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Abstract

The catalytic reaction of the melt transesterification of diphenyl carbonate (DPC) and bisphenol-A (BPA) is investigated theoretically. A
reaction mechanism based on the nucleophilic substitution on the carbonyl group of reactants is proposed for the description of the kinetic
behavior of the reaction under consideration. Previous models are extended so that the kinetic model derived is not only more physically
sound, but also involves a less number of adjustable parameters. The applicability of the present model is justified by fitting it to the available
experimental data reported in the literature, and its performance is found to be satisfactory for a wide range of operating conditions. We
conclude that melt transesterification of DPC and BPA is of reversible nature; the forward reaction is second order in the concentrations of
DPC and catalyst, and the reverse reaction is third order in the concentrations of phenol, oligomer, and catalyst.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Diphenyl carbonate (DPC) and bisphenol A (BPA) are
the main raw materials for the synthesis of polycarbonate
(PC). In recent years, because the nonphosgene route for
DPC synthesis has reached maturity, polycarbonate syn-
thesis through melt transesterification of DPC and BPA
becomes important [1]. Despite of its significance in
industrial applications, studies on the relevant reactions
involved are still very limited. Losev et al. [2] initiated the
study on the kinetics of melt transesterification of DPC and
BPA with zinc oxide catalyst under a reduced pressure.
They concluded that the reaction rate is first order in the
concentration of BPA. Turska and Wro’bel [3,4] investi-
gated the reaction kinetics experimentally under conditions
similar to that used by Losev et al. and they found that the
reaction rate is third order, proportional to the product of
the concentrations of DPC, BPA, and catalyst. Due to the
inconsistency between the data reported in these studies,
and the lack of information about possible reversible
reactions, the models proposed are not widely accepted.
Hersh et al. [5] investigated the melt transesterification of

* Corresponding author. Tel.: +886-223637448; fax: + 886-223623040.
E-mail address: jphsu@ccms.ntu.edu.tw (J.P. Hsu).

0032-3861/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/S0032-3861(03)00605-0

DPC and BPA in a batch reactor with LIOH-H,O catalyst. A
reversible reaction mechanism was considered, and they
arrived at a third-order kinetic model, which is proportional
to the product of the concentrations of DPC, BPA, and
catalyst. In subsequent studies, Kim et al. [6,7] proposed a
molecular species model to describe the melt transester-
ification of DPC and BPA, and they found that the
transesterification of DPC and BPA could take place even
in the absence of catalyst. The kinetic model of Kim et al.
[6,7] involved eight parameters, two rate constants and two
activation energies for noncatalyzed reactions, and another
two rate constants and two activation energies for catalyzed
reactions. The activation energies estimated, however, were
found to violate thermodynamics rule. The above-men-
tioned studies lead to kinetic models that are either lack of
experimental support or self-contradictory. The problem
arises mainly from the fact that an appropriate reaction
mechanism has not been proposed.

The melt transesterification of DPC and BPA is a
reversible reaction of complicated nature. High perform-
ance liquid chromatography (HPLC) analysis revealed that
compounds of various molecular weights are present in
reacting mixture [6,7]. This implies that developing an
appropriate reaction mechanism, although necessary for
both fundamental study and practical applications, is
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Nomenclature

k forward reaction rate constant defined in Eq. (26) (m3/mol min)
K backward reaction rate constant defined in Eq. (27) (m%mol® min)
E activation energy for forward reaction (cal/mol)

E activation energy for backward reaction (cal/mol)

C amount of catalyst in reaction mixture (mol)

P amount of phenol in reaction mixture (mol)

\% reactor volume (m>)

X, amount of X,, in reaction mixture (mol)

Y, amount of Y, in reaction mixture (mol)

Z, amount of Z, in reaction mixture (mol)

VppC molar volume of DPC (m*/mol)

VBPA molar volume of BPA (m*/mol)

DPC, amount of DPC initially charged to reactor (mol)

BPA, amount of BPA initially charged to reactor (mol)

challenging. In this study, the transesterification of DPC and
BPA is analyzed theoretically, and an attempt is made to
propose a plausible reaction mechanism.

2. Reaction mechanism

In the discussion of the synthesis of PC resin through
melt transesterification of DPC and BPA, the synthesis of
polyethylene terephthalate (PET) resin through transester-
ification of dimethyl terephthalate (DMT) and ethylene
glycol (EG) is often referred to. The latter uses mainly
metallic derivatives as principle catalyst [§—12]; the metal
on catalyst surface coordinates to the oxygen atom on the
carbonyl group of DMT and activates it for a nucleophilic
attack by the oxygen on the hydroxyl group of EG. This
leads to a third-order kinetic model in which the reaction
rate is proportional to the product of the concentrations of
DMT, EG, and catalyst. The mechanism involved in DPC—
BPA process is different from that in DMT-EG process.
They are different, for example, in monomer structure,
usage of catalyst, and reaction products. In a DMT-EG
process, metallic catalysts such as Pb, Zn, and Mn exhibit
high activities, but the activities of Li, Na, Ca, and Ba are
low. Metallic catalysts can also be used in a DPC—-BPA
process [13]. The activity of alkali metallic catalyst such as
LiOH and alkali earth metallic catalyst such as Ba(acac),
are high. On the other hand, that of Pb, Zn, and Mn are low.
Some nonmetal organic compounds such as pyridine
derivatives, imidazole derivatives, and tertiary amines are
also used often as catalyst in a DPC—BPA process. These
imply that the catalytic mechanism of DPC—BPA process is
different from that of DMT-EG process.

DPC molecule contains a carbonyl center connected with
two phenolic groups. It is uneasy to carry out exchange
directly on the carbonyl center with the hydroxyl group on

BPA, shown as the reaction

(D

Because transesterification of DPC and BPA hardly takes
place in the absence of catalyst [14]; the reaction is very
slow even at elevated temperatures, and usage of catalyst is
necessary. Since the carbon atom on the carbonyl group
brings a small amount of positive charge, alkaline
nucleophilic catalyst, which plays the role of nucleophile
(Nu), is usually used in carbonyl substitution. Because Nu is
capable of providing electrons (Lewis base) for carbonyl
center, it can attack the carbonyl center and form a stable
tetrahedral intermediate as shown below:

@ @@ Le@er @i o
A¢5 o 7g\u + OAr
Nu
7 2

The intermediate may either back to the original reactant or
form the product by dropping arlyloxylic group (OAr ). For
the latter, the follow-up reactions may proceed. The
nucleophilic carbonyl substitution expressed in Eq. (2) has
a tetrahedral mechanism [15,16], the formation of the
tetrahedral intermediate is the rate-determining step. This
implies that the reaction is of quadratic nature, and its
apparent rate is proportional to the concentration of DPC
and Nu. Suppose that the reaction cycle for the catalytic
melt transesterification of DPC and BPA can be constructed
based on the tetrahedral mechanism expressed in Eq. (2), the
basic structure of which is shown in Fig. 1. Under ideal
conditions, there are just two end groups in the system,
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Fig. 1. Proposed reaction mechanism for melt transesterification of diphenyl carbonate and bisphenol-A. X,, and Y,, represent, respectively, the oligomers with
phenyl carbonate groups at both chain terminals and the oligomers with phenyl carbonate group and propane biphenyl group at each chain terminal.

namely, phenyl carbonate group (D group) and 4-hydroxyl-
2,2-diphenyl propane group (B group). This implies that
there are three categories of oligomers: X,, with D groups at
both chain terminals, Y,, with D and B groups at each chain
terminal, and Z, with B groups at both chain terminals.
When the nucleophilic catalyst Nu is introduced into the
system, it has to attack the carbonyl center of D group to
promote the growth of the molecular chain. The attack of X,
by Nu yields intermediate X,. As the arlyloxylic group P
escapes successfully from X, it will capture proton quickly
from its conjugate base Y,, (or Z,), which has B group,
followed by the release of phenol. Then, X, and Y,, are
combined as polymer X,,,,,, which ends the chain growth
reaction cycle by releasing Nu. Note that, in addition to the
combination of X, and Y,,, other types of combinations,
suchas X, and Z,,, Y,, and Y,,, and Y,, and Z,, may also occur
simultaneously. As the reaction cycle proceeds, the
molecular chain grows, and the molecular weight of the
polymer increases until the reaction is complete. The attach
of Nu at a carbonyl center which is not on D group leads to
intermediate X;,_,,. Because Y,, can be regarded as a good
leaving group compared to P, its rate of leaving from X;, .,
is fast. If phenol molecule exists in the system and the
proton is transferred to Y,, successfully, then the attack of
Nu promotes the degradation of X,,,,,. On the basis of the
mechanism shown in Fig. 1, the following elementary
reactions for the combination of X,, and Y,, can be written:

k *
X, + Nu k:‘ X (3)
-1
« K -
X! f Xt +P “4)
-2

k
Y, +P =P+Y, 5)
-3
+ — ke s
Xn + Ym = n+m (6)
k_y
* k5
Xovin = X+ Nu (7)

The overall reactions are

k
Xn + Ym k:ﬁ n+m +P (8)
-6
Similarly, the overall reactions for the combinations of X,
and Z,, Y, and Y,, and Y, and Z, can be expressed,
respectively, as

k

X+ Zy = Yo + P ©
-7
kg

Yn+Ymk:Yn+m+P (10)
-8
kg

Yn"i_ka‘i n+m+P (11)
-9

It should be pointed out that, although the reactions
expressed in Egs. (8)—(11) were assumed as elementary
reactions in the literatures [6,7], they represent only overall
stoichiometric relations between reactants and products.
Since these equations represent an overall relation between
reactants and products, they cannot be used directly to
elaborate the reaction mechanisms involved, especially the
role of catalyst. The inadequacy of assuming that Eqs. (8)—
(11) are elementary reactions was justified by that the
activation energies estimated based on them violated
thermodynamic rule. In subsequent discussions, Eqs. (3)-
(7) are used to derive our kinetic model.
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3. Kinetic model

Let us consider the combination of X, and Y,, shown in
Fig. 1, where the reactions follow the tetrahedral mechan-
ism. The growth rate of the molecular chain in the reaction
cycle is a function of the concentrations of X,, and catalyst.
The rate-limiting step is the reaction expressed in Eq. (3),
the formation of the tetradral intermediate, which is a
second-order reaction. The reverse reaction leads to chain
degradation. Because it is more difficult for ¥,, to get proton
from phenol than for P~ to get proton from Y,,, the reaction
expressed in Eq. (5) is the slowest step of the chain
degradation. This implies that the rate of the chain
degradation is third order, it depends upon the concen-
trations of X,,,, catalyst, and phenol.

For an arbitrary oligomer (or polymer) X,,, it may be
disappeared and born in growth of the molecular chain and
in molecular chain degradation. The rate of disappearance
of X, in chain growth reaction cycle can be expressed as

2k CX
Ry =——_=—"n =0 12
%o = re =0 (12)

where Ry, the rate of disappearance of X, in chain growth
reaction, h, the chain length, k, a proportional constant,
which may vary with temperature, C, the amount of catalyst
in reaction mixture, and V, the volume of reactor. For a
operation, V can be expressed as

V = ‘,}DPCDPCO + f}BPABPAO (13)

where Vppc and Vgpp are, respectively, the molar volume of
DPC and that of BPA, and DPC, and BPA, are,
respectively, the initial amount of DPC and BPA. If n =
0, we have X,, = X, = DPC. Note that X,, molecule has one
carbonyl group that can be attacked by catalyst, and P~ is
capable of leaving the intermediate @D by two ways, which
yields the growth of molecular chain X;. If n = 1, there are
(n + 1) carbonyl groups on X, but the possibility for P~ to
leave the intermediate remains the same. Therefore, it is
reasonable to assume that the reaction rate constant for Ry
depends upon the length (repeat unit) of the molecular
chain. Here, we assume that the rate constant is proportional
to 2/(n 4 1), and is expressed as 2k/(n + 1) as that shown on
the right-hand side of Eq. (12). Similarly, the rate of
production of X, in chain growth reaction cycle of the
combination of X,_,, and Y,,, Ry ,, can be expresses as

sz b VZ Z 2kC

n=1,m=1)

Xn*m Ym
n—m+IZY,-+ZZZ,»’ (14)

The factor Y,/ Y; + 2> Z;) on the right-hand side of this
expression can be explained as follows. As indicated in Eqgs.
(8) and (9), X,,—,, can either react with Y,, to form X, or
react with Z,, to form Y, ;. Suppose that the probabilities of
occurrence of these reactions are proportional to the

numbers of B-type end groups on the molecules of Y,, and
Z,,. Because the total number of B-type end groups is
QY+ 2> 7)), the rate of reaction of X,_, with Y,, is
proportional to Y,,/C’Y; + 2> Z;), which is also the fraction
of consumed X,_,, to form X, through Eq. (8). The
coefficient 2 implies that there are two B-type end groups
on a Z; molecule. Note that X,, may either disappear or form
in the molecular chain degradation. The rate of disap-
pearance of X, in chain degradation, Ry, , can be expressed
as

Ry, = — mi—/i;)yCXnP, n=1) (15)
where &/, a proportional constant, which may vary with
temperature, and P, the amount of phenol in reaction
mixture. In principle, to know the exact rate expression for
the present problem, the rate of degradation of all possible
oligomers need to be measured and justified, which is
almost impossible at the present stage. In a recent study on
the degradation kinetics of poly(bisphenol A carbonate) in
benzene, Sivalingam et al. [17,18] assumed a linear
dependence of the degradation rate coefficient on the
molecular weight of oligomers. A similar approach is
adopted here. Because the longer the molecular chain, the
faster the degradation, we assume that the rate constant of
chain degradation is proportional to chain length, and is
equal to (n+ 1)k as shown on the right-hand side of
Eq. (15). The rate of production of X, due to the degradation
of X4, Rx, ,, can be expressed as

K & 1+1
Z LCX, (n = 0) (16)
ln+1

Because an X,, molecule has (£ + 1) carbonyl centers, its
degradation due to the attack by nucleophilic catalyst may
yield £ possible species, Xy, X1, ..., X;—;. Since X,, is one of
these species, the rate of production of X,, arising from the
degradation of X, is 1/€ the rate of degradation of X,.
Similarly the rate of production of X, arises from the
degradation of Y, , .4, in molecular chain degradation, Ry, ,
can be expressed as

Z mCYl (n=0) 17)

Therefore, the overall reaction rate of X,, can be expressed as

1 dX,
Ry, = v 4 = Br.tRx, TR, +Rx, +Ry,
Substituting Eqgs. (12) and (14)—(17) into this expression
yields
% _2kCX, + K

dt % V2

SA+DX, &I
x(zfjuzm)cp (19)

=1 =1

(18)
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dX,  2kC X, | kC

dr V n+1

%

X i 2Xn7n1 Ym
—n—m+1>Y,+237

m=0
_ (n+ DK (DK oy py ﬂ (20)
V2 V2

= (+ DX,
X (]:E: —

=n+1

= y,
Z 21 —l 1 )CP’

I=n+1

Similarly, for other species, we have

dz,  kC[ & 2x,
dr v]& m+1

Fl & my i
— " Z, |cP 21
[zz | @
dz, kC 2X,, i Y, ( 2Z, )
e m+1 = & SY,+237
kC nk'
— —CZ,P
+ ( ) 222) y2
14 ( mY, & )
+ n_ 4 Z, |cp (22)
V2 mzn:-f-l 2m — 1 m:Zn:-H
dy, kC > 2X, > Y,
= Y, m m
dr v[l*(mz_om+1+,§m)
Y, 27, K
X[ =—1— Y,CP
(ZY,--i-ZZZ,-) 'Sy, +2Zz] 2
+0DXx < 21Y,
+W(Z ; +ZZ,+221 cP
(23)
dy, kCY, kC[& 2X, > Y,
=" i + z m
dr V on Vg mt+tl = m
Yn 2kC = Xn m—1
(ZY+ZZZ>+ 1% ,;()n—m
27, kC "=y,
+
ZY +2>7 m; n—m (24)
Y, nk' K
Y,CP 4+ —
ZY 1257, Vv Ty
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= I=n+1 20—1

5855

dP _ kC (<& 2X, +iYm K
d v m+1 = m v?

m=0

x(i (m+ DX, + i my,, + Z m m)CP (25)
m=1 m=1

m=1

The set of simultaneously differential equations, Eqgs. (12)—
(25), summarizes the present molecular species model for
the catalytic melt transesterification of DPC and BPA. The
temperature dependence of the proportional constants k and
k' is assumed to follow Arrhenius law as

k = ko exp(—E/RT)
k' = ki exp(—E'IRT)

(26)
27)

where k, and k{, are proportional constants, E and E' are the
activation energies, R, gas constant, and 7, the absolute
temperature.

4. Justification of Kkinetic model and discussion

The applicability of the kinetic model derived is justified
by fitting it to the available experimental data in the
literature [7—9]. The governing equations expressed in Eqgs.
(12)—(25) are solved numerically by Visual Fortran V5. The
experimental conditions and the estimated values of the
adjustable parameters are summarized in Table 1. The
present kinetic model contains four adjustable parameters,
namely, ko, ki, E, and E'; considering the complicated
nature of the transesterification reaction, it is parsimonious.
It should be pointed out, however, that the actual reaction
may involve many other reacting species, and various types
of parallel and/or sequential reactions may occur simul-
taneously in the system. Therefore, the values of the
adjustable parameters estimated should be interpreted as
mean or apparent values. The values of the adjustable
parameters summarized in Table 1 lead to k = (2.762 =
0.008) x 107 exp(—48,420 £ 79/RT) (m3/m01 min) and
K = (2.756 = 0.007) X 10* exp(—24,270 = 87/RT) (m%/
mol® min). These values are different appreciably from
those reported by Hersh and Choi [5].

Fig. 2 shows the experimental data reported by Hersh and
Choi [5] where the temporal variation of phenol concen-
tration at various LiOH-H,O catalyst concentrations were
recorded. Both their experimental results and the values
based on the present kinetic model are illustrated. Fig. 3
shows another set of experimental data [6,7], where the
temporal variation of BPA are recorded at various catalyst
concentrations at 210 °C. Figs. 2 and 3 show that the
performance of the present model is satisfactory. Note that
the experimental conditions considered in these figures
cover a wide range of operating temperature and catalyst
concentration. In the derivation of the present kinetic model,
we assume that the rate equation for the forward reaction of
chain growth reaction is second order, which depends on the
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concentrations of DPC and catalyst, and the revere reaction
is third order, which depends on the concentrations of
phenol, oligomer, and catalyst. Therefore, the role that the
main monomer BPA plays is implicit. As can be seen from
Fig. 4, the present kinetic model is applicable for a wide
range of monomer ratio, temperature, and catalyst
concentration.

One of the usages of the molecular species model
assumed is to provide information about the variation of
each chemical species in the system. This is essential for the
prediction of the properties of the final product based on
specified operating conditions. Fig. 5, for example, shows
the temporal variations in the concentrations of monomers,
oligomer and phenol. As can be seen from this figure, the
present kinetic model is successful in predicting the general
trend of the experimental data. Quantitatively, the predicted
rate of consumption of monomers is lower than the
corresponding experimental value. This may arise from
the fact that the reaction temperature, 230 °C, is much
higher than the boiling point of phenol, that is, some of the
phenol produced during the reaction is present in the vapor
phase. The reaction in the liquid phase is not truly a batch
process before the reaction reaches equilibrium state. This
leads to a faster rate of reaction.

Fig. 6 shows the temporal variations in the concen-
trations of oligomer of various molecular weights. Initially,
only X, (DPC), Z, (BPA), and catalyst are present in the
system. The combination of X, and Z;, yields a rapid
increase in Y; in the early stage of the reaction. After
passing through a maximal value, it decreases to an
equilibrium value, and at the same time the concentrations
of X; and Z, increase. The qualitative behavior of X; and Z;
as time proceeds is similar to that of Y;. In general, the
performance of the present model is satisfactory.

As mentioned previously, transesterification of DPC and
BPA is of complicated nature; various types of serial/-
parallel reactions may occur, and intermediates, which arise
from these reactions, may be present. In practice, it is almost
impossible to identify the reactions that actually occur and
to estimate the associate rate constants. Here, we assume
that the rate constant correlates to the chain length of
reaction mixture based on the idea of collision theory.
Needless to say, the performance of the kinetic model
derived can be improved if a more precise rate expression is
available.

5. Conclusions

In summary, a reaction mechanism for the melt
transesterification of DPC and BPA is proposed. On the
basis of a tetrahedral mechanism, the reaction scheme can
be constructed, the elementary reactions be written, and a
novel molecular species model be deduced. Although the
reaction under consideration is of complicated nature, the
kinetic model derived contains only four adjustable

parameters. By fitting it to the available experimental data
reported in the literature, we show that the performance of
our model is satisfactory for a wide range of operating
conditions. According to the model, melt transesterification
of DPC and BPA is of reversible nature; the forward
reaction is second order, the rate of which is proportional to
the concentrations of DPC and catalyst, and the reverse
reaction is third order, the rate of which is proportional to
the concentrations of phenol, oligomer, and catalyst.
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Appendix A

Abbreviations for molecular formulas

Ar, phenyl group: @

D group, phenyl carbonate group:
group, pheny group 0-C-O-Ar
B group, 4-hydroxyl-2,2-diphenyl propane group:

l\l/le
HO-AI‘-(]:-AI'NWMV\N\A
Me
DPC, diphenyl carbonate:
Ar-O-C-O-Ar
BPA, bisphenol A, 4,4-dihydroxy-diphenyl-2,2-propane:
Me
HO-Ar-¢-Ar—OH
Me
(0] ICH3 (0]
Il [l
«0-lfo-0-F0-o}.0
CH; "
ool
Y,: H { 0—O)—c—Oy—o c}o—@
| n
CH;3
Z,:
AN P
ifo-O- 100 o O {~Oon
CH n CH,
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