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2 Rhodia S. A., Usina Quı́mica de Paulı́nia, 13140-000, SP Brasil

3 Dept. de Engenharia Quı́mica, Universidade de São Paulo, 05424-970, SP, Brasil

Received 27 September 2000; accepted 6 March 2001
Published online 27 February 2002

ABSTRACT: Using a previously published model and continuing the series of papers
started with styrenic copolymers, predictions for evolution of conversion and average
particle diameter in batch experiments are compared against experimental data for
four emulsion copolymerizations involving at least one acrylic monomer: (1) methyl
methacrylate/butyl acrylate, (2) methyl methacrylate/butadiene, (3) methyl methacry-
late–vinyl acetate, and (4) butyl acrylate/vinyl acetate. For each system a fraction of
factorial experiments were run covering simultaneous variations in five variables:
initiator [I] and surfactant [E] concentrations, water to monomer ratio (W/M), monomer
composition, and temperature. Data fitting is performed to represent the experimental
data as several parameters are not available from independent experimental sources.
The model is able to explain the effects of simultaneous changes in emulsifier concen-
tration, initiator concentration, and water to monomer ratio on conversion and average
particle size histories, although in some cases only qualitatively. An assessment of the
degree in which a general emulsion copolymerization model is useful for practical
applications is made. Physical insight is also gained by observing the trends of adjusted
parameters with temperature and copolymer composition. © 2002 Wiley Periodicals, Inc. J
Appl Polym Sci 84: 1320–1338, 2002; DOI 10.1002/app.10003
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INTRODUCTION

The first part of this series of papers included
experimental results for a number of copolymer
systems produced by emulsion polymerization. In
the second part, more detailed experimental re-
sults and comparison with model simulations
were presented for the styrenic copolymerization
systems studied. In this third part the focus is on

experimental data and simulations for the acrylic
systems, specifically methyl methacrylate/butyl
acrylate, methyl methacrylate/butadiene, methyl
methacrylate/vinyl acetate, and butyl acrylate/vi-
nyl acetate.

This is the first work published in which an
extensive set of data for several emulsion copoly-
merization systems is used to assess the applica-
bility of a general mathematical model in terms of
its ability to fit and explain experimental data of
conversion, particle size, and copolymer composi-
tion. The task of modeling with some generality
this type of systems is formidable, due to the
complexity of emulsion copolymerization and the
peculiarities of each specific pair of monomers.
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Parameter fitting of unknown and uncertain pa-
rameters of the model is unavoidable in order to
fit large sets of data; however, physical insight
can be gained by a judicious analysis of trends
observed in the adjusted parameters.

In the modeling philosophy adopted in this
work all parameters for which reliable values are
available are taken from the literature. Unknown
or uncertain parameters are fitted to experimen-
tal data restricting the adjusted parameter values
to lie between physically reasonable limits. Using
this approach both: the theoretical plausibility of
the model as well as its practical applicability can
be assessed. See paper 2 of this series1 for an
extended discussion on this issue.

In this work, following the approach of the
previous paper of this series, the experimental
data of Araujo2 for four emulsion copolymeriza-
tions of acrylic systems are discussed and con-
trasted with a mathematical model1,3,4 predic-
tions. Again, two goals are pursued: (1) to gain
insight in the mechanisms governing emulsion
copolymerization rate of reaction for acrylic sys-
tems and (2) to assess the quantitative degree of
understanding of emulsion copolymerization.
Hopefully, this work will encourage the use of
mathematical modeling in industrial applications
of emulsion copolymerization and will help clarify
in which specific areas of emulsion copolymeriza-
tion theory there is a need for more research.

In the following section a literature review of
previous work on emulsion copolymerization of
acrylic systems is done. In the third section of the
paper the experiments performed on the systems
methyl methacrylate/butyl acrylate, methyl
methacrylate/butadiene, methyl methacrylate/vi-
nyl acetate, and butyl acrylate/vinyl acetate are
presented. For a summary of the mathematical
model of Saldı́var et al.,3,4 the reader is referred to
the second paper of this series.1 In Results and
Discussion, the copolymerization systems are
simulated with the mathematical model, and sim-
ulation predictions are discussed and compared
with experimental data.

PREVIOUS WORK

Acrylic polymers and copolymers are very impor-
tant systems from the industrial point of view.
When produced in emulsion, they are used in high
quality coatings and paints. The increased polar-
ity of acrylic monomers, as compared to that of
styrene, makes them an interesting subject of
study from the scientific standpoint. Still, very

few comparative studies have been published in
which the copolymerization of acrylic monomers
with several monomers is considered.

Methyl methacrylate/butyl acrylate (MMA/BA)
emulsion copolymerization has been studied by
several researchers focusing on kinetic and parti-
cle structure aspects,5–12 soapless emulsion
polymerization,13,14 and semicontinuous pro-
cesses.15–17 Emelie et al.5,6 studied the influence
of emulsifier and initiator concentration and
monomer to water ratio on the polymerization
rate. Urretabizkaia et al.7 monitored conversion
and copolymer composition by calorimetric mea-
surements: they also applied their technique to
the emulsion copolymerizations of methyl
methacrylate/vinyl acetate and butyl acrylate/vi-
nyl acetate. As part of a systematic study on the
kinetics of multicomponent polymerization, Dube
and Penlidis8 ran a 50/50 molar emulsion copoly-
merization of the MMA/BA system. They ob-
served a rather constant rate of polymerization
during the reaction with evidence for the presence
of gel effect. Barton et al.10 studied the kinetics of
polymerization of MMA over seed particles of po-
ly(butyl acrylate). A number of papers discuss
core–shell emulsion copolymerization of BA/MMA
with a core rich in BA and a shell rich in
MMA.11–14 A practical application of this polymer
is the toughening of poly(methyl methacrylate).12

Presumably, the production of emulsifier-free
core–shell BA/MMA particles could be used to
reinforce clear poly(methyl methacrylate) without
affecting its optical properties. Working with a
soapless system, Pan et al.13 studied the effect of
monomer composition on the final properties of
the copolymer. They found evidence of phase sep-
aration in the particles ending up with a copoly-
mer containing a BA-rich phase in the core and an
MMA-rich phase in the shell. Lee et al.14 deliber-
ately produced core (BA)–shell (MMA) copoly-
mers by a two-stage soapless process. Unzueta
and Forcada15,16 studied the effect of emulsifier
type on the particle number in seeded and un-
seeded semicontinuous emulsion copolymeriza-
tion of MMA/BA. Chern and Hsu17 studied the
effect of emulsifier concentration and other vari-
ables on the particle size distribution (PSD) for
this emulsion copolymerization. The driving force
for the studies just mentioned15–17 seems to be
the importance of the PSD on coating and paint
applications of latex of MMA/BA.

As opposed to the previous system, the emul-
sion copolymerization of methyl methacrylate/
butadiene (MMA/B) has received very little atten-
tion in the literature. To the authors knowledge,
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only the work by Shapiro et al.18 has focused on
this system to study the effect of the emulsifier on
the copolymer microstructure. No much work has
been reported on copolymerization of MMA and B
using other type of processes, either. A few works
have studied the synthesis of block copolymers of
MMA/B via anionic polymerization.19–21

Methyl methacrylate/vinyl acetate (MMA/VA)
emulsion copolymerization has also received
scarce attention in the literature. Canegallo et
al.22 used on-line densimetry in order to measure
conversion during the reaction. Saldı́var and
Ray23 studied the control of copolymer properties
in semicontinuous emulsion copolymerization;

they selected this system due to the large differ-
ence in copolymerization reactivity ratios be-
tween the two monomers. The kinetics of this
copolymerization in bulk and in solution has been
studied by a few authors.24,25

The emulsion copolymerization of butyl acry-
late/vinyl acetate (BA/VA) has been studied by
several authors. Composition and composition
control through semicontinuous processes has
been the subject of several works.26–33 Other
studies have addressed the influence of polymer-
ization variables on the filming properties and
other physicochemical properties of the latex of

Table I Experimental Design: Methyl
Methacrylate/Butyl Acrylate System

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

1 � � � � �
2 � � � � �
4 � � � � �
5 � � � � �
6 � � � � �
7 � � � � �
8 � � � � �
9 � � � � �

12 � � � � �
13 � � � � �

Temperature: [�] � 70°C, [�] � 60°C; %MMA/%BA: [�]
� 70/30, [�] � 30/70; [I]: [�] � 0.004 mol/L-aq, [�] � 0.002
mol/L-aq; [E]: [�] � 0.028 mol/L-aq, [�] � 0.014 mol/L-aq;
monomer to water ratio (wt): [�] � 0.55, [�] � 0.34.

Table II Experimental Design: Methyl
Methacrylate/Butadiene System

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

1 � � � � �
2 � � � � �
5 � � � � �
6 � � � � �
9 � � � � �

14 � � � � �
15 � � � � �
16 �� � � � �
17 �� � � � �
18 �� � � � �

Temperature: [��] � 80°C, [�] � 70°C, [�] � 60°C;
%MMA/%B: [�] � 70/30, [�] � 30/70; [I]: [�] � 0.004 mol/L-
aq, [�] � 0.002 mol/L-aq; [E]: [�] � 0.028 mol/L-aq, [�]
� 0.014 mol/L-aq; monomer to water ratio (wt): [�] � 0.34.

Table III Experimental Design: Methyl
Methacrylate/Vinyl Acetate System

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

1 � � � � �
2 � � � � �
4 � � � � �
6 � � � � �
7 � � � � �
8 � � � � �
9 � � � � �

11 � � � � �
12 � � � � �
13 � � � � �

Temperature: [�] � 70°C, [�] � 60°C; %MMA/%VA: [�]
� 70/30, [�] � 30/70; [I]: [�] � 0.004 mol/L-aq, [�] � 0.002
mol/L-aq; [E]: [�] � 0.028 mol/L-aq, [�] � 0.014 mol/L-aq;
monomer to water ratio (wt): [�] � 0.55, [�] � 0.34.

Table IV Experimental Design: Vinyl Acetate/
Butyl Acrylate System

Run Temperature
VA

Level [I] [E] M/W

1 � � � � �
2 � � � � �
3 � � � � �
4 � � � � �
5 � � � � �
6 � � � � �
7 � � � � �
9 � � � � �

10 � � � � �
12 � � � � �
13 � � � � �

Temperature: [�] � 70°C, [�] � 60°C; %VA/%BA: [�]
� 70/30, [�] � 30/70; [I]: [�] � 0.004 mol/L-aq, [�] � 0.002
mol/L-aq; [E]: [�] � 0.028 mol/L-aq; [�] � 0.014 mol/L-aq;
monomer to water ratio (wt): [�] � 0.55, [�] � 0.34.
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BA/VA.34–38 Delgado et al.39 compared the pro-
cesses of miniemulsion and traditional emulsion
copolymerization for this pair of monomers. The
structure and morphology of the particles formed
in the emulsion copolymerization of this system
has also been studied.40–43 Jourdan et al.40 and
Kong et al.41 have confirmed that in batch pro-
cesses a core–shell type structure is formed with a
BA-rich core and a VA-rich shell. Other works
have focused on kinetic aspects of this copolymer-
ization, especially on the evaluation of apparent
reactivity ratios.44,45

EXPERIMENTAL

The experimental procedure followed during the
polymerizations is given elsewhere1,46 as well as
the complete experimental design performed. In
this section, only those parts of the experimental
design that were simulated and analyzed with the
mathematical model are presented in Tables
I–IV. The reasons why some of the designed ex-
periments were left out of the analysis are as
follows: (1) it was not possible to run the experi-
ment; (2) the experiment was run but there were
experimental difficulties that rendered the data
not reliable; (3) the experiment was run in condi-
tions very different from the rest of the experi-
mental design, so the comparison with other ex-
periments was not very useful.

Measured responses were conversion by
gravimetry, average particle diameter by photon
correlation spectroscopy (dynamic light scatter-
ing), and copolymer composition by 1H NMR. In
this paper only the particle diameter and conver-
sion data are simulated and discussed. Copolymer
composition results were discussed before.46

RESULTS AND DISCUSSION

The kinetic scheme and a summary of the model
for general emulsion copolymerization used in
this work is given in the second paper of this
series.1 As mentioned in that paper, this is a
simplified version of the complete model of Sald-
ı́var et al.4 In this simplified version all the com-
plex reaction steps, such as transfer to polymer,
transfer to terminal and to internal double bonds,

Figure 1 Model and experimental conversion–time
curves for the MMA/BA system, runs 1 and 5.

Table V Gel Effect and Termination
Correlations

Methyl Methacrylate

Vfi � A0 � A1 (TK � A2)
Vfpi � A0 � A3 (TK � A4)
Vf � �p1 Vf1 � �p2 Vf2 � �pp Vf1 ¥i�1

c �pi Vfpi

gp1 � 1 for Vf � A5

gp1 � A6exp(A7Vf) for Vf � A5

Vfc � A8 � A9Tc

gt1 � A10exp(A11Vf � A12Tc) for Vf � Vfc

gt1 � A13exp(A14Vf) for Vf � Vfc

Copolymerization Termination and Propagation
Constants

gp � gp1
�p1gp2

�p2

gf � (gt1gt2)1/2

ktii � gtkt0ii

kpii � gpkp0ii

kt12 � kt21 � � (kt11kt22)1/2

ktr12 � ktr21 � � (ktr11ktr22)1/2

kpij � kpij/ri

x � total conversion, TK � temperature in °K, Tc � tem-
perature in °C, Vfi � free volume of component i, Vfpi � free
volume of homopolymer i, �pi � volume fraction of component
i in particles, �pi � mass fraction of component i in copolymer,
ri � copolymer reactivity ratio for monomer i.

Table VI Values of Parameters Fitted for Runs
1, 5, 2, 6, and 13 of System Methyl Methacrylate/
Butyl Acrylate (70°C)

Parameter

Value

Units30/70 70/30

kmm
� kmp

7 � 10�6 5 � 10�5 m/s
aem 1.8 � 10�18 1 � 10�17 m2

Deff,1Deff,2 5 � 10�12 1 � 10�14 m2/s
Gel effect, A5 3.5 � 10�2 1.5 � 10�2 L
Gel effect, A6 4.8 � 10�6 5.2 � 10�3
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etc., are not taken into account. These reaction
steps can be ignored since they directly affect only
the molecular weight distribution (MWD), and it
is assumed that the kinetics and the PSD are not
influenced by the MWD. For the simulations in
this work further simplification came from the
fact that only those steps corresponding to reac-
tions present in the system were turned on. The
model used is flexible enough to allow one to turn
on or off a specific reaction step, so only those
steps regarded as necessary were included. Steps
not included were chain transfer to the chain
transfer agent (CTA) (since no CTA was added),
inhibition, redox initiation, and reverse propaga-
tion. The reader can also identify which specific
steps were included by looking at the values of
kinetic rate constants contained in the parameter

tables of the main body of the paper and of the
appendixes; those nonzero values correspond to
kinetic steps included in the calculations. Also for
the gel effect, the reader can identify for which
systems its calculation was turned on by looking
at the parameter value tables. As before, the so-
lution of the model implemented in the
POLYRED software package was used. Details on
the solution of the model are given elsewhere.3

The simulations were performed by obtaining
from the literature reported values for as many
model parameters as possible. For those parame-
ters of the model not available in the literature,
data were adjusted using conversion–time and
particle size–conversion data. The general pa-
rameters used for fitting the data for acrylic sys-
tems were the critical micelle concentration

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

Figure 3 Model and experimental conversion–time
curves for the MMA/BA system, runs 2, 6, and 13.

Figure 4 Model and experimental average particle
diameter–conversion curves for the MMA/BA system,
runs 2, 6, and 13.

Figure 5 Model and experimental conversion–time
curves for the MMA/BA system, runs 7 and 9.
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(CMC) of the emulsifier, the entry rate coeffi-
cients, and an effective diffusion coefficient for
desorption of monomeric radicals from the parti-
cle. This is the same set of adjustable parameters
used for data fitting of the styrenic systems re-
ported before3; the selection of these parameters
was also previously discussed. Only in the case of
MMA/VA data, which posed special difficulties to
fit, the radius of the micelle was also used as an
additional adjustable parameter.

The form of the individual gel effect correla-
tions for methyl methacrylate was taken from
Schmidt and Ray47; the form of termination cor-
relations for the copolymerization system was
taken from Saldı́var et al.4 The gel effect was
included for all the systems containing MMA and
introduced through values for gpMMA and gtMMA
calculated as shown in Table V, as well as values
of gp2 � gt2 � 1 for the second monomer. No gel
effect was included for the system VA/BA since
VA polymerization shows a mild gel effect and no
reliable data for BA polymerization gel effect
could be found in the literature.

As in the previous paper, effective values Deff
for diffusion coefficients of the monomeric radi-
cals were used; these effective values are defined
as

Deff,i

3 �
DwiDpi

mdiDpi � 2Dwi
(1)

Composition-dependent effective diffusion coeffi-
cients were used as adjustable parameters to fit
experimental data.

System Methyl Methacrylate/Butyl Acrylate

It was found that some of the parameters in the
adjustable set required variable values depending
on reaction temperature and on monomer compo-
sition in the feed, but the model was used with a
fixed set of parameter values for simultaneous
changes in emulsifier concentration, initiator con-
centration, and monomer to water ratio. For re-
actions at 70°C, one set of parameter values was
used for the data at 30/70 MMA/BA molar com-
position (runs 1 and 5). Out of this set, some
parameter values were changed to fit the data
with high (70%) MMA composition (runs 2, 6, and
13). All values are listed in Table VI. Figures 1–4
show the comparison of experimental data and
model predictions for conversion—time and aver-
age particle size—conversion for 70°C data. Also

Figure 6 Model and experimental average particle
diameter–conversion curves for the MMA/BA system,
runs 7 and 9.

Figure 7 Model and experimental conversion–time
curves for the MMA/BA system, runs 4, 8 and 12.

Figure 8 Model and experimental average particle
diameter–conversion curves for the MMA/BA system,
runs 4, 8, and 12.
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for reactions run at 60°C the data were divided
into two groups: those with a 30/70 MMA/BA mo-
lar composition (runs 7 and 9) and those with a
70/30 MMA/BA composition (runs 4, 8, and 12).
Experimental data and simulation results are
shown in Figures 5–8 and the values of adjusted
parameters are given in Table VII. Parameters
that required variable values to fit the four sub-
sets were the micellar area covered by a surfac-
tant molecule, aem, effective diffusion coefficients,
entry rate coefficients, and glass effect parame-
ters. As mentioned in the previous paper of this
series and elsewhere,48 parameter aem of the sur-
factant may depend on the copolymer composi-
tion. With respect to effective diffusion coeffi-
cients, from parameter fitting results, they tend
to decrease with an increase in temperature and a
decrease in MMA. A decrease in effective diffu-
sion coefficients with an increase in temperature
was only observed for systems containing butyl
acrylate (BA) (see also the discussion for the
VA/BA system). A possible explanation for this
phenomenon is the promotion of gel formation

due to transfer to polymer reactions caused by the
presence of BA,49 together with the fact that these
reactions are also promoted with high tempera-
tures50 (if due to hydrogen abstraction, for exam-
ple). High contents of gel may lead to hindered
diffusion, making the effective diffusion coeffi-
cients decrease. This hypothesis is supported by
the fact that in this investigation the presence of
gel was higher for systems containing BA.46 On
the other hand, for constant temperature, lower
values of effective diffusion coefficients with lower
content of MMA could be a consequence of the
larger solubility of MMA in the aqueous phase.
This effect is implicit in eq. (1) through the pa-
rameter mdi, which is the partition coefficient of
monomeric radicals between particles and aque-
ous phase.4,51

Figure 9 Model and experimental conversion–time
curves for the MMA/B system, runs 1, 5, and 15.

Figure 10 Model and experimental average particle
diameter– conversion curves for the MMA/B system,
runs 1, 5, and 15.

Table VIII Values of Parameters Fitted for
Runs 1, 5, 15, and 2, 6, 14 of System Methyl
Methacrylate/Butadiene (70°C)

Parameter

Value

Units30/70 70/30

kmm
� kmp

4.8 � 10�7 4 � 10�7 m/s
aem 2.5 � 10�18 8 � 10�18 m2

CMC 3 � 10�3 8 � 10�4 gmol/L
Deff,1 9 � 10�10 2 � 10�11 m2/s
Deff,2 9 � 10�9 2 � 10�11 m2/s
Gel effect, A5 4 � 10�2 1.5 � 10�2 L
Gel effect, A6 8.3 � 10�7 5.2 � 10�3

Table VII Values of Parameters Fitted for
Runs 7, 9, 4, 8, and 12 of System Methyl
Methacrylate/Butyl Acrylate (60°C)

Parameter

Value

Units30/70 70/30

kmm
� kmp

3.3 � 10�7 4.6 � 10�7 m/s
aem 2.9 � 10�17 1.8 � 10�17 m2

Deff,1 1 � 10�9 1 � 10�10 m2/s
Deff,2 3 � 10�11 2 � 10�13 m2/s
Gel effect, A5 2.5 � 10�2 1 � 10�2 L
Gel effect, A6 1.6 � 10�4 3 � 10�2

1326 SALDÍVAR ET AL.



With respect to the A5 glass effect parameter,
the higher the temperature and the content of
butyl acrylate, the larger its value. This parame-
ter represents a critical value for the free volume
of the reaction media in the particles; below this
value of free volume, diffusion limitations become
the controlling factor for propagation. Lower val-
ues of A5 mean that diffusion limitations for prop-
agation are triggered at lower conversions. A5
dependence on temperature and monomer compo-
sition could be explained using similar arguments
to those used to explain the effect of these vari-
ables on effective diffusion coefficients.

In some cases the model tends to underesti-
mate the effects of process variable changes on
particle size and/or conversion. This is especially
noticeable in the prediction of particle size for

runs 7 and 9 (Fig. 6). These two runs differ only in
the initiator concentration. See below the general
discussion on model lack of fit for particle size
data.

System Methyl Methacrylate/Butadiene

Runs 1, 5, 15, and 2, 6, and 14, were all performed
at 70°C. Monomer molar ratios were 70/30
MMA/B for runs 1, 5, and 15, and 30/70 MMA/B
for runs 2, 6, and 14. Values of fitted parameters
are given in Table VIII. Comparison of experi-
mental and model-predicted curves for conver-
sion–time and average particle size–conversion is
made in Figures 9–12.

For experiments run at 80°C, two sets of data
were assembled for analysis. Run 16, having a
70/30 MMA/B composition, is the only experiment
in the first set and the other set is formed by runs
17 and 18 with a 30/70 MMA/B composition. The
values of the parameters fitted are given in Table

Figure 11 Model and experimental conversion–time
curves for the MMA/B system, runs 2, 6, and 14.

Figure 12 Model and experimental average particle
diameter– conversion curves for the MMA/B system,
runs 2, 6, and 14.

Figure 13 Model and experimental conversion–time
curve for the MMA/B system, run 16.

Table IX Values of Parameters Fitted for Runs
16, 17, and 18 of System Methyl Methacrylate/
Butadiene (80°C)

Parameter

Value

Units30/70 70/30

kmm
� kmp

8 � 10�7 3.7 � 10�6 m/s
aem 2 � 10�18 4 � 10�18 m2

CMC 3 � 10�3 8 � 10�3 gmol/L
Deff,1Deff,2 2 � 10�9 9 � 10�10 m2/s
Gel effect, A5 5.2 � 10�2 3.3 � 10�2 L
Gel effect, A6 1.2 � 10�8 9.6 � 10�6
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IX. Results of simulations and experiments for
runs at 80°C are shown in Figures 13–16. One
run, experiment 9, was performed at 60°C with a
70/30 MMA/B composition; parameter values fit-
ted for this run are given in Table X, and exper-
imental and modeling curves are shown in Fig-
ures 17 and 18.

By comparing the parameter values in Tables
VIII–X, the following generalizations can be
made:

● entry rate coefficients increase with temper-
ature;

● surface area covered by a surfactant mole-
cule decreases with temperature and with
increased butadiene content;

● glass effect parameter A5 increases with tem-
perature;

● effective diffusion coefficients increase with
butadiene content.

Temperature has a mixed effect on effective
diffusion coefficients. On one hand, higher tem-
peratures directly favor larger diffusivities; on
the other hand, higher temperatures accelerate
branching reactions of butadiene, which lead to
gel formation and possible hindered diffusion if a
desorbing radical is generated in a densely
crosslinked local region. This may explain the fact
that effective diffusion coefficients do not exhibit
any clear trend with temperature. This is differ-
ent from the case of butyl acrylate copolymers in
which there seems to be a stronger trend of hin-
dered diffusion at higher temperatures of reac-
tion; however, it is noteworthy that butadiene
copolymers show the presence of gel in lesser
extent than butyl acrylate copolymers.

With respect to model agreement with experi-
mental data, similar to other copolymer systems

Figure 14 Model and experimental average particle
diameter– conversion curve for the MMA/B system, run
16.

Figure 15 Model and experimental conversion–time
curves for the MMA/B system, runs 17 and 18.

Figure 16 Model and experimental average particle
diameter–conversion curves for the MMA/B system,
runs 17 and 18.

Table X Values of Parameters Fitted for Run 9
of System Methyl Methacrylate/Butadiene
(60°C)

Parameter Value 70/30 Units

kmm
� kmp

3.5 � 10�7 m/s
aem 2 � 10�17 m2

Deff,1Deff,2 4 � 10�11 m2/s
Gel effect, A5 1.5 � 10�2 L
Gel effect, A6 5.2 � 10�3
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analyzed in this work, the evolution of particle
diameter is described only in a semiquantitative
way. Experimental particle size evolution data for
runs 1, 5, and 15 are hardly distinguishable (Fig.
10), especially for runs 1 and 15, which differ only
in the emulsifier concentration. Model predicted
differences are more pronounced. A similar situ-
ation occurs for runs 2, 6, and 14, although for
this set experimental data were available mostly
at high (�60%) conversions (Fig. 12). The possible
reasons for lack of fit of model predictions for
particle size data are discussed below for all the
systems together.

Conversion–time curve for run 18 shows signif-
icant model lack-of-fit above 60% conversion (Fig.
15). After that conversion the experimental data
seem to show a decay in reaction rate that is not

explained by the model, although the experimen-
tal data below 8 % conversion are too few (4) to
draw any conclusion.

System Methyl Methacrylate/Vinyl Acetate

For experiment 1, run at 70°C, model and exper-
imental curves are shown in Figures 19 and 20 for
conversion evolution and for average particle
size–conversion. For runs 2, 6, and 13, plots are
shown in Figures 21 and 22. Fitted parameters
are given in Table XI for all the data at 70°C.

Data from experiments run at 60°C were also
grouped in two sets for analysis: (1) runs 7, 9, and
11 with a 30/70 (MMA/VA) molar ratio; and (2)
runs 4, 8, and 12 with a 70/30 (MMA/VA) molar
ratio. Figures 23–25 contain experimental results

Figure 17 Model and experimental conversion–time
curve for the MMA/B system, run 9.

Figure 18 Model and experimental average particle
diameter–conversion curve for the MMA/B system, run
9.

Figure 19 Model and experimental conversion–time
curves for the MMA/VA system, run 1.

Figure 20 Model and experimental average particle
diameter–conversion curves for the MMA/VA system,
run 1.
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and model simulations for these runs. Adjusted
parameters are included in Table XII.

This system was difficult to model. In order to
represent the effect of changes in emulsifier con-
centration on conversion and particle size evolu-
tion curves, the model required the fitting of the
radius of a micelle and the emulsifier CMC. The
following general trends and observations were
evident for the fitted parameters:

● entry rate coefficients increase with temper-
ature;

● surface area covered by a surfactant mole-
cule increases with temperature and with
increased methyl methacrylate content;

● glass effect parameter A5 does not show any
definite trend;

● CMC of the emulsifier increases with tem-
perature;

● effective diffusion coefficients increase with
temperature for low VA content and decrease
with temperature for high VA content.

The last observation can be explained in terms
of the trend of VA-rich copolymers of producing
significant gel (around 30–40%). At high contents
of VA, higher temperatures will favor the forma-
tion of gel, which will hinder radical diffusion.

In some systems the influence of the copolymer
composition on the surfactant equilibrium has
been reported.52 Also, it is interesting to mention
that one of the reviewers of this paper pointed out
to us that he/she has measured significant
changes in the surfactant CMC value in the pres-
ence of changes in monomer composition. Also,
the dependence of CMC with temperature has
been reported as being rather complex, showing
sometimes a maximum.53 As for the lack of trend

Figure 21 Model and experimental conversion–time
curves for the MMA/VA system, runs 2, 6, and 13.

Figure 22 Model and experimental average particle
diameter–conversion curves for the MMA/VA system,
runs 2, 6, and 13.

Figure 23 Model and experimental conversion–time
curves for the MMA/VA system, runs 7, 9, and 11.

Table XI Values of Parameters Fitted for Runs
1, 2, 6, and 13 of System Methyl Methacrylate/
Vinyl Acetate (70°C)

Parameter

Value

Units30/70 70/30

rad-mic 8.5 � 10�8 dm
kmm

� kmp
7 � 10�5 5.8 � 10�5 m/s

aem 1.6 � 10�18 1.3 � 10�17 m2

Deff,1Deff,2 2 � 10�11 2 � 10�11 m2/s
Gel effect, A5 4.9 � 10�2 2.2 � 10�2 L
Gel effect, A6 3.6 � 10�8 4.5 � 10�4
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shown by the glass effect parameter A5, it is per-
tinent to point out that the kinetics of copolymer-
ization of MMA/VA, even in bulk systems, is still
not well understood. The complexity of this sys-
tem is due to the difficulty posed by simultaneous
complications in the propagation step (possible
penultimate effect25) and the termination step
(gel effect).54

One of the features of this system that makes
the fitting of experimental data challenging is the
presence of two well-defined regions in the con-
version–time curves. This can be seen in Figures
19, 21, 23, and 25, and has been reported and
discussed before.8,23 The reason for this behavior
is the wide difference of copolymerization reactiv-
ity ratios for MMA and VA.55 This difficulty was
evident in the fitting of conversion–time curves
for runs 6 and 12. The model captures qualita-

tively the correct behavior but for those two runs
the model overpredicts the rate of reaction, espe-
cially for the second region of the curves; the exact
reason for this deviation is unknown.

The phenomenon of consecutive homopolymer-
izations is also illustrated in Figures 26 and 27.
Figure 26 shows the rate of polymerization pre-
dicted by the model for experiment 1. The curve
shows two peaks corresponding to the consecutive
“homopolymerizations” of BA (with a small
amount of co-VA) and VA (with a small amount of
co-BA). Figure 27 shows the model predictions of
ñ-conversion curves for experiments 1 and 2.
When VA polymerization becomes predominant,
ñ decreases due to the high transfer to monomer
and desorption rate of VA radicals. The phenom-
ena predicted by the model have also been ob-
served by previous researcher.8

Another deviation of the model with respect to
the experimental data is exhibited in the particle
size– conversion curves for the set of runs 2, 6,
and 13 and for the set of runs 7, 9, and 11. Again,

Figure 25 Model and experimental conversion–time
curves for the MMA/VA system, runs 4, 8, and 12.

Figure 26 Polymerization rate–time curve predicted
by the model for the BA/VA system, run 1.

Table XII Values of Parameters Fitted for
Runs 7, 9, 11, and 4, 8, 12 of System Methyl
Methacrylate/Vinyl Acetate (60°C)

Parameter

Value

Units30/70 70/30

rad-mic 8.5 � 10�8 3.5 � 10�8 dm
kmm

� kmp
8 � 10�7 9 � 10�7 m/s

aem 1.4 � 10�18 2 � 10�18 m2

CMC 8 � 10�4 2 � 10�4 gmol/L
Deff,1Deff,2 4.5 � 10�11 1.5 � 10�11 m2/s
Gel effect, A5 1.5 � 10�3 1.5 � 10�2 L
Gel effect, A6 5.9 � 10�1 5.2 � 10�3

Figure 24 Model and experimental average particle
diameter– conversion curves for the MMA/VA system,
runs 7, 9, and 11.
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the relative location of the curves is correctly pre-
dicted by the model, but for the first set the model
underpredicts the values by 15–25% and for the
second set the model overpredicts the values by
similar percentages. The rest of the data are rea-
sonably well fitted by the model.

System Vinyl Acetate/Butyl Acrylate

Runs 1, 5, 2, 6, and 13 were all performed at 70°C.
Monomer molar ratios used were 30/70 VA/BA for
runs 1, 5, and 70/30 VA/BA for runs 2, 6, and 13.
Values for fitted parameters are given in Table
XIII and comparison of experimental and model-
predicted curves is made in Figures 28–31; they
correspond to conversion–time and average par-
ticle size–conversion, respectively.

For experiments run at 60°C, two sets of data
were considered for analysis: (1) runs 3, 7, and 9
with 30/70 VA/BA molar composition; and (2)
runs 4, 10, and 12 with 70/30 VA/BA molar com-
position. Model and experimental conversion–
time curves are presented in Figures 32–35 and
Table XIV contains the values of fitted parame-
ters.

General observations for adjusted parameters
of this system are as follows:

● entry rate coefficients increase with in-
creased content of VA;

● surface area covered by a surfactant mole-
cule increases with increased butyl acrylate
content;

● no definite trend is observed for effective dif-
fusion coefficients.

No gel effect correlation was used for these
simulations, although there seems to be some ev-
idence of its presence in runs 4, 10, and 12. Due to
very different copolymerization reactivity ratios
for this system, the curves conversion–time show
a steady consumption of BA during the first stage;
in this period the reaction is close to a BA ho-
mopolymerization. After most BA has been con-
sumed, VA starts to react and the global rate of

Figure 27 Average number of radicals per particle–
conversion curves predicted by the model for the BA/VA
system, runs 1 and 2.

Figure 28 Model and experimental conversion–time
curves for the BA/VA system, runs 1 and 5.

Figure 29 Model and experimental average particle
diameter–conversion curves for the BA/VA system,
runs 1 and 5.

Table XIII Values of Parameters Fitted for
Runs 1, 5, and 2, 6, 13, of System Butyl Acrylate/
Vinyl Acetate (70°C)

Parameter

Value

Units30/70 70/30

kmm
� kmp

2 � 10�6 4 � 10�7 m/s
aem 6.5 � 10�18 9.8 � 10�18 m2

Deff,1 5 � 10�14 2 � 10�12 m2/s
Deff,2 5.6 � 10�10 9 � 10�9 m2/s
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reaction strongly decreases. This effect is well
explained by the model simulations in Figure 32
in which, after 80% conversion (30/70 VA/BA mo-
lar composition), the rate of polymerization ap-
proaches zero. However, in Figure 34 the experi-
mental curves of runs 4, 10, and 12 show a more
complex behavior, and the model fitting is not
good. In this case, for a molar composition of 70/30
VA/BA, after most BA has been consumed (40%
conversion), the rate of reaction decreases to a
lower value than the one predicted by the model,
especially for runs 4 and 12, and at higher con-
versions a gel effect, not included in the model,
seems to set on.

Model Lack of Fit for Particle Size Data

Regarding average particle size, for all the sys-
tems studied, model performance is similar to

that observed for styrenic systems: lack of fit be-
tween model and experiment is still significant
but the model qualitatively captures the relation-
ship between particle size and reaction rate.
Smaller particles correspond to a larger number
of them and faster reaction rates. That the gen-
eral trends are correctly predicted by a model that
only includes the micellar nucleation mechanism
points out the predominance of this nucleation
mechanism over others. This confirms order of
magnitude estimations,56 which clearly indicate
the predominance of micellar nucleation over ho-
mogeneous nucleation when operating above the
CMC of the emulsifier. Lack of fit between model
predictions and experimental data for average
particle size may be explained as a consequence of
the complexity of the nucleation phenomena,

Figure 30 Model and experimental conversion–time
curves for the BA/VA system, runs 2, 6, and 13.

Figure 31 Model and experimental average particle
diameter–conversion curves for the BA/VA system,
runs 2, 6, and 13.

Figure 32 Model and experimental conversion–time
curves for the BA/VA system, runs 3, 7, and 9.

Figure 33 Model and experimental average particle
diameter– conversion curves for the BA/VA system,
runs 3, 7, and 9.
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which is still not completely understood and
which may include other nucleation mechanisms.
Also, the sensitivity of the nucleation phenomena
to small amounts of impurities is a factor that
may affect the experimental data.

CONCLUSIONS

In this paper, results of experimental data for
conversion and particle size evolution, as well as
comparison with model predictions, are presented
for four emulsion copolymerizations containing
acrylic monomers. For the first time, the applica-
bility of a general mathematical model for emul-
sion copolymerization, through its ability to fit
and explain experimental data of conversion, par-
ticle size, and copolymer composition, is exten-

sively tested. The experiments covered a wide
range of conditions in which variations on initia-
tor and surfactant concentrations, water to mono-
mer ratio, comonomer composition, and tempera-
ture were included. The aim of this work was to
assess the power of the model for practical applica-
tions.

As in the previous paper dealing with styrenic
systems, it is worthwhile to mention that the
model predicts well the evolution of copolymer
composition with conversion using reactivity ra-
tios taken from the literature. Again, for space
constraints, it is not possible to include plots
showing model predictions and experimental data
for copolymer composition, but these plots are
similar to those included in the first paper of the
series46 obtained with a simpler model.

Due to the formidable complexity of emulsion
copolymerization systems, parameter fitting of
unknown and uncertain parameters of the model
is required to fit large sets of data. Despite all the
efforts in modeling emulsion polymerization, still
an important set of parameters are of semiempiri-
cal nature if a model of reasonable generality is to
be written out. The approach in this work was to
allow changes in adjustable parameters for a
given copolymerization system, depending on
temperature and initial monomer composition,
but keeping the parameters constant for simulta-
neous variations in emulsifier concentration, ini-
tiator concentration, and monomer to water ratio.
Also, values for fitted parameters were allowed to
change between physically reasonable limits,
based on information available in the literature
from the corresponding homopolymerization sys-
tems.

Parameter estimation for these systems is
also a challenging task. Large sets of data, as
the ones presented in this series, as well as
specialized tools of experimental design and es-
timation, are necessary for reliable data fitting

Table XIV Values of Parameters Fitted for
Runs 3, 7, 9, and 4, 10, 12, of System Butyl
Acrylate/Vinyl Acetate (60°C)

Parameter

Value

Units30/70 70/30

kmm
� kmp

1.8 � 10�7 5 � 10�6 m/s
aem 1.5 � 10�17 2.5 � 10�18 m2

Deff,1 1 � 10�11 2 � 10�9 m2/s
Deff,2 6 � 10�9 1.2 � 10�9 m2/s

Figure 34 Model and experimental conversion–time
curves for the BA/VA system, runs 4, 10, and 12.

Figure 35 Model and experimental average particle
diameter–conversion curves for the BA/VA system,
runs 4, 10, and 12.
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and parameter estimation. Some work address-
ing the unicity in determination of parameters
is in progress.57

Given the complexity and peculiarities of spe-
cific emulsion copolymerization systems, the
question has been raised if it is at all possible to
have a general model for this type of system.58 It
is clear that we are still not able to totally achieve
predictive modeling for these systems, especially
due to the lack of independently measured pa-
rameters. Still, this series of papers tries to show
where we stand now in terms of quantitative
modeling and which areas need further research
work.

It was again found, as in part 1 of this series,
that several parameters, especially aem and CMC
of the surfactant, entry rate coefficients kmmi and
kmmR and diffusion coefficients, may depend on
copolymer composition. Independent measure-
ment of these parameters, as a function of copol-
ymer composition, is highly desirable.

It must be emphasized that this model should
be taken with caution if is to be used for param-
eter estimation or if parameters estimated in this
work are to be used elsewhere. Due to the global
nature of the model used, values of fitted param-
eters are affected by other estimated parameters

since they are expected to be correlated given the
structure of the model (e.g., Deffi).

Also, given the correlation structure of the model
and the fact that the parameter values were kept
constant throughout the course of each specific sim-
ulated reaction, the trends shown by some of the
parameters may be affected by the values of other
estimated parameters. It is true that for parameters
such as effective diffusion coefficients or CMC, com-
position drift may change the parameter values
during the course of the reaction; however we de-
cided to use a unique average constant value for
each parameter throughout each simulation as a
reasonable first approximation.

All this confirms the conclusion of the first
paper of the series in which the importance of
independently measuring the adjusted parame-
ters is emphasized.

The authors are indebted to Prof. W. Harmon Ray and
the sponsors of the University of Wisconsin Polymer-
ization Reaction Engineering Laboratory, for permis-
sion to use experimental data obtained in their labora-
tory, use of the POLYRED software package, and gen-
erous financial support and hospitality during the
project. The authors are also grateful for valuable com-
ments and discussions with Prof. Ray. O. Araujo wishes

Table A.I Parameters for the System Methyl Methacrylate/Butyl Acrylate

Symbol Parameter (Units) Value (Ref.) Conditions

�M Methyl methacrylate density (kg/L) 0.887/0.899 (59) 70°C/60°C
�BA Butyl acrylate density (kg/L) 0.894 (60) 25°C
EPM Methyl methacrylate propagation activation energy (kJ/mol) 18.039 (59)
APM Arrhenius methyl methacrylate propagation constant (cm3/

mol/s)
4.9 � 108 (59)

kPBA Butyl acrylate propagation constant (cm3/mol/s) 1.2 � 106 (55)
rM Methyl methacrylate reactivity ratio 1.88 (60) 60°C
rBA Butyl acrylate reactivity ratio 0.43 (60) 60°C
ETM Methyl methacrylate termination activation energy (kJ/mol) 2.932 (59)
ATM Arrhenius methyl methacrylate termination constant

(cm3/mol/s)
9.8 � 1010 (59)

kTBA Butyl acrylate termination constant (cm3/mol/s) 1.8 � 107 (60) 35°C
EtrM Methyl methacrylate transfer to monomer activation energy

(kJ/mol)
76.562 (59)

AtrM Arrhenius methyl methacrylate transfer to monomer constant
(cm3/mol/s)

2.3 � 1011 (59)

EtrBA Butyl acrylate transfer to monomer activation energy (kJ/mol) 64.125
AtrM Arrhenius butyl acrylate transfer to monomer constant (cm3/

mol/s)
4.3 � 1011

�	 Parameter surfactant adsorption isotherm, gmol/m2 3 � 10�10 (a)
bs Parameter surfactant adsorption isotherm, L/gmol 2 � 103 (a)
CMC Critical micelle concentration (gmol/l) 8 � 10�3 (a)
A7 Gel effect parameter, L�1 3.5 � 102 (a)

a Estimated from ref. 1.
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Table A.II Parameters for the System Methyl Methacrylate/Butadiene

Symbol Parameter (Units) Value (Ref.) Conditions

�M Methyl methacrylate density (kg/L) 0.887/0.876 (59) 70°C/80°C
�B Butadiene density (kg/L) 0.571/0.533 (61) 70°C/80°C
EPM Methyl methacrylate propagation activation energy (kJ/mol) 18.039 (59)
APM Arrhenius methyl methacrylate propagation constant (cm3/mol/s) 4.9 � 108 (59)
EPB Butadiene propagation activation energy (kJ/mol) 38.874 (50)
APB Arrhenius butadiene propagation constant (cm3/mol/s) 1.2 � 1011 (50)
rM Methyl methacrylate reactivity ratio 0.25 (60) 90°C
rB Butadiene reactivity ratio 0.75 (60) 90°C
ETM Methyl methacrylate termination activation energy (kJ/mol) 2.932 (59)
ATM Arrhenius methyl methacrylate termination constant (cm3/mol/s) 9.8 � 1010 (59)
kTB Butadiene termination constant (cm3/mol/s) 1.3 � 109 (a)
EtrM Methyl methacrylate transfer to monomer activation energy (kJ/mol) 76.562 (59)
AtrM Arrhenius methyl methacrylate transfer to monomer constant (cm3/

mol/s)
2.3 � 1011 (59)

EtrB Butadiene transfer to monomer activation energy (kJ/mol) 38.874 (55)
AtrB Arrhenius butadiene transfer to monomer constant (cm3/mol/s) 5.9 � 107 (55)
�	 Parameter surfactant adsorption isotherm, gmol/m2 3 � 10�10(a)
bs Parameter surfactant adsorption isotherm, L/gmol 2 � 103 (a)
CMC Critical micelle concentration (gmol/L) 8 � 10�3 (a)
A7 Gel effect parameter, L�1 3.5 � 102 (a)

a Estimated from ref. 1.

Table A.III Parameters for the System Methyl Methacrylate/Vinyl Acetate

Symbol Parameter (Units) Value (Ref.) Conditions

�M Methyl methacrylate density (kg/L) 0.887/0.899 (59) 70°C/60°C
�VA Vinyl acetate density (kg/L) 0.932 (60) 20°C
EPM Methyl methacrylate propagation activation energy (kJ/mol) 18.039 (59)
APM Arrhenius methyl methacrylate propagation constant (cm3/

mol/s)
4.9 � 108 (59)

EPVA Vinyl acetate propagation activation energy (kJ/mol) 18.726 (55)
APVA Arrhenius vinyl acetate propagation constant (cm3/mol/s) 2 � 109 (55)
rM Methyl methacrylate reactivity ratio 26 (60) 60°C
rVA Vinyl acetate reactivity ratio 0.03 (60) 60°C
ETM Methyl methacrylate termination activation energy (kJ/mol) 2.932 (59)
ATM Arrhenius methyl methacrylate termination constant (cm3/

mol/s)
9.8 � 1010 (59)

ETVA Vinyl acetate termination activation energy (kJ/mol) 13.376 (55)
ATVA Arrhenius vinyl acetate termination constant (cm3/mol/s) 3.7 � 1012 (55)
EtrM Methyl methacrylate transfer to monomer activation energy

(kJ/mol)
76.562 (59)

AtrM Arrhenius methyl methacrylate transfer to monomer
constant (cm3/mol/s)

2.3 � 1011 (59)

EtrVA Vinyl acetate transfer to monomer activation energy (kJ/mol) 18.726 (55)
AtrVA Arrhenius vinyl acetate transfer to monomer constant (cm3/

mol/s)
4.6 � 105 (55)

�	 Parameter surfactant adsorption isotherm, gmol/m2 3 � 10�10 (a)
bs Parameter surfactant adsorption isotherm, L/gmol 2 � 103 (a)
CMC Critical micelle concentration (gmol/L) 8 � 10�3 (a)
A7 Gel effect parameter, L�1 3.5 � 102 (a)

a Estimated from ref. 1.
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APPENDIX: PARAMETERS TAKEN FROM
THE LITERATURE OR ESTIMATED A PRIORI
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