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A new method is presented to optimize the reactivities of a prepolymer for the solid-state polymeri-
zation of AA and BB type monomers to obtain high molecular weight polymers. The proposed method
consists of blending the prepolymers of different end group mole ratios to maintain optimal reaction
stoichiometry, and developing a computational procedure to calculate the molecular weight of the
polymer in the solid-state polymerization. A molecular species model is used to calculate the molecular
weight moments of the optimized prepolymer and to calculate the molecular weight development in
a solid-state polymerization. The molecular weight moments of different polymer species in the
prepolymer mixture are estimated by performing the dynamic simulations of a melt prepolymerization
process model in conjunction with a numerical optimizer. The model simulation results show that the
proposed method offers a significantly improved process performance to obtain high molecular weight
condensation polymers in a solid-state polymerization. Bisphenol A polycarbonate is selected as an
example to illustrate the proposed method.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The solid-state polymerization is an important industrial pro-
cess for the production of high molecular weight engineering and
specialty condensation polymers such as polyethylene terephthal-
ate, bisphenol A polycarbonate, and nylons. In a typical solid-state
polycondensation process, the molecular weight of relatively low
molecular weight semicrystalline prepolymers is increased at
a temperature above the polymer’s glass transition temperature
but below its melting point. Volatile polycondensation byproducts
are removed from the polymer particles of several hundred
microns by inert purge gas or vacuum. Although the solid-state
polymerization is a very effective way to increase the molecular
weight of the condensation polymer, the solid-state polymerization
rate is inherently very slow because the mobility of polymer chain
segments is low in the solid state. Therefore, a long reaction time is
required to attain a high polymer molecular weight. Also, a large
consumption of energy is required to purge the condensation
byproducts from the polymer particles. For the industrial pro-
duction of high molecular weight condensation polymers by solid-
state polymerization, continuous reactors such as rotary drum-type
reactors, fixed-bed reactors, fluidized bed reactors, stirred bed
reactors, and moving packed-bed reactors are used. Because of its
: þ1 301 405 0523.
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industrial importance, the solid-state polymerization processes
have been the subject of many experimental and theoretical
modeling studies in recent years [1–19].

There are several factors that affect the rate of solid-state
polymerization in a polymer particle. For example, the intraparticle
mass transfer (diffusion) resistance for the removal of condensation
byproducts is often a rate-controlling process. The smaller the
polymer particle is, the smaller the intraparticle diffusion re-
sistance is for the condensation byproducts; however, if the poly-
mer particles are too small, they are difficult to be processed in
a continuous solid-state polymerization reactor.

The stoichiometric imbalance of the functional end groups of the
prepolymer is another important factor. In a classical linear step-
growth polymerization process, it has been well known that high
molecular weight polymers can be obtained when the reactive end
group ratio is maintained at its stoichiometric value (i.e.,1.0). For the
polymers derived from AB type monomers (A and B are different
reactive end groups), the concentrations of both A and B groups are
always same and the stoichiometric ratio is maintained throughout
the polymerization. If some side reactions occur, the molar ratio of
end groups even in AB type polymerization system can deviate from
the stoichiometry, affecting the rate of solid-state polymerization [7].

When AA and BB type monomers are polymerized in a high-
temperature melt polycondensation process, the deviation from the
stoichiometric end group ratio can cause a serious problem if one of
the monomers is more volatile than the other and a partial loss of the
more volatile monomer occurs during the polymerization. A good
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Nomenclature

A0 AA monomer
An polymeric species A
B0 BB monomer
Bn polymeric species B
Cn polymeric species C
dp particle diameter, mm
Dp diffusivity of phenol, cm2 s�1

[EA]0 initial concentration of A group in prepolymer,
mol L�1

[EA]I concentration of A group in prepolymer I, mol L�1

[EA]II concentration of A group in prepolymer II, mol L�1

[EB]0 initial concentration of B group in
a prepolymer, mol L�1

[EB]I concentration of B group in prepolymer I, mol L�1

[EB]II concentration of B group in prepolymer II, mol L�1

K equilibrium constant
k1 forward reaction rate constant, L mol�1 min�1

k2 reverse reaction rate constant, L mol�1 min�1

kc crystallization rate constant, min�1

Mn number-average molecular weight
Mn;0 number-average molecular weight of prepolymer
Mw weight-average molecular weight
Mw;0 weight-average molecular weight of prepolymer
Mw;cal calculated weight-average molecular weight
Mw;exp experimentally measured weight-average

molecular weight
n number of repeating units
[P] concentration of phenol at time t, mol L�1

r distance from particle center, mm
ra mole ratio of end group at the beginning of melt

prepolymerization
r0a mole ratio of end group in prepolymer
r0a;cal calculated mole ratio of end groups in prepolymer
r0a;exp experimentally measured mole ratio of end groups

in prepolymer
rm initially changed monomer ratio ([DPC]/[BPA]) in

prepolymerization reactor
R particle radius, mm
t reaction time, min
w1 weight fraction of prepolymer I in a polymer blend
w2 weight fraction of prepolymer II in a polymer blend
xc degree of polymer crystallinity
r density of bisphenol A polycarbonate, g cm�3

mi,j (i¼A, B, C; j¼ 0, 1, 2) j-th molecular weight moment of
polymeric species i
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example is a semibatch melt transesterification of bisphenol A (BPA)
and diphenyl carbonate (DPC) for the synthesis of polycarbonate.
The semibatch reactor is operated at 180–230 �C and at reduced
pressure (20–100 mmHg) with a reflux condenser [20,21]. Although
the vapor pressure of bisphenol A is negligibly small at such reaction
temperature, the vapor pressure of DPC is as high as 114 mmHg at
230 �C. As the melt polymerization proceeds, DPC vaporizes to-
gether with phenol (condensation byproduct) as high temperature
and low pressure are applied from the beginning of the polymeri-
zation. Although most of the vaporized diphenyl carbonate is con-
densed and refluxed back to the reactor, a small amount of diphenyl
carbonate might be lost from the reactor. The partial loss of DPC
causes the deviation of the reactive end groups from the optimal
ratio, making it difficult to obtain high polymer molecular weight.
When the prepolymer with a stoichiometrically imbalance end
group ratio is later used as a precursor for the solid-state poly-
merization process, the maximum molecular weight obtainable
becomes severely limited [16,19].

To prevent the deviation of the end group ratio from the stoi-
chiometry in the prepolymerization stage, a small excess of more
volatile monomer (e.g., diphenyl carbonate in a polycarbonate
process) can be used to pre-compensate for its evaporative loss
[20,21]. However, keeping the end group ratio at its target value of
1.0 is often a challenge. For example, in a semibatch process, it is
difficult to monitor the end group concentrations in the reaction
mixture online and to make any corrective control actions to keep
the end group ratio at its optimal target value. The inability of
controlling the end group ratio during the prepolymerization stage
can be the source for the inconsistency in the molecular weight of
the polymer produced by both the prepolymerization and the
solid-state polymerization processes.

In this paper, we present a new method to optimize the end
group mole ratio in a prepolymer for the solid-state polymerization
of AA-BB type condensation polymers. In the proposed method,
a detailed reaction kinetic model is used to modify the end group
ratio in the prepolymer precursor to its most favorable value by
blending the two prepolymers of different molecular weights and
different end group ratios. Then, the optimized and homogeneously
mixed prepolymer is used for the subsequent solid-state poly-
merization. A dynamic melt prepolymerization model is used in
conjunction with a numerical optimization package to estimate the
molecular weight moments of polymeric species in the prepoly-
mers. The proposed method is illustrated through numerical
model simulations.
2. Model development

Let us consider a condensation polymer polymerized from AA
and BB monomers. A and B represent the reactive end groups. Here,
we assume that a partial loss of one of the monomers occurs during
the high-temperature melt prepolymerization process, causing the
molar ratio of A and B groups in the polymer to deviate from the
stoichiometric value (i.e., 1.0). As mentioned earlier, the molecular
weight of the polymer (prepolymer) with a non-stoichiometric end
group mole ratio is difficult to increase by the solid-state poly-
merization. However, if we can modify the end group mole ratio of
the prepolymer to its stoichiometric ratio, the molecular weight of
the polymer can be increased more effectively in the subsequent
solid-state polymerization process. The modification of the end
group mole ratio in the prepolymer can be made by mixing two or
more prepolymers of different end group ratios. It is required that
one of the polymers should have more A groups than B groups and
the other polymer should have more B groups than A groups.

Consider mixing W1 g of prepolymer I and W2 g prepolymer II
with different mole ratios of the functional end groups (e.g., [EA]I/
[EB]I> 1.0; [EA]II/[EB]II< 1.0) to make the mole ratio of the end
groups, [EA]/[EB], to be unity in the mixture. Here, [EA] and [EB] are
the total concentrations of A groups and B groups in the reaction
mixture of polymer molecules of different chain lengths. The
weight fraction of the prepolymer I ðw*

1Þ needed to keep the end
group ratio of 1.0 is easily calculated as

w*
1 ¼

½EA�II�½EB�II�
½EB�I�½EB�II

�
�
�
½EA�I�½EA�II

� (1)

The prepolymer mixture is then polymerized in the solid state to
a high molecular weight polymer. Before the solid-state polymer-
ization, the two prepolymers should be mixed by, for example,
melting so that the polymer molecules from the two different
batches are mixed homogeneously at a molecular level.
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To predict the performance of the solid-state polymerization for
the prepolymer mixture according to Eq. (1), a dynamic reaction
model is needed. Generally, the following data will be available for
the prepolymers: average molecular weights, molecular weight
distributions (measured by gel-permeation chromatography), and
the endgroup concentrations (measured by 13C NMR spectroscopy).
Unfortunately, little is known in the literature about the method to
calculate the molecular weight of the polymer when a mixture of
prepolymers undergoes a solid-state polymerization. In the fol-
lowing, we shall present a method to carry out such calculations.

In this work, we use the molecular species model where each
reacting species is identified by the type of end groups and its chain
length. For example, the following three polymeric species can be
defined for bisphenol A polycarbonate [16,19–22].

An:

CH3

C[ ]

CH3

n
O

O

O OC

O

CO
Bn:
CH3

C O O[ ]H

CH3

n
O

O

C

CH3

C

CH3

OH
Cn:
CH3

C O O[ ]

CH3

n
O

O

CH
In the above example, the two reactive end groups are the
phenyl carbonate group and the hydroxyl group. Note that A0

represents the AA monomer with two terminal A groups and B0

represents the BB monomer with two terminal B groups. The
polycondensation reactions between these polymeric species can
be represented by the following reaction equations:

An þ Bm!Cnþmþ1 þ P ðn;m � 0Þ (2.1)

An þ Cm!Anþm þ P ðn � 0;m � 1Þ (2.2)
Bn þ Cm!Bnþm þ P ðn � 0;m � 1Þ (2.3)
Cn þ Cm!Cnþm þ P ðn;m � 1Þ (2.4)
where n and m are the chain lengths, and P is the condensate (e.g.,
P¼ phenol for bisphenol A polycarbonate process). Note that the
unreacted monomers (A0 and B0) remaining in the reaction mixture
are included in the kinetic scheme. The above reactions are
reversible, and hence, the condensate (P) should be removed from
the reaction mixture by inert purge gas or vacuum to suppress the
reverse reactions.

To calculate the molecular weight averages of the polymer, the
k-th molecular weight moments are defined for each polymeric
species as follows:

mA;k ¼
XN
n¼1

nk½An�; mB;k ¼
XN
n¼1

nk½Bn�; mC;k ¼
XN
n¼1

nk½Cn� (3)

where [An], [Bn] and [Cn] represent the concentrations of corre-
sponding species. The number-average and the weight-average
molecular weights of the polymer are calculated as
Mn ¼ wm
m1

m0
; Mw ¼ wm

m2

m1
(4)

where wm is the molecular weight of a repeating unit, m0, m1, and m2

are the sums of the zero-th, first, and second moments of the three
different molecular weight species. Here, we assume that the con-
tributions of the chain end units to the overall molecular weight of
the polymer are negligible as the chain length is sufficiently large.

For the solid-state polymerization in a single polymer particle, there
can be a radial concentration distribution of functional end groups if
there exists a strong diffusion resistance for the volatile condensation
byproducts. The intraparticle compositional nonuniformity leads to
the radial distribution of polymer chain lengths. The overall molecular
weight averages in a particle then are calculated as

Mn ¼ R3

0
@3

Z R

0

r2

MnðrÞ
dr

1
A
�1

(5.1)

0 Z 1

Mw ¼

1
R3
@3

R

0
r2MwðrÞdrA (5.2)

where r is the radial position in the particle, R is the particle radius,
MnðrÞ and MwðrÞ are the number-average and weight-average
molecular weights of the polymer particle [19].

The kinetic model for the solid-state polymerization in a spher-
ical particle takes the following form [20]:

Condensate:

v½P�
vt
¼ k1

1� xc

"
4

 
½A0� þ

XN
n¼1

½An�
! 
½B0� þ

XN
n¼1

½Bn�
!

þ2
XN
n¼1

½Cn�
 
½A0� þ

XN
n¼1

½An� þ ½B0� þ
XN
n¼1

½Bn�
!

þ
 XN

n¼1

½Cn�
!2#

þ k2½P�
1� xc

"XN
n¼1

½Cn� � 2

 XN
n¼1

n½An�

þ
XN
n¼1

n½Bn� þ
XN
n¼1

n½Cn�
!#
þ DP

�
1
r2

v

vr

�
r2v½P�

vr

��
ð6Þ

AA monomer:

v½A0�
vt
¼ �2k1½A0�

1� xc

"
2½B0� þ

XN
n¼1

ð2½Bn�

þ½Cn�Þ
#
þ k2½P�

1� xc

XN
n¼1

ð2½An� þ ½Cn�Þ ð7Þ

BB monomer:

v½B0�
vt
¼ �2k1½B0�

1� xc

"
2½A0� þ

XN
n¼1

ð2½An�

þ½Cn�Þ
#
þ k2½P�

1� xc

XN
n¼1

ð2½Bn� þ ½Cn�Þ ð8Þ

Polymer species:

v½An�
vt
¼ 2k1

1� xc

"
� 2½An�½B0� � ½An�

XN
m¼1

ð2½Bm�

þ½Cm�Þ þ
Xn

r¼1

½An�r �½Cr�
#
þ k2½P�

1� xc

" XN
r¼nþ1

ð½Cr�

þ2½Ar �Þ � 2n½An�
#
ðn > 1Þ ð9Þ
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v½Bn�
vt
¼ 2k1

1� xc

"
� 2½Bn�½A0� � ½Bn�

XN
m¼1

ð2½Am�

þ½Cm�Þ þ
Xn

r¼1

½Bn�r �½Cr�
#
þ k2½P�

1� xc

" XN
r¼nþ1

ð½Cr�

þ2½Br �Þ � 2n½Bn�
#
ðn > 1Þ ð10Þ

" Xn�1
v½Cn�
vt
¼ 2k1

1� xc
2

r¼0

½An�r�1�½Br� � ð½A0�

þ½B0�Þ½Cn� � ½Cn�
XN

m¼1

ð½Am� þ ½Bm� þ ½Cm�Þ

þ1
2

Xn�1

r¼1

½Cn�r �½Cr �
#
þ k2½P�

1� xc

"
� ð2n� 1Þ½Cn�

þ2
XN
r¼n
ð½Ar� þ ½Br�Þ þ 2

XN
r¼nþ1

½Cr�
#
ðn > 1Þ ð11Þ

In the above equations, k1 is the effective forward reaction rate
constant and k2 is the effective reverse rate constant. The catalyst
concentration has been incorporated into these rate constants [19].
xc is the degree of polymer crystallinity and 1� xc represents the
fraction of the particle that is amorphous. The reaction is assumed
to occur only in the amorphous phase. It is also assumed that xc is
independent of radial position. To calculate the molecular weight
averages of the polymer, the molecular weight moment equations
are derived and solved for the polymer species. The following
equations illustrate the zero-th, first, and the second molecular
weight moments for the An species. The molecular weight
moments for the Bn and Cn species can also be derived similarly.

vmA;0

vt
¼ 2k1

1� xc

�
� 2mA;0

�
mB;0 þ ½B0�

�
þ mC;0½A0�

�
þ k2½P�

1� xc

�
mC;1 � mC;0 � 2mA;0

�
ð12Þ

vmA;1 2k1 � � � � ��

vt

¼
1� xc

� 2mA;1 mB;0 þ ½B0� þ mC;1 mA;0 þ ½A0�

þ k2½P�
2ð1� xcÞ

�
mC;2 � mC;1 � 2

�
mA;2 þ mA;1

��
ð13Þ

vmA;2 2k1 � � � �

vt

¼
1� xc

� 2mA;2 mB;0 þ ½B0� þ mC;2 mA;0

þ½A0�
�
þ 2mA;1mC;1

�
þ k2½P�

6ð1� xcÞ
�
2mC;3 � 3mC;2

þmC;1 � 8mA;3 � 6mA;2 þ 2mA;1
�

ð14Þ

In the above model, we assume that the condensate P is the only
diffusant in the polymer particle. The following boundary condi-
tions are used for P: at r¼ 0 (particle center), v[P]/vr¼ 0; at r¼ R
(particle surface), [P]¼ 0. The second boundary condition repre-
sents the situation that (i) there is no significant mass transfer
resistance between the purge gas and the particle gas; (ii) the purge
gas flow rate relative to the rate of production of phenol is so high
that the concentration of phenol in the gas stream is essentially
zero at all points in the reactor.

To solve the model equations for the solid-state polymerization,
the initial values of the molecular weight moments for three
polymeric species (e.g., mA,k, mB,k, mC,k; k¼ 0, 1, 2) in each prepolymer
need to be known. In practice, each prepolymer’s molecular weight
averages, molecular weight distributions, and end group concen-
trations or end group ratio can be measured experimentally;
however, it is impossible to measure the concentrations of three
different polymeric species (i.e., An, Bn, and Cn) or their molecular
weight moments. But if the molecular weight moments of these
polymer species in each prepolymer are not known, we cannot
solve the solid-state polymerization model to predict the reaction
rate and polymer molecular weight with reaction time. This is the
major technical challenge that we will address in the following
discussion.

The first step in our proposed method is to estimate the mo-
lecular weight moments of the polymer species in a prepolymer
sample. If the molecular weight averages ðMn;0Þ and the mole ratio
of the end groups ðr0a ¼ ½EA�0=½EB�0 > 1Þ in a prepolymer are
known, the initial end group mole ratio (ra¼ [EA]/[EB]) at the
beginning of prepolymerization can be calculated as [19]:

ra ¼
1� r0a �

�
1þ r0a

��
2Mn;0=wm

�
r0a � 1� ð1þ r0aÞ

�
2Mn;0=wm

� (15)

where wm is the molecular weight of a repeating unit. It should be
noted that Eq. (15) was obtained with an assumption that no loss of
any monomers occurred during the prepolymerization (later in this
paper, we shall discuss the case where a fraction of one of the two
monomers is lost by evaporation during the prepolymerization
process). Also, we assume that no side reactions occur. The con-
version of the limiting end group at the end of the prepolymeri-
zation stage can also be calculated as

p ¼ 1�
1þ ra þ ðra � 1Þ

�
2Mn;0=wm

�
2ra
�
2Mn;0=wm

� (16)

After the initial reaction conditions are estimated, a dynamic model
for the prepolymerization process is used to calculate the molecular
weight moments for a given prepolymer. For example, for
a bisphenol A polycarbonate prepolymerization process, a dynamic
process model has been developed for a semibatch reactor system
and verified experimentally [20,21]. The prepolymerization process
model is solved so as to match the experimentally observed mo-
lecular weight averages and end group mole ratio. After such model
simulation is carried out successfully for each prepolymer, the
molecular weight moments of a mixture of two prepolymers can be
calculated from the moment values for each prepolymer as follows:

mi;k ¼ w1mi;k
�
I
�
þw2mi;k

�
II
�
ði ¼ A;B;C; k ¼ 0;1;2Þ (17)

where w1 and w2 denote the weight fractions of prepolymer I and
prepolymer II, respectively. These molecular weight moment
values are used as the initial conditions to solve the solid-state
polymerization model Eqs. (6)–(14).
3. Results and discussion

In this section, we shall present the numerical simulation
examples to show the performance of the proposed method. For
the purpose of illustration, we use the synthesis of bisphenol A
polycarbonate as an example.
3.1. Simulation of a prepolymerization process

Let us designate DPC as AA monomer and bisphenol A as BB
monomer (i.e., A¼ phenyl carbonate group, B¼ hydroxyl group).
The semibatch reactor model available elsewhere is used to simu-
late a melt prepolymerization process with LiOH$H2O catalyst
[20,21]. We will use two different initial charge ratios of DPC and
BPA to generate the simulated prepolymers of different molecular
weights and end group mole ratios. At the end of prepolymeriza-
tion, one of the prepolymers will have an excess amount of the
phenyl carbonate group (A) and the other prepolymer will have an
excess amount of the hydroxyl end group (B). The amounts of the
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two prepolymers to obtain the overall end group ratio of 1.0 are
calculated using Eq. (1).

The following semibatch reactor conditions are used for the
model simulations: reactor volume¼ 4 L, reaction temper-
ature¼ 230 �C, pressure¼ 5 mmHg, reflux column temper-
ature¼ 80 �C, catalyst (LiOH$H2O) concentration¼ 8� 10�5 mol/L,
initial charge of BPA¼ 6.75 mol, and reaction time¼ 120 min. The
amount of initial charge of DPC is determined by a specific DPC/BPA
charge ratio (rm). The prepolymerization reactor model used in this
work incorporates the vapor–liquid equilibrium data for a binary
mixture of phenol and diphenyl carbonate [21]. The vapor–liquid
equilibrium data are also used in conjunction with the Wilson
equation to calculate the exact amounts of diphenyl carbonate and
phenol returned from a reflux column to the reactor. The activity
coefficients of the volatile species are estimated using the Flory–
Huggins equation. The parameters used for the modeling of melt
polymerization in a semibatch reactor are given in Table 1.
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Fig. 1. Model calculated end group concentrations in a semibatch melt prepolymeri-
zation process for different monomer ratios ([EA]¼ diphenyl carbonate end group,
[EB]¼ hydroxyl end group, QDPC¼ fraction of DPC loss).

Table 1
Model parameters for model simulations

Parameters for melt prepolymerization at 230 �C [21] Unit

k1¼0.0708 L mol�1 min�1

k2¼ 0.0361 L mol�1 min�1

Vapor pressure of diphenyl carbonate mmHg
lnPsat

DPC ¼ �ð1:48� 104=RTÞ þ 19:55
Parameters for solid-state polymerization at 200 �C [19]
k1¼0.0608 L mol�1 min�1

k1¼0.0434 L mol�1 min�1

DP¼ 1.8� 10�7 cm2 min�1

xc¼ 0.25

Fig. 2. Effect of initially changed monomer ratio on the ratio of end groups in a
semibatch melt polymerization process (model calculations).
Fig. 1 shows the effect of initial monomer ratios on the con-
centrations of end groups during the melt polymerization in
a semibatch reactor. In case (a) where 8% excess amount of DPC is
used, the final prepolymer has more A groups than B groups even
with w6% loss of original DPC monomer by evaporation (inset).
However, when the initial [DPC]/[BPA] ratio is 1.02 (case (b)), the
concentration of the hydroxyl end group ([EB]) becomes larger than
the phenyl carbonate group concentration ([EA]) as soon as the
reaction starts. It is because of the evaporative loss of diphenyl
carbonate through the reflux condenser.

Fig. 2 shows the profiles of the end group mole ratios during the
prepolymerization for three different initial DPC/BPA mole ratios.
For the initial monomer ratio of 1.02 ([DPC]/[BPA]), the mole ratio of
the phenyl carbonate end group to the hydroxyl end group de-
creases to 0.097 after 120 min whereas for the initial monomer
ratio of 1.08, the end group ratio increases to 2.888 after 120 min. In
the latter case, we can see that the loss of DPC has been over-
compensated by using too much excess amount of DPC. Fig. 2 also
shows that if the initial mole ratio of 1.06 is used, the end group
ratio is much closer to 1.0 than the other two cases. The molecular
weight profiles for these three cases are shown in Fig. 3. It is clearly
observed that the deviation of the end group mole ratio from the
stoichiometric value results in a large decrease in the polymer
molecular weight.

The simulation examples of the prepolymerization shown in
Figs. 1–3 illustrate that using an excess amount of DPC is necessary
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Fig. 3. Effect of initially changed monomer ratio on the weight-average molecular
weight in a semibatch melt polymerization process (model calculations).



Table 3
Numerically identified initial reaction conditions of prepolymerization

Prepolymer properties Initial guess Optimized results

[EA]0/[EB]0 No. of iteration [EA]0/[EB]0 Mw

Prepolymer I 1.016a 61 2.8879 15,470
[EA]0/[EB]0¼ 2.888 1.05 42 2.8869 15,468
Mw ¼ 15;470 1.10 63 2.8856 15,473
Prepolymer II 0.9605a 57 0.0971 10,200
[EA]0/[EB]0¼ 0.097 1.05 63 0.0970 10,208
Mw ¼ 10;200 1.10 84 0.0971 10,207

Note: to ensure convergence, 200 min of reaction time was used in all optimization
calculations.

a These values were calculated using Eq. (15) assuming no loss of DPC during
semibatch polymerization simulations.

150000

200000

Y. Ye, K.Y. Choi / Polymer 49 (2008) 2817–28242822
to compensate for the evaporative loss during the reaction but it
will be desirable to use the optimal amount of DPC.

3.2. Numerical identification of initial prepolymerization conditions

Now, let us assume that the two prepolymers of drastically
different end group mole ratios as illustrated in the previous sec-
tion are mixed before the solid-state polymerization. They are
mixed such that the end group mole ratio becomes 1.0. The amount
of each prepolymer can be calculated using Eq. (1). If this mixture is
used in the subsequent solid-state polymerization, high molecular
weight can be obtained in much shorter time than using either of
these two prepolymers separately.

To predict the polymer molecular weight of the mixture in the
solid-state polymerization, we need to know the molecular weight
moments of the prepolymer mixture. If the end group mole ratio
(ra¼ [EA]/[EB]) and polymer molecular weight values are available
for a prepolymer, we can estimate the initial monomer ratio (or the
end group ratio) at the beginning of prepolymerization using Eq.
(15) for each prepolymer. However, the actual amounts of the two
monomers charged into the reactor will be different from the
values calculated by Eq. (15) because the effect of evaporative
partial loss of one of the two monomers (DPC) was not considered
in deriving Eqs. (15) and (16). Therefore, to estimate the molecular
weight moments for the three polymeric species (An, Bn, and Cn) in
the prepolymer, we need to develop a method to estimate the
actual initial conditions (i.e., initial DPC/BPA mole ratio) for the
prepolymerization stage.

To calculate the initial prepolymerization conditions, we shall
use a semibatch prepolymerization model and a numerical opti-
mization technique. Here, we determine the initial mole ratio of the
monomers with the amount of less volatile monomer (i.e., BPA)
held constant. The following objective function is defined:

Obj ¼
�

Mw;cal �Mw;exp

Mw;exp

�2

þ
 

r0a;cal � r0a;exp

r0a;exp

!2

(18)

where Mw;cal, ðMw;expÞ and r0a;cal, ðr
0
a;expÞ are the calculated (experi-

mentally measured) weight-average molecular weight and initial
end group mole ratio. The semibatch prepolymerization reactor
model is used in conjunction with a numerical optimization routine
(‘‘fminsearch’’) from MATLAB� optimization toolbox to minimize
the objective function. ‘‘fminsearch’’ is an unconstrained nonlinear
optimization routine where the simplex method is used. The initial
end group mole ratio estimated from Eq. (15) is used as an initial
guess. Since the polymer molecular weight is a function of conver-
sion or reaction time, the reaction time is also included as one of the
optimization variables. The prepolymerization model (semibatch
process) is solved using an ordinary differential equation solver
‘‘ode45’’ in MATLAB�. The prepolymer properties used as simulated
experimental data are shown in Table 2. Table 3 shows the calculated
values of end group ratio in the prepolymers for several different
Table 2
Simulations of prepolymerization and prepolymer properties

Parameter Prepolymer I Prepolymer II

Prepolymerization
conditions

Initially charged [DPC]/[BPA] 1.08 1.02
Prepolymerization time (min) 120 120

Prepolymer
properties

r0að½EA�=½EB�Þ 2.888 0.097
Mn 7881 5196
Mw 15,470 10,200

Polymer blend
properties

w*
1

(optimal fraction
of prepolymer I)

0.721

Mn;mix 6052
Mw;mix 13,166
values of the initial guesses. Notice that the optimizer converges to
the optimal point very well.
3.3. Simulation of solid-state polymerization with an optimized
prepolymer blend

The weight fractions of the two prepolymers for optimal
blending are determined by Eq. (1). The polymer blend should be
mixed to a homogeneous mixture, for example, by dissolving the
blend in a solvent or melting the blend. Then, the new homoge-
neous prepolymer is converted to small particles and crystallized.
In the case of bisphenol A polycarbonate, the crystallization step is
crucial for the solid-state polymerization to avoid the fusion of
prepolymer particles during the solid-state polymerization
[14,19,23,24]. The solid-state polymerization model equations are
solved using a partial differentiation equation solver ‘‘pdepe’’ in
MATLAB�. The parameters used to solve the solid-state polymeri-
zation model for bisphenol A polycarbonate are given in Table 1.

In our first series of solid-state polymerization simulations, we
investigate a kinetically controlled case, i.e., no intraparticle diffu-
sion limitations for the condensate removal. Fig. 4 shows the
weight-average molecular weight profiles during the solid-state
polymerization for prepolymer I, prepolymer II, and the optimized
prepolymer blend (weight fraction of prepolymer I¼ 0.72). It is
seen that the molecular weight of the optimized prepolymer
mixture increases almost linearly to very high values with reaction
time whereas the molecular weights of prepolymer I and prepoly-
mer II quickly level off because of stoichiometric imbalance of the
end groups. It is quite remarkable that the modification of the end
group ratio by optimally blending the two prepolymers results in
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Fig. 4. Model calculated weight-average molecular weight profiles for end group op-
timized prepolymer blend and prepolymers during the solid-state polymerization
(T¼ 200 �C, without intraparticle diffusion resistance).
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Fig. 5. Effect of particle size effect on the weight-average molecular weight with end-
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blends on the performance of solid-state polymerization after blending: w1¼0.72,
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measurements (Case 1); 0.78, �20% error in end group concentration measurements
(Case 2) (model calculations).
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such a huge increase in molecular weight as illustrated in Fig. 4.
Here, it is pointed out that the molecular weight profile of the
prepolymer mixture as shown in Fig. 4 can be predicted only if we
have a computational model as developed in this work.

The solid-state polymerization model has also been used to
simulate the reaction process in presence of the intraparticle dif-
fusion resistance for the removal of condensation byproduct (i.e.,
phenol). The results are shown in Fig. 5 for different polymer par-
ticle sizes. Our model simulation results indicate negligible effect of
intraparticle diffusion resistance for the polymer particles smaller
than 0.01 mm in diameter. Even with the optimized end group
reactivities in the blended prepolymer, the molecular weights that
are reached at a fixed reaction time decrease as particle size is
increased. However, compared with Fig. 4, the final molecular
weights are still larger than those obtainable with prepolymer I and
prepolymer II without mixing. If the particle size is too large (e.g.,
1.0 mm), Fig. 5 shows almost no effect of end group optimization
because the intraparticle diffusion limitation dominates the solid-
state polymerization kinetics.

Finally, we have investigated the sensitivity of the results of
model simulations to the deviation of the end group ratio from the
true values. The reason why we perform this sensitivity analysis is
because there can be some measurement errors in the measure-
ments of end group concentrations in prepolymers. Several end-
group analysis techniques reported in the literature include titration,
infrared, ultraviolet (UV), gel-permeation chromatography with UV,
reversed-phase HPLC, and nuclear magnetic resonance (NMR)
spectroscopy [25,26]. Among these techniques, 13C NMR analysis is
regarded as the most reliable method to obtain accurate end-group
concentrations [26]. However, even the 13C NMR analysis may not be
completely free from the measurement or interpretational errors.
Therefore, it would be worthwhile to assess the effect of measure-
ment errors in the end-group concentrations.
Table 4
Effect of the errors in end group concentration measurements on the performance of so

Parameter Optimized Blend Case 1 (þ2
concentrat

Prepolymer I Prepolymer II Prepolyme

[EA]0/[EB]0 2.888 0.097 3.466
Mw 15,470 10,200 15,470
w*

1 0.72 0.68
After solid-state polymerization (t¼ 600 min)
Mw 167,839 146,467
Table 4 and Fig. 6 show the numerical simulation results when
�20% error in the end group mole ratios are assumed in both
prepolymer I and prepolymer II (Case 1 and Case 2). Here, we as-
sume that there are no measurement errors in the molecular
weight averages, although this assumption may not be always valid
in reality. With the erroneous end group mole ratios (0.68 and
0.78), the molecular weight moment values of the prepolymers
were calculated using the same methods as presented already.
Because of the errors, the calculated weight fraction of prepolymer I
is different from the exact value of 0.72. Fig. 6 shows that indeed,
the errors in the end group concentrations result in different
weight fraction of prepolymer I, which eventually causes the final
molecular weight lower than the optimal value (i.e., w1¼0.72) after
600 min of solid-state polymerization. However, the molecular
weights for w1¼0.68 and 0.78 are still higher than those obtainable
with each individual prepolymer without mixing.

4. Concluding remarks

In this work, we have presented a new method to optimize the
prepolymer properties to improve the efficiency of the solid-state
polymerization for a step-growth polymerization process with AA
and BB type monomers. The idea is to mix two or more prepoly-
mers of different end group mole ratios to bring the overall end
group ratio to the stoichiometry value as closely as possible. The use
of a simple mixing rule yields the optimal composition of the
prepolymer mixture but the technical challenge is to predict the
polymer molecular weight in the subsequent solid-state polymer-
ization. We employed a molecular species model to simulate
a solid-state polymerization process for an illustrative system of
bisphenol A polycarbonate process. To solve the molecular species
lid-state polymerization

0% error in end group
ions)

Case 2 (�20% error in end group
concentrations)

r I Prepolymer II Prepolymer I Prepolymer II

0.1164 2.310 0.078
10,200 15,470 10,200

0.78

122,288
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model for the solid-state polymerization, the initial values of the
molecular weight moments for different polymeric species in
a prepolymer need to be known. Since it is impossible to measure
these quantities experimentally, we have used a dynamic reaction
model for a semibatch melt prepolymerization process. Here, for
a given prepolymer of known molecular weight averages and end
group concentrations, the initial monomer ratio is estimated using
a numerical optimization technique. The semibatch prepolymeri-
zation model then is solved until the model-predicted molecular
weight of the polymer matches the measured value. The molecular
weight moment values calculated for each prepolymer are used to
initialize the molecular weight moment equations of the
prepolymer blend to simulate the solid-state polymerization
process. Our model simulation results for the bisphenol A poly-
carbonate process indicate that the polymer molecular weight can
be increased quite significantly if the optimized end group mole
ratio of the prepolymer blend is used. Even in presence of the
intraparticle diffusion resistance, the enhancement in the molecular
weight with the optimized prepolymers is quite significant unless
the polymer particle size is too large. The effect of measurement
errors in the end group concentration of the prepolymer has also
been investigated and the results suggest that the proposed method
offers a robust performance of the solid-state polymerization. It
should be noted that the implementation of the proposed technique
requires the availability of a high-quality model of a melt pre-
polymerization process. The techniques to develop such reaction
models can be found in literature for certain polycondensation
systems.
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