authors have recently even ques-
tioned the possibility of modeling this kind of
systems (van Herk and German3).

In this work the experimental data of Araujo et
al.4 for four emulsion copolymerizations of sty-
renic systems are discussed with the help of a
general mathematical model for emulsion copoly-
merization presented elsewhere.5 Two goals are
pursued in this paper: (1) to gain insight about
the mechanisms governing emulsion copolymer-
ization reaction rate, especifically for styrenic sys-
tems; and(2) to assess to what extent the present
understanding of emulsion copolymerization, cast
in the form of a general mathematical model, is
quantitative and readily applicable, and in which
specific areas of emulsion copolymerization the-
ory, as seen by the authors, there is a need for
more in-depth research.

In the next section a brief review of previous
work published in the literature on styrene emul-
sion copolymerization is given. In the experimen-
tal section of this study the experiments perfomed
on the methyl-methacrylate/styrene, butyl acry-
late/styrene, butadiene/styrene, and acrylic acid/
styrene systems are presented. A summary of the
mathematical model proposed earlier by Saldı́var
et al.5 is also discussed. Next, styrenic systems
are simulated with the mathematical model de-
scribed in the previous section and the predictions
of the mathematical model are discussed and con-
trasted with the experimental data.

PREVIOUS WORK

Methyl methacrylate/styrene (MMA/S) emulsion
copolymerization has been studied by several au-
thors. Ballard et al.6 used this system to experi-
mentally validate the pseudo-homopolymer ap-
proach (also known as method of apparent or
pseudo-kinetic rate constants) for emulsion copo-
lymerization. Goldwasser and Rudin7 did experi-
mental work in order to estimate the rate coeffi-
cients for transfer to monomer in this system.
Nomura et al.8 studied the effects of initiator con-
centration and monomer composition on polymer-
ization rate and number of particles; they also
found that desorption of MMA radicals from par-
ticles may significantly decrease the rate of poly-
merization. Chen and Wu9 extended the Ballard
et al. model to describe the distribution of particle
sizes for the system MMA/S. Nomura et al.10 pre-
sented an experimental and modeling work for
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the unseeded emulsion copolymerization of
MMA/S. They found that the final number of par-
ticles increases weakly with initiator concentra-
tion and with MMA fraction in the monomer mix-
ture, and depends more strongly on the emulsifier
concentration in excess of its critical micellar con-
centration (CMC). In another work Nomura et
al.11 studied in more detailed the nucleation step
and concluded that coagulation can be neglected.

Forcada and Asua12,13 studied the effect of ini-
tial monomer composition over the rate of copoly-
merization, number of particles and final molec-
ular weight. They also wrote a mathematical
model to explain their data and fitted some of the
parameters of the model to get agreement with
the experimental data. Notably they fitted entry
rate coefficients to fit copolymerization rate data
and transfer to monomer rate coefficients to fit
the molecular weight data. Noel et al.14 per-
formed a sensitivity analysis of an emulsion copo-
lymerization mathematical model to show that
monomer solubility differences for this system
will be important only at very low monomer to
water ratios. Saldı́var and Ray5 also used a math-
ematical model to explain their experimental
data showing combined effects of initiator and
emulsifier concentration on copolymerization rate
and evolution of particle size. These authors also
fitted entry rate coefficients and emulsifier ad-
sorption parameters in order to fit their model
predictions to data.

Butyl acrylate/styrene (BuA/S) emulsion copo-
lymerization was studied by Cruz et al.15 and
Cruz-Rivera et al.,16 Guillot ,17 Canegallo et al.,18

Gugliotta et al.,19 and López de Arbina et al.20 In
order to study the effect of structure of the poly-
mer on its properties, Cruz-Rivera et al. prepared
model copolymers of BuA/S by several processes:
corrected batch, core-shell, and multistep poly-
merizations. Their main goal was to investigate
the filming properties of latexes prepared with
different processes. From a more fundamental
point of view, they developed simulation models
that explain the evolution of copolymer composi-
tion and Tg. They also show simulations for global
conversion vs time, but these were obtained feed-
ing the model with experimental data of rate of
polymerization vs conversion, so these simula-
tions are rather a tool for calculation of interme-
diate values in kinetic expressions (kp, ñ) than a
predictive tool.

Guillot17 studied the system BuA/S and found
that the global coefficient for the rate of propaga-
tion can be predicted by the classical theory of

free radical copolymerization. He also found that
in BuA-rich formulations, this monomer tends to
react toward high conversions and proposed a
core-shell particle morphology to explain this fact.
Canegallo et al.18 compared batch and semicon-
tinuous emulsion copolymerizations for the same
system. They developed a strategy for the control
of composition feeding styrene in order to main-
tain a homogeneous composition.

Guggliotta et al.19 studied the modeling of
monomer partitioning in several emulsion copoly-
merization systems. They found that in systems
with high solid contents (around 55%) or medium
solid contents (30%), but with seeds exceeding
10%, partitioning results are independent of the
partitioning model used. The same was found not
true for lower solid contents.

López de Arbina et al.20 used calorimetric mea-
surements to study the kinetics of seeded emul-
sion copolymerization of BuA/S with 60/40 initial
composition. They varied the diameter of the
seed, number of seed particles, and initial initia-
tor concentration. A mathematical model was
used to fit experimental data of conversion vs
time using the entry and desorption coefficients
as adjustable parameters.

Several researchers have experimentally in-
vestigated the emulsion copolymerization of buta-
diene/styrene (B/S). Mitchel and Williams21 dis-
cussed the curves conversion–time for the sys-
tems B/S 50/50, 40/60, 30/70, 20/80, and 10/90 at
50°C. Carr et al.22,23 studied the effect of emulsi-
fier type on the polymerization at 50°C for a ratio
B/S 75/25. Burnett et al.24–26 studied the time
evolution of copolymer composition, reaction rate
and crosslinking phenomena at 5, 15, and 25°C.

Hamielec and MacGregor,27 Broadhead et
al.,28 Gugliotta et al.,19 and Sayer et al.29 devel-
oped mathematical models of several levels of de-
tail for the emulsion copolymerization of buta-
diene/styrene. Their emphasis is on applications
for the industrial production of SBR, synthetic
rubber for use in tires.

The kinetics of emulsion polymerization of
butadiene and of butadiene/styrene is complex
and is not well explained by traditional theories of
emulsion polymerization. It has been found that
the rate of emulsion polymerization of buta-
diene30 and that of copolymerization of butadiene/
styrene31 is almost independent of initiator con-
centration. Weerts et al.30 also mention that val-
ues reported in the literature for the propagation
rate coefficient kp of butadiene, might be in gross
error due to mass transfer effects interferring
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with its estimation. These authors also suggest a
low value for ñ (,0.5), probably due to desorption
of radicals, in spite of the low water solubility of
butadiene. Bachman et al.32 found a value for ñ
that depends on the particle size; they modeled
this effect by distinguishing between mobile rad-
icals at the particle surface and immobile radicals
inside the particles.

Butadiene/styrene copolymerization produces
a material that can present some extent of gel due
to the presence of a second double bond in the
polymerized units of butadiene, which can un-
dergo crosslinking reactions. This aspect has only
recently been studied through mathematical
modeling due to the technical difficulties that it
poses, especially during and after the transition
of the pre-gel to the post-gel regime. Tobita and
Hamielec33 presented a kinetic-based model for
the crosslinking reactions and gel formation .
Charmot and Guillot34 experimentally studied
the gel formation in the emulsion copolymeriza-
tion of styrene/butadiene and compared their
data with the results predicted by a mathematical
model of the phenomenon based on statistical
principles.

Although much effort has been put in the last
two decades on the mathematical modeling of the
kinetics of copolymerization and gel formation for
the butadiene/styrene system, the rubber indus-
try still bases its quality control on measure-
ments such as the Mooney viscosity, which is
known to depend on the molecular weight of the
copolymer and the extent of crosslinking, but
there is still no clear way to relate the practical
measurements with the more fundamental pa-
rameters.

Acrylic acid is a totally water soluble monomer
so, during emulsion polymerization, most of the
polyacrylic acid resides in the aqueous– particle
interphase. In this way the presence of acrylic
acid acts as an stabilizer of the emulsion system.
Also, this monomer increases the rate of homoge-
neous nucleation.

Ceska35 studied the use of acrylic acid in soap-
less emulsion copolymerization with styrene at
70°C. It was found that the acrylic acid increases
the rate of polymerization and the number of par-
ticles. Guillot17 studied the variation of the prop-
agation rate coefficient and the reactivity ratios in
systems with carboxylic monomers. He found that
the propagation rate depends on the ratio of ion-
ized/nonionized carboxylic acid and that this ratio
depends on the pH of the emulsion system.

EXPERIMENTAL

The emulsion polymerizations were performed in
a reaction system consisting of a 2.4 l.TDH Mfg.,
Inc., reactor equiped with a magnetic stirrer hav-
ing a 4-blade turbine working at 254 rpm. The
temperature control was achieved by using a wa-
ter bath with a centrifugal circulation pump and
a CN76000 Omega controller. The temperature
was controlled within 60.5°C of the setpoint. The
experimental procedure followed during the poly-
merizations and the complete experimental de-
sign are given in ref. 4. Here, only those parts of
the experimental design that were simulated and
analyzed with the mathematical model are shown
in Tables I–IV. The run numbers correspond to
the experiments discussed in ref. 4 and 36.

THEORETICAL FRAMEWORK

In Appendix A the kinetic scheme for a general
emulsion copolymerization is presented according
to Saldı́var et al.5 The mathematical solution of
the model implemented in the POLYRED soft-
ware package was used. In this implementation
the PDE representing the particle size distribu-
tion (PSD) is discretized using orthogonal colloca-
tion on finite elements with moving boundaries.37

The resulting set of ordinary differential equa-
tions (ODEs), together with the differential-alge-
braic equation (DAE) system representing the
material balances for species and the thermody-

Table I Experimental Design: Methyl
Methacrylate/Styrene Systema

Run Temperature Styrene Level [I] [E] M/W

1 2 2 2 1 1
2 1 2 2 2 2
3 2 1 2 2 1
4 1 1 2 1 2
5 2 2 1 1 2
6 1 2 1 2 1
8 1 1 1 1 1

10 2 2 2 2 2
11 1 2 1 1 1
12 2 1 2 2 2

a Temperature [1] 5 70°C, [2] 5 60°C; % MMA/% S: [1]
5 30/70, [2] 5 70/30; [I]: [1] 5 0.004 mol/L-aq, [2] 5 0.002
mol/L-aq; [E]: [1] 5 0.028 mol/L-aq, [2] 5 0.014 mol/L-aq;
monomer to water ratio (wt): [1] 5 0.55, [2] 5 0.34.
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namic equilibrium equations for monomer parti-
tioning, are solved using the software DDASSL.38

RESULTS AND DISCUSSION

For each one of the copolymerization systems
those parameters of the model not available in the
literature were adjusted using conversion–time
and particle size–conversion data. The parame-
ters used for fitting the data were the CMC of the
emulsifier , the G` and bS parameters of the ad-
sorption isotherm for the emulsifier , the entry
rate coefficients kmmi and kmmR and an effective
diffusion coefficient (Deff,i) for desorption of mono-
meric radicals from the particle [eqs. (1) and (5)–
(8)].

Fitted parameters can be grouped in two cate-
gories: (1) those measurable by independent ex-

periments like Deff,i ,CMC, aem, G`, and bS (al-
though their values may be significantly affected
by the presence of monomers); and (2) those
strongly dependent on the specific model used,
like kmmi and kmmR and gel effect parameters. In
this work parameters used for fitting the data
were chosen because either (1) there are no inde-
pendent measurements for these quantities, (2)
the values of the parameters significantly depend
on the specific components present in the poly-
merization recipe, or (3) parameters are model
dependent.

With respect to the area aem of a micelle cov-
ered by a surfactant molecule , Morbidelli et al.39

point out that this parameter depends on the
ionic strength of the solution and that it is erro-
neous to assume that aem 5 aep, where aep is the
area of a polymer particle covered by a surfactant
molecule (its experimental value is generally un-
available for specific systems). Also, the adsorp-
tion of surfactant to particles is reported by the
same authors to be well represented by a Lang-
muir isotherm, but the parameters for specific
systems are not readily available since they have
to be obtained experimentally for each system.
Entry rate coefficients kmmi and kmmR were also
fitted as they strongly depend on the model em-
ployed and only a few attempts have been made
in order to independently measure these quanti-
ties.40 As for gel effect, this phenomenon is qual-
itatively well understood, but available models
still lack predictive power, especially for copoly-
merization systems. The gel effect equations used
were those given in Table V in which subindexes
1 and 2 refer to a comonomer and styrene, respec-
tively. The form of the individual gel effect corre-
lations were taken from Schmidt and Ray41 for
the comonomer and from Morbidelli et al.39 for
styrene. The form of general correlations was
taken from ref. 5. Values for two independent
parameters A5 and A7 ( the value of a third one A6,
is given by continuity constraints) were fitted for

Table II Experimental Design: Butyl Acrylate/
Styrene System

Run Temperature Styrene Level [I] [E] M/W

1 2 1 1 1 2
5 2 2 2 1 2
6 2 1 2 1 2
7 2 1 2 2 1

12 2 1 2 2 2
13 2 2 2 2 2

a Temperature: [1] 5 70°C, [2] 5 60°C; % BuA/% S: [1]
5 30/70, [2] 5 70/30; [I]: [1] 5 0.004 mol/L-aq, [2] 5 0.002
mol/L-aq; [E]: [1] 5 0.028 mol/L-aq, [2] 5 0.014 mol/L-aq;
monomer to water ratio (wt): [1] 5 0.55, [2] 5 0.34.

Table III Experimental Design:
Butadiene/Styrene System

Run Temperature Styrene Level [I] [E] M/W

1 2 1 2 2 2
2 2 2 2 2 2
5 2 1 1 1 2
6 2 2 1 2 2

14 2 2 1 1 2
15 2 1 2 1 2
16 1 1 2 2 2
17 1 2 2 2 2
18 1 2 2 1 2

a Temperature: [1] 5 80°C, [2] 5 70°C; % B/% S: [1]
5 30/70, [2] 5 70/30; [I]: [1] 5 0.004 mol/L-aq, [2] 5 0.002
mol/L-aq; [E]: [1] 5 0.028 mol/L-aq, [2] 5 0.014 mol/L-aq;
monomer to water ratio (wt): [2] 5 0.34.

Table IV Experimental Design: Acrylic Acid/
Styrene System

Run Temperature Styrene Level [I] [E] M/W

7 2 1 1 2 2
9 2 1 2 2 2

a Temperature: [2] 5 60°C; % AA/% S: [1] 5 5/95; [I]: [1]
5 0.004 mol/L-aq, [2] 5 0.002 mol/L-aq; [E]: [2] 5 0.014
mol/L-aq; monomer to water ratio: [2] 5 0.34.
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the glass region (diffusion-limited propagation) of
the comonomer gel effect correlation.

With respect to the desorption coefficient d, the
mathematical model used, as well as other exist-
ing models, proposes a mixing rule for the calcu-
lation of the pseudo-homopolymer desorption co-
efficient [see Eqs. (5)–(8) in Appendix A], which
ultimately depends on the values of the diffusion
coefficients of the monomeric radicals of each type
in water and in the polymeric media (Dwi and Dpi,
respectively). Furthermore, due to the way in
which these coefficients appear in the equations
[see eq. (8)] it is virtually impossible to obtain
independent estimates for these parameters us-
ing a global model as the one employed in this
work. Instead, an effective value Deff,i for the dif-
fusion of type i radicals in the particles was esti-
mated, defined as

Deff,i

3 5
DwiDpi

mdiDpi 1 2Dwi
(1)

During the first fitting trials it was assumed that
the values Deff,i could be taken, as a first guess, as
those of the type i monomeric radical in its own
homopolymer, but this resulted in poor fitting to

experimental data. It was necessary to use esti-
mated diffusion coefficients of the monomeric rad-
icals in the specific copolymer being synthesized.
It was found that this value may strongly depend
on the copolymer composition. The values used in
this work for diffusion coefficients must be re-
garded as empirical estimates that work well for
the limited set of conditions tested, but true val-
ues are expected to be composition dependent and
must be obtained by independent experiments.
The model turned out to be very sensitive to the
values of the estimated diffusion coefficients.

In order to perform the fitting of unknown or
uncertain parameters, it was necessary first to
perform a study of the parametric sensitivity of
the model. The main qualitative findings of this
study can be summarized as follows:

—Both the rate of polymerization and the num-
ber of particles increase when the entry rate
coefficient increases.

—Parameters that affect the phenomenon of
emulsifier adsorption in particles G` and bs
have a negligible effect on conversion–time
curves. On the other hand, the CMC and the
aem of the surfactant exhibit an important
effect on the evolution of conversion and av-
erage particle diameter.

—Diffusion coefficients of monomeric radicals
affect the polymerization rate and the num-
ber of particles due to their influence on
radical desorption. Increased radical desorp-
tion results in a larger number of particles
and a decrease in polymerization rate due to
the absence of radicals in polymer particles.

Methyl Methacrylate/Styrene System

For data at 60°C, one set of parameter values was
fitted for runs 1, 5, and 10 (Figs. 1 and 2) with a
monomer molar ratio of 70/30 MMA/S and an-
other set of values for experiments 3 and 12, with
a 30/70 MMA/S monomer molar ratio (Figs. 3 and
4). However, most of the parameters were kept
constant for the two sets; the only ones changed
were the micellar area covered by a surfactant
molecule aem, the surfactant CMC, and the effec-
tive diffusion coefficients. Parameter aem of the
surfactant, as discussed before, may depend on
copolymer composition.3,12 Diffusion coefficients
are also expected to depend on copolymer compo-
sition; the higher the MMA content in the copol-
ymer the lower the diffusion coefficients. This
may point out to the same origin causing a more

Table V Gel Effect Correlations

Styrene (2)
gp2 5 1
gt2 5 exp(S1x 1 S2x2 1 S3x3)

Comonomer (1)
Vfi 5 A0 1 A1(TK 2 A2)
Vfpi 5 A0 1 A3(TK 2 A4)
Vfi 5 fp1Vf1 1 fp2Vf2 1 fpp ¥j51

c

FpiVfpi

gp1 5 1 for Vf . A5

gp1 5 A6exp(A7Vf) for Vf , A5

Vfc 5 A8 2 A9Tc

gt1 5 A10exp(A11Vf 2 A12Tc) for Vf . Vfc

gt1 5 A13exp(A14Vf)
General

gp 5 gp1
Fp1gp2

Fp2

gt 5 (gt1gt2)1/2

ktii 5 gtkt0ii

kpii 5 gpkp0ii

kt12 5 kt21 5 f(kt11kt22)1/2

ktr12 5 ktr21 5 f(ktr11ktr22)1/2

kpij 5 kpii/rij

a x 5 total conversion; TK 5 temperature in °K; Tc 5 tem-
perature in °C; Vfi 5 free volume of component i; Vfpi 5 free
volume of homopolymer i, fpi 5 volume fraction of component
i in particles; Fpi 5 mass fraction of component i in copoly-
mer; ri 5 copolymer reactivity ratio for monomer i.
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intense gel effect in MMA than in styrene ho-
mopolymerization (see for example ref. 42). The
set of adjusted parameters is given in Tables VI
and VII; the rest of the parameters is given in
Appendix B.

Runs 1 and 10 have very similar histories of
conversion and average particle size; they are
hardly distinguishable by looking at the experi-
mental data. Run 1 was formulated with a higher
monomer to water ratio and a higher level of
surfactant than run 10. These two factors affect
the rate of polymerization in opposite direction:
the higher monomer to water ratio the smaller
the reaction rate (if concentrations of surfactant
and initiator with respect to water are kept con-
stant). On the other hand, the higher the surfac-

tant concentration the faster the reaction rate. In
this case these two effects are canceled out, yield-
ing each other basically the same reaction rate for
both. A similar situation is observed for the aver-
age particle size. The model correctly predicts the
quantitative cancellation of these opposite effects.
Runs 3 and 12 differ by the monomer to water
ratio. At a lower ratio of monomer to water there
is a larger number of particles per liter of water.

Model conversion evolution curves show rea-
sonable quantitative agreement with experimen-
tal data. With respect to average particle size,
there is still significant lack of fit between model
and experiment; however, the model qualitatively
captures the relationship between particle size
and reaction rate; that is, the smaller the particle

Figure 1 Model and experimental conversion–time
curve for the S/MMA system, runs 1, 5, and 10.

Figure 2 Model and experimental average particle
diameter–conversion curve for the S/MMA system,
runs 1, 5, and 10.

Figure 3 Model and experimental conversion–time
curve for the S/MMA system, runs 3 and 12.

Figure 4 Model and experimental average particle
diameter–conversion curve for the S/MMA system,
runs 3 and 12.
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size the larger the number of particles and the
faster the reaction rate. Lack of fit of model pre-
dictions and experimental average particle size
evolution is a consequence of the complexity of the
nucleation phenomena, which is still not com-
pletely understood. In the mathematical model
used here nucleation phenomena is assumed to
exclusively occur by the micellar mechanism. Al-
though the trends are well predicted by this
mechanism and apparently dominated by it, the
experimental data suggest the presence of addi-
tional nucleation mechanisms.

Butyl Acrylate/Styrene System

Runs 1, 6, 7, and 12 were all performed at 60°C
with a monomer molar ratio of 30/70 BuA/S so
they are analyzed together. Values of parameters
fitted are given in Table VIII. Comparison of ex-
perimental and model-predicted curves is made in
Figures 5 and 6; they correspond to conversion -
time and average particle size– conversion, re-
spectively. It is noteworthy the fact that the
model gives quantitative agreement with the ex-
perimental data for three of the four conversion–
time curves, even when the experimental design
included changes in several variables from exper-
iment to experiment. For average particle size,
the performance of the model is similar to that

observed for the MMA/S system displaying still
lack of fit between model and experiment but
capturing qualitatively the relationship between
particle size and reaction rate. It is important to
note that particle size measurementes at low con-
versions (less than 20%) are not reliable. This is
due to the fact that light scattering averages tend
to weigh more heavily larger particles; at low
conversions particles are small and the presence
of a few large particles arising from latex insta-
bility may shift the measurement to larger parti-
cle sizes.

Also, model and experimental conversion–time
curves for runs 5 and 13, performed at 60°C and
having a monomer molar ratio 70/30 BuA/S are
shown in Figure 7. Values of additional parame-
ters fitted are given in Table IX. Notice that the
only parameter values changed with respect to
the values used for the 30/70 BuA/S molar ratio
data are the micelle surface area covered by a
surfactant molecule and the gel effect parameters

Table VI Values of Parameters Fitted for Runs
1, 5, and 10 of Methacrylate/Styrene System

Parameter Value Units

kmm
5 kmp

8.564 3 1027 m/s
aem 9.38 3 10220 m2

CMC 8 3 1024 gmol/L
Deff,1 6.2 3 10212 m2/s
Deff,2 4.3 3 10215 m2/s
Gel effect, A5 7.0 3 1023 L
Gel effect, A7 350 L21

Table VII Values of Parameters Changed for
Fitting Runs 3 and 12 of Methyl Methacrylate/
Styrene System

Parameter Value Units

aem 11 3 10220 m2

CMC 8 3 1023 gmol/L
Deff,1 1.1 3 10210 m2/s
Deff,2 9 3 10214 m2/s

Table VIII Values of Parameters Fitted for
Runs 1, 6, 7, and 12 of Butyl Acrylate/Styrene
System

Parameter Value Units

kmm
5 kmp

3.0 3 1026 m/s
aem 7.5 3 10220 m2

CMC 6.25 3 1024 gmol/L
Deff,1 1.5 3 10212 m2/s
Deff,2 3.55 3 10216 m2/s
Gel effect, A5 9.5 3 1022 L
Gel effect, A7 200 L21

Figure 5 Model and experimental conversion–time
curve for the S/BuA system, runs 1, 6, 7, and 12.
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for butyl acrylate. The change in gel effect param-
eters for butyl acrylate at different monomer mo-
lar ratio in the feed arises from the semiempirical
nature of the gel effect model for a copolymeriza-
tion system.

With respect to the particle size–conversion
data for runs 5 and 13, the model underpredicts
the experimental values (30% error), although the
relative location of the curves (not shown) is cor-
rectly given by the model.

General trends observed for the fitted parame-
ters are as follows:

—Parameter aem of the surfactant increases
with increased content of butyl acrylate

—Gel effect A5 parameter (critical free volume

for onset of glass effect) increases with in-
creasing butyl acrylate content. This means
that the onset of glass effect occurs earlier
for larger contents of butyl acrylate. A rea-
son for this behavior could be the hindered
diffusion caused by increased crosslinking in
presence of higher content of BA. The oppo-
site effect is observed for parameter A7.

Butadiene/Styrene System

For the purpose of analysis and fitting, experi-
mental data for this system were split in two sets:
(1) runs 1, 5, 15, and 16 with a molar ratio 30/70
(B/S) and (2) runs 2, 6, 14, 17, and 18 at a molar
ratio 70/30 (B/S). Notice that all runs were per-
formed at 70°C, except for runs 16, 17 and 18 at
80°C. For the first set model and experimental
curves displayed in Figure 8 correspond to con-
version evolution and in Figure 9 to average par-
ticle size–conversion; the agreement of model and
experiments is good. Parameters fitted are given
in Table X.

Table IX Values of Parameters Changed for
Fitting Runs 5 and 13 of Butyl Acrylate/Styrene
System

Parameter Value Units

aem 20 3 10220 m2

Gel effect, A5 10.5 3 1022 L
Gel effect, A7 160 L21

Figure 6 Model and experimental average particle
diameter–conversion curve for the S/BuA system, runs
1, 6, 7, and 12.

Figure 7 Model and experimental conversion–time
curve for the S/BuA system, runs 5 and 13.

Figure 8 Model and experimental conversion–time
curve for the S/B system, runs 1, 5, 15, and 16.
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On the other hand, for the second set of exper-
iments with a higher content of butadiene, fitting
was more difficult. The effect of initiator concen-
tration on reaction rate was overpredicted by the
model and could not be fitted satisfactorily, so
fitting of conversion–time curves for experiments
2, 6, and 14 is not good. The only variables
changed in this subset of experiments are initia-
tor and emulsifier concentration. In fact, between
runs 2 and 6 the only variation was initiator
concentration. As pointed out in the literature
review section, butadiene emulsion polymeriza-
tion rate shows a very weak dependence, not well
understood, on initiator concentration. This un-
usual behavior has been attributed to a low effi-
ciency of initiator nucleating particles.30 Appar-
ently, above certain critical initiator concentra-
tion, the dependence of polymerization rate on
initiator concentration becomes very weak, which
means that the effect is nonlinear. On the as-
sumptions of the present model, however, it is

difficult to simulate this behavior since, in order
to fit a given conversion history, the model adjust-
able parameter is actually the product of entry
rate coefficient and initiator efficiency (a low effi-
ciency value will require a large value for the
entry rate coefficient and vice versa). The compar-
ison of model and experimental curves for aver-
age particle size evolution in runs 2, 6, and 14 is
shown in Figure 10; parameters fitted are given
in Table XI.

Runs 17 and 18, performed at 80°C, show the
emulsifier concentration effect on polymerization
kinetics. Model and experimental conversion his-
tory and particle size evolution curves are given
in Figures 11 and 12, respectively. Model predic-
tions are good except for the data of particle size
at low conversions. Parameter values changed for
this simulation are included in Table XI.

General trends observed for the parameters
fitted are as follows:

Figure 9 Model and experimental average particle
diameter–conversion curve for the S/B system, runs 1,
5, 15, and 16.

Table X Parameter Values Fitted for Runs 1, 5,
15, and 16 of Butadiene/Styrene System

Parameter Value Units

kmm
5 kmp

1.3 3 1027 m/s
aem 3 3 10220 m2

CMC 1.5 3 1023 gmol/L
Deff,1 3 3 10213 m2/s
Deff,2 3.55 3 10216 m2/s
Gel effect, A5 12.0 3 1022 L
Gel effect, A7 70 L21

Figure 10 Model and experimental average particle
diameter– conversion curve for the S/B system, runs 2,
6, and 14.

Table XI Values of Parameters Fitted for Runs
2, 6, 14, 17, and 18 of Butadiene/Styrene System

Parameter Value Units

kmm
5 kmp

2.7 3 1027 a 3 3 1027 b m/s
aem 6 3 10221 m2

Deff,1 9 3 10211 a 9 3 10212 b m2/s
Deff,2 9 3 10214 a 9 3 10215 b m2/s
Gel effect, A5 11 3 1022 a 15 3 1022 b L
Gel effect, A7 37a 25b L21

a Values at 70°C (2, 6, and 14).
b Values at 80°C (17 and 18).
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—Entry rate coefficients tend to increase with
increased content of butadiene and with in-
creased temperature.

—Parameter aem of the surfactant tends to de-
crease with increased content of butadiene.

—Effective difussion coefficients increase with
increased content of butadiene. This effect
has also been suggested by previous re-
searchers.30

Acrylic Acid/Styrene System

For this system only runs 7 and 9 were analyzed
and fitted. Both experiments were formulated
with a monomer molar ratio of 5/95 AA/S at 60°C.
Figure 13 shows the experimental data and model

predictions for conversion–time curves. Figure 14
displays corresponding results for average parti-
cle diameter–conversion curves. Fitted parame-
ters are given in Table XII. The agreement of the
model with experiments is good for conversion
histories and only semiquantitative for the aver-
age particle diameter evolution.

Due to the fact that the termination rate coef-
ficient for acrylic acid has not been reported in the
literature, its value was assumed the same as
that for styrene polymerization. This may not in-
troduce a large error at the 5/95 AA/S molar ra-
tio.43 Although other runs were performed at a
30/70 AA/S molar ratio, no attempt was made of
fitting this data due to the lack of values for
acrylic acid kinetic rate coefficients.

Figure 11 Model and experimental conversion–time
curve for the S/B system, runs 17 and 18.

Figure 12 Model and experimental average particle
diameter– conversion curve for the S/B system, runs 17
and 18.

Figure 13 Model and experimental conversion–time
curve for the S/AA system, runs 7 and 9.

Figure 14 Model and experimental average particle
diameter–conversion curve for the S/AA system, runs 7
and 9.
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Due to the hydrophilic character of acrylic acid
a large part of it, as well as its copolymer, should
be located on the latex particles surface acting,
together with the surfactant, as a particle stabi-
lizer. Therefore, fitted values for surfactant pa-
rameters should be taken as effective global val-
ues for the pair acrylic acid–surfactant.

As mentioned before, Ceska35 found that the
presence of acrylic acid increases styrene poly-
merization rate. This was verified in this work.
Lange and Poehlein43 found that the copolymer-
ization with carboxylic acids can alter the rate of
emulsion polymerization of styrene due to a
change in the number of particles generated
(through homogeneous nucleation) and an in-
crease in the rate of radical desorption, favored by
the high solubility of acrylic acid in water. The
increased number of monomeric radicals in the
aqueous phase tend to increase the nucleation of
particles and therefore the polymerization rate.
This phenomenon, however, is not completely un-
derstood so it was decided to use a single effective
value for the diffusion coefficient of both mono-
mers.

FINAL REMARKS AND CONCLUSIONS

In this paper experimental results for conversion
and particle size evolution, as well as comparison
with model predictions, are presented for four
emulsion copolymerizations of styrene with dif-
ferent monomers: methyl methacrylate, butyl ac-
rylate, butadiene, and acrylic acid. The experi-
ments covered a wide range of conditions includ-
ing variations on initiator and surfactant
concentrations, water to monomer ratio, comono-
mer composition, and temperature. After param-
eter fitting of unknown and uncertain parameters

of the model, this is capable of reproducing rea-
sonably well most of the experimental curves for
time evolution of conversion and of giving correct
trends for evolution of average particle diameter
with conversion. Micellar nucleation explains
only partially the quantitative data for evolution
of particle size.

An exception to the adequacy of the model in
conversion–time data is given by its overpredic-
tion of the effect of initiator concentration on the
rate of butadiene/styrene copolymerization with
high content of butadiene (70%). However, previ-
ously published works on this system had re-
ported on this deviation from generally accepted
theories of emulsion polymerization and indicated
the lack of understanding of this phenomenon.
Clearly, research focused on this specific issue is
needed.

It was also found that model predictions are
very sensitive to the value of the diffusion coeffi-
cients of monomeric radicals in the copolymer
particle, which are not readily available in the
literature; therefore they had to be fitted. In gen-
eral, it was found that several parameters, espe-
cially aem and CMC of the surfactant, entry rate
coefficients kmmi and kmmR and diffusion coeffi-
cients, may depend on copolymer composition.

It is important to mention that the model pre-
dicts reasonably well the evolution of copolymer
composition with conversion using reactivity ra-
tios taken from the literature. Due to space con-
straints, it was not possible to include plots con-
taining comparisons of model predictions and ex-
perimental data for composition evolution;
however, these plots look very much like the ones
included in the first paper of the series,36 in which
a simpler model for copolymer composition evolu-
tion was used.

The results of this study indicate that, at the
present level of knowledge and after some param-
eter fitting, a global model like the one analyzed
in this work is fine for practical applications: op-
eration, design, control, and optimization of emul-
sion copolymerization processes. However, con-
sidering the complexity of the system studied, the
model should be taken with caution if is to be used
for parameter estimation. Values of fitted param-
eters estimated in this work are influenced by
other estimated parameters due to the global na-
ture of the model used. In this kind of models, and
even with the aid of statistical techniques and
optimal experimental designs, it is not possible to
estimate parameters without correlation. This
points out the importance of independently mea-

Table XII Values of Parameters Fitted for
Runs 7 and 9 of System Acrylic Acid/Styrene

Parameter Value Units

km1 11.5 3 1027 m/s
km2 34.5 3 1027 m/s
aem 1.5 3 10219 m2

CMC 5 3 1025 gmol/L
Deff,AA 2.3 3 10213 m2/s
Deff,S 2.3 3 10215 m2/s
Gel effect, A5 0.132 L
Gel effect, A7 140 L21
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suring parameters in order to get predictive mod-
eling tools.

It should be emphasized that this is the first
work in which a model for emulsion copolymer-
ization is systematically tested, not only varying
widely the experimental conditions, but also ap-
plying the model to a number of comonomer sys-
tems.

In the next paper of this series, the conclusions
of this part are further tested using experimental
data for additional copolymerization systems.

APPENDIX A: MATHEMATICAL MODEL

The model is in the form of a population balance
equation for the particle size distribution (PSD).
In the original work presented by Saldı́var et al.5

a detailed model for the molecular weight distri-
butions (MWD) of live and dead polymer, based
on population balance equations, is also included;
however, given the fact that no MWD experimen-
tal data were measured in this work, the corre-
sponding parts of the MWD model are not pre-
sented here. Simpler environmental balances for
live polymer in the aqueous phase, monomer, sur-
factant, and other components of the emulsion
system, as well as general equations for monomer
partitioning complete the model. To write the
population balance equations the mass of polymer
was selected as internal coordinate. Some as-
sumptions used in the model are as follows:

● The PSD is independent of the molecular
weight distribution

● Monomer partitioning among the different
phases (particles, aqueous phase, and mono-
mer droplets) reaches instantaneously ther-
modynamic equilibrium. That is, mass trans-
fer limitations for monomer transport be-
tween phases are neglected. Additionally,
monomer concentration in particles is as-
sumed to be independent of particle size

● The pseudo-homopolymer approximation44 is
used in both: aqueous and particle phase.
This means that the copolymerization sys-
tem is treated as a homopolymerization sys-
tem by proper use of apparent kinetic rate
coefficients.

A complex free radical kinetic scheme based on
the one proposed by Arriola (see ref. 5), adapted
for the emulsion case, has been implemented in
the model. In Tables AI and AII, a simplified

kinetic scheme is presented, in which those reac-
tions that only affect the MWD have been omitted
from the original kinetic scheme. The same sym-
bol is used to denote each radical species and its
corresponding amount or distribution function. In
this way Nn,i

l,b (m,t) represents growing radicals of

Table AI Kinetic Scheme for Emulsion
Copolymerization. 1. Aqueous Phase

Mechanism Kinetics

Thermal
decomposition
initiation

IwO¡
fkd

2Rw

Redox initiation
Iw 1 Y1

r O¡
kd1

Rw 1 Y1
0 1 products

Y1
0 1 Y2O¡

kd2

Y1
r 1 products

Propagation
Rw 1 MiwO¡

kri

Piw
1

Piw
l 1 MjwO¡

kpij
w

Pjw
l11

l 5 1, . . . , cr 2 1
Chain transfer to

monomer Piw
l 1 MjwO¡

ktr,ij
w

Dw
l 1 Pjw

0

l 5 1, . . ., cr 2 1
Chain transfer to

chain transfer
agent

Piw
l 1 TwO¡

ktr,iT
w

Dw
l 1 PTw

0

l 5 1, . . . , cr 2 1
Reinitiation

Piw
0 1 MjwO¡

kre,ij
w

Pjw
1

CTA radical
reinitiation PTw

0 1 MjwO¡
kre,Tj

w

Pjw
1

Termination by
combination Piw

l 1 Pjw
mO¡

ktc,ij
w

Dw
l1m

l 5 0, . . . , cr 2 1
Termination by

disproportionation Piw
l 1 Pjw

mO¡
ktd,ij

w

Dw
l 1 Dw

m

l 5 0, . . . , cr 2 1
Termination by

inhibition Piw
l 1 XwO¡

kinh
w

Dw
l

Rw 1 XwO¡
kinh

w

Dw
0

l 5 0, . . . , cr 2 1
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type i, length l, and branching index b, present in
particles of polymer mass m having n radicals at
time t. Similarly, Dn

l,b (m,t) represents dead poly-
mer chains of length l and branching index b,
present in particles of polymer mass m having n
radicals at time t. The arguments m and t have
been suppressed. The subindex w is used for
quantities in the aqueous phase and the subindex
p is used for the particle phase. I, R, T, X, and D
denote initiator, primary radicals (coming di-
rectly from the initiator), chain transfer agent,
inhibitor, and dead polymer respectively. Y1 and
Y2 are components of a redox system; the reduced
and oxidized states are denoted by the super-
scripts r and o respectively. M j refers to the
monomer j and Pi

l
w stands for live polymer of

length l with radical type i present in the aqueous
phase. The cr is the critical length for precipita-
tion.

The following reactions, present in the original
model, have been omitted here since they affect
only the MWD and they were not included in the
calculations for this work: backbiting (intramolec-

ular transfer), scission after intramolecular
transfer, transfer to polymer (intermolecular
transfer), scission after intermolecular transfer,
terminal double bond polymerization, internal
double bond polymerization.

Notice that RwT includes monomeric radicals (l
5 0) that are generated by desorption.

Transfer reactions involving monomeric and
CTA radicals in aqueous phase, Piw

0 and PTw
0 ,are

considered unlikely and not allowed to occur.

Particle Size Distribution

This is the core of the model and is represented by
the distribution function F(m,t)dm, which is the
number of particles present per liter of water and
having a polymer mass between m and m1 dm at
time t. The resulting population balance equation
(PBE) for this quantity is mathematically a par-
tial differential equation in polymer mass and
time:

F~m, t!Vw

t 1

VwF~m, t!
dm
dt

m 5
Ffww

f Qf

rw
2

FwwQ
rw

(2)

where Vw is the volume of water, Q is the mass
flow rate, ww is the water mass fraction, rw is the
water density, and the superindex f refers to the
feed. The boundary condition FB for this equation
is

VwF~m, t!
dm
dt U

mm
1

5 FB

5 VaqNAS O
i51

c

amkmmiM@Pi#w 1 amkmmRM@R#wD (3)

and the initial condition:

F~m, t 5 0! 5 F0~m! (4)

where Vaq is the aqueous phase volume, am is the
surface area of a micelle, M is the micelle concen-
tration, kmmi and kmmR are the entry rate coeffi-
cients for type i radicals with aqueous phase con-
centration [Pi]w and for primary radicals with
aqueous phase concentration [R]w, respectively.
Only micellar nucleation has been included in

Table AII Kinetic Scheme for Emulsion
Copolymerization. 2. Particle Phase

Mechanism Kinetics

Forward and reverse
propagation Nn,i

l,b 1 MjpO¡
kp,ij

Nn, j
l11,b

Nn,i
l,b 1 Mjp ¢O

kp,ij
r

Nn, j
l11,b

Termination by
combination Nn,i

l,b 1 Nn, j
h,cO¡

ktc,ij

Dn22
l1h,b1c

Termination by
disproportionation Nn,i

l,b 1 Nn, j
h,cO¡

ktd,ij

Dn22
l,b 1 Dn22

h,c

Termination by
inhibition Nn, j

l,b 1 XpO¡
kinhp

j

Dn21
l,b

Chain transfer to
monomer Nn,i

l,b 1 MjO¡
ktr,ij

Dn
l,b 1 Nn, j

0,0

Chain transfer to chain
transfer agent (CTA) Nn, j

l,b 1 TO¡
ktr,T

j

Dn
l,b 1 Nn,T

0,0

Reinitiation
Nn, j

0,0 1 MiO¡
kre, ji

Nn,i
1,0

Reinitiation of CTA
radical Nn,T

0,0 1 MiO¡
kre,Ti

Nn,i
1,0
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this application of the model, canceling out the
homogeneous nucleation contribution.

Desorption Coefficient of Radicals in Particles

The value of the pseudo-homogeneous desorption
coefficient for radicals from particles is given by
the mixing rule:

d# 5 O
i51

c

dei (5)

where dei are desorption coefficients for mono-
meric radicals of type i, given (for no chain trans-
fer agent present) by

dei 5 giCi i 5 1, . . . , c, T (6)

Where gi is the type i radicals generation fre-
quency in a particle and Ci is the probability that
a monomeric radical of type i will desorb before it
undergoes chemical reaction. This probability is
expressed as

Ci 5
K0i

K0i 1 O
j51

c

kp,ij@Mj#p

i 5 1, . . . , c, T (7)

K0i 5
12
dp

2

DwiDpi

mdiDpi 1 2Dwi
(8)

where kp,ij is the propagation rate coefficient of a
type i radical with a type j monomer; and [Mj]p is
the monomer j concentration in particles; dp is the
particle diameter; Dwi and Dpi are the diffusion
coefficients of type i monomeric radicals in aque-
ous phase and in particles, respectively; and mdi
is a partition coefficient between particle and
aqueous phase for monomer.

Average Number of Radicals in Particles

It is assumed that the average number of radicals
in particles is a function of the particle polymer
mass and is given by an algebraic equation in
terms of Bessel functions from the classical Stock-
mayer–O9Toole45 solution of the Smith–Ewart re-
currence equation.

Balances for Species

Simpler environmental balances for live polymer in
the aqueous phase, monomer, surfactant, and other
components of the emulsion system complete the
model. Monomer and polymer balances for c com-
ponents are represented by a 2c system of ordinary
differential equations (ODEs). The radical type dis-
tribution is represented by one c-dimension alge-
braic linear system for each one of the phases: par-
ticles and aqueous phase.The mass balance for rad-
icals in the aqueous phase in quasi-steady state
yields one nonlinear algebraic equation for the
amount of total radicals in the aqueous phase.

Monomer Partitioning. Partition coefficients.

The partition coefficients are given by the follow-
ing expressions:

Kdwi 5
@Mi#d

m

@Mi#w
m (9)

Kpwi 5
@Mi#p

m

@Mi#w
m (10)

where Kdwi and Kpwi are the partition coefficients
between droplets-water and particles-water, re-
spectively, for monomer i, [Mi]d

m, [Mi]w
m, and [Mi]p

m

are the mass concentrations of monomer i in
monomer droplets, aqueous phase and particles,
respectively. Maximum polymer swelling with
monomer is defined as

VP O
j51

c

@Mi#p
m

P 5 A (11)

where Vp is the volume of particles, P is the total
amount of polymer on a mass basis, and A is an
empirical constant.

Surfactant Partitioning

It is assumed that the surfactant adsorbed in the
particles can be represented by a Langmuir type
isotherm:

Sa 5
SPG`bsSF/Vaq

1 1 bsSF/Vaq
(12)

where Sp is the total surface area of particles, SF
is the free surfactant in the aqueous phase, G`

and bs are emprirical parameters. The value of SF
determines the surfactant concentration in the
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aqueous phase [S]w and therefore the presence of
micelles through the following equation:

M9 5
~@S#w 2 @S#w

cmc!NAaem

am
(13)

M 5 M9H~M9! (14)

where [S]w
cmc is the CMC of the surfactant, aem is

the area of the micelle covered by a surfactant
molecule, and H is the Heaviside function.

APPENDIX B: ADDITIONAL PARAMETERS

See Tables AIII–AVI.

Table AIII Parameters Taken from the Literature or Estimated a priori for the Methyl
Methacrylate/Styrene System

Symbol Parameter (units) Value [Ref.] Conditions

rs Styrene density (kg/L) 0.909 20°C
rM Methyl methacrylate density (kg/L) 0.936 20°C
EPS Styrene propagation activation energy (kJ/mol) 26 [46]
APS Arrhenius styrene propagation constant (cm3/mol/s) 0.45 3 1010 [46]
EPM Methyl methacrylate propagation activation energy (kJ/mol) 26.4 [46]
APM Arrhenius methyl methacrylate propagation constant (cm3/mol/s) 0.087 3 1010 [46]
rs Styrene reactivity ratio 0.468 [12] 50°C

0.52 [46] 60°C
0.59 [46] 131°C

rM Methyl methacrylate reactivity ratio 0.461 [12] 50°C
0.46 [46] 60°C
0.54 [46] 131°C

ETS Styrene termination activation energy (kJ/mol) 8.0 [46]
ATS Arrhenius styrene termination constant (cm3/mol/s) 0.058 3 1012 [46]
ETM Methyl methacrylate termination activation energy (kJ/mol) 11.9 [46]
ATM Arrhenius methyl methacrylate termination constant (cm3/mol/s) 0.11 3 1012 [46]
G` Surfactant adsorption isotherm parameter (mol/m2) 3.5 3 1026 [5]
bs Surfactant adsorption isotherm parameter (L/mol) 2000 [5]
A6 Gel effect parameter 1.367 3 1025

Table AIV Parameters Taken from the Literature or Estimated a priori for the
Butadiene/Styrene System

Symbol Parameter (units) Value [Ref.] Conditions

rs Styrene density (kg/L) 0.908 20°C
rB Butadiene density (kg/L) 0.521 20°C
EPS Styrene propagation activation energy (kJ/mol) 26 [46]
APS Arrhenius styrene propagation constant (cm3/mol/s) 0.45 3 1010 [46]
EPB Butadiene propagation activation energy (kJ/mol) 35.7 [32]
APB Arrhenius butadiene propagation constant (cm3/mol/s) 11.2 3 1010 [32]
rs Styrene reactivity ratio 0.58 [46] 50°C
rB Butadiene reactivity ratio 1.4 [46] 50°C
ETS Styrene termination activation energy (kJ/mol) 8.0 [46]
ATS Arrhenius styrene termination constant (cm3/mol/s) 0.058 3 1012 [46]
ETB Butadiene termination activation energy (kJ/mol) 8.0 [46] Estimated
ATB Arrhenius butadiene termination constant (cm3/mol/s) 0.058 3 1012 [46] Estimated
G` Surfactant adsorption isotherm parameter (mol/m2) 3.5 3 1026 [5]
bs Surfactant adsorption isotherm parameter (L/mol) 2000 [5]
A6 Gel effect parameter 2.2 3 1024/1.7 3 1022 (70°C)

2.3 3 1022 (80°C) (Table 10/11)
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rAB Butyl acrylate density (kg/L) 0.894 20°C
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kTAB Butyl acrylate termination constant (cm3/mol/s) 5.6 3 108 [47] 60°C
G` Surfactant adsorption isotherm parameter (mol/m2) 3.5 3 1026 [5]
bs Surfactant adsorption isotherm parameter (L/mol) 2000 [5]
A6 Gel effect parameter 5.60 3 1029/

5.06 3 1029

(Table 8/9)

Table AVI Parameters Taken from the Literature or Estimated a priori for the
Acrylic Acid/Styrene System

Symbol Parameter (units) Value [Ref.] Conditions

rs Styrene density (kg/L) 0.909 20°C
rAA Acrylic acid density (kg/L) 1.051 20°C
EPS Styrene propagation activation energy (kJ/mol) 26 [46]
APS Arrhenius styrene propagation constant (cm3/mol/s) 0.45 3 1010 [46]
kPAA Acrylic acid propagation constant (cm3/mol/s) 15 3 105 [43] 70°C, pH 2.8 to 3
rs Styrene reactivity ratio 0.15 [46] 60°C
rAA Acrylic acid reactivity ratio 0.25 [46] 60°C
ETS Styrene termination activation energy (kJ/mol) 8.0 [46]
ATS Arrhenius styrene termination constant (cm3/mol/s) 0.058 3 1012 [46]
ETAA Acrylic acid termination activation energy (kJ/mol) 8.0 [46] Estimated
ETAA Arrhenius acrylic acid termination constant (cm3/mol/s) 0.058 3 1012 [46] Estimated
G` Surfactant adsorption isotherm parameter (mol/m2) 3.5 3 1026 [5]
bs Surfactant adsorption isotherm parameter (L/mol) 2000 [5]
A6 Gel effect parameter 9.7 3 1029

2396 SALDÍVAR ET AL.
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