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ABSTRACT: We developed a mathematical model to de-
scribe the behavior of semibatch styrene suspension poly-
merization processes, where the constituents of a typical
emulsion polymerization process are added into the reaction
vessel during the course of a typical suspension reaction.
This technique was recently described for the production of
core–shell polymer particles. The model assumes that the
nucleated emulsion particles can agglomerate with the
sticky and much bigger suspension particles and that the

agglomeration rate constant is a function of the internal
states of the suspended droplets. The proposed model pre-
sented good agreement with experimental conversion, aver-
age molecular weight, and molecular weight distribution
data. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 96: 1950–1967,
2005

Key words: emulsion polymerization; modeling; molecular
weight distribution/molar mass distribution

INTRODUCTION

A large number of experimental techniques have been
used successfully for the production of polymer resins
with broad/bimodal molecular weight distributions
(MWDs). This goal may be achieved by the sudden
modification of the concentrations of chain-transfer
agents,1,2 the modification of reactor operation condi-
tions,3 or polymerization with mixtures of different
catalysts.4 Broad MWDs can also be produced through
the blending of different polymer resins during the
final processing stage. However, in this case, the final
performance of the polymer material may be affected
by the much less efficient mixing of the polymer
chains. Therefore, there are incentives to produce
polymer materials with broad MWDs at the reaction
stage.

In the first article of this series, an alternative tech-
nique was developed for the production of broad/
bimodal MWD polymer resins.5 The developed tech-
nique consists of a semibatch suspension polymeriza-
tion process where the components of a conventional
emulsion polymerization recipe are fed into the reac-

tion vessel during the course of a typical suspension
polymerization process. The reported experimental
data show that by the variation of the moment when
the emulsion process charge is added into the reactor,
both the MWD and the particle morphology can be
changed, allowing for the formation of core–shell
polymer structures and bimodal MWDs.

Extensive modeling studies have been carried out
for polymerization processes.6 An ideal model for a
polymerization process should be able to predict the
end-use properties of the polymer resin as a function
of the operation conditions.7 However, for most poly-
merization processes, this type of model is not avail-
able yet. The large majority of modeling and control
studies have been devoted to the prediction of the
molecular properties of the final polymer resin. Math-
ematical models that are able to predict the particle
size distribution,8 MWD,9 and copolymer composi-
tion10 of polymer materials have been successfully
reported. As these models can be used for both the
design of polymer materials and the control of the
final polymer characteristics, there are huge incentives
for the development of accurate mathematical models
for polymerization processes.

Suspension polymerization processes are character-
ized by the use of monomers that are insoluble in a
continuous phase, generally water, and by the fact that
monomer droplets are dispersed in the continuous
phase through a combination of strong agitation and
the use of suspending agents.11 Polymerization starts
when an oil-soluble initiator is added to the system.
Polymerization reactions occur inside the stabilized
monomer droplets, which can be considered microre-
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actors. For this reason, the polymerization kinetics are
similar to the kinetics of the bulk polymerization sys-
tem.6 Polymerizations usually follow a free-radical
mechanism, and the average particle size of the final
polymer particle lies within the interval of 10 �m to 5
mm. As the polymer particles contain a very large
number of radicals, the average molecular weights of
the final product are normally much lower than the
average molecular weights of resins prepared in emul-
sion.12 Further details regarding the modeling of sus-
pension polymerization processes can be found else-
where.13–15

Emulsion polymerization processes are also charac-
terized by the use of a continuous phase, generally
water. However, contrary to suspension polymeriza-
tion systems, emulsifiers simultaneously stabilize the
monomer droplets and form micelles, which nucleate
the polymer particles, the main loci of the polymer-
ization. Besides, the initiator is normally soluble in the
aqueous phase, so that complex mass-transfer steps
may take place during the reaction course.16 Accord-
ing to the classical mechanism,17 polymer particle nu-
cleation occurs in the first stage of the polymerization,
when radicals formed in the aqueous phase either
enter a monomer swollen micelle (micellar nucleation)
or precipitate after reaching a critical size (homoge-
neous nucleation).18 As the size of the monomer drop-
lets is much larger (1–100 �m) than the size of the
micelles (1–10 nm) and the final polymer particles (ca.
100 nm), radicals generated in the aqueous phase are
captured mostly by the micelles and the polymer par-
ticles, the main loci of the polymerization, whereas
monomer droplets act as raw material reservoirs. The
second stage begins when the particle nucleation is
finished. At this stage, the concentration of monomer
inside polymer particles is kept essentially constant.
When the monomer droplets disappear, the third
stage begins, and the polymerization continues until
the complete depletion of the monomer. The final
product of the polymerization is a latex with particle
size typically ranging from 100 to 1000 nm.18 Because
of its compartmentalized character, emulsion poly-
merization processes can simultaneously present high
reaction rates and products with high average molec-
ular weights. Also, the final product can eventually be
used in the latex form, with no need for an additional
separation stage.19 The classical work of Smith and
Ewart,20 dealing with the 0–1 kinetics, was the first
attempt to model the emulsion polymerization pro-
cess. Min and Ray21 presented a very detailed math-
ematical model for emulsion reactions, considering
complex kinetic phenomena such as homogeneous nu-
cleation, particle breakage, and particle coalescence.
Recently, Saldivar et al.22 and Gao and Penlidis16 pre-
sented detailed mathematical models for emulsion co-
polymerization processes.

Our main objective in this article is to present a
mathematical model for styrene semibatch suspension
processes, when the constituents of a typical emulsion
recipe are fed into the reaction vessel during the
course of a typical suspension polymerization reac-
tion. The mathematical model was validated with ex-
perimental data reported by Lenzi et al.23 The model-
ing approach is based on models reported previously
for suspension and emulsion processes. The main fea-
ture of these semibatch suspension processes is the
formation of a core–shell structure, which is taken into
account by the assumption that part of the emulsified
polymer material is captured by the suspended poly-
mer particles, in accordance with a first-order rate of
agglomeration. The captured polymer material forms
the particle shell, whereas the original suspended
droplets form the particle core. We show that the
mathematical model is able to describe the evolution
of the experimental monomer conversion and molec-
ular weight averages very successfully. Also, the
mathematical model is also able to predict the evolu-
tion of the full MWD of the polymer resin very accu-
rately.

MATHEMATICAL MODELING

The semibatch suspension polymerization process
presents features of typical emulsion and suspension
polymerizations. For instance, during the first mo-
ments of a semibatch reaction, the polymerization fol-
lows a typical suspension polymerization scheme. Af-
ter the initiation of the monomer feeding, polymeriza-
tion reactions occur simultaneously inside the
suspended and the emulsified polymer particles. For
this reason, it is convenient to present and validate the
modeling approaches used to describe the emulsion
and suspension polymerizations before the presenta-
tion of the detailed mathematical model used to de-
scribe the semibatch polymerization process.

Modeling of the conventional emulsion
polymerization process

The mathematical model developed to describe the
emulsion polymerization process comprises a set of
differential–algebraic equations. Model equations
were derived by assuming that

1. The reactor is perfectly mixed.
2. Reactions occur under isothermal conditions.
3. Particle coalescence and particle breakage do

not occur in the polymer particle level.
4. Initiator decomposition occurs in the aqueous

phase, and polymerization reactions occur in-
side the polymer particles.
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5. The compartmentalization of growing radicals
can be described by the classical 0–1 polymer-
ization kinetics.20

6. Radical desorption from polymer particles does
not occur.

7. Particle nucleation occurs through micellar nu-
cleation.

8. Kinetic parameters do not depend on the chain
size.

9. Monomer concentrations inside the monomer
droplets and polymer particles are in equilib-
rium. (However, to allow for more efficient im-
plementation of the numerical code, mass bal-
ance equations were derived with nonequilib-
rium conditions.)

10. Radicals originated by initiator decomposition
and chain transfer to monomer have similar
reactivity.

The reaction mechanism used to describe the poly-
merization kinetics is presented in Table I. Chain-
transfer reactions to monomer were considered to be
the unique type of chain-transfer reactions to occur.

The initiator decomposition is considered to be a
first-order rate process and can be described by eq. (1).
As mentioned before, micellar nucleation is responsi-
ble for the formation of new polymer particles. There-
fore, the number of particles is given by eq. (2), which
assumes that the probability of an existing radical to
enter a micelle is proportional to the relative micellar
interfacial area of the overall population of micelles
and polymer particles:

dI
dt � �kd

emuI (1)

dNP

dt � �2femukd
emuI�� Nmicamic

Nmicamic � NPaP
� (2)

where I is the number of moles of initiator, t is the time
(s), kd

emu is the water-soluble initiator decomposition
rate constant (1/s), femu is the water-soluble initiator
efficiency, Nmic is the number of micelles, amic is the
surface area of the micelle, NP is the number of poly-
mer particles formed in the emulsion polymerization
process, and aP is the surface area of a polymer particle
of the emulsion polymerization process (cm2).

We also assumed that the partitioning of emulsifier
among the many phases that constitute the reaction
medium follows a priority order. The surfactant first
covers the polymer particles; the remaining emulsifier
molecules saturate the aqueous phase; and finally, the
remaining amount of emulsifier forms the micelles.
The amount of surfactant needed to cover the mono-
mer droplets is considerably smaller than the amount
needed to cover the polymer particles. This is mainly
due to the low interfacial area of the monomer drop-
lets. Further details can be found elsewhere.24

Monomer can be found in three phases of the reac-
tion medium: the aqueous phase, the polymer parti-
cles, and the monomer droplets. Equations (3)–(5)
present the monomer mass balances for each of these
phases. The equilibrium concentrations were calcu-
lated with monomer partition coefficients, as reported
in the literature.25 For simulation purposes, mass-
transfer coefficients were assumed to be very large so
that monomer concentrations were at equilibrium:

dMPart

dt � �rP
emu � kmPart�AQaPart�AQ��MPart� � �MPart

EQ ��

(3)

dMAQ

dt � �kmPart�AQaPart�AQ��MAQ� � �MAQ
EQ ��

� kmmon�AQamon�AQ��MAQ� � �MAQ
EQ �� (4)

dMmon

dt � MFEED � kmmon�AQamon�AQ��Mmon� � �Mmon
EQ ��

(5)

where M� is the number of moles of monomer in the
phase �, where � is the monomer, polymer particles,
or aqueous phase; rP

emu is the propagation rate of the
emulsion polymerization process (mol cm�3 � s�1);
kmPart–AQ is the monomer mass-transfer coefficient be-
tween the polymer particles and aqueous phase in the
emulsion polymerization process (cm/s); [M�] is the
monomer concentration in the phase �, where � is the
monomer, polymer particles, or aqueous phase (if the
superscript EQ is present, this indicates the equilib-

TABLE I
Mechanisms for the Emulsion Polymerization Reaction

Initiator decomposition IO¡
kd

emu

2R•

Particle nucleation R•� mic3 P1
Radical entry in a particle with

no growing radical R•�Part3 P1
Radical entry in a particle

containing a growing radical R•� Pn3�n

Propagation Pn � M ¡
kP

Pn�1

Chain transfer to monomer M � PmO¡
ktf_mon

�m � P1

I � initiator; R• � radical formed by initiator decomposi-
tion; mic � micelle; Part � polymer particle of the emulsion
process containing no growing polymer chains; Pn � grow-
ing polymer radical with a chain size equal to n; �n � poly-
mer chain with a chain size equal to n; M � monomer.
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rium monomer concentration in the phase indicated
by the mass-transfer coefficient; mol/cm3); aPart–AQ is
the interfacial area between the polymer particle and
the aqueous phase and monomer droplets in the emul-
sion polymerization process (cm2); kmmon–AQ is the
monomer mass-transfer coefficient between the mono-
mer droplets and aqueous phase in the emulsion po-
lymerization process (cm/s); amon–AQ is the interfacial
area between the aqueous phase and the monomer
droplets in the emulsion polymerization process
(cm2); and MFEED is the monomer feed flow rate.

The polymerization rate is given by eq. (6). We
derived eq. (6) by considering that the emulsion poly-
merization kinetics follows the classical 0–1 system.
Therefore, the average number of growing radicals
per polymer particle is equal to 0.5:

rP
emu � kP�MPart��n�NP

NA
� � kP�MPart��0.5NP

NA
� (6)

where kP is the propagation rate constant (cm3 mol�1

s�1), n is the average number of growing radicals per
particle of the emulsion polymerization process, and
NA is Avogadro’s number.

The model equations used to describe the molecular
weight averages were derived with the classical mo-
ments technique.26 Pseudosteady state was assumed
for growing radicals. Equations (7) and (8) present the
kth-order moments for growing radicals and dead
polymer chains, respectively, based on the kinetic
mechanism presented in Table I.

d�k

dt � ��kP/VPol�MPart�k � �kP/VPol�MPart �
i�1

	

�i � 1�kPi

� �ktf_mon/VPol�MPart�k � �ktf_mon/VPol�MPart�0

� 2femukd
emuI� n�aPNP

amicNmic � aPNP
�� �k

n�N� P
�

� 2femukd
emuI�amicNmic � n�aPNP

amicNmic � aPNP
� (7)

d�k

dt � �ktf_mon/VPol�MPart�k � 2femukd
emuI� n�aPNP

amicNmic � aPNP
�

� � �k

n�NP
� (8)

where �k is the kth-order moment of the growing
polymer chain distribution, VPol is the volume of the
polymer phase of the emulsion polymerization pro-
cess (cm3), Pi is the number of moles of growing
polymer radicals with a chain size equal to i, ktf_mon is
the chain transfer to monomer rate constant (cm3

mol�1 � s�1), and �k is the kth-order moment of the
dead polymer chain distribution.

One should observe that �0 and �0 describe the
overall molar concentrations of live and dead polymer
chains, respectively, whereas �1 and �1 describe the
overall molar concentrations of mers in live and dead
polymer chains, respectively. The higher order mo-
ments do not have physical meaning but can be used
for the computation of the main statistical properties
of the MWDs of the live and dead polymer chains.26

The shape of the MWD cannot be recovered just
through computation of the molecular weight averag-
es.26 It is also well known that the shape of the MWD
significantly influences the end-use properties of the
polymer resin; therefore, the mathematical model be-
comes a more efficient and reliable tool if it can predict
the full MWD. The approach used here for MWD
calculation is similar to the one reported by Kiparis-
sides et al.27 based on the computation of the mass
balances of each individual dead polymer chain. How-
ever, to improve the efficiency of the numerical
scheme, the population of growing polymer chains
was assumed to follow the Flory distribution.28 There-
fore

d�n

dt � �ktf_mon/VPol�MPart�0�1 � q�qn�1

� 2femukd
emuI� n�aPNP

amicNmic � aPNP
���0�1 � q�qn�1

n�NP
� (9)

where � is the number of moles of polymer, n is the
chain length, and q is Flory’s probability of propaga-
tion and is equal to q � ı��1/ı�, ı���1/�0. q is the
propagation probability and i is the number-average
chain size of the MWD of live polymer chains, calcu-
lated in terms of the leading statistical moments, and
is equal to �1/�0.

Modeling of the conventional suspension
polymerization process

Because of the larger size, polymer particles formed in
the suspension process may contain a large number of
growing radicals;13 consequently, the compartmental-
ized character of the polymer particles is lost, and each
monomer droplet can be regarded as a microreactor.
For this reason, the kinetic behavior of the suspension
process is similar to the kinetic behavior of a bulk
polymerization process.6 The following assumptions
were also made for model derivation:

1. The reactor is perfectly mixed.
2. Reactions are performed under isothermal con-

ditions.
3. Reactions do not occur in the aqueous phase.
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4. The initiator is present only in the organic
phase.

5. Radical desorption from polymer particles does
not occur.

6. Kinetic parameters do not depend on the chain
size.

7. Radicals originated by initiator decomposition
and chain transfer to monomer have similar
reactivity.

The reaction mechanism used for the derivation of
the mathematical model is presented in Table II.
Again, chain-transfer reactions to monomer were con-
sidered to be the unique type of chain-transfer reac-
tions to occur.

As a droplet-by-droplet modeling approach is not
necessary, the mathematical model of the suspension
polymerization process is simpler than the model of
the emulsion polymerization process. The rate of ini-
tiator decomposition can be considered as a first-order
rate process described by eq. (10). The monomer bal-
ance is given by eq. (11). The propagation rate was
derived by consideration of the long-chain hypothesis
and is given by eq. (12):

dI
dt � �kd

suspI (10)

dM
dt � �rP

suspVorg (11)

rP
susp � kP�M��2fsuspkd

susp�I�
kt_comb

(12)

where kd
susp is the oil-soluble initiator decomposition

rate constant (1/s), M is the number of moles of
monomer, rP

susp is the propagation rate of the bulk/
suspension polymerization process (mol cm�3 � s�1),
Vorg is the volume of the organic phase of the sus-
pension/bulk polymerization process (cm3), [M] is
the monomer concentration, fsusp is the oil-soluble
initiator efficiency, [I] is the initiator concentration,
and kt_comb is the termination by combination rate
constant (cm3 mol�1 � s�1).

The moments technique is also used here to calcu-
late the molecular weight averages. The leading mo-
ments of the growing polymer chains distribution can
be obtained by eq. (13), whereas eq. (14) can be used to
derive the leading moments of the dead polymer
chain distribution. The pseudo-steady-state hypothe-
sis can be used for deriving the moment equations for
the growing polymer chains:

d�k

dt � 2fsuspkd
suspI � �kP/Vorg�M�k

� �kP/Vorg�M �
i�1

	

�i � 1�kPi � �ktf_mon/Vorg�M�k

� �kt_comb/Vorg��k�0 � �ktf_mon/Vorg�M�0 (13)

d�k

dt � �ktf_mon/Vorg�M�k

� �kt_comb/�2Vorg�� �
n�1

	

Pn �
i�1

	

�n � i�kPi (14)

The full MWD of the polymer produced by the sus-
pension process can be calculated as in the emulsion
polymerization process. The assumptions previously
used are also considered valid for the suspension pro-
cess. Equation (15) presents the mass balance for dead
polymer chains of size n:

d�n

dt � �ktf_mon/Vorg�M�0�1 � q�qn�1

� �kt_comb/�2Vorg���0�0�1 � q�2�n � 1�qn�2 (15)

Modeling of the semibatch suspension
polymerization process

The semibatch suspension polymerization process stud-
ied here is not conventional because the constituents of a
typical emulsion polymerization process are charged
into the reaction vessel during the course of a previously
started suspension polymerization. So, it is worth divid-
ing the model into two parts. The first part comprises
only the suspension polymerization process and can be
described by eqs. (10)–(15). The second part of the model

TABLE II
Mechanism for the Suspension Polymerization Reaction

Initiator decomposition IO¡
kd

susp

2R•

R• � M 3 P1

Propagation Pn � M ¡
kP

Pn�1

Chain transfer to monomer M � PmO¡
ktf_mon

�m � P1

Termination by combination Pn � PmO¡
kt_comb

�n�m

I � initiator; R• � radical formed by initiator decomposi-
tion; M � monomer; Pn � growing polymer radical with a
chain size equal to n; �n � polymer chain with a chain size
equal to n.

1954 LENZI ET AL.



requires that both the suspension and emulsion poly-
merization processes be taken into account as they are
performed simultaneously inside the same reaction ves-
sel. The experimental results obtained by Lenzi et al.23

clearly show that the two processes are not independent
and interact with each other. This conclusion is based on
the formation of the core–shell structure and on changes
of the molecular weight averages during the course of
the polymerization.

Figure 1 illustrates the distinct phases of the re-
action medium during the second part of the semi-
batch suspension polymerization process, when
feeding of the emulsion components is started. The
presence of (1) polymer beads produced in the first
reaction step, (2) polymer particles formed by the
emulsion polymerization process, (4) monomer
droplets, (5) water, (6) micelles, and (7) free surfac-
tant is shown. A third polymeric phase (3) is formed
through agglomeration of the emulsified polymer
particles over the previously formed polymer beads
originated by the suspension polymerization pro-
cess. It must be emphasized that this agglomeration
process originates the core–shell morphology of the
final product.

All of the assumptions used previously to describe
the conventional emulsion and suspension polymer-
ization processes are assumed to remain valid. How-
ever, some additional hypotheses need to be consid-
ered because of the interaction between both of the
polymerization processes:

1. The compartmentalization character of the poly-
mer particles formed by the emulsion polymer-
ization process is lost when these particles are
captured by the polymer beads formed by the
suspension polymerization process.

2. Mass transfer is allowed between the core (1)
and the shell (3) of the polymer beads.

3. The agglomeration phenomena can be de-
scribed as a first-order rate process. The param-
eter of the emulsion polymer particle agglomer-
ation process [kNP (1/s)] was used to describe
this first-order rate equation. Therefore, the

higher the value of kNP is, the higher the rate of
agglomeration among suspended and emulsi-
fied polymer particles will be.

It is important to emphasize that agglomeration is
assumed to occur among emulsified polymer parti-
cles over the polymer particles previously formed
by the suspension process, as observed experimen-
tally. The agglomeration rates are expected to de-
pend on the overall interfacial surface formed be-
tween the suspended polymer beads and the con-
tinuous aqueous phase, on the characteristics of the
interface (interfacial tension, viscosity, etc.), and on
the mixing conditions (agitation speed, shear rates,
vessel geometry, etc.). As a first attempt to describe
the agglomeration phenomena, these details are
completely neglected, and kNP is assumed to be
constant throughout the batch (although kNP is al-
lowed to vary from batch to batch). This is in accor-
dance with the assumptions that the overall interfa-
cial surface, surface characteristics, and mixing con-
ditions do not change significantly after the startup
of the emulsion feeding. As shown in the next para-
graphs, these assumptions, although very simple,
allow for proper interpretation of available experi-
mental data.

The reaction mechanism used for derivation of the
mathematical model of the second reaction step is
presented in Table III. The mechanism considers that
the polymerization reactions occur in three distinct
polymer phases: the polymer beads formed by the
suspension process (phase I), the polymer particles
formed by the emulsion polymerization process
(phase II) and the shell formed by the agglomeration
process (phase III). The other phases present in the
reactor are the raw monomer droplets (phase IV) and
the water (phase V).

The initiator and monomer mass balances in each of
the phases present in the reactor are given by eqs.
(16)–(18) and (19)–(23), respectively. Attention must
be paid to the following points:

1. The initiator used for the emulsion process can-
not initiate polymer chains in the suspended
particles.

2. Equilibrium concentrations are obtained with
the aid of partition coefficients.

3. The agglomeration process is represented in
eqs. (20) and (21) by the rate terms, which are
multiplied by kNP.

dII

dt � �kd
suspII � kiI–IIIaI–III��II� � �II�EQ�� (16)

dIIII

dt � �kd
suspIIII � kiI–IIIaI–III��IIII� � �IIII�EQ�� (17)

Figure 1 Components of the reaction medium in the sec-
ond part of the semibatch polymerization process
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dIV

dt � �kd
emuIV (18)

dMI

dt � �rP
suspVI � kmI–IIIaI–III��MI� � �MI�EQ�� (19)

dMII

dt � �rP
emu � kmII–VaII–V��MII� � �MV�EQ�� � kNPMII

(20)

dMIII

dt � �rP
suspVIII � kmI–IIIaI–III��MIII� � �MIII�EQ��

� kNPMII � kmIII–VaIII–V��MIII� � �MIII�EQ�� (21)

dMIV

dt � FEED � kmIV–VaIV–V��MIV� � �MIV�EQ�� (22)

dMV

dt � �kmIV–VaIV–V��MV� � �MV�EQ�� � kmII–VaII–V��MV�

� �MV�EQ�� � kmIII–VaIII–V��MV� � �MV�EQ�� (23)

where I� is the number of moles of initiator in the
phase �, where � is I, III, or V; kiI–III is the oil-soluble
initiator mass-transfer coefficient between phases I
and III; aI–III is the interfacial area between phases I
and III; [I�] is the initiator concentration in the phase
�, where � is I or III (if the superscript EQ is present,
this indicates the equilibrium monomer concentration
in the phase indicated by the mass-transfer coefficient;
mol/L); M� is the number of moles of monomer in the
phase �, where � is I, II, III, IV, or V; V� is the volume
of the phase �, where � is I, II, III, IV, or V (cm3); kmI–III
is the monomer mass-transfer coefficient between
phases I and III (cm/s); [M�] is the monomer concen-
tration in the phase �, where � is I, II, III, IV, or V (if
the superscript EQ is present, this indicates the equi-
librium monomer concentration in the phase indicated
by the mass-transfer coefficient; mol/cm3); kmII–V is
the monomer mass-transfer coefficient between
phases II and V (cm/s); aII–V is the interfacial area
between phases II and V (cm2); kmIII–V is the monomer
mass-transfer coefficient between phases III and V
(cm/s); aIII–V is the interfacial area between phases III
and V (cm2); kmIV–V is the monomer mass-transfer
coefficient between phases IV and V (cm/s); and aIV–V
is the interfacial area between phases IV and V (cm2).

The number of polymer particles formed by the
emulsion process is given by eq. (24). The main dif-
ference from eq. (2) is the presence of the term that
accounts for the loss of particles due to agglomeration,
leading to the formation of the particle shell. For mod-
eling purposes, the partition of the emulsifier among
the existing phases is assumed to occur as previously
described for the conventional emulsion polymeriza-
tion process:

dNP

dt � �2femukd
emuIV�� Nmicamic

Nmicamic � NPaP
� � kNPNP (24)

The polymerization rates are given by eqs. (25) and
(26). The kinetic behavior inside the suspension beads
and the polymer shell is similar to the kinetic behavior
of bulk polymerization processes. However, as con-
centrations in the core and in the shell are not the
same, the reaction rates in both phases may be very
different. On the other hand, the emulsion polymer-
ization process follows the classical 0–1 system, with
compartmentalization of the growing polymer chains:

rP
susp�I � kP�MI��2fsuspkd

susp�II�

kt_comb
(25)

rP
susp�III � kP�MIII��2fsuspkd

susp�IIII�

kt_comb
(26)

rP
emu � kP�MII��n�NP

NA
� � kP�MII��0.5NP

NA
� (27)

TABLE III
Mechanism for the Semibatch Suspension

Polymerization Reaction

Initiator decomposition II,IIIO¡
kd

susp

2R•I,III

R•I,III�MI,III3P1
I,III

Propagation Pn
I,III � MI,III ¡

kP

Pn�1
I,III

Chain transfer to monomer MI,III � Pm
I,IIIO¡

ktf_mon

�m
I,III � P1

I,III

Termination by combination Pn
I,III � Pm

I,IIIO¡
kt_comb

�n�m
I,III

Initiator decomposition IVO¡
kd

emu

2R•V

Particle nucleation R•V� mic3 P1
II

Radical entry in a particle with
no growing radical R•V� Part3 P1

II

Radical entry in a particle
containing a growing radical R•V� Pn

II3 �n

Propagation Pn
II � MII ¡

kP

Pn�1
II

Chain transfer to monomer
MII � Pm

IIO¡
ktf_mon

�m
II � P1

II

The superscripts I–V refer to the distinct polymer phases
described in the text. I � initiator; R• � radical formed by
initiator decomposition; M � monomer; Pn � growing poly-
mer radical with a chain size equal to n; �n � polymer chain
with a chain size equal to n; mic � micelle; Part � polymer
particle of the emulsion process containing no growing poly-
mer chains.
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where rP
susp–� is the propagation rate of the bulk/

suspension polymerization process in the phase �,
where � is I or III (mol cm�3 � s�1).

The molecular weight averages were also obtained
through the leading moments of the MWD of the
polymer chains of phases I (polymer chains formed by
the suspension polymerization process), II (polymer
chains formed by the emulsion polymerization pro-
cess) and III (polymer chains of the polymeric shell),
as shown in eqs. (28)�(30) for growing polymer
chains and eqs. (31)�(33) for dead polymer chains.
Equations (29) and (30) for growing radicals and eqs.
(32) and (33) are coupled because of the core–shell
structure:

d�k
I

dt � 2fsuspkd
suspII � �kP/VI�MI�k

I

� �kP/VI�MI �
i�1

	

�i � 1�kPi
I � �ktf_mon/VI�MI�k

I

� �kt_comb/VI��k
I�0

I � �ktf_mon/VI�MI�0
I (28)

d�k
II

dt � ��kP/VII�MII�k
II � �kP/VII�MII �

i�1

	

�i � 1�kPi
II

� �ktf_mon/VII�MII�k
II � �ktf_mon/VII�MII�0

II

� 2femukd
emuIV� n�aPNP

amicNmic � aPNP
�� �k

II

n�NP
�

� 2femukd
emuIV�amicNmic � n�aPNP

amicNmic � aPNP
� � kNP�k

II (29)

d�k
III

dt � 2fsuspkd
suspIIII � �kP/VIII�MIII�k

III � �kP/VIII�MIII �
i�1

	

�i

� 1�kPi
III � �ktf_mon/VIII�MIII�k

III � �kt_comb/VIII��k
III�0

III

� �ktf_mon/VIII�MIII�0
III � kNP�k

II (30)

d�k
I

dt � �ktf_mon/VI�MI�k
I

� �kt_comb/�2VI�� �
n�1

	

Pn
I �

i�1

	

�n � i�kPi
I (31)

d�k
II

dt � �ktf_mon/VII�MII�k
II � 2femukd

emuIV� n�aPNP

amicNmic � aPNP
�

� � �k
II

n�NP
� � kNP�K

II (32)

d�k
III

dt � �ktf_mon/VIII�MIII�k
III

� �kt_comb/�2VIII�� �
n�1

	

Pn
III �

i�1

	

�n � i�kPi
III � kNP�n

II (33)

where �k
� is the kth-order moment of the growing

polymer chain distribution in the phase �, where � is
I, II, or III; Pi

� is the number of moles of growing
polymer radicals with a chain size equal to i in the
phase �, where � is I, II, or III; and �k

� is the kth-order
moment of the dead polymer chain distribution in the
phase �, where � is I, II, or III.

The weight-average molecular weight (Mw; g/mol)
and the number-average molecular weight (Mn;
g/mol) of the final polymer resin are given by eqs. (34)
and (35), respectively:

Mw �
�2

III � �2
II � �2

I

�1
III � �1

II � �1
I PMmon (34)

Mn �
�1

III � �1
II � �1

I

�0
III � �0

II � �0
I PMmon (35)

where PMmon is the monomer molecular weight (g/
mol).

The mathematical model is also capable of calculat-
ing the MWD of the final polymer resin. The approach
used is similar to the one previously described for
conventional emulsion and suspension polymeriza-
tion processes. Therefore, we developed population
balances for the growing and dead polymer chains of
the three polymer phases by considering the agglom-
eration process, which is responsible for the coupling
of the mass balances of phases II and III. The balance
equations for phases I, II, and III are given by eqs.
(36)�(38), respectively:

d�n
I

dt � �ktf_mon/VI�MI�0
I�1 � qI��qI�n�1

� �kt_comb/�2VI���0
I�0

I�1 � qI�2�n � 1��qI�n�2 (36)

d�n
II

dt � �ktf_mon/VII�MII�0
II�1 � qII��qII�n�1 � kNP�n

II

� 2femukd
emuIII� n�aPNP

amicNmic � aPNP
���0

II�1 � qII��qII�n�1

n�NP
� (37)

d�n
III

dt � �ktf_mon/VIII�MIII�0
III�1 � qIII��qIII�n�1

� �kt_comb/�2VIII���0
III�0

III�1 � qIII�2�n � 1��qIII�n�2 � kNP�n
II

(38)
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where �n
� is the number of moles of polymer chains

with chain length n in the phase �, where � is I, II, or
III, and where q� � (i�� � 1)/i�� and i�� � �1

�/�0
� for

when the phase � is I, II, or III.
The MWD of the final product is given as the sum of

the polymer contents of each phase, as given in eq.
(39):

�n
final�t� � �n

III�t� � �n
II�t� � �n

I �t� (39)

where �i
final is the number of moles of polymer chains

with chain length i in the final product of the semi-
batch suspension process.

Model parameters

The developed mathematical model comprises a set of
differential–algebraic equations. Model integration

was performed numerically with the DASSL pack-
age.29 The mass-transfer coefficients were set to arbi-
trarily high values to allow for equilibrium conditions
to develop. Table IV presents the values and expres-
sions for the kinetic parameters. The remaining pa-
rameters required for simulation of the emulsion po-
lymerization process can be obtained in Gilbert.25

For proper description of the suspension polymer-
ization process, the termination reaction constant was
corrected to take the gel effect into account. An em-
pirical equation was used to describe the gel effect, as
presented in eq. (40). Model parameters were deter-
mined with the experimental conversion data of Lenzi
et al.,23 obtained for conventional styrene suspension
polymerizations:

g � e��0.1��1.2�2� (40)

where g is the ratio between the termination rate con-
stant at actual reaction conditions and the termination
rate constant at zero monomer conversion at the same
reaction temperature and � is the monomer conver-
sion.

Finally, kNP controls the agglomeration process. A
careful analysis of the experimental data presented by
Lenzi et al.23 leads to the following key conclusions
about this parameter:

1. kNP depends on the size of the polymer particles
formed by the suspension polymerization pro-
cess. The bigger the suspended particles are, the

TABLE IV
Kinetic Parameters

Parameter Value Reference

9.0 
10�6 30
fsusp 0.6 Adjusted for this work
femu 0.6 25
kd

susp 1.7 
 1014
e[�(30,000.0/1.987T)] 12
kd

emu 2.0 
10�5 25
kP 1.09
 1010
e[�7050.0/1.987T)] 12
ktf_mon 2.37
 107
e[�(7816.0/1.987T)] 12
kt_comb 1.70
 1012
e[�(2268.0/1.987T)] 12

CMC � critical micelle concentration.

TABLE V
Polymerization Recipes

Constituent (g)

Polymerization recipe

REAC01 REAC05 REAC06 REAC07

Styrene Charged: 30.0 Charged (S): 100.0 Charged (S): 100.0 Charged (S): 100.0
Pumped: 40.0 Charged (E): 30.0 Charged (E): 30.0 Charged (E): 30.0

Pumped (E): 45.0 Pumped (E): 57.0 Pumped (E): 60.0
Water 500.0 Suspension: 370.0 Suspension: 370.0 Suspension: 400.0

Emulsion: 115.0 Emulsion: 115.0 Emulsion: 112.0
Sodium lauryl sulfate 3.00 2.50 2.50 2.50
Sodium bicarbonate 0.50 0.30 0.30 0.30
Potassium persulfate 0.50 0.30 0.30 0.30
Poly(vinyl alcohol) — 3.00 2.00 2.20
Benzoyl peroxide — 4.00 4.00 4.00

Components

Operation conditions

REAC01 REAC04 REAC05 REAC06

Temperature (°C) 85.0 85.0 85.0 85.0
Agitation speed (rpm) 600 � 50 1500 � 50 1080 � 50 1100 � 50
Impeller (type) 01 01 02 01
Feed time (min) 40 120 120 120

In the Water row, the terms suspension and emulsion indicate the amount of the component used in each polymerization
system, respectively. The symbol S refers to the suspension polymerization and E refers to the emulsion polymerization.
Impeller type 01 was formed by six plane blades with 45° between each blade, and type 02 was a marine propeller. Charged
refers to the amount of monomer used at the beginning of the reaction, and pumped refers to the amount of monomer pumped
along the experimental run.
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lower the surface area will be for a constant
monomer holdup. Therefore, lower kNP values
should be expected for bigger particles.

2. kNP depends on the monomer conversion inside
the polymer particles formed by the suspension
polymerization process. As the monomer con-
version increases above the particle identifica-
tion point (ca. 60–70%), the polymer particles
become more rigid and less subject to agglom-

eration. Therefore, higher kNP values should be
expected for lower monomer conversions.

RESULTS AND DISCUSSION

This section compares the experimental data reported
by Lenzi et al.23 with simulation data obtained with
the proposed mathematical models. First, the conven-
tional emulsion polymerization process is analyzed.
Then, the conventional suspension polymerization is
analyzed with the experimental data obtained during
the first step of the semibatch suspension process. The
experimental data obtained for reaction runs REAC01,
REAC05, REAC06, and REAC07, as reported by Lenzi
et al.,23 were used for modeling purposes. REAC01
was a typical semibatch styrene emulsion polymeriza-
tion. REAC05 and REAC06 were semibatch suspen-
sion polymerizations where the constituents of the
emulsion process were added 2 h after the start of the
conventional suspension process. Finally, REAC07
was a semibatch suspension polymerization where the
constituents of the emulsion process were added 4 h
after the startup of the conventional suspension pro-
cess. These experimental runs led to the simultaneous

Figure 2 Comparison of experimental and modeling re-
sults of the (a) monomer conversion, (b) molecular weight
averages, and (c) MWD at the instant t � 21 min for
REAC01.

Figure 3 Comparison of experimental and modeling re-
sults of the (a) monomer conversion and (b) molecular
weight averages for REAC05.
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formation of the core–shell morphology and of poly-
mer resins with broad MWDs. Further details regard-
ing the experimental procedure and product charac-
terization techniques can be found in Lenzi et al.23

Table V presents the polymerization recipes of the
experimental runs used for the modeling studies.

Emulsion polymerizations

Table V shows the polymerization recipe of REAC01.
Approximately 43% of the monomer was loaded at the
beginning of the reaction, whereas the remaining 57%
of the monomer was fed into the reaction vessel along
the run at a constant feed rate of 1 g/min. Figure 2(a)
compares the evolution of the experimental and sim-
ulated monomer conversion data. High monomer con-
version was achieved in less than 1 h, and there was
fair agreement between the experimental and simula-
tion results. The evolution of simulated and experi-
mental molecular weight averages are shown in Fig-
ure 2(b). Very high molecular weights were achieved.

As all of the chemicals were used as received, impu-
rities and chain-transfer agents accumulated linearly
during the feed time. To take this effect into account,
chain transfer rates were assumed to increase linearly
and proportionally with the monomer feed. This ex-
plains the continuous decrease in the molecular
weight averages. Figure 2(c) shows that the MWD of
the polymer was also described extremely well by the
model. All of these results indicate that model as-
sumptions used to describe the emulsion polymeriza-
tion process could be regarded as very good.

Semibatch suspension polymerizations

The semibatch suspension polymerizations comprise
two distinct steps. The first step is a conventional
batch suspension polymerization process. The second
step is initiated when the constituents of a typical
emulsion polymerization recipe are added into the
reaction vessel. Table V shows the polymerization
recipes for runs REAC05, REAC06, and REAC07. The

Figure 4 Comparison of experimental and modeling results of the MWDs at the instants t � (a) 90 and (b) 168 min for
REAC05.
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experiments were designed to allow for analysis of the
effects of both monomer conversions and average
droplet size on the reaction course. Despite the similar
recipes, REAC05 and REAC06 were performed at dif-
ferent mixing conditions to produce polymer particles
of different sizes. On the other hand, REAC05 and
REAC07 were performed at similar mixing conditions;
however, in REAC05, the constituents of the emulsion
polymerization process were added 2 h after the
startup of the suspension polymerization reactions,
whereas in REAC07, this addition was performed 4 h
after the startup of the suspension reaction.

Figures 3–8 compare the experimental and simula-
tion data obtained for REAC05, REAC06, and
REAC07. The only adjusted parameter was kNP, which
was assumed to be constant along the run. Different
kNP values were estimated for each run, as described
previously.

Immediately before the initiation of the feeding of
the emulsion constituents, the polymer particles of
experimental run REAC05 presented an average di-

ameter of 50 �m. The comparison between experimen-
tal data and model results is shown in Figures 3 and 4.
Figure 3(a) shows the evolution of monomer conver-
sions, whereas Figure 3(b) compares the evolution of
molecular weight averages. A good agreement be-
tween experimental data and model predictions was
achieved. An increase in the Mw was observed after
the addition of the constituents of the emulsion poly-
merization process. The estimated value of kNP was
equal to 2 s�1. As the average particle size before the
addition of the constituents of the emulsion charge
was small, a relatively high surface area was available
for particle agglomeration. To confirm this observa-
tion, the gravimetrical analysis of the solid content of
the supernatant of the final latex indicated that just
0.3% of the polymer material remained emulsified in
the aqueous phase, indicating the high efficiency of
the agglomeration process. Model predictions gave
support to the assumption of the loss of compartmen-
talization after agglomeration of the emulsion poly-
mer particle and the suspension polymer particle. This

Figure 5 Comparison of experimental and modeling results of the (a) monomer conversion and (b) molecular weight
averages for REAC06.
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hypothesis was also supported by the small increase
in the molecular weight averages after the addition of
the emulsion polymerization charge. Although Figure
1 shows that Mw values of 500,000 Da were obtained
during the emulsion process, Mw of the polymer resin
increased from 20,000 Da to only 50,000 Da after the
addition of the emulsion process charge during the
semibatch suspension process. This can be understood
if one realizes that polymerization conditions inside
the emulsion particles after agglomeration were simi-
lar to the polymerization conditions inside the suspen-
sion particles due to the loss of compartmentalization
and mass transfer between phases I and III.

A comparison between the experimental and simu-
lation MWD data is shown in Figure 4 for REAC05.
The analysis of the polymer resin in the reaction vessel
30 min before the addition of the emulsion process
charge is presented in Figure 4(a). Figure 4(b) presents
the analysis 48 min after the startup of emulsion feed-
ing. Again, good agreement between experimental

data and model predictions was observed, although
the low-molecular-weight side of the distribution pre-
sented some discrepancy.

Polymer particles of experimental run REAC06 pre-
sented an average size of 550 �m immediately before
the addition of the emulsion process charge. Particle
sizes were much larger in this case because of the
different agitator impeller used in the experiment. As
in suspension polymerizations, the kinetic behavior
did not depend on the particle size; the monomer
conversions of REAC05 and REAC06 were roughly
the same immediately before the addition of the con-
stituents of the emulsion polymerization process. For
this reason, the influence of the particle size could be
accurately assessed. A comparison between the exper-
imental and simulation results for REAC06 is shown
in Figures 5 and 6. Figure 5(a) shows the evolution of
the monomer conversion, whereas Figure 5(b) com-
pares the evolution of molecular weight averages. Fair
agreement between experimental data and model re-

Figure 6 Comparison of experimental and modeling results of the MWDs at the instants t � (a) 100 and (b) 180 min for
REAC06.
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sults was also achieved. Similar to REAC05, an in-
crease in the molecular weight averages was observed
after the addition of the constituents of the emulsion
polymerization process. A higher increase in the mo-
lecular weight averages was observed for REAC06
when compared to REAC05, due to the slower ag-
glomeration process. As a consequence, higher
amounts of polymer were produced by the emulsion
polymerization, leading to a polymer with a higher
molecular weight. With the experimental data of
REAC06, the value adjusted for kNP was equal 0.01
s�1, which confirmed the lower rates of agglomera-
tion. This value was lower than the value of kNP ad-
justed for REAC05. The main reason was the lower
surface area available for particle agglomeration, as
the monomer conversion of the suspended droplets
before feeding of the emulsion recipe was roughly the
same. It was very interesting to observe that particles
in REAC06 were about 10 times larger than particles in
REAC05, which meant that the interfacial area was
about 100 times smaller in REAC06 than in REAC05.
The values of kNP followed this trend very clearly,
indicating that agglomeration was probably propor-

tional to the interfacial area. In REAC06, the final
efficiency of the agglomeration process was also very
high, as the gravimetrical analysis of the solid contents
of the supernatant of the final product revealed that
just 1.5% of polymer material remained emulsified in
the aqueous phase.

A comparison between the experimental and simu-
lation MWD data is shown in Figure 6. An analysis of
the polymer resin in the reaction vessel 20 min before
the addition of the emulsion process charge is pre-
sented in Figure 6(a). Figure 4(b) presents the analysis
60 min after the startup of emulsion feeding. Again,
good agreement between the experimental data and
the model output was observed.

In REAC07, the constituents of the emulsion poly-
merization recipe were added only 4 h after the
startup of the suspension process. Consequently, the
monomer conversion of the polymer beads of REAC07
was higher than in REAC05, when addition of the
emulsion process charge was started. It seems correct
to assume that if the monomer conversion had no
influence over the agglomeration process, the adjusted
value of kNP for experimental run REAC07 would

Figure 7 Comparison of experimental and modeling results of the (a) monomer conversion and (b) molecular weight
averages for REAC07.
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have to have been similar to the value obtained for
REAC05, due to the similar particle sizes. However,
the adjusted value of kNP for REAC07 was equal to 2

 10�4 s�1, which was considerably lower than the
value adjusted for REAC05 (2 s�1). Thus, it is possible
to conclude that the monomer conversion of the poly-
mer particle produced by the suspension process
played a key role in the agglomeration of the emulsi-
fied polymer particles. This happened because the
particles became more rigid and less sticky when the
monomer conversion of the polymer beads increased.
Therefore, higher agglomeration rates of the emulsion
polymer particles should be expected to take place
when monomer conversion is lower. A comparison
between the experimental and simulation data for
REAC07 is shown in Figures 7 and 8. Figure 7(a)
shows the evolution of the monomer conversion,
whereas Figure 7(b) compares the evolution of the
molecular weight averages. Good agreement between

the experimental data and the model predictions was
achieved. An increase in the molecular weight aver-
ages after the addition of the emulsion polymerization
process was also observed. The increase in the molec-
ular weight averages was higher in REAC07 than ob-
served previously in REAC05 and REAC06 due to the
much lower agglomeration rates, which allowed for
higher amounts of polymer chains to be produced by
the emulsion polymerization process. Although the
polymer particles were not as sticky as in REAC05 and
REAC06, the gravimetrical analysis of the solid con-
tents of the supernatant of the final product revealed
that just 1.5% of the overall polymer material re-
mained in the emulsified form, indicating an efficient
agglomeration process. This fact was also confirmed
by the formation of the core–shell structure.

A comparison of MWD data is shown in Figure 8.
The analysis of the polymer resin in the reaction vessel
30 min before the addition of the emulsion process

Figure 8 Comparison of experimental and modeling results of the MWDs at the instants t � (a) 90 and (b) 280 min for
REAC07.

1964 LENZI ET AL.



charge is presented in Figure 8(a). On the other hand,
Figure 8(b) presents the analysis after 40 min of simul-
taneous reaction. Good agreement between experi-
mental data and model predictions was observed.

The obtained results indicate that kNP may have
experienced dramatic changes along a particular run,
given the extremely different results evaluated for kNP
in REAC05 and REAC07. Therefore, the estimated kNP
values should be regarded as average values that can
represent the average behavior of the run. The com-
puted MWD values were always broader than the
experimental values, which may be an indication that
phases I and III presented very similar chemical com-
positions and that rates of mass transfer were very
high between the core and the shell of the particles.
These effects should be analyzed more deeply in fu-
ture investigations. Despite that, the mathematical
model presented here was able to describe the main
features of the semibatch suspension process used for
the production of the core–shell polymer particles.

CONCLUSIONS

A mathematical model for the semibatch styrene sus-
pension polymerization process proposed by Lenzi et
al.23 was developed and validated with experimental
data. We developed the mathematical model was de-
veloped by linking a previously validated suspension
polymerization process model to an emulsion process
polymerization model by considering the agglomera-
tion of emulsified and suspended polymer particles,
which is responsible for the formation of the core–
shell structure. When the agglomeration phenomenon
was considered a first-order process and the parame-
ter kNP was considered a step function, the experimen-
tal data fit fairly well. It was also shown that the
agglomeration rate depended on the following vari-
ables:

1. The degree of conversion of polymer particles
formed by the suspension polymerization pro-
cess: the lower the initial conversion was, the
higher the rates of agglomeration were.

2. The size of the polymer particles formed by the
suspension polymerization process: the bigger
the particle size was, the smaller the total con-
tact area with the emulsion particles was and
the lower the rates of agglomeration were.
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zilian Agencies) and Queen’s University for scholar-
ships and financial support. The authors also thank
Nitriflex Resinas SA for providing chemicals.

NOMENCLATURE

amic Surface area of a micelle (cm2)

amon–AQ Interfacial area between the aqueous
phase and the monomer droplets in the
emulsion polymerization process (cm2)

aP Surface area of a polymer particle of the
emulsion polymerization process (cm2)

aI–III Interfacial area between phases I and III
(cm2)

aII–V Interfacial area between phases II and V
(cm2)

aIII–V Interfacial area between phases III and V
(cm2)

aIV–V Interfacial area between phases IV and V
(cm2)

aPart–AQ Interfacial area between the polymer par-
ticle and the aqueous phase and mono-
mer droplets in the emulsion polymer-
ization process (cm2)

cmc Critical micelle concentration (g/cm3)
femu Water-soluble initiator efficiency
fsusp Oil-soluble initiator efficiency
i Chain length
i Number-average chain size of the MWD of

live polymer chains, calculated in terms
of the leading statistical moments

[I] Initiator concentration (mol/L)
[I�] Initiator concentration in the phase �,

where � is I or III (if the superscript EQ
is present, this indicates the equilibrium
monomer concentration in the phase in-
dicated by the mass-transfer coefficient;
mol/L)

I Number of moles of initiator
I� Number of moles of initiator in the phase

�, where � is I, III, or V
kd

susp Oil-soluble initiator decomposition rate
constant (1/s)

kd
emu Water-soluble initiator decomposition rate

constant (1/s)
kiI–III Oil-soluble initiator mass-transfer coeffi-

cient between phases I and III (cm/s)
kmI–III Monomer mass-transfer coefficient be-

tween phases I and III (cm/s)
kmII–V Monomer mass-transfer coefficient be-

tween phases II and V (cm/s)
kmIII–V Monomer mass-transfer coefficient be-

tween phases III and V (cm/s)
kmIV–V Monomer mass-transfer coefficient be-

tween phases IV and V (cm/s)
kmmon–AQ Monomer mass-transfer coefficient be-

tween the monomer droplets and aque-
ous phase in the emulsion polymeriza-
tion process (cm/s)

kmPart–AQ Monomer mass-transfer coefficient be-
tween the polymer particles and aque-
ous phase in the emulsion polymeriza-
tion process (cm/s)
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kNP Parameter of the emulsion polymer parti-
cle agglomeration process (1/s)

kP Propagation rate constant (cm3 mol�1 �
s�1)

ktf_mon Chain transfer to monomer rate constant
(cm3 mol�1 � s�1)

kt_comb Termination by combination rate constant
(cm3 mol�1 � s�1)

[M] Monomer concentration (mol/cm3)
[M�] Monomer concentration in the phase �,

where � is I, II, III, IV, or V (if the
superscript EQ is present, this indicates
the equilibrium monomer concentration
in the phase indicated by the mass-
transfer coefficient; mol/cm3)

[M�] Monomer concentration in the phase �,
where � is the monomer, polymer par-
ticles, or aqueous phase (if the super-
script EQ is present, this indicates the
equilibrium monomer concentration in
the phase indicated by the mass-transfer
coefficient; mol/cm3)

M Number of moles of monomer
MFEED Monomer feed flow rate (mol/s)
M� Number of moles of monomer in the phase

�, where � is I, II, III, IV, or V
M� Number of moles of monomer in the phase

�, where � is the monomer, polymer
particles, or aqueous phase

mic Micelle
Mn Number-average molecular weight (g/

mol)
Mw Weight-average molecular weight (g/mol)
n Chain length
n Average number of growing radicals per

particle of the emulsion polymerization
process

NA Avogadro’s number
Nmic Number of micelles
NP Number of polymer particles formed in

the emulsion polymerization process
Pi Number of moles of growing polymer rad-

icals with a chain size equal to i
Pi

� Number of moles of growing polymer rad-
icals with a chain size equal to i in the
phase �, where � is I, II, or III

Part Polymer particle of the emulsion process
containing no growing polymer chains

PMmon Monomer molecular weight (g/mol)
q Flory’s probability of propagation
q� Flory’s probability of propagation in the

phase �, where � is I, II, or III
R � Radical formed by initiator decomposition
R � � Radical formed by initiator decomposition

in the phase �, where � is I, III, or V
rP

susp Propagation rate of the bulk/suspension
polymerization process (mol cm�3 � s�1)

rP
susp–� Propagation rate of the bulk/suspension

polymerization process in the phase �,
where � is I or III (mol cm�3 � s�1)

rP
emu Propagation rate of the emulsion polymer-

ization process (mol cm�3 � s�1)
t Time (s)
V� Volume of the phase �, where � is I, II, III,

IV, or V (cm3)
V� Volume of the phase �, where � is the

aqueous phase, monomer, or polymer
particles (cm3)

Vorg Volume of the organic phase of the sus-
pension/bulk polymerization process
(cm3)

VPol Volume of the polymer phase of the emul-
sion polymerization process (cm3)

Greek symbols

� Number of moles of polymer
�i Number of moles of polymer chains with chain

length i
�i

� Number of moles of polymer chains with chain
length i in the phase �, where � is I, II, or III

�i
final Number of moles of polymer chains with chain

length i in the final product of the semibatch
suspension process

� Monomer conversion
� System phase
�k kth-order moment of the dead polymer chain

distribution
�k

� kth-order moment of the dead polymer chain
distribution in the phase �, where � is I, II, or
III

�k kth-order moment of the growing polymer
chain distribution

�k
� kth-order moment of the growing polymer

chain distribution in the phase �, where � is
I, II, or III
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