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Kinetics of the hydrolytic depolymerization
of poly(ethylene terephthalate) under
microwave irradiation

Shuzhen Zhang, Xiaofang Song, Dong Zhang and Yiguang Tian

The kinetic processes of poly(ethylene terephthalate) (PET) hydrolytic depolymerization under microwave irradiation were studied

in detail. Potentiometric titration, ebullioscopy and the methods of thermogravimetric analysis (TGA) and scanning electron

microscope (SEM) were used. The microwave depolymerization reaction of PET occurred in the interior and on the exterior of

PET simultaneously and did not involve only one kinetic process. The depolymerization process was divided into at least two

stages, for example, the stages before and after random chain scissioning. The corresponding activation energies were 142 and

378 kJmol�1, respectively, which were much higher than the activation energy of the thermal depolymerization of heating.
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INTRODUCTION

Microwave irradiation has been successfully applied to the depoly-
merization of some polymers, such as poly(ethylene terephthalate)
(PET), polyamide-6 and polystyrene because of the short reaction
time when it is used as an energy source.1–6 The kinetic studies of
polymer microwave depolymerization have received much attention
because of the non-thermal effects that are observed. The facts that
the polymer depolymerizations could be accelerated by microwave
irradiation, and that the depolymerization mechanism was a combi-
nation of regular and random chain scissioning have generally been
accepted.7–11

In terms of the applications of microwave irradiation, some of the
kinetic processes of PET depolymerization have been studied, such as
glycolytic and aminolytic depolymerizations of PET in a microwave
reactor, which were conducted by Achilias et al.12,13 The activation
energy (Ea) of the depolymerization reactions was evaluated by a
simple kinetic model. Moreover, Achilias et al.14 reported the
hydrolytic depolymerization of PET in an alkaline solution with a
phase-transfer catalyst under microwave irradiation, and the Ea was
also evaluated.

In our previous work,6 microwave irradiation, used as an energy
source, was applied to PET hydrolytic depolymerization in pure water,
and the chain-scissioning mechanism of PET depolymerization was
preliminarily discussed. It is known that using microwave irradiation
as an energy source causes thermal and non-thermal effects. Would
the chain-scissioning mechanism of the polymer depolymerizations
be changed by the non-thermal effects of microwave irradiation?
What are the chain-scissioning mechanism and its kinetic behavior?

In this study, the kinetic processes and mechanisms of PET
hydrolytic depolymerization using microwaves were investigated,
and the chain-scissioning mechanism was further examined to
confirm the non-thermal effects of microwave irradiation, effects for
which the chemical reactions of small molecules cannot provide
effective explanations. This paper provides a deeper understanding
of the non-thermal effects of microwaves on chemical reactions.

MATERIALS AND METHODS

Chemicals
Pure PET resin was obtained in the form of fiber-grade commercial chips

supplied by Liaoyang Petrochemical Fiber Company (Liaoyang City, China).

The high-purity water used was prepared by triple distillation. The 1,1,2,2-

tetrachloroethane used for measuring the intrinsic viscosity, the phenol used for

ebulliometry, and the chloroform, orthocresol and dimethyl sulfoxide used for

end-group analysis were of analytical grade (all chemicals were provided by the

Shanghai Chemical Reagent Factory, Shangai City, China).

Viscosity-averaged molecular weight of PET
The intrinsic viscosity of PET was 0.621dl g�1 (measured in a 60/40 (w/w)

phenol/1,1,2,2-tetrachloroethane solution at 25 1C), corresponding to a viscos-

ity-averaged molecular weight of 18 912, which was calculated from the

following equation: intrinsic viscosity¼7.55�10�4 M0.685.15

Depolymerizations under microwave irradiation
In our previous research work,16 we conducted a series of PET depolymeriza-

tion experiments to determine the optimal reaction conditions; the optimal

reaction temperature was 220 1C. For the studies of the kinetics and the

mechanisms of PET depolymerization processes, the resulting differences from
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reaction temperatures of 200–220 1C were not obvious, hence the reaction

temperatures of 180, 185 and 190 1C were adopted. Moreover, there

was enough depolymerization product, and the undepolymerized PET (i.e.,

partially depolymerized PET) was easy to determine (especially with thermo-

gravimetric analysis (TGA) and scanning electron microscopy (SEM)) in the

range of the reaction temperatures. The reaction time was controlled within the

range of 90–480 min, and a 30-min time interval for depolymerization at each

temperature was used.

PET chips (2 g) were precisely weighed and placed in a sealed 80-ml Pyrex

glass vessel with 20 ml of distilled water. Depolymerizations were performed at

a certain controlled temperature in a microwave system (CEM Discover,

CEM Corporation, Matthews, NC, USA) equipped with temperature and

pressure sensors, and the power output of the microwave was controlled at

260 W without agitation. At the end of the experiment, the reaction vessel was

cooled for 20 min under sealed conditions and then taken out of the microwave

system. The solid mixture, which included the depolymerization product

terephthalic acid and the undepolymerized PET, was separated from the

solution by filtration with high-purity water to dissolve ethylene glycol and

dried at 90 1C to a constant weight.

Methods
Carboxyl-group concentration analysis of solid mixtures. One carboxyl group

was produced when an ester bond was broken during the PET depolymeriza-

tion process, and the number of carboxyl groups expressed the PET depoly-

merization degree quantitatively and directly. The carboxyl-group

concentrations (CCOOH) of solid mixtures were determined by potentiometric

titration according to Campanelli et al.17 The reference electrode was saturated

calomel electrode, and a certain concentration of potassium hydroxide–

C2H5OH was used as the normal solution. The potentiometric titration was

completed automatically by an auto potentiometric titrator.

Determination of the molecular weight. Determination of the molecular weight

was important and significant for the kinetic studies of the depolymerization

process,18 and it qualitatively reflected the depolymerization degree of PET. The

method of ebullioscopy was used to determine the number-average molecular

weight (Mn) of the undepolymerized PET for its relatively lower range

of molecular weights. The solid depolymerization mixtures were dissolved

in a 10% potassium hydroxide solution and then filtered. The solid samples

(i.e., the undepolymerized PET) were dried at 90 1C to a constant weight.

Atmospheric distillation was used to determine the boiling point of the

undepolymerized PET dissolved in phenol according to the ebullioscopy for

the molecular weight of the polymer.

TGA and SEM of the undepolymerized PET. The TGA of the undepolymerized

PET was performed with TGA equipment (SDT Q600, TA Instruments,

New Castle, DE, USA) at the rate of 10 1C min�1 under a nitrogen environment

within the range of 30–700 1C. The SEM (JXA-840, JEOL, Tokyo, Japan) was

used for the morphology analysis of the undepolymerized PET, which was put

on a specimen stub, and deposited by vacuum evaporation with gold.

RESULTS AND DISCUSSION

Carboxyl-group concentrations and molecular weight versus time
Both the changes in the CCOOH of the depolymerization reaction
(solid dotted line) and the Mn of the undepolymerized PET (hollow
dotted line) as a function of the depolymerization time for different
temperatures are shown in Figure 1. The CCOOH increased and the Mn

decreased with the reaction time. The CCOOH values were directly
proportional to the temperature for a given depolymerization time.
This result indicated that as the temperature rose, more carboxyl
groups were produced and the depolymerization proceeded further.

It is worth noting that the changes of CCOOH appeared to regularly
shift with the depolymerization time for different temperatures. This
could be interpreted to mean that the PET molecular chain was
quickly broken; this was due to the non-thermal effects of microwave
irradiation on the depolymerization process. The change in CCOOH as
a function of time was not a smooth curve, and this suggested that the

microwave depolymerization of PET did not follow only one kinetic
process.

The Mn of the undepolymerized PET was in the range of 103–104, as
shown in Figure 1. However, Mn became steady and the changes were
incremental when its values dropped to a certain range (2000
oMno3000). This finding was consistent with the results of related
studies, which pointed to the fact that the molecular chain is broken to
a certain extent in the process of PET hydrolysis.19 Moreover, there
were additional clear drops in the value of the Mn at the depolymer-
ization times of 150, 210 and 300 min for the temperatures of 190 1C,
185 1C and 180 1C, respectively, and this was in line with the results of
the CCOOH changes for different temperatures.

At the same reaction time, as the temperature rose, more carboxyl
groups were produced, a lower molecular weight was achieved, and the
depolymerization of PET was more complete. At the same temperature,
the decreases of Mn and the increases of CCOOH occurred to the same
extent. Moreover, the Mn became steady, but the CCOOH kept increasing
when the reaction comes to a period at different temperatures. This
meant that there would be limitations on the further cracking of the
molecular chain of PET for a certain period of time.

TGA of the undepolymerized PET
The results of PET depolymerization at 190 1C were considered to be
representative of the degree of PET depolymerization for the three
different temperatures and especially for the morphologies seen
in the SEM micrographs. Therefore, the TGA results of the undepo-
lymerized PET at different reaction times (90–300 min) at 190 1C were
selected for the qualitative analysis of the TGA, which is shown in
Figure 2.

There was no evidence of changes between 90 and 150 min
depolymerization time for TG, and this showed that the thermal
stability of the undepolymerized PET was the same when the Mn

changed. When the depolymerization time was longer than 210 min,
especially when it reached 240 min, the thermal stability of the
undepolymerized PET evidently declined with the rapid decrease of
the Mn. A sharp change in weightlessness appeared when the depo-
lymerization time reached 300 min, and this was confirmed by the
thermal stability law for the molecular weight changes of PET,20 that
is, the hot weightlessness increased quickly with the decreases in PET
for low degrees of polymerization.

Figure 1 Carboxyl group concentration (CCOOH) of the depolymerization

reaction (solid dotted line) and the number-average molecular weight (Mn) of

the undepolymerized polyethylene terephthalate (PET) (hollow dotted line)

versus the depolymerization time under different temperatures.
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SEM of the undepolymerized PET
The surface and the section morphologies of the undepolymerized
PET at the depolymerization times of 120 and 180 min observed
by SEM are shown in Figures 3a–d, respectively; the ratio of water to
PET was 10:1, and the temperature was 190 1C.

The surface morphology of the undepolymerized PET at the
depolymerization time of 120 min at 190 1C is shown in Figure 3a.
The surface of the undepolymerized PET contained faults and a partial

upheaval plane structure. Compared with the surface, the inner
section of the undepolymerized PET was obviously pitted with
many small holes for the same conditions shown in Figure 3b.
We confirmed that the depolymerization reaction occurred in the
interior and on the exterior (that is, inside and on the surface) of the
PET simultaneously. This behavior suggested that the mechanism of
PET depolymerization involved random chain scissioning. As time
passed, the fault and partial upheaval plane structure of the undepo-
lymerized PET surface collapsed gradually, as shown in Figure 3c. It
was interesting that so many obvious cracks and massive holes formed
in the interior of the undepolymerized PET over time, as shown in
Figure 3d. It was confirmed that many ester bonds in the PET interior
were broken by the non-thermal effects of microwave irradiation
during the depolymerization process, and this was consistent with the
results of the Mn determination in which the PET chain was broken
rapidly to the same degree as the massive low-molecular-weight
polymers.

Mechanisms of chain scissioning
All the results—the carboxyl group concentration CCOOH, Mn and the
SEM micrographs—suggested that there was a mechanism in which
the depolymerization of PET involved random chain scissioning and
resulted in the non-thermal effects of microwave irradiation. There
were at least two different periods in the depolymerization reaction. In
the initial period, the molecular weight dropped and the monomer
(which would be hydrolyzed into terephthalic acid and ethylene
glycol) content increased gradually when the molecular chain was

Figure 2 Thermogravimetric analysis (TGA) of the undepolymerized
polyethylene terephthalate (PET) at different depolymerization times. A full

color version of this figure is available at Polymer Journal online.

Figure 3 (a) The surface morphology of the undepolymerized polyethylene terephthalate (PET) at the depolymerization time of 120min at 190 1C. (b) The

section morphology of the undepolymerized PET at the depolymerization time of 120 min at 190 1C. (c) The surface morphology of the undepolymerized

PET at the depolymerization time of 180min at 190 1C. (d) The section morphology of the undepolymerized PET at the depolymerization time of 180 min

at 190 1C.
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mainly ruptured by the depolymerization. After that, the molecular
weight dropped, and the monomer content increased rapidly when
PET chains were broken randomly. Finally, the molecular weight of
the undepolymerized PET decreased toward stableness, and the
monomer content increased gradually. Therefore, the chain scissioning
of PET depolymerization under microwave irradiation involved
regular, then random, then regular processes.

Kinetic model
The study of PET hydrolysis in the solid state received much attention
many years ago. Miyagi et al.21 studied the etching of crystalline
PET by hydrolysis, Campanelli et al.17studied the kinetics of PET
hydrolysis at high temperatures, and Thominette et al.22,23 studied the
water-sorption characteristics of PET amorphous foil.

It is well known that the frequency of the microwave system is
2450 MHz, which is the effective absorption frequency for water.24

The kinetic behaviors should be different in different media. This
study involved PET depolymerization only in pure water, and the
depolymerization product terephthalic acid of the solid mixtures was
in a microliter state, which was obtained by filtration after cooling for
20 min from X160 1C. Therefore, it was assumed that the produced
terephthalic acid was in a ‘quasi-melt’ state during the processes of
PET depolymerization in the microwave system. The PET depolymer-
ization under microwave irradiation was a process in which
the chemical bond of ester was broken by water, which could be
considered to be consistent with the study of PET hydrolysis at high
temperatures by Campanelli et al.17 to some extent:

The rate of depolymerization of PET can be expressed as follows:

ln
1

1 � e
¼ kCH2Ot ð1Þ

The reaction extent e can be calculated as follows:

e ¼ ðCCOOH � CCOOH;0Þ=ðCEL;0 � CCOOH;0Þ ð2Þ
CEL is the concentration of ester linkages, CCOOH,0 refers to the
carboxyl group concentration at time¼0, and CEL,0 was the initial
concentration of ester linkages. The rate constant ‘k’ could be
determined from a plot of C�1

H20 ln½1=ð1 � eÞ� ðCH2O was considered
a constant) versus time, and the relationships for different tempera-
tures are shown in Figures 4, 5 and 6.

Because the microwave chemical reaction of PET depolymerization
did not involve only one kinetic process, the depolymerization could
be divided into at least two stages: the a-stage (3000oMno9000) was
the period before the PET random chain scissioning, and the b-stage
(2000oMno3000) was the period after the PET random chain
scissioning. The stage between a and b was the period of the PET
random chain scissioning, resulting from the non-thermal effects of
microwave irradiation.

From the results that are shown in Figures 4–6, it can be seen that
there were two rate constants for the different temperatures, and they
were consistent with the changes in the molecular weight. Further-
more, this fact indicated that in the same reaction stage, a higher
reaction temperature meant a larger constant. The rate constants of
the b-stage were larger than those of the a-stage for different
temperatures, and the differences in the rate constants increased
gradually as the temperature rose (as shown in Table 1).

The Arrhenius plots of two different reaction stages are shown in
Figure 7, and the corresponding Ea is listed in Table 1.

From the results of the table, it can be seen that the Ea of the b-stage
was more than double that of the a-stage. Furthermore, the Ea of the

Figure 4 Relationship between C�1
H20 ln½1=ð1 � eÞ� and the reaction time at

180 1C.

Figure 5 Relationship between C�1
H20 ln½1=ð1 � eÞ� and the reaction time

at 185 1C.

Figure 6 Relationship between C�1
H20 ln½1=ð1 � eÞ� and the reaction time at

190 1C.
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a-stage was slightly larger than 123 kJ mol�1, which is the value for
PET that was hydrolyzed at a high temperature by heating,17 and the
Ea of the b-stage was much higher than that of the thermal depoly-
merization. It can be assumed that microwave irradiation can make
PET depolymerize with a higher rate of random chain scissioning,
thus, resulting in the non-thermal effects that were observed for
microwave irradiation.

In contrast, the Ea appeared to be very sensitive to the temperature,
and the effects of the temperature on the Ea increased as the
temperature rose. Therefore, compared with the thermal depolymer-
ization of heating, the reaction rate of PET depolymerization under
microwave irradiation increased more quickly as the temperature rose,
and this was also consistent with the results of the experiment.

CONCLUSIONS

The microwave depolymerization reaction of PET occurred simulta-
neously in the interior and on the exterior of PET. More than one
kinetic process occurred because of the non-thermal effects of the
microwave irradiation. The chain scissioning during PET depolymer-
ization under microwave irradiation involved regular, then random
and then again regular processes. Microwave irradiation made PET
depolymerize with a higher rate of random chain scissioning events,

resulting in the observed non-thermal effects of microwave irradia-
tion. The reaction rate of PET depolymerization increased more
quickly as the temperature rose. In this experiment, the depolymer-
ization process was divided into two stages, that is, the stage
before random chain scissioning and the stage after random chain
scissioning. The corresponding activation energies were 142 and
378 kJ mol�1, respectively, which were much higher than that of the
thermal depolymerization of heating.
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Table 1 Rate constants of the reaction stages with different range

of Mn in different temperature, and its activation energy for

PET depolymerization reaction

Reaction

stage Mn

Temperature

(1C)

k

(kgmol�1min�1)

Ea

(kJmol�1)

a 180 0.0027 142

3000oMno9000 185 0.0045

190 0.0061

b 180 0.0037 378

2000oMno3000 185 0.0092

190 0.0324

Abbreviations: Ea, activation energy; k, rate constant; Mn; number-average molecular weight;
PET, polyethylene terephthalate;

Figure 7 Arrhenius plots of the two different reaction stages.
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