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Model Prediction of Batch Emulsion Copolymerization as a 
Function of Conversion: A Sensitivity Analysis 

LlLlAN F. J. NOEL, I A N  A. MAXWELL,* WlLLY J. M. V A N  WELL, and ANTON 1. GERMANt 

Department of Polymer Chemistry and Technology, Eindhoven University of Technology, 
5600 MB Eindhoven, The Netherlands 

SYNOPSIS 

Recently a model has been developed capable of predicting absolute monomer concentrations 
and their ratios in the polymer, aqueous, and monomer droplet phases as a function of 
conversion in batch emulsion copolymerizations without using any adjustable parameters. 
In this article the sensitivity of model predictions of composition drift toward deviations 
of 10% in all model parameters (maximum swellabilities of monomer in the polymer phase, 
water solubilities, reactivity ratios, and monomer and polymer densities) was estimated 
using the monomer combination methyl methacrylate-styrene as an example. From the 
sensitivity analysis it can be concluded that the reactivity ratios are the most important 
parameters affecting composition drift. The effects of deviations in maximum swellabilities 
and monomer and polymer densities on composition drift can be neglected, while the water 
solubility is important only in those cases where the amount of monomer in the aqueous 
phase cannot be neglected as compared with the total monomer amount. 0 1994 John Wiley 
& Sons, Inc. 
Keywords: emulsion copolymerization composition drift modelling sensitivity analysis 

INTRODUCTION 

The course of batch emulsion copolymerization re- 
actions mainly depends on the reactivity ratios and 
on the monomer partitioning behavior of the two 
monomers between the various phases of the emul- 
sion system. The use of emulsion copolymer models 
requires the knowledge of monomer concentrations 
within the particle phase, where reaction is assumed 
to take place. Based on monomer partitioning re- 
lationships, model development can be performed. 
For this purpose thermodynamic relations developed 
by Morton for emulsion homo-polymerizations 
were extended to emulsion  copolymerization^.^*^^^,^ 
However, this approach involves many parameters 
of which the values are often not known. Further- 
more, the physical significance of the interaction 

* Sydney University Polymer Centre, School of Chemistry 
Fll, University of Sydney, NSW 2006 Sydney, Australia. ' To whom all correspondence should be addressed. 
Journal of Polymer Science: Part A Polymer Chemistry, Vol. 32,2161-2168 (1994) 
0 1994 John Wiley & Sons, Inc. CCC 0&37-624X/94/112161-08 

parameters used is rather vague since they include 
temperature-dependent enthalpic and temperature- 
independent entropic effects; parameters that often 
depend on the polymer concentration. Recently, 
simplifications of generally accepted thermodynamic 
relationships have been developed by Maxwell et 
a1.6 for saturation swelling and by Noel et aL7 for 
partial swelling of particles by two monomers. The 
use of these new and simple relations is very con- 
venient since they require only the homo-monomer 
saturation concentrations of the individual mono- 
mers in the aqueous phase (water solubility) and in 
the polymer phase (maximum swellability ) to be 
known. Note that the application of these relation- 
ships does not involve the use of interaction param- 
eters. The use of the recently developed monomer 
partitioning relations is valid for all monomer sys- 
tems that have equal monomer mol fractions in the 
polymer and droplet phases a t  saturation swelling. 
It has been shown experimentally 6,7 and theoretically' 
that this condition is met for several monomer sys- 
tems. Possible exceptions are monomers that do not 
swell their polymer and monomers that are fully 
miscible with water. 

2161 
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Based on these new relationships for monomer 
partitioning, combined with mass balance equations, 
model development was performed by Noel et al.' 
in order to predict batch emulsion copolymerization 
in terms of monomer mol fractions within the par- 
ticle phase, hereafter referred to as composition drift, 
and absolute monomer concentrations as a function 
of conversion. This model is referred to as "the 
model" in the rest of this article. Assuming the for- 
mation of homogeneous particles, model predictions 
can be performed if the reactivity ratios, water sol- 
ubilities, maximum swellabilities, monomer and 
polymer densities, and the recipe conditions 
(monomer amounts and water volume) are known. 
The model described by Noel et al? has been shown 
to give good agreement between theory and 
experiments9910 for the monomer combinations 
methyl acrylate-vinyl acetate and methyl acrylate- 
indene. 

It is of great importance to know the sensitivity 
of the model predictions to the various parameters 
used for model prediction. For this reason, this ar- 
ticle investigates the effects of deviations in water 
solubilities, swellabilities, reactivity ratios, and 
monomer and polymer densities on the predicted 
course of emulsion copolymerization in terms of 
composition drift and absolute monomer concen- 
trations. The effect on copolymer composition can 
be observed by studying the change in the monomer 
mol fraction in the polymer phase for different pa- 
rameter values as a function of conversion. Note 
that any effects of model parameters on the mono- 
mer mol fraction in the polymer phase can be linked 
directly with copolymer composition by the well- 
known instantaneous copolymer equation.11,12 

In this article the sensitivity of model predictions, 
i.e., of composition drift and absolute monomer 
concentrations in the polymer phase, for deviations 
up to 10% in reactivity ratios, water solubilities, 
maximum swellabilities, and monomer and polymer 
densities was investigated using the monomer com- 
bination methyl methacrylate-styrene ( MMA-Sty ) 
as a model system. The MMA-Sty monomer system 
was selected since it has been the subject of several 
investigations, 13-22 resulting in many known pa- 
rameters. 

For model predictions of MMA-Sty, amongst 
others, the maximum swellability and water solu- 
bility need to be known. Comparing results of No- 
mura et al.,14 who found that the maximum swell- 
abilities of Sty and MMA in the copolymer MMA- 
Sty were independent of the copolymer composition 
at  50"C, with results of other investigators23924 in- 
dicates that maximum swellabilities are temperature 

independent in the range of 20-50°C. Based on these 
data we adopted for the present sensitivity analysis 
the following copolymer independent maximum 
swellabilities: [MMA],,,,, = 6.3 k 0.63 mol/L and 
[Sty],,,,t = 5.5 f 0.55 mol/L. All other model pa- 
rameter values were either found in the literature 
or have been determined experimentally at 40" C by 
using densimetry for density values and gas chro- 
matography analysis of monomer-saturated water 
for the determination of the water solubility of 
MMA. All standard parameters used for model pre- 
dictions are listed in Table I. The accuracy of water 
solubility and maximum swellability values is ap- 
proximately 10%. For common monomer systems 
(as MMA-Sty) of which the reactivity ratios have 
been determined several times by analysis of low 
conversion bulk or solution (in the absence of sol- 
vent effects) polymerization, the average error on 
the reactivity ratios is approximately 10%. Note that 
for other monomer systems these deviations may be 
larger due to a lack of experimental data. The error 
on the density values of monomer and polymer nor- 
mally is approximately 1%. Since the 10% deviation 
in model parameters represents the estimated pre- 
cision in most of the model parameters, this devia- 
tion is selected to investigate the sensitivity of model 
predictions for deviations in the model parameters 
(the total error is 20%; see Table I for standard pa- 
rameters and Table I1 for deviating parameters). 
For convenience, this 10% deviation has been used 
for all model parameters that have been the subject 
of this sensitivity analysis. 

RESULTS AND DISCUSSION 

On behalf of the sensitivity analysis, a standard rec- 
ipe was adopted for the model predictions of MMA- 

Table I. 
Predictions of MMA-Sty Copolymerizations at 40°C 

Model Parameters Used for Model 

Model Parameter MMA Sty 

Swellability (mol/L) 6.3 5.5 
Water solubility (mol/L) 0.12" 0.O03Bb 
Monomer density (g/cm3) 0.918" 0.887' 
Polymer density (g/cm3) 1.161" 1.046' 
Reactivity ratiosd 0.46 0.523 

a These values were determined experimentally by gas chro- 
matography or densimetry. 

Value determined by Lane et al?5 
Values determined by Patnode et a1?6 
Values determined by Fukuda et al.15 
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Table 11. Standard (SM4) and Deviating Model Parameters (SM1-SM12)' 

Name M/W fo,MMA [MMAla,sat (h) [St~la,sat (h) [MMAlp,m (h) [St~lp,sat (h) 

SM1 0.02 0.5 0.12 0.0038 6.3 5.5 
SM2 0.05 0.5 0.12 0.0038 6.3 5.5 
SM3 0.1 0.5 0.12 0.0038 6.3 5.5 
SM4 0.2 0.5 0.12 0.0038 6.3 5.5 
SM5 0.4 0.5 0.12 0.0038 6.3 5.5 
SM6 1.0 0.5 0.12 0.0038 6.3 5.5 
SM7 0.2 0.5 0.132 0.00342 6.3 5.5 
SM8 0.2 0.5 0.108 0.00418 6.3 5.5 
SM9 0.2 0.5 0.12 0.0038 6.93 6.05 
SMlO 0.2 0.5 0.12 0.0038 5.67 4.95 
S M l l  0.2 0.25 0.12 0.0038 6.3 5.5 
SM12 0.2 0.75 0.12 0.0038 6.3 5.5 

a Used to perform a sensitivity analysis of the theoretical model used for predictions of batch emulsion copolymerizations. The 
sensitivity of homo-monomer saturation concentrations, monomer-to-water ratios, and overall monomer mol fractions are tested. All 
other parameters as in Table I. 

Sty copolymerizations with a monomer-to-water 
ratio of 0.2 and an overall monomer mol fraction of 
f,,MMA = 0.5 (SM4: Tables 11 and 111). All possible 
deviations in model predictions resulting from the 
use of other model parameters were compared with 
this standard recipe. The deviating model parame- 
ters are shown in Tables I1 and 111. Deviations in 
changing homo-monomer saturation concentrations 
are expected to depend on the monomer-to-water 
ratio. For this reason, the following sections present 
the effects of deviations in model parameters on the 
mol fraction of MMA in the polymer phase, fp,MMA, 

as a function of changing monomer-to-water ratios 
( SM1-SM6). 

Homo-Monomer Saturation Concentrations 
The effects of deviations up to 10% in homo-mono- 
mer saturation concentrations in both the aqueous 

Table 111. 
Prediction Parameters (SM13-SM18)" 

Standard (SM4) and Deviating Model 

Name rMMA rStv PMMA.m PStv.m PMMA.D PStv.D 

SM4 0.46 0.523 0.918 0.887 1.161 1.046 
SM13 0.506 0.471 0.918 0.887 1.161 1.046 
SM14 0.414 0.575 0.918 0.887 1.161 1.046 
SM15 0.46 0.523 0.826 0.797 1.161 1.046 
SM16 0.46 0.523 1.010 0.975 1.161 1.046 
SM17 0.46 0.523 0.918 0.887 1.277 1.151 
SM18 0.46 0.523 0.918 0.887 1.045 0.941 

Used to perform a sensitivity analysis of the theoretical 
model. The sensitivity of reactivity ratios (FMMA and rsty) and 
monomer and polymer densities (SM13-SM18) are tested. All 
other parameters as in Table I. 

phase (water solubility) and the polymer phase 
( swellability ) were investigated by comparing model 
predictions with deviation model parameters with 
the standard prediction (SM4). For this purpose 
the water solubility value of both monomers was 
varied separately and also simultaneously. Simul- 
taneously varied water solubilities resulted in the 
strongest deviations in model predictions of com- 
position drift and/ or absolute monomer concentra- 
tions. The simultaneously varied model parameters 
leading to the largest deviations are depicted in Ta- 
ble I1 (SM7 and SM8). A similar approach was 
adopted for deviations in the maximum swellabilities 
of monomer in the polymer phase (Table 11: SM9 
and SM10). The predictions of the monomer rnol 
fraction in the polymer phase as a function of con- 
version do not noticeably depend on the 10% devia- 
tion in homo-monomer saturation concentrations 
in both the polymer and the aqueous phase (all pre- 
dicted curves coincide; SM4, SM7, SM8, SM9, and 
SM10). The effects of changing homo-monomer 
saturation concentrations (both aqueous and poly- 
mer particle phase) on the absolute monomer con- 
centrations in the polymer phase can be seen in Fig- 
ure 1. 

Water Solubility 

The negligible effect of changing water solubility 
values on the predictions of monomer mol fractions 
and total monomer concentration in the polymer 
phase as a function of conversion (Fig. 1 ) is a result 
of the negligible amount of monomer located in the 
aqueous phase (6  g) as compared with the total 
monomer amount (200 g) . Increasing the water sol- 
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1 -  a .., ’., 
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Conversion 

Figure 1. The absolute monomer concentration in the 
polymer phase is depicted as a function of conversion for 
model predictions in which the water solubility and the 
maximum swellability was changed (SM4 and SM7- 
SM10: the model parameters can be seen in Table 11). 

ubility value of the more water soluble monomer 
will lead to an increase of the total amount of mono- 
mer dissolved in the aqueous phase. However, the 
maximum experimental difference of 10% will not 
make the amount of monomer located in the aqueous 
phase significant as compared with the total amount 
of monomer present in the predicted reaction. 

Swellability 

The effects of varying swellabilities on model pre- 
dictions of composition drift and absolute monomer 
concentrations in the polymer phase (Fig. 1 ) can be 
described by dividing the model prediction into a 
saturated interval I1 region and an unsaturated in- 
terval I11 region. Since the monomer mol fraction 
in the polymer particle phase equals the monomer 
mol fraction in the monomer droplet p h a ~ e , ~ ’ ~  
changing swellability values will only affect the total 
monomer concentration in the polymer phase and 
the amount of monomer droplet phase at  saturation 
swelling. This results in monomer mol fractions in 
the polymer phase totally independent of the swell- 
ability values of both monomers in the polymer 
phase at saturation ~ w e l l i n g . ~ , ~ ~  In other words, at 
saturation swelling composition drift is not a t  all 
influenced by maximum swellability values. 

At partial swelling it has been shown that mono- 
mer partitioning between the polymer particle and 
aqueous phase depends only on the maximum swell- 
ability of the monomers in the polymer Dif- 
ferent maximum swellabilities will affect the cur- 
vature of the relationship between the degree of sat- 

uration of the aqueous and polymer phases. In Figure 
2, the relation between the degree of saturation in 
the aqueous and polymer phases is presented for 
several maximum swellability values, illustrating 
that even the largest deviations in maximum swell- 
ability have only a small effect on the curvature of 
the line. Furthermore, the different curvature can 
lead to deviating monomer mol fractions only if the 
amount of monomer in the aqueous phase cannot 
be neglected as compared with the total monomer 
amount. For MMA-Sty predictions with monomer- 
to-water ratios of M/W = 0.2, the amount of mono- 
mer in the aqueous phase is negligible as compared 
with the total amount of monomer (6  g to 200 g) . 
From this it can also be concluded that at partial 
swelling the maximum swellability of monomer in 
the polymer phase has a negligible effect on com- 
position drift. 

From Figure 1 it can be seen that the maximum 
swellability of monomers in the polymer phase will 
affect the absolute monomer concentration in the 
polymer particle phase at  saturation swelling. Al- 
though the absolute monomer concentrations are 
quantities that are not important for composition 
drift (only the mol fraction in the polymer is rele- 
vant), it is an important parameter affecting poly- 
merization rates at saturation swelling. As can be 
seen in Figure 1, the disappearance of droplets at 
the end of interval I1 is affected strongly by the 

1.00 

0.80 

a 0.60 

b? 0.40 

3 

m m 

0.20 

0.00 
0.00 0.20 0.40 0.60 0.80 1.00 

% sat a 

Figure 2. The degree of saturation in the polymer ( %  
sat p )  is depicted as a function of the degree of saturation 
in the aqueous phase ( % sat a )  illustrating the monomer 
partitioning behavior in interval I11 (partial swelling). 
The curvature of the lines depends on the maximum 
swellability. The theoretical lines are depicted for maxi- 
mum swellabilities of MMA (6.3 mol/L), Sty (5.5 mol/ 
L )  , and the swellibilities taking 10% error into account 
on the MMA and Sty values (minimum, 4.95 mol/L and 
maximum, 6.93 mol/L). 
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maximum swellability. At partial swelling, the 
monomer concentration in the polymer particle de- 
creases with conversion in an approximately linear 
manner. At partial swelling the use of different 
swellability values does not lead to considerable dif- 
ferences between the absolute monomer concentra- 
tions in the polymer phase as a function of conver- 
sion, i.e., a t  partial swelling the maximum swella- 
bilities are no longer of importance to the 
polymerization rate. 

It should be noted that the deviations in monomer 
mol fraction and absolute monomer concentrations 
in the polymer phase depend on the monomer-to- 
water ratio and on the water solubility of the selected 
monomer combination. In case the amount of 
monomer in the aqueous phase is not negligible as 
compared with the total amount of monomer, the 
monomer mol fraction in the polymer phase will de- 
viate more from the standard prediction. This im- 
plies directly that, for monomer combinations with 
lower water solubility values than MMA (< 0.12 
mol/L) , the effect of water solubility on composition 
drift can be neglected. Furthermore, it can be ex- 
pected that, for monomers with water solubility val- 
ues higher than MMA, the monomer amount in the 
aqueous phase may no longer be neglected as com- 
pared with the total monomer amount. In these cases 
the effect of water solubility on composition drift 
may be significant even at higher monomer-to-water 
ratios. 

For the monomer combination MMA-Sty the de- 
viations in monomer mol fraction and absolute 

5 11 

2 - I ’‘**.. 
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Figure 3. The predicted maximum deviations in the 
monomer rnol fraction in the polymer phase resulting from 
different ( -  - -) water solubility and (- * - - -) swellability 
values are depicted as a function of the monomer-to-water 
ratio. 
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Figure 4. The predicted maximum deviations in the 
absolute monomer concentration in the polymer phase re- 
sulting from different (- - - ) water solubility and (- - - - -) 
swellability values are depicted as a function of the mono- 
mer-to-water ratio. 

monomer concentrations in the polymer phase as a 
function of the monomer-to-water ratio are esti- 
mated by comparison between predictions with 
standard model parameters and deviating parame- 
ters. From Figure 3 it can be seen that the maximum 
deviations in predicted monomer mol fraction in the 
polymer phase are larger at low monomer-to-water 
ratios. Note that the effect of deviations in the max- 
imum swellability can be neglected even at low 
monomer-to-water ratios, while the effect of devia- 
tions in water solubility can no longer be neglected 
for monomer-to-water ratios below M/W = 0.02. 

Comparison of standard model parameters with 
deviating parameters results in large, significant de- 
viations in the absolute monomer concentrations in 
the polymer phase at saturation swelling, as can be 
seen in Figure 4. Note, however, that these large 
deviations in monomer concentration in the polymer 
phase are present only at saturation swelling. At the 
end of interval 11, these deviations will quickly re- 
duce to negligible effects of maximum swellability 
values on the maximum concentrations in the poly- 
mer phase. The deviations in monomer concentra- 
tions in the polymer phase caused by deviating water 
solubilities increase with decreasing monomer-to- 
water ratios (Fig. 4). At monomer-to-water ratios 
lower than M / W  = 0.05 these deviations can no 
longer be neglected. 

The most important conclusions that can be 
drawn from the above discussion about the effect of 
deviating homo-monomer saturation concentrations 
on model predictions are: 
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1. In MMA-Sty copolymerization reactions, the 
effect of changing water solubilities on the 
monomer mol fraction in the polymer phase, 
i.e., on composition drift and copolymer 
composition distributions, is limited to low 
monomer-to-water ratios (M/W < 0.02), 
since in these cases the amount of monomer 
located in the aqueous phase no longer can 
be neglected as compared with the total 
amount of monomer. 

2. Composition drift in copolymerization reac- 
tions is virtually independent of the maxi- 
mum swellability of monomer in polymer for 
monomer systems in which the monomer mol 
fractions in the polymer and monomer drop- 
let phase at saturation swelling are equal. 

3. In MMA-Sty copolymerizations, the effect of 
deviations in water solubility on the absolute 
monomer concentrations is limited to low 
monomer-to-water ratios (M/  W < 0.05). 

4. The maximum swellability will have a large 
effect on the absolute monomer concentra- 
tions in the polymer phase. 

The most important aim of the model described by 
Noel et al.' is the prediction of composition drift 
occurring in batch emulsion copolymerization re- 
actions. In this respect, conclusions 3 and 4 are ir- 
relevant since the absolute monomer concentrations 
will only affect the polymerization rate, leaving 
composition drift unchanged. 

0.80 1 

0.40 ' 
0.00 0.20 0.40 0.60 0.80 1.00 

Conversion 

Figure 5. The monomer mol fraction in the polymer 
phase is depicted as a function of conversion for several 
reactivity ratios. The model parameters of the reactions 
representing SM4, SM13, and SM14 can be seen in Table 
111. 

Reactivity Ratios 

The effect of deviations up to 10% in reactivity ratios 
on the predicted monomer mol fraction in the poly- 
mer phase increases with increasing conversion, as 
can be seen in Figure 5. Due to small deviations in 
consecutive conversion steps (of 1% conversion) 
taken in the model prediction, accumulation of the 
deviations occurs leading to the largest deviations 
at  100% conversion. Note that although larger con- 
version steps would reduce the accumulation of small 
deviations, this would make the approximation of 
constant monomer and copolymer composition dur- 
ing that conversion step dubious. Changes of 10% 
of only one of the reactivity ratios will already lead 
to deviations of 5% at  90% conversion and to de- 
viations of 10% at  100% conversion. Deviations in 
both reactivity ratios may even double the deviations 
in monomer mol fraction in the polymer phase. The 
reactivity ratios are, therefore, the most important 
parameters for model predictions of composition 
drift. This is in sharp contrast with the negligible 
effect of deviations in reactivity ratios on the to- 
tal monomer concentration in the polymer phase 
( < 2% ) . This is due to the relatively small difference 
between the maximum swellability values of MMA 
and Sty. Performing similar model predictions at 
different overall monomer mol fractions results in 
approximately the same deviations in monomer mol 
fractions and absolute monomer concentrations in 
the polymer phase, as could be expected since the 
reactivity ratios are an intrinsic property of the co- 
polymer system. 

Monomer and Polymer Densities 

Recipe conditions, such as the amount of monomers 
and the volume of the aqueous phase, are known 
within small deviations of 1%. A sensitivity analysis 
shows that both composition drift and absolute 
monomer concentrations in the polymer phase are 
not significantly affected by these small deviations. 
Other important parameters needed for model pre- 
dictions are the density values of both monomers 
and homo-polymers participating in the simulated 
batch emulsion polymerization. These density values 
are often known in the literature within a small re- 
liability interval of approximately 1%. A sensitivity 
analysis of small errors of 1% in both the monomer 
and polymer densities showed that here also pre- 
dictions of composition drift and absolute monomer 
concentrations are within experimental error. For 
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Figure 6. The absolute monomer concentration in the 
polymer phase is depicted as a function of conversion for 
model predictions performed with deviating monomer and 
polymer density values. The model parameters of the re- 
actions representing SM4 and SM15-SM18 can be seen 
in Table 111. 

monomers of which the monomer and polymer den- 
sities are not known, a rough estimation (of 10% 
accuracy) of both values is good enough to obtain 
correct composition drift predictions. This was con- 
cluded from model predictions in which first the 
monomer and then the polymer densities were 
changed 10% (Table 111: SM15-SM18), resulting 
in almost identical monomer mol fractions as a 
function of conversion. The effects of changing 
monomer and polymer densities on the absolute 
monomer concentrations in the polymer phase can 
be observed in Figure 6, indicating that the predicted 
end of interval I1 is influenced by the monomer and 
polymer densities. The maximum deviations in the 
absolute monomer concentrations in the polymer 
phase resulting from different monomer and polymer 
density values are approximately 6% (at  ca. 40% 
conversion) and 8% (a t  100% conversion) for de- 
viating monomer and polymer densities, respec- 
tively. 

CONCLUSIONS 

From the sensitivity analysis it can be concluded 
that predicted composition drift occurring in batch 
emulsion copolymerizations strongly depends on the 
reactivity ratios. Due to accumulation of small de- 
viations in consecutive conversion steps, the final 
deviation at  high conversion ( > 90% ) can no longer 

be neglected. The effect of water solubility on com- 
position drift is significant only when the amount 
of monomer dissolved in the aqueous phase cannot 
be neglected as compared with the total monomer 
amount. For the monomer combination MMA-Sty, 
this effect becomes important a t  low monomer-to- 
water ratios (< 0.02) only. For monomer combi- 
nations with lower water solubility values as com- 
pared with MMA (< 0.12 mol/L) this effect of water 
solubility on composition drift can be neglected, 
whereas this effect may be significant even at higher 
monomer-to-water ratios for monomers with higher 
water solubility values. The effects on composition 
drift of maximum swellability values and monomer 
and polymer densities can be neglected. 
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