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ABSTRACT: Reactions were carried out in a batch auto-
clave reactor. Poly(butylene terephthalate) (PBT) and dif-
ferent alcohol solvents were used in the vessel. The
reaction products were analyzed by infrared spectroscopy
and gas chromatography/mass spectrometry. Alcoholysis
of PBT occurred in supercritical methanol, ethanol, and
propanol, and we obtained dimethyl terephthalate (DMT),
diethyl terephthalate (DET), and dipropyl terephthalate
(DPT), respectively. The conversion of PBT at different
temperatures showed similar trends but different degrada-

tion degrees. The reactivity for the alcoholysis of PBT in
supercritical methanol was much higher than those in
supercritical ethanol and propanol. DMT and 1,4-butane-
diol obtained from the depolymerization of PBT in super-
critical methanol reached 98.5 and 72.3%, respectively, at
583 K for 75 min. The yield of DET reached 76% for
75 min. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 116:
2269–2274, 2010
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INTRODUCTION

The recovery of valuable products through the chem-
ical recycling of polymers has been attracted attention
in recent years for both environmental and economic
reasons. There is a lot of ongoing research to find ef-
ficient technologies to degrade waste plastics.1

The exploration of supercritical fluids as solvents
and as reaction media for polymer degradation has
attracted particular interest over the past decade.2–4

Because of their unique physical and chemical prop-
erties, they have many advantages when they are
used in polymer degradation, such as reaction in the
homogeneous phase and high decomposition
rates.5,6 Tagaya et al.7 investigated the degradation
of polycarbonate (PC) in supercritical water with
temperatures above 647 K. Chen et al.8 observed
that high yields of bisphenol A and dimethyl car-
bonate were obtained with methanol to depolymer-
ize PC. Huang et al.9 studied the depolymerization
of PC in ethanol. Sako and coworkers10,11 studied
the characteristics of the depolymerization of poly
(ethylene terephthalate) (PET) in supercritical metha-
nol using a high-pressure reactor. PET could convert

into monomer completely at 603 K after 45 min. Kim
et al.12 investigated the mechanism of the alcoholysis
of PET. Campanelli et al.13 studied the depolymer-
ization of PET in critical water at 523–553 K. Yang
et al.14 studied the methanolytic depolymerization of
PET with supercritical methanol. Meng and co-
workers15,16 studied the alcoholysis kinetics of poly
(butylene terephthalate) (PBT) in supercritical metha-
nol and the effect of the reaction temperature and
pressure on the decomposition of PBT. Shibata and
Masuda17 reported that the depolymerization of PBT
at high temperature was an effective method for the
quantitative recovery of dimethyl terephthalate
(DMT) and 1,4-butanediol (BG). Huang and co-
workers18,19 studied the characteristics of the depoly-
merization of PBT in supercritical methanol.
However, the depolymerization of PBT in different

alcohol solvents, such as ethanol and propanol, has
not yet been reported. Thus, in this study, we exam-
ined the degradation of PBT performed in supercriti-
cal methanol, ethanol, and propanol in a batch-type
autoclave reactor. The effects of the temperature and
reaction time on the degradation degree, molecular
weight, and yields of monomers were investigated.

EXPERIMENTAL

Material and solution

The PBT used in the experiments was a commercial
slice with a molar-average molecular weight (Mn) of
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29,700 and produced by the Shanghai Polyester Fiber
Factory (Shanghai, China). The solutions used in the
experiments were chromatography-grade methanol,
ethanol, and propanol.

Degradation of PBT

A batch-type reaction was used for the degradation
experiments. The experimental apparatus is shown
in Figure 1. The reactor was made of 316 stainless
steel, and the inner volume was about 20 cm3. The
reactor was heated by molten salts (KNO3 and
NaNO2). The temperature was maintained by a tem-
perature controller in conjunction with a thermocou-
ple immersed in the melting salts. To prevent the
effect of atmosphere on the degradation of PBT, the
atmosphere in the reactor was extracted by a vac-
uum pump after 1.0 g of PBT was added, and then,
12.5 mL of alcohol solvent was input by negative
pressure. The reactor was immersed in the melting
salts, and the thermocouple and pressure indicator
were used to detect the temperature and pressure of
the reaction system. When the reaction ended, the
reactor was taken out of the melting salt and
immersed quickly in cold water. The temperature of
the reactor decreased to room temperature in 1 min.
The undegraded solid products were cleaned by an
alcohol solvent and dried for analysis.

The degree of PBT conversion was defined by
eq. (1):

Conversionð%Þ ¼ 1� Mt

M0

� �
� 100 (1)

where M0 is the weight of the feed PBT and Mt is
the weight of the solid products after degradation.
To study the influence of the different solvents, reac-
tion temperature, and reaction time on the degrada-
tion, the experiments were carried out at different
temperatures with reaction times of 10–40 min in
methanol, ethanol, and propanol.
The effects of different alcohol solvents on the

yields of products were investigated in methanol
and ethanol at 583 K with reaction times of 5–
90 min. The reaction products identified by gas chro-
matography (GC)/mass spectrometry were mainly
composed of DMT and BG in methanol and diethyl
terephthalate (DET) and BG in ethanol. The yields of
DMT, DET, and BG were represented as the percent-
age of the DMT, DET, and BG amounts in the prod-
ucts calculated from GC data against that of the the-
oretical amount if the feed PBT was completely
depolymerized. The formula is shown as follows:

Yield of Xð%Þ ¼ ðWeight of monomer XÞ=
ðTheoretical weightÞ � 100 ð2Þ

where X is DMT, DET, or BG.

Analysis

A certain amount of alcohol solvent was dropped
into the reactor. After the filtration of the products,
the residue was the PBT not yet decomposed and the
liquid, including some reaction products. The solid
products were measured on a 25PC Fourier transform
infrared (FTIR) spectrograph (Bio-Rad, USA) by the
KBr method. The surfaces of the solid products were
observed with a scanning electron microscope (JEOL
JSM-6360LV, Japan).The liquid products were identi-
fied with an Agilent 6890 series gas chromatograph
equipped with a mass spectrometer (GC/mass spec-
trometry) with a CBP20-S25-050 column and quanti-
fied with a GBC-930 plus GC/flame ionization detec-
tion (GC/FID) system with the same column. The
viscosity of the polymer was measured with a rota-
tional viscometer (Shanghai, China) at 300 K with
phenol and tetrachloroethane solvents (3 : 2 wt/wt),
and the molecular weight was calculated.

RESULTS AND DISCUSSION

Analysis of the products

The IR spectra of the purified PBT and undegraded
solid in methanol were measured and are shown in
Figure 2(a,b). As shown in Figure 2, the residue was
the PBT, which had not decomposed completely.
The same results were obtained from analysis of the
solids in the ethanol and propanol solvents. The
reaction products of PBT in methanol, ethanol, and

Figure 1 Apparatus for PBT degradation: (1) reactor, (2)
pressure pickup, (3) thermocouple, (4) thermocouple, (5) agi-
tator, (6) salt bath, (7) vacuum pump, (8) temperature con-
troller, and (9) heater. PI, pressure indicator; TI, temperature
indicator; M, mixer; TIC, temperature controller.
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propanol were DMT and BG, DET and BG, and
dipropyl terephthalate and BG, respectively.

Effects of the different alcohol solvents on
the degradation of PBT

Figure 3 shows the relationship between the reaction
time and conversion of PBT in different alcohol sol-
vents. We observed that the degradation of PBT
increased with the reaction process in methanol,
ethanol, and propanol but to varying degradation
degrees. When the temperature was maintained at
503 K for 20 min, the conversions of PBT were 75.2%
in methanol, 52.1% in ethanol, and 41.1% in propa-
nol. When the reaction time reached 25 min, the con-
versions of PBT were 92.3, 62.0, and 52.1% in metha-
nol, ethanol, and propanol, respectively.

Figure 4 shows the conversion of PBT in different
alcohol solvents at different temperatures. When the
temperature reached 523 K, PBT dissolved in super-
critical methanol and decomposed completely in a
homogeneous phase for 20 min, whereas the conver-
sions of PBT were about 75 and 57.7% in ethanol

and propanol, respectively. Methanol was more
favorable than ethanol and propanol in this process.

Effects of the different alcohol solvents on the
decrease in molecular weight

The molecular weights of PBT degraded in different
alcohol solvents was observed at different reaction
times. Figure 5 shows the relationship between Mn

and the reaction time in methanol, ethanol, and pro-
panol at 483 K. The average molecular weight of
PBT decreased with the process of PBT degradation.
Mn dropped from 29,700 to 4800, 5700, and 7300 at
483 K within 20 min and to 2600, 3700, and 4500
within 30 min in methanol, ethanol, and propanol,
respectively. The average molecular weight of PBT
decreased with the conversion of PBT in alcohol sol-
vents, as shown in Figure 6. When the conversion of

Figure 2 FTIR spectra of (a) PBT and (b) undegraded
solid in methanol (483 K, 30 min).

Figure 3 Relationship between the time and conversion
of PBT in different solvents.

Figure 4 Relationship between the temperature and
conversion of PBT in different solvents (reaction time ¼
20 min).
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PBT reached 30%, the molecular weight dropped to
6000, 6800, and 7600 in methanol, ethanol, and pro-
panol, respectively, at 483 K. As the molecular
weight dropped nearly 1000, the conversion of PBT
was about 75% in the alcohol solvents.

The scanning electron microscopy (SEM) micro-
graphs of the surface of the solid products obtained
from depolymerization of PBT at different reaction
temperatures are presented in Figure 7. The surface
of the PBT feed was compact and smooth, as shown
in Figure 7(a). As the temperature increased, PBT
showed a swelling process. Propanol reacted with
the surface of the material, which showed many cav-
ities, as depicted in Figure 7(b). This meant the pro-
panol diffused into the PBT. The conversion of PBT
was 25.6% in propanol at 483 K for 20 min. A crystal
structure morphology was observed in the PBT
depolymerized at 523 K, which is shown in Figure

7(c); the conversion of PBT reached 57.7%. The SEM
micrographs of the surface of PBT degradation in
methanol and ethanol depicted similar conditions.

Figure 5 Relationship between the molecular weight and
the reaction time (t) in different solvents. T, reaction
temperature.

Figure 6 Relationship between the molecular weight and
conversion in different solvents.

Figure 7 SEM of PBT in propanol [t (reaction temperature)
¼ 20 min]: (a) raw material, (b) at 483 K with a 25.6% conver-
sion of PBT, and (c) at 523 K with a 57.7% conversion of PBT.
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Alcoholysis scheme of PBT in supercritical alcohol
solvents

In the previous reaction, we propose the depoly-
merization process of PBT in the supercritical alco-
hol solvents. The alcoholysis reaction of PBT
involved the random chemical scission of ester link-
ages along the polymer main chain. The polymer
ester interchanged with an alcohol molecule to cre-
ate two carboxyl R groups [AC(O)OR], in which R
represents methyl, ethyl, or propyl groups. The two
small polymer chains still reacted with alcohol by an
ester-exchange reaction until the polymer converted
into the reaction product completely. The reaction
products of PBT were mainly composed of DMT
and BG in methanol, DET and BG in ethanol, and
dipropyl terephthalate and BG in propanol, respec-
tively. The reaction formulas are shown next.

The major reaction for the depolymerization of
PBT in methanol was

The major reaction for the depolymerization of
PBT in ethanol was

The major reaction for the depolymerization of
PBT in propanol was

Reactant yields of PBT in supercritical methanol
and ethanol

The yields of the reaction products at different reac-
tion temperatures showed some similar trends, as
depicted in Figures 8 and 9. The yields of DMT and
BG increased quickly as the time proceeded but
dropped a little after reaching a peak yield accord-
ing to the side reactions. At 583 K, the highest yields
of DMT and BG reached 98.5 and 72.3%, respec-
tively, for 75 min. The highest yield of DET reached
76% for 75 min, and for BG, the yield reached 37%
within 45 min. During the alcoholysis of PBT, sev-
eral byproducts, such as bishydroxybutyl terephtha-
late, methyl hydroxybutyl terephthalate, and oligom-
ers, were formed by side reactions. The yield of BG
was lower than those of DMT or DET because BG
converted into tetrahydrofuran by a cyclization reac-
tion. The reaction equation is shown next:

Figure 8 Yields of DMT and BG.

Figure 9 Yields of DET and BG.
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CONCLUSIONS

The degradation of PBT increased with the reaction
process in methanol, ethanol, and propanol. The
conversion of PBT in alcohol solvents showed simi-
lar trends but different degradation degrees. The
products of PBT in methanol, ethanol, and propanol
were DMT and BG, DET and BG, and dipropyl ter-
ephthalate and BG, respectively. Methanol was more
favorable than ethanol and propanol in the degrada-
tion process.
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