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ABSTRACT: The temperature influence on the thermal degradation products evolved
from poly(ethylene terephthalate) (PET) was investigated. The experiments were car-
ried out within the temperature range of 200—700°C in air. The main volatile toxic
products and weight losses during thermal degradation of PET were determined. The
results are presented on plots as a function of the degradation temperature. © 1998
John Wiley & Sons, Inc. J Appl Polym Sci 69: 2377—-2381, 1998
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INTRODUCTION

Knowledge about the thermal degradation of poly-
(ethylene terephthalate) (PET) involving the
emission of toxic substances is very important on
account of many commercial applications of this
polymer. The use of PET is growing very rapidly,
especially for carbonated beverage bottles.

Although the thermal stability of PET is rela-
tively high, the volatile toxic substances are emit-
ted within the temperature range 200—300°C ap-
plied to the production, processing, and material
recycling. Studies' ™ have shown that acetalde-
hyde and formaldehyde are the main degradation
products at these temperatures. At higher tem-
peratures (400—-700°C), the decomposition prod-
ucts of PET form mixtures, the complexity of
which depends on the temperature, atmosphere,
or time.®?

The mechanism of PET degradation has been
studied by several authors. *5-2112 Most of them
agree that the thermal degradation is initiated by
random scission of the chain at the ester linkage,
leading to carboxyl and vinyl ester end groups.
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This reaction is believed to occur through a six-
membered transition state:
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The primary degradation products undergo sec-
ondary processes (decarboxylation, hydrogen
transfer, transesterification) to give a wide vari-
ety of substances, such as carbon oxides, alde-
hydes, hydrocarbons, and aromatic acids and
their esters.

The reactions of thermooxidative degradation
are additionally complicated by the participation
of oxygen. It has been suggested that the process
starts by formation of a hydroperoxide at the
methylene group, followed by homolytic chain
scission. * The mechanism of the thermooxidative
degradation of PET is rather complex and still
needs a reasonable explanation. It is known that
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Figure 1l Scheme of apparatus used for the thermal degradation studies of materials:
(1) flow tubular furnace; (2) ceramic tube; (3) glass fiber filter; (4) needle valve; (5)
vacuum container; (6) air-cleaning filter; (7) flowmeter; (8) glass cocks; (9) absorption
bubbling washer; (10) aspirator; (11) vacuum pump.

the thermooxidative stability of PET depends on
the nature of the transesterification catalysts
used and the nature of the polymer chain, espe-
cially on the content of the diethylene glycol link-
age, which increases the rate of degradation.

Although many authors have studied the prod-
ucts of PET thermal degradation, there are only
scarce data in the literature concerning the con-
centrations of emitted toxic substances. The very
often used techniques, like pyrolysis—gas chroma-
tography or direct pyrolysis mass spectrometry,
appear to be convenient for studying the primary
products and the primary thermal degradation
mechanism of plastics. However, during thermal
degradation under real conditions, as processing
or fire, the residence time of plastic in a hot zone
is much longer and secondary products of further
degradation can be observed. Moreover, if the deg-
radation takes place in an air atmosphere, the
substances emitted may differ from those ob-
tained by pyrolysis. The aim of this article was to
study the temperature influence on the composi-
tion and amounts of the volatile toxic substances
emitted during the thermal degradation of PET
in air.

EXPERIMENTAL

The PET granulate for bottle processing Po-
lyclear-T 86 of Hoechst was used for the experi-
ment. According to the producer’s information,
the PET granulate does not contain any additives
(halogens, sulfur, or others). The experiments
were carried out using the test apparatus shown
schematically in Figure 1. The samples of PET
(0.1 g) in the ceramic boat were placed in the
ceramic tube heated to the given temperature.
The experiments were carried out under isother-
mal conditions at the temperatures of 200, 300,

400, 500, 600, and 700°C for 20 min. The rate of
air flow through the tubular furnace was kept at
0.025 m®/h and controlled using a flowmeter. The
delivered air was cleaned using filters with silica
gel and 4 A molecular sieves. At the outlet of the
tube, a fiber glass filter was placed to trap nonvol-
atile thermal degradation products. The volatile
products were collected in a 0.0127-m3-volume
glass container. Before beginning the experiment,
air was evacuated from the glass container using
a vacuum pump. During the thermal degradation,
the container was filled with the reaction gases.
To determine the composition and concentra-
tions of the volatile thermal degradation products,
gas chromatographic and colorimetric methods
were used. A Chrom 5 gas chromatograph with
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Figure 2 Weight loss changes of PET (Polyclear-T
86) as a function of degradation temperature.
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Table I Test Results of Volatile Thermal Degradation Products of PET (Polyclear-T 86) in Air
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Temperature (°C)

200 300 400 500 600 700
Substance Concentration (mg/m?®)

Acetaldehyde < 0.2 1.3 302.5 235.8 84.5 73.0
Formaldehyde 0.3 0.8 31.0 44.0 134 12.8
Benzaldehyde < 0.8 < 0.8 1.1 3.2 4.6 10.7
Benzene <0.1 0.1 2.0 12.0 47.5 95.0
Toluene < 0.2 < 0.2 0.7 1.2 6.8 174
Ethylbenzene < 0.2 < 0.2 0.3 1.0 2.3 104
Styrene < 0.5 < 0.5 0.8 2.4 6.5 26.0
C,-C, aliphatic hydrocarbons < 0.1 < 0.1 2.0 15.0 43.0 51.0
Dioxane < 0.8 < 0.8 5.0 10.8 4.2 2.0
Methyl acetate < 0.8 < 0.8 1.5 3.0 14.8 20.5
Methyl alcohol < 0.5 < 0.5 1.8 4.5 1.8 1.0
Carbon monoxide <5 62 1240 2480 3400 3540
an FID detector and the following packed columns RESULTS

were used: SE 30 (10%) + Carbowax 20M (0.3%)
on a Chromosorb W NAW, 60—80 mesh, and XE
60 (8%) + Carbowax 20M (0.3%) on a Chro-
mosorb W NAW, 60—80 mesh.

Formaldehyde was absorbed in water and ana-
lyzed colorimetrically as a complex with chro-
motropic acid.’ Carbon monoxide was analyzed
using Driger tubes.
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Figure 3 Mass changes of aldehydes evolved from
PET (Polyclear-T 86) as a function of degradation tem-
perature.

The percentage of the PET weight loss as a func-
tion of the degradation temperature is shown in
Figure 2. The greatest changes of the sample
weights were observed at 300—500°C. At higher
temperatures (above 500°C), the sample decom-
posed almost completely.
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Figure 4 Mass changes of hydrocarbons evolved from
PET (Polyclear-T 86) as a function of degradation temper-
ature.
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Analysis showed that the toxic volatile thermal
degradation products consist of carbon monoxide,
aldehydes (acetaldehyde, formaldehyde, benzal-
dehyde), C,—C, aliphatic hydrocarbons, aromatic
hydrocarbons (benzene, toluene, ethylbenzene,
styrene), methyl alcohol, methyl acetate, and di-
oxane (1,4-diethylene dioxide). The concentra-
tions of the determined substances in the thermal
degradation products of the PET granulate are
given in Table I. For each of the compounds, the
mass evolved from 1 g of PET was calculated us-
ing the following formula:

where c is the concentration of the substance in
the container after the thermal degradation (mg/
m?); v, the volume of the container (0.0127 m?);
and m,, the mass of the PET sample (g). The
dependence of the volatile substance masses
evolved from PET on the degradation tempera-
ture is shown in Figures 3—6. The maximum
amount of acetaldehyde was obtained at 400°C,
and that of formaldehyde, methyl alcohol or, diox-
ane, at 500°C. The amounts of carbon monoxide,
C,—C, aliphatic hydrocarbons, aromatic hydro-
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Figure 5 Mass changes of methyl acetate, methyl al-
cohol, and dioxane evolved from PET (Polyclear-T 86)
as a function of degradation temperature.
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Figure 6 Mass changes of carbon monoxide evolved
from PET (Polyclear-T 86) as a function of degradation
temperature.

carbons, benzaldehyde, and methyl acetate were
increased with temperature.

CONCLUSIONS

The studies on the thermal degradation of PET
in a tubular furnace with an air flow have shown
that the main evolved compounds were carbon
monoxide, acetaldehyde, formaldehyde, benzene,
styrene, and aliphatic C,—C,4 hydrocarbons. The
composition of the volatile products depends
strongly on the degradation temperature. At
lower temperatures, acetaldehyde, formaldehyde,
and carbon monoxide are the main degradation
products. The concentrations of carbon monoxide,
aromatic and aliphatic hydrocarbons, and methyl
acetate were increased with temperature. The
maximum yields of formaldehyde, methyl alcohol,
and dioxane were observed at 500°C, and that of
acetaldehyde, at 400°C.
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