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ABSTRACT: To further discuss the effect of zinc catalyst on diethylene glycol (DEG)
formation in the preparation of poly(ethylene terephthalate) (PET), this research fo-
cused on the kinetics of DEG formation during PET synthesis from purified bishydroxy-
ethyl terephthalate (BHET) monomer with zinc catalyst. The rate expression of DEG
formation from purified BHET monomer and zinc catalyst is described. It was found
that the activation energy of BHET with zinc catalyst in DEG formation during PET
synthesis is lower than that of BHET without the addition of catalyst. Moreover, a
comparison of zinc catalyst in DEG formation with antimony catalyst at the same
concentrations showed that the reaction rate of BHET with zinc catalyst in DEG
formation is greater than that of BHET with antimony catalyst. © 2000 John Wiley &
Sons, Inc. J Appl Polym Sci 75: 1229–1234, 2000
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is manufac-
tured commercially either by the direct esterifica-
tion of ethylene glycol (EG) and terephthalic acid
or by the transesterification method in which di-
methyl terephthalate is reacted with EG, usually
in the presence of a catalyst.

Metal catalysts are used to accelerate PET syn-
thesis, but they also promote certain undesirable
side reactions. Such reactions include, in partic-
ular, the formation of diethylene glycol (DEG).
The formation of DEG is an important side reac-
tion in preparing PET.1–4 The amount of DEG in
PET molecules influences many important prop-
erties of the polymer; for instance, temperature,
light stability, and melting point, which decreases
by about 5°C for each percent increase in DEG
concentration.5

In comparison with other catalysts, zinc ace-
tate catalyst is used relatively widely in the poly-
merization and glycolysis reactions.6 Moreover,
the zinc salt was found to produce more ether
bonds than either lead (II) or manganese (II) ac-
etate catalysts.7 Therefore, it is critical to study
DEG formation during the preparation of PET in
the presence of zinc acetate catalyst more deeply.

The kinetics of DEG formation during the
preparation of PET from purified bishydroxyethyl
terephthalate (BHET) monomer without the ad-
dition of catalyst and with the addition of proton
catalyst were reported by Chen and Chen.8,9

However, information concerning the kinetics of
the etherification reaction of purified BHET
monomer with the addition of zinc catalyst is
scarce. To understand the effect of zinc catalyst
on DEG formation during the preparation of PET
in more depth, it is critical to study the kinetics of
DEG formation during the preparation of PET
from purified BHET monomer in the presence of
zinc catalyst. This work is based on the interpre-
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tation of experimental data to establish the rate
of DEG formation.

EXPERIMENTAL

Materials

Zinc acetate used for catalyst was reagent grade;
phenol, 1,1,2,2-tetrachloroethane used for the
measurement of viscosity was reagent grade; ben-
zyl alcohol (internal standard), 1- propanol, DEG,
and potassium hydroxide used for the measure-
ment of DEG were reagent grade. All of these
chemicals were used without further purification.
The BHET oligomer with a number average mo-
lecular weight (M# n) range of 1750–1800 (mea-
sured by Gel Permeation Chromatography (GPC))
was obtained from the Industrial Technology Re-
search Institute, Taiwan. The BHET oligomer
was purified to monomer for the studies of the
kinetics of DEG formation.

The Synthesis of PET (Glass Reactor)

Apparatus for the Study of the Kinetics of DEG
Formation from BHET Monomer

Polycondensation of purified BHET monomer was
performed in a reactor made of glass. The reactor
was heated using a heating mantle and reaction
temperature was controlled by a PID temperature
controller.

Procedure

First, the BHET monomer was purified via the
following process.10 Fixed amounts of BHET oli-
gomer, EG, and zinc acetate catalyst were
charged to a four-necked flask, which was fitted
with a stirrer, reflux condenser, nitrogen inlet,
and thermometer. The reactor was heated in an
oil bath. The glycolysis reaction was allowed to
proceed for 8 h at a temperature of 190°C. This
process was reported by Lin and Baliga.11 The
product of BHET oligomer glycolysis was agitated
vigorously with water to dissolve unreacted EG
and catalyst, while most of the glycolyzed prod-
ucts were precipitated out. After filtration, dis-
tilled water was added and brought to boiling
point. The boiling solution was quickly filtered to
separate BHET oligomer (n . 1) from the mono-
mer. The mother liquid was cooled to 5°C, and
crystals of BHET monomer were recovered by
filtration. The monomer crystals were then vac-

uum dried in an oven at 70°C for 24 h. The mono-
mer obtained was melted at a temperature range
of 109–110°C.

The purified BHET monomer and zinc acetate
catalyst were placed in the reactor and a slow
stream of nitrogen gas was bubbled through the
melt for a period of 2 h, and the system pressure
was then reduced to 3mmHg. Polycondensation
was continued for 3 h with simultaneous removal
of EG and other volatile compounds by distilla-
tion. A sample of the polymer was removed every
hour from the reactor. During sampling, the poly-
mer was quenched in chilled water.

Characterization

Determination of the Intrinsic Viscosity

The intrinsic viscosity of PET was measured in a
solvent mixture of phenol and 1,1,2,2-tetrachloro-
ethane (6:4 w/w) at 30°C using a Ubblohde vis-
cometer.

Determination of DEG Content

PET was depolymerized by saponification with
potassium hydroxide in 1-propanol under reflux.
Following neutralization with hydrochloride acid
in 1-propanol and removal of precipitate, the lib-
erated DEG was measured by gas chromatogra-
phy (GC-FID). The method is referred to in the
literature.12,13 Benzyl alcohol was used as the
internal standard. The GC column used was a
Stabiwax-DA capillary column and analysis was
made at 140–200°C with 20 cc/min of nitrogen as
carrier gas.

RESULTS AND DISCUSSION

The Kinetics of Purified BHET Monomer with Zinc
Catalyst

2O COOCH2CH2OH3

O COOCH2CH2OOC O

1 HOCH2CH2OH (1)

2O COOCH2CH2OH O¡
k1

O COOCH2CH2OCH2CH2OOC O

1 H2O (2)
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In addition to undergoing polymerization, the pu-
rified BHET monomer also underwent the DEG
formation reaction. The rate equation of DEG for-
mation is:

d@DEG#

dt 5 k1@HET#2 (3)

@HET# 5
1000r

~192P# 1 62!
(4)

Equation (3) is a simplified kinetic equation which
assumes that the reverse reaction (2) and the con-
tribution to DEG formation from EG formed in re-
action (1) are negligible.8 Where P# 5 the degree of
polymerization; r 5 sample density; [HET] 5 the
concentration of 2-hydroxyethyl terephthalate ter-
minal groups (— COOCH2CH2OH). As stated
in literature,14 the relationship between [h] and P#
is:

@h# 5 7.55 3 1024 3 ~192 3 P# 1 62!0.685 (5)

[h] is intrinsic viscosity, P# is derived from eq. (5)
through the measurement of [h] during sampling.
Thus, the value of [HET] at each interval can be
derived using eq. (4).

The term diethylene glycol (DEG) is generally
applied to the dimer of glycol molecules. The ether
bond structure (—CH2CH2OCH2CH2—) also ap-
pears in the main chain of PET. This structure is
also usually referred to as DEG. It is assumed
that the reactivity of functional groups does not
depend on the polymer chain length. DEG content
in the final product is obtained through the depo-
lymerization of the sample. During sampling, it
was found that the amount of DEG discovered in
the trap device (containing mostly EG, H2O, and
oligomer) was even smaller than that in the sam-
ple under the operating conditions, and therefore
could be ignored. Hornof15 found that DEG is not
likely to be immediately removed from the reac-
tion by distillation because of its rather high boil-
ing point (245°C). The volume of DEG in the sam-
ple was assumed to be negligible because DEG
content in the sample was minutely small. There-
fore, the concentration of DEG could be expressed
as the following equation:

@DEG# 5
~DEG wt. %/MDEG!

100 3 r 3 1000 (6)

Effect of the Concentration of Zinc Catalyst

The influence of different concentrations of zinc
catalyst on DEG formation in PET synthesis at
the same temperature (270°C) was examined in
this work.

Figure 1 shows the relationship between P# and
reaction time t at every interval and at three
different zinc concentrations. Figure 2 shows the
concentration of DEG at every interval and at
three different zinc concentrations. The values of
[DEG] shown in Figure 2 give the incremental
amount of [DEG], that is, the total amount of
[DEG] at a certain time minus the amount of
[DEG] at the base time. The value of d[DEG]/dt is
derived from the differential of each point on the
fitting curve in Figure 2. The fitting curve is ob-
tained by using the standard error deviation
method on each point in Figure 2. The values of
[HET]2 are obtained from eq. (4). The plot indi-
cated by eq. (3) is presented in Figure 3 and the
slope obtained gives the value of reaction rate
constant k1. The values of k1 derived at three
different concentrations at the same temperature
(270°C) are shown in Figure 4 and summarized in
Table I. The reaction rate constant is linearly
dependent on catalyst concentration and can be
expressed in the following equation:

d@DEG#

dt 5 ~k91@Zn21# 1 k10!@HET#2

Figure 1 The relationship between the degree of po-
lymerization and reaction time at three different zinc
concentrations: 4.2 3 1023, 2.16 3 1023, 1.2 3 1023

mol/L.
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Where k91 is the reaction rate constant in the
synthesis of PET with the addition of zinc cata-
lyst. The concentration of zinc is not included in
the rate constant k91. k10 is the reaction rate con-
stant in the synthesis of PET without the addition
of zinc catalyst.

Effect of Reaction Temperatures

The influence of different reaction temperatures
on DEG formation with the same zinc catalyst
concentration (2.16 3 1023 mol/L) in PET synthe-
sis was examined in this work.

Figure 5 shows the relationship between P# and
reaction time t at every interval and at four dif-
ferent temperatures (270, 280, 285, and 290°C).
Figure 6 shows the concentration of DEG at every
interval and at the four different temperatures.
The values of [DEG] shown in Figure 6 represent
the incremental amount of [DEG], that is, the
total amount of [DEG] at a certain time minus the
amount of [DEG] at the base time. The value of
d[DEG]/dt is derived from the differential of each
point on the fitting curve in Figure 6. The fitting
curve is obtained by using the standard error
deviation method on each point in Figure 6. The
values of [HET]2 are obtained from eq. (4). The
plot indicated by eq. (3) is presented in Figure 7

Figure 2 The relationship between DEG concentra-
tion and reaction time at three different zinc concen-
trations: 4.2 3 1023, 2.16 3 1023, 1.2 3 1023 mol/L.

Figure 3 The plot according to eq. (3) for various
concentrations of zinc with BHET (270°C). The slope
gives k1.

Figure 4 The relationship between the reaction rate
constant k1 and the concentration of zinc.

Table I Effect of Zinc Concentration on DEG
Formation at the Same Temperature (270°C)

[Zn21], mol/L k1

0 0.00524a

1.20 3 1023 0.35
2.16 3 1023 0.66
4.20 3 1023 1.05

a Reference 8.
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and the slope obtained gives the value of reaction
rate constant k1. The values of k1 are derived at
four different temperatures and expressed in Ta-
ble II. Thus, the value of k91 can be derived from
eq. (7).

According to the Arrhenius equation, the reac-
tion rate constant could be used to derive the

activation energy and pre-exponential factor.
,nk91 is plotted against 1/T. The slope obtained
from the diagram gives the activation energy of
DEG formation:

Activation energy E 5 88,265 J/mol

Pre-exponential factor A 5 9.7 3 1010

Therefore, the rate constant of DEG formation
from BHET with zinc acetate catalyst is:

k91 5 9.7 3 1010 3 e~288,265/RT! (8)

Figure 5 The relationship between the degree of po-
lymerization and reaction time at four different tem-
peratures: 270, 280, 285, and 290°C.

Figure 6 The relationship between DEG concentra-
tion and reaction time at four different temperatures:
270, 280, 285, and 290°C.

Figure 7 The plot according to eq. (3) for various
temperatures at the same zinc concentration (2.16
3 1023 mol/L ). The slope gives k1.

Table II Effect of Temperature on DEG
Formation at the same Zinc Concentration (2.16
3 1023 mol/L)

Temperature (°C) k1 k1
a

270 0.68 0.11
280 0.94 0.13
285 1.10 0.16
290 1.38 0.24

a The reaction rate constants of the purified BHET mono-
mer and antimony catalyst are provided for the purpose of
comparison. Please see reference 16.
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where R is the gas constant, 8.314 Jgmol21K21.
The rate constant of DEG formation from BHET
without the addition of catalyst is:

k10 5 8 3 1010 3 e~2137,140/RT! (9)

where R is the gas constant, 8.314 Jgmol21K21.
The process to derive the value of k10 was previ-
ously reported by Chen and Chen.8 It was found
that the reaction rate constant of BHET monomer
with zinc catalyst in DEG formation was greater
than that of BHET monomer without the addition
of catalyst, and the activation energy of k10 is
significantly larger than that of k91. From the
standpoint of kinetics, zinc acetate has a catalytic
effect on the polycondensation reaction. In addi-
tion, it promotes a further increase in the rate of
DEG formation.

Comparison of the Activity of Zinc Catalyst with
that of Antimony Catalyst in DEG Formation
During PET Synthesis

According to Table II, which lists a comparison of
the reaction rate constants of zinc catalyst in
DEG formation with those of antimony catalyst at
the same concentrations, the reaction rate con-
stant of purified BHET monomer with zinc cata-
lyst in DEG formation is greater than that of
purified BHET monomer with antimony catalyst.
The study of antimony catalyst activity in DEG
formation was published previously.16 Therefore,
the activity of zinc catalyst is greater than that of
antimony catalyst in DEG formation during PET
synthesis.

CONCLUSIONS

The effects of catalyst concentration on DEG for-
mation were discussed and it was found that the
reaction rate constant is linearly dependent on
catalyst concentration and can be expressed in
the following equation:

~d[DEG]/dt) 5 (k91[Zn21] 1 k10)[HET]2

The rate constant of DEG formation from purified
BHET monomer with zinc acetate catalyst is:

k91 5 9.7 3 1010 3 e(288,265/RT)

It was found that the activation energy of purified
BHET monomer with zinc catalyst in DEG forma-
tion is lower than that of purified BHET monomer
without the addition of catalyst. As far as the
kinetics is concerned, zinc acetate has a catalytic
effect on the polycondensation reaction. In addi-
tion, it promotes a further increase in the rate of
DEG formation. Moreover, it was found that the
activity of zinc catalyst is greater than that of
antimony catalyst in DEG formation during PET
synthesis.
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