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ABSTRACT: The effect of thermodynamic phase equilibrium on the kinetics of semi-
batch melt polycondensation of bisphenol-A and diphenyl carbonate was studied for the
synthesis of polycarbonate. In the melt-polymerization process, a partial loss of diphe-
nyl carbonate occurs as the reaction by-product phenol is removed from the reactor. To
obtain a high molecular weight polymer under high temperature and low-pressure
conditions, a stoichiometric mol ratio of the two reactive end groups needs to be
maintained during the polymerization. In this work, vapor–liquid equilibrium data for
a binary mixture of phenol and diphenyl carbonate are reported and they are 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. A good agreement
between the reactor model simulations and the experimental polymerization data was
obtained. It was also observed that diphenyl carbonate is quickly consumed during the
early stage of polymerization and the fraction of evaporated diphenyl carbonate re-
fluxed to the reactor is essentially constant during this period. © 2001 John Wiley & Sons,
Inc. J Appl Polym Sci 80: 1253–1266, 2001

Key words: polycarbonate; melt polymerization; vapor-liquid equilibrium; semibatch
polymerization; polymerization modeling

INTRODUCTION

Polycarbonate (PC) is one of the most rapidly
growing thermoplastic engineering polymers with
high heat resistance, impact resistance, optical
clarity, and dimensional stability.1 Polycarbonate
is used in many applications such as in nursing
bottles, data-storage devices, and structural ma-

terials for electrical and electronic applications,
automobiles, and construction applications.2 The
global demand of polycarbonates has been grow-
ing more than 10% per year.1 This growth rate
has been a driving factor for the increase in global
production capacity of polycarbonates, which is
now about 1 million tons per year.

Polycarbonate is manufactured industrially by
an interfacial phosgenation process and by a
melt-transesterification process. The melt process
is environmentally more benign than is the inter-
facial phosgenation process and, hence, attracting
more industrial interest in recent years. In a typ-
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ical melt-transesterification process, diphenyl
carbonate (DPC) and bisphenol-A (BPA: 4,4-dihy-
droxydiphenyl 2,2-propane) are polymerized in
the presence of a catalyst such as lithium hydrox-
ide. The transesterification is a reversible reac-
tion and the reaction by-product (phenol) must be
distilled off continuously to facilitate the forward
chain-growth reaction. Phenol is removed from
the melt phase by applying a high vacuum. As the
polymer molecular weight increases, the melt vis-
cosity increases rapidly and, hence, the polymer-
ization becomes mass transfer-controlled. There-
fore, the melt-polymerization process requires
specially designed reactor equipment providing
large mass-transfer interfacial areas to deal with
a highly viscous polymer melt under high temper-
ature (280–300°C) and vacuum conditions to ob-
tain high molecular weight polycarbonate.

As phenol vapor is removed from the melt-
polymerization reactor, some DPC is also re-
moved from the reactor because DPC exhibits
moderate vapor pressure at the reaction temper-
ature. Any loss of DPC during the reaction will
cause significant variations in the concentration
of reactive end groups (phenyl carbonate and hy-
droxyl groups) that, in turn, will make high mo-
lecular weight polymers difficult to obtain. There-
fore, it is important to keep the stoichiometric
ratio of the two functional end groups during the
course of polymerization. To do so, an appropriate
initial DPC/BPC mol ratio needs to be employed
to compensate for the loss of DPC in a reflux
column.

In our previous work,3 a detailed reactor model
was developed to investigate multistage polycon-
densation in a semibatch reactor. To account for
the loss of DPC in a reflux column, an empirical
reflux efficiency factor was introduced. The reflux
efficiency factor is defined as the molar fraction of
evaporated DPC that is refluxed back to the reac-
tor in condensed form. The reflux efficiency factor
was adjusted to fit the experimentally measured
molecular weight data.

In this article, we present a new method to
calculate the exact amount of condensed DPC re-
fluxed back to the reactor using vapor–liquid
equilibrium data for the DPC–phenol system.
This method eliminates the use of an empirical
reflux efficiency factor for the simulation of semi-
batch polymerization of BPA polycarbonate.

REACTION MODEL

The melt transesterification of DPC and BPA oc-
curs between the hydroxyl end group in BPA and
the phenyl carbonate end group in DPC in the
presence of a catalyst (e.g., lithium hydroxide):

(1)

For the modeling of a batch or a semibatch melt-
transesterification process, either a functional
group model or a molecular species model can be
used. With the functional group model, the over-
all conversion of reactive end groups in the reac-
tion mixture can be easily calculated. In the cur-
rent system, where one of the monomers evapo-
rates during the reaction, the molecular species
model is more convenient to calculate the varia-
tions in the monomer concentrations and the mo-
lecular weight of oligomers and polymers. There-
fore, we shall use a molecular species model in
which the transesterification reactions are repre-
sented as follows3:

An 1 Bm N Cn1m11 1 P ~n, m $ 0! (2.1)

Bn 1 Cm N Bn1m 1 P ~n $ 0, m $ 1! (2.2)

An 1 Cm N An1m 1 P ~n $ 0, m $ 1! (2.3)

Cn 1 Cm N Cn1m 1 P ~n, m $ 1! (2.4)

where P is phenol and the three polymeric species
( An, Bn, and Cn) are defined as
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The mass-balance equations for the monomers
and polymeric species and the molecular weight
moment equations takes the following form:

V
dA0

dt 5 k~24A0B0 2 4A0lB,0 2 2A0lC,0!

1 k9~PlC,0 1 2PlA,0! (3)

V
dB0

dt 5 k~24A0B0 2 4B0lA,0 2 2B0lC,0!

1 k9~PlC,0 1 2PlB,0! (4)

V
dP
dt 5 k@4A0B0 1 4A0lB,0 1 4B0lA,0 1 4lA,0lB,0

1 2A0lC,0 1 2lA,0lC,0 1 2B0lC,0 1 2lB,0lC,0

1 ~lC,0!
2# 1 k9@22PlC,1 2 2PlA,1 2 2PlB,1 1 PlC,0#

(5)

V
dlA,0

dt 5 k~24B0lA,0 2 4lA,0lB,0 1 2A0lC,0!

1 k9~PlC,1 2 PlC,0 2 2PlA,0! (6)

V
dlB,0

dt 5 k~24A0lB,0 2 4lA,0lB,0 1 2B0lC,0!

1 k9~PlC,1 2 PlC,0 2 2PlB,0! (7)

V
dlC,0

dt 5 k

3 3
4A0B0 1 4A0lB,0 1 4lA,0B0 1 4lA,0lB,0

2 2A0lC,0 2 2lA,0lC,0

22B0lC,0 2 2lB,0lC,0 2 ~lC,0!
2
4

1 k9~2PlC,0 1 2PlA,1 1 2PlB,1! (8)

V
dlA,1

dt 5 k

3 ~24B0lA,1 2 4lA,1lB,0 1 2A0lC,1 1 2lA,0lC,1!

1 k9S1
2 PlC,2 2

1
2 PlC,1 2 PlA,2 2 PlA,1D (9)

V
dlB,1

dt 5 k

3 ~24A0lB,1 2 4lB,1lA,0 1 2B0lC,1 1 2lB,0lC,1!

1 k9S1
2 PlC,2 2

1
2 PlC,1 2 PlB,2 2 PlB,1D (10)

V
dlC,1

dt 5 k

3 1
4A0B0 1 4A0lB,1 1 4A0lB,0 1 4B0lA,0

1 4B0lA,1 1 4lA,1lB,0 1 4lA,0lB,1 1 AlA,0lB,0

2 2A0lC,1 2 2lA,0lC,1 2 2B0lC,1 2 2lB,0lC,1

2
1 k9~PlB,1 2 PlC,2 1 PlA,1 1 PlB,2 1 PlA,2!

(11)

V
dlA,2

dt 5 k~24B0lA,2 2 4lA,2lB,0 1 2A0lC,2

1 4lA,1lC,1 1 2lA,0lC,2! 1 k9S1
3 PlC,3 2

1
2 PlC,2

1
1
6 PlC,1 2

4
3 PlA,3 2 PlA,2 1

1
3 PlA,1D (12)

V
dlB,2

dt 5 k~24A0lB,2 2 4lB,2lA,0 1 2B0lC,2

1 4lB,1lC,1 1 2lB,0lC,2! 1 k9S1
3 PlC,3 2

1
2 PlC,2

1
1
6 PlC,1 2

4
3 PlB,3 2 PlB,2 1

1
3 PlB,1D (13)

V
dlC,2

dt 5 k3
4A0B0 1 4A0lB,2 1 8A0lB,1 1 4A0lB,0 1 4lA,2B0 1 4lA,2lB,0

1 8lA,1B0 1 8lA,1lB,1 1 8lA,1lB,0 1 4lA,0B0 1 4lA,0lB,2 1 8lA,0lB,1

1 4lA,0lB,0 2 2A0lC,2 2 2lA,0lC,2 2 2B0lC,2 2 2lB,0lC,2 1 2~lC,1!
2
4

1 k91
2
3 PlA,3 1 PlA,2 1

1
3 PlA,1 1

2
3 PlB,3 1 PlB,2 1

1
3 PlB,1 2

4
3 PlC,3 1

1
3 PlC,1

2 (14)
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In the above, V is the reaction volume and all the
dependent variables are in moles. The k-th mo-
lecular weight moments for An, Bn, and Cn poly-
meric species are defined as

lA,k 5 O
n51

`

nkAn, lB,k 5 O
n51

`

nkBn, lC,k 5 O
n51

`

nkCn

(15)

The third moment is dependent on the lower-
order molecular weight moments and the follow-
ing moment closure formula is used:

li,3 5
li,2~2li,2li,0 2 li,1

2 !

li,1li,0
~i 5 A, B, C! (16)

Then, the number-average molecular weight (Mn)
and the weight-average molecular weight (Mw)
are calculated as follows:

Mn 5

O
n51

`

~AnWAn 1 BnWBn 1 CnWCn!

O
n51

`

~An 1 Bn 1 Cn!

(17)

Mw 5

O
n51

`

~AnWAn
2 1 BnWBn

2 1 CnWCn
2 !

O
n51

`

~AnWAn 1 BnWBn 1 CnWCn!

(18)

where the molecular weight of each species is

WAn 5 ~254.3!n 1 228.29 (19.1)

WAn 5 ~254.3!n 1 214.22 (19.2)

WAn 5 ~254.3!n 1 94.11 (19.3)

In the above equations, the contribution of each
end group to the molecular weight of each poly-
meric species was accounted for. This end-group
effect should be included in calculating the molec-
ular weight of low molecular weight polymers,
particularly in the prepolymerization stage.

The rate constants in the above model are the
effective rate constants in which the catalyst con-

centration effect is incorporated. Since the trans-
esterification reaction occurs to some extent even
without any catalyst, the rate constant of the
following form is used3:

k 5 ku 1 kc@C*# (20)

where [C*] is the catalyst concentration (mol/L),
ku represents the rate constant for the uncata-
lyzed transesterification, and kc represents the
rate constant for the catalyzed transesterifica-
tion.

The forward and reverse reaction rate con-
stants for the uncatalyzed transesterification are

ku 5 ~3.108 6 0.102! 3 107exp@~225,290

6 1,010!/RT# L mol21 min21 (21.1)

k9u 5 ~2.028 6 0.226! 3 1015exp@~245,030

6 2.430!/RT# L mol21 min21 (21.2)

and for the catalyzed reactions:

kc 5 9.62 3 108exp@213900/RT#

L2 mol22 min21 (22.1)

k9c 5 8.04 3 107exp@212090/RT#

L2 mol22 min21 (22.2)

In the above rate constants, the activation ener-
gies are in cal/mol. Since the reaction volume
decreases with conversion due to the removal of
phenol and DPC, the reaction volume V is not
constant. The computation procedure for the re-
action volume can be found in ref. 3.

EXPERIMENTAL

At high temperature (.200°C) and low pressure
(,100 mmHg), a significant amount of DPC can
be lost from the reactor, particularly at the begin-
ning of polymerization as pressure reduction is
commenced. Thus, it is necessary to calculate the
amount of DPC lost or refluxed during the course
of polymerization. The main objectives of this
work were first to obtain vapor–liquid equilib-
rium data for a binary mixture of phenol and DPC
and to use them in the semibatch reactor model.
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In this work, we assumed that BPA and the poly-
mers are not volatile.

To obtain vapor–liquid equilibrium data for a
phenol–DPC mixture, an experimental system
that consists of a heated vessel and a condenser
was assembled. To the heating vessel, predeter-
mined amounts of phenol and DPC were added
and the heating vessel was heated to a set-point
temperature by circulating the heating oil in the
vessel jacket. The mixture of phenol and the DPC
vapor was condensed in the condenser. The con-
densed liquid was refluxed to the heating vessel
until the system reached an equilibrium state.
When the vapor–liquid equilibrium was estab-
lished, the corresponding temperature was mea-
sured and small amounts of the samples were
taken from both the heating vessel and the con-
densed liquid collector attached to the end of the
condenser. The composition of each sample was
analyzed by HPLC. This procedure was repeated
for different phenol–DPC compositions.

For semibatch polymerization experiments, a
stainless-steel jacketed reactor (volume, 4L) sys-
tem illustrated schematically in Figure 1 was
used. The DPC and BPA melting/supply vessels (2
L each) were heated and agitated. To supply these
molten monomers, all the material transport
lines were heated by an electrical wire. The tem-
perature of the jacketed reflux column (Vigreux

type; length, 45.7 cm; diameter, 2.4 cm) was
maintained constant by circulating hot oil at high
flow rate. After molten DPC and BPA were
charged to the reactor, a small amount of the
catalyst (LiOH z H2O) was injected into the reac-
tor using a small syringe. A high vacuum (,10
mmHg) was then applied to the system to remove
the condensation by-product phenol. Recall that a
small amount of DPC also evaporates with phe-
nol.

Compositions in Vapor and Liquid Phases

To solve the semibatch reactor model equations,
the concentrations of phenol and DPC in both the
vapor phase and the liquid phase need to be cal-
culated. The following vapor pressure equations
are used in this work for phenol and DPC4:

Phenol:

log10Pp
sat 5 7.13 2

1.52 3 103

T 2 98.58 ~T in K! (23)

DPC:

ln PB
sat 5 S2

1.48 3 104

1.987 D z
1
T 1 19.55 ~T in K!

(24)

Figure 1 Experimental semibatch reactor system for polycarbonate synthesis.

MELT POLYMERIZATION OF BPA AND DPC 1257



Pj
sat is the vapor pressure of component j in

mmHg. If we assume that phenol and DPC in the
vapor phase follow the ideal gas law, the partial
pressure of the vapor species j, pj, is expressed as

pj 5 ptyj 5 gjxjPj
sat (25)

where pt is the total pressure of the system; yj,
the mol fraction of component j in the vapor
phase; gj, the activity coefficient of component j;
and xj, the mol fraction of component j in the
liquid phase.

To calculate the activity coefficient, the Flory–
Huggins equation is used5:

ln gj 5 lnF1 2 S1 2
1

mj
D~1 2 Fj!G

1 S1 2
1
mj

D~1 2 Fj! 1 xj~1 2 Fj!
2 (26)

where Fj is the volume fraction of a volatile com-
ponent j; xj, the Flory interaction parameter; and
mj, the ratio of molar volumes of the polymer and
solvent (volatiles). Since the amounts of volatile
species in the polymer melt phase are very small
at a high reaction temperature and low pressure
(vacuum) (i.e., Fj ! 1), the Flory–Huggins equa-
tion is reduced to

gj 5
1
mj

expS1 2
1

mj
1 xjD (27)

The following equation is used to estimate the
Flory interaction parameter xj (ref. 6):

xj 5 0.34 1
vj

RT ~dj 2 dpoly!
2 (28)

where dj and dpoly are the solubility parameters of
component j and polycarbonate, respectively, and
vj is the liquid molar volume of component j. The
numerical values of the solubility parameters and
the liquid molar volumes are listed in Table I.

To calculate the vapor- and liquid-phase com-
positions and the amounts of volatile components
removed from the reaction system, the following
assumptions are made:

1. Thermodynamic phase equilibrium is
quickly established in the reactor and the
reflux column.

2. Only phenol and DPC evaporate in the re-
actor.

With these assumptions, we can derive the follow-
ing component balance equations:

F 5 G 1 L (29)

yBpt 5 gBxBPB
sat (30)

yPpt 5 gPxPPP
sat (31)

FxAF 5 LxA (32)

FxBF 5 GyB 1 LxB (33)

FxPF 5 GyP 1 LxP (34)

Fxpoly,F 5 Lxpoly (35)

xAF 1 xBF 1 xPF 1 xpoly,F 5 1 (36)

xA 1 xB 1 xP 1 xpoly 5 1 (37)

yB 1 yP 5 1 (38)

where F is the total moles of the feed (in the liquid
and vapor phases) before the flash separation,
and L and G, the total moles of the liquid and
vapor phases in the reactor after the flash sepa-
ration. xAF, xBF, xPF, and xpoly,F are the mol
fractions of two monomers, phenol, and the poly-
mer, respectively, in the liquid phase before the
flash separation. xA, xB, xP, and xpoly are the
corresponding mol fractions after the flash sepa-
ration. yB is the mol fraction of DPC in the vapor
phase.

Equations (29)–(38) are reduced to the follow-
ing four equations:

Table I Solubility Parameter Data and Liquid
Molar Volume Data of Phenol, DPC, and
Polycarbonate7

d (phenol) 12.05 (cal1/2/cm3/2)
d (DPC) 10.45 (cal1/2/cm3/2)
d (polycarbonate) 9.94 (cal1/2/cm3/2)
v (phenol) 8.787 3 1022 (L/mol)
v (DPC) 1.684 3 1021 (L/mol)
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FxAF 5 LxA (39)

FxBF 5 ~F 2 L!
gBxBPB

sat

pt
1 LxB (40)

FxPF 5 ~F 2 L!
gPxPPP

sat

pt
1 LxP (41)

F~1 2 xAF 2 xBF 2 xPF! 5 L~1 2 xA 2 xB 2 xP!
(42)

We can solve the above four nonlinear equations
for four unknowns (L, xA, xB, and xP).

To calculate the amount of the condensed liq-
uid refluxed to the reactor, the following equa-
tions are derived for the reflux column. Here, it is
assumed that the reflux column is at a stationary
state (i.e., at thermodynamic phase equilibrium):

GyB 5 V*yB,S 1 L*xB,S (43)

GyP 5 V*yP,S 1 L*xP,S (44)

yB,Spt 5 gB,SxB,SPB
sat* (45)

yP,Spt 5 gP,SxP,SPP
sat* (46)

G 5 V* 1 L* (47)

yB,S 1 yP,S 5 yB 1 yP 5 xB,S 1 xP,S 5 1 (48)

where V* is the molar flow rate of vapor leaving
the reflux column, and L*, the molar flow rate of
condensed liquid from the reflux column to the
reactor. PB

sat* is the vapor pressure of DPC, and
PP

sat*, the saturated vapor pressure of phenol at
the reflux column temperature. yB,S and yP,S are
the mol fractions of DPC and phenol in the vapor
phase, respectively. xB,S is the mol fraction of
DPC in the condensed liquid phase in the reflux
column. Using eqs. (43)–(48), we obtain the fol-
lowing nonlinear equations:

GyB 5 ~G 2 L*!
gB,S~1 2 xP,S!PB

sat*

pt
1 L*~1 2 xP,S!

(49)

GyP 5 ~G 2 L*!
gP,SxP,SPP

sat*

pt
1 L*xP,S (50)

The activity coefficients of phenol (lP,S) and DPC
(lB,S) are calculated using the Wilson equations8:

ln gP,S 5 2ln~xP,S 1 xB,SLPB!

1 xB,SS LPB

xP,S 1 xB,SLPB
2

LBP

xB,S 1 xP,SLBP
D (51)

ln gP,S 5 2ln~xB,S 1 xP,SLBP!

2 xP,SS LPB

xP,S 1 xB,SLPB
2

LBP

xB,S 1 xP,SLBP
D (52)

where

ln LPB 5 aPB 1 bPB/T 1 cPBln T 1 dPBT (53)

ln LBP 5 aBP 1 bBP/T 1 cBPln T 1 dBPT (54)

The binary parameters (aij, bij, cij, and dij) in the
above equations are determined by using the va-
por–liquid equilibrium data regression package of
ASPEN Plus®.

The volumetric evaporation rates of DPC, VB,
and phenol, VP, are represented as follows:

VB 5 ~G 2 L*!
~1 2 xP,S!PB

sat*

pt
vB (55)

VP 5 ~G 2 L*!
xP,SPP

sat*

pt
vP (56)

where vB and vP are the molar volumes of DPC
and phenol, respectively.

A computer-simulation program was developed
to obtain the numerical solution of the kinetic
modeling equations and the thermodynamic equi-
librium equations. Figure 2 illustrates the com-
putational procedure and the symbols used in the
above equations.

RESULTS AND DISCUSSION

The vapor–liquid equilibrium data for a binary
mixture of phenol and DPC are shown in Figure
3, where x1 and y1 denote the weight fractions of
phenol in the liquid phase and the vapor phase,
respectively. It is seen that the amount of DPC in
the vapor phase becomes quite small for the
weight fraction of phenol larger than 0.4. This is
because the vapor pressure of phenol is much
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higher than that of DPC at the same tempera-
ture. The activity coefficients for phenol and DPC
calculated using the vapor–liquid equilibrium
data and the Wilson equation are plotted for vary-
ing weight fractions of phenol in the liquid phase
in Figure 4. Notice that the activity coefficients,

particularly that of phenol, change significantly
with the liquid-phase composition.

To investigate the effect of the initial mol ratio
of DPC to BPA on the weight-average molecular
weight of the polymer, we carried out semibatch
polymerization experiments for seven different

Figure 2 Computational procedure for vapor–liquid composition in semibatch poly-
merization.

Figure 3 Vapor–liquid equilibrium data for phenol–DPC system: x1 is the weight
fraction of phenol in the liquid phase, and y1, the weight fraction of phenol in the vapor
phase.
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initial mol ratios (DPC/BPA). The reaction tem-
perature was kept constant at 230°C. After the
catalyst was injected into the reactor, the reaction
pressure was reduced from ambient to 5 mmHg in
2 min. In these experiments, the catalyst concen-
tration was 8 3 1025 mol/L. The reflux column
temperature was fixed at 82°C. Figure 5 shows
the results of experiments and model simulations
after 30 min of reaction time. It is observed that
the experimental data are well fitted by the model
and that the polymer molecular weight changes

significantly with the variation in the initial mol
ratio. It is also seen that the highest molecular
weight is obtained at the initial mol ratio of about
1.05. Theoretically, the highest molecular weight
is obtainable when the concentrations of the two
functional end groups are equal during the poly-
merization.

Figure 6 shows how the ratio of the hydroxyl
end-group concentration to the carbonate end-
group concentration changes with the reaction
time. It is clearly seen that the ratio of the func-

Figure 4 Activity coefficients of (1) phenol and (2) DPC.

Figure 5 Effect of initial monomer mol ratio on polymer molecular weight (230°C; 5
mmHg; reaction time, 30 min; reflux column temperature, 82°C).
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tional groups is almost unity when the initial
DPC to BPA mol ratio is 1.05, at which the high-
est molecular weight is obtained. For other initial
DPC/BPA mol ratios, the ratio of the two func-
tional end-group concentrations deviate from
unity as polymerization progresses. It is also in-
teresting to note that the deviation becomes more
significant as conversion increases for smaller
values of the initial mol ratios, because more DPC

is lost during the polymerization at low DPC/BPA
initial ratios than at higher DPC/BPA ratios
when a high vacuum is applied.

Figure 7 shows the molecular weight profiles
for 150 min of polymerization at 230°C with the
initial DPC/BPC ratio of 1.02. The reflux column
temperature is set at 82°C. The weight-average
molecular weight of PC increases rapidly in the
first 60 min but it levels off afterward. The solid

Figure 6 Molar ratio of hydroxyl end group to carbonate end group versus reaction
time (230°C; 5 mmHg; reflux column temperature, 82°C).

Figure 7 Weight-average molecular weight versus reaction time [230°C; 5 mmHg;
reflux column temperature, 82°C; (DPC/BPA)0 5 1.02].
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line in Figure 7 represents the model simulation
with the Wilson equation for vapor–liquid equi-
librium calculations and the dotted line repre-
sents the simulation results when the ideal solu-
tion is assumed for the phenol–DPC mixture (i.e.,
activity coefficients are equal to 1.0). As expected,
the use of an ideal solution model results in larger
deviations from the experimental data. The

weight-average molecular weight values calcu-
lated for different initial DPC/BPA mol ratios are
also shown in Figure 8. It is seen that the highest
molecular weight is obtained when the initial mol
ratio is 1.05. When the initial mol ratio is 1.01,
the polymer molecular weight after 150 min is
only 50% of the molecular weight when the initial
mol ratio of 1.05 is used. It is also seen that the

Figure 9 Effect of reflux column temperature on the amount of DPC lost from the
reactor and polymer molecular weight [230°C; 5 mmHg; (DPC/BPA)0 5 1.05; reaction
time, 30 min].

Figure 8 Effect of initial DPC/BPA mol ratios on polymer molecular weight (230°C; 5
mmHg; reflux column temperature, 82°C).
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polymer molecular weight keeps increasing only
when the ratio of the functional end groups is
almost unity during the course of polymerization
(e.g., initial DPC/BPA mol ratio is 1.05).

One of the most important objectives in our
reaction modeling is to quantify the loss of DPC
from the reaction system, particularly from the
reflux column. In designing a reflux column or
determining the reflux column operating condi-
tions, the column temperature is the key factor.
Figure 9 shows the effect of the reflux column
temperature on the weight percent of DPC in the

condensate and the molecular weight of the poly-
mer. Notice that the amount of DPC lost from the
system and the resulting molecular weight are
closely related to the reflux column temperature
at a given reactor pressure and reaction temper-
ature. For the initial DPC/BPA mol ratio of 1.05,
Figure 9 indicates that the optimal reflux column
temperature is about 82°C. We can also expect
that a different optimal reflux column tempera-
ture may exist for different initial DPC/BPA mol
ratios because the amount of DPC lost from the
reaction system is strongly dependent on the re-

Figure 10 (a) Calculated optimal reflux column temperature versus DPC/BPA mol
ratio; (b) maximum molecular weight versus initial DPC/BPA mol ratio (reaction
temperature, 230°C; 5 mmHg).
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flux column temperature. The calculated optimal
reflux column temperatures for different initial
DPC/BPA mol ratios are shown in Figure 10 (re-
action temperature, 230°C). It is interesting to
note that the optimal reflux column temperature
is almost linearly proportional to the initial mono-

mer mol ratio. It is also seen that the higher the
initial mol ratio is the higher the reflux column
temperature needed to obtain high molecular
weight.

In the previous work by Kim and Choi,3 the
amount of DPC refluxed to the reactor from the

Figure 11 Empirical reflux efficiency factor (F) and the change in the DPC concen-
tration (230°C; 5 mmHg; reflux column temperature, 82°C).

Figure 12 Amounts of DPC consumed by reaction and removed from reactor through
reflux column (230°C; 5 mmHg; reflux column temperature, 82°C).
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reflux column was not calculated from the vapor–
liquid equilibrium model. Instead, an empirical
separation factor, f, was introduced as an adjust-
able parameter. The separation factor accounts
for the fraction of DPC refluxed to the reactor
from the reflux column and the constant separa-
tion factor was used for the entire period of poly-
merization. However, the amount of DPC refluxed
to the reactor changes with conversion. Figure 11
illustrates the separation factor calculated from
the vapor–liquid equilibrium model presented in
this work. Notice that the separation factor seems
to change significantly with the reaction time,
particularly after about 10 min. However, Figure
12 shows that pure DPC is quickly consumed by
the reaction in the first 8 min and about 5% of the
initial DPC is removed from the reactor. In other
words, the amount of DPC left after 10 min of
reaction is very small and, thus, the rapidly de-
creasing reflux efficiency factor in Figure 11 has
little practical significance. Therefore, one can as-
sume that the reflux efficiency factor is nearly
constant in the early reaction period in which the
concentration of DPC changes rapidly.

CONCLUSIONS

For quantitative modeling of a semibatch melt
polycondensation of DPC and BPA, it is necessary
to calculate the exact amount of monomers in the
reactor during the entire course of polymeriza-
tion. Since one of the monomers, DPC, exhibits an
appreciable vapor pressure, a reflux column tem-
perature needs to be set appropriately to keep the
stoichiometric mol ratio of reactive end groups in
the reactor during the polymerization. In this

work, a computational method is presented to
calculate the exact amount of DPC returned back
to the reactor from the reflux column using the
vapor–liquid equilibrium model for a DPC–phe-
nol binary mixture in the reflux column. It was
observed that a slight excess amount of DPC
should be used to maintain the stoichiometric mol
ratio of the functional end groups and, hence, to
obtain a high prepolymer molecular weight. It
was also shown that the optimal reflux column
temperature depends on the initial DPC/BPA mol
ratio. The higher the ratio is, the higher the reflux
column temperature that should be employed.
The method presented in this work can be used to
optimize the operating conditions of a reactor/
reflux column system.
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