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Abstract

A series of poly(ethylene terephthalate) and of poly(butylene terephthalate) samples containing di�erent amounts of carboxyl end

groups were prepared by chain-extension reaction with diepoxides. The e�ect of the carboxyl content on thermooxidative degra-
dation was studied, using as criteria the induction period of oxidation and the stabilisation coe�cient, both obtained by di�erential
scanning calorimetry during isothermal or dynamic heating of the samples under air and nitrogen atmosphere. It was found that as
the carboxyl content decreases the thermooxidative stability increases. However, in some more chain extended (crosslinked) samples

the thermooxidative stability degreased. This abnormal behaviour was attributed to the lower degree of crystallinity of these sam-
ples. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Thermal stability of thermoplastic engineering polye-
sters such as poly(ethylene terephthalate) (PET) and
poly(butylene terephthalate) (PBT) is of great technolo-
gical importance. The deterioration of these polyesters
can take place during their life cycle, starting from their
production, during product formulation, moulding, end
use of the product and especially when all these steps
are accompanied by an oxygen atmosphere and a higher
temperature.

Thermal degradation takes place mainly during the
polycondensation stage due to the high temperatures
used (280±300�C for PET and 250±280�C for PBT).
This is the reason for the relatively low molecular
weight of these polyesters 15,000±25,000. The mechan-
ism for this degradation involves a random alkyl-
oxygen chain scission of the �-hydrogen type.
Acetaldehyde, water, carbon dioxide and carboxyl end
groups are the main products of thermal degradation of
PET [1], while butadiene and carboxyl end groups are
produced from PBT [2]. The kinetic parameters of this
thermal degradation have been also studied [3,4].

From very early studies, it was found that the main
factors a�ecting the thermal degradation are the cata-
lysts which are used in the ®rst stage of the polyester
production (transesteri®cation stage) [5]. A mechanism
for their promoting action was proposed by Zimmer-
mann et al. [6] in which a complex formation between
the metal and the carbonyl group takes place. In order
to prevent this action, phosphite and phosphate [7±9] as
well as phosphonate [10,11] compounds were used after
the completion of transesteri®cation stage.

The degradation of PET and PBT in the presence of
air proceeds through a free radical mechanism. The
thermooxidative degradation takes place mainly during
the product formulation in injection machines or during
the extrusion of the polymer melt (moulding). In these
procedures there is a critical time period for polymer
melt which cools down and ®nally solidi®es. During this
period the polymer can be a�ected by air and the results
are in general the same as in the case of thermal degra-
dation. This leads to a decrease of the molecular weight
and the formation of undesirable products. All these can
signi®cantly a�ect the properties of the end products.

According to the free radical mechanism of thermo-
oxidative degradation, a free macroradical is generated
by heat, radiation or stress. This reacts readily with
oxygen to yield a peroxy radical. The peroxy free radical
abstracts hydrogen from another polymer molecule
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creating a new macroradical and a hydroperoxide. Then
the hydroperoxide decomposes to two new free radicals
which are also initiators of the chain reaction. This
decomposition in this case is accelerated by the same
metal ions derived from the transesteri®cation catalyst.
Hindered phenols, aryl phosphites, phosphates and
phosphonates are the most e�ective antioxidants
[12,13] and they are often used at about 0.05±1 wt%
[14]. Some other phosphorous compounds can also
inhibit the thermooxidative degradation of PET by
deactivating the zinc acetate, the most common trans-
esteri®cation catalyst [15].

As it is obvious from all the above, a great amount of
research has been done on the thermal and thermo-
oxidative stabilisation of PET, but some questions are
still unanswered. One of them is: how does the carboxyl
content a�ect the thermooxidative stability of polye-
sters? For this purpose PET and PBT samples, with
di�erent amount of carboxyl content were prepared by
using a diepoxide chain-extension reaction and their
thermooxidative stability was evaluated by high tem-
perature DSC measurements.

2. Experimental

The virgin PET and PBT samples, having intrinsic
viscosity of 0.60 and 0.84 dl/g, respectively, were kindly
supplied by Du Pont de Nemours (Luxembourg). The
carboxyl content was 42 for PET and 44 eq/106 g for
PBT. The preparation of polyesters containing lower
carboxyl content than the virgin one (blank) is described
in our previous papers [16,17]. The PET samples were
taken from the chain extension reaction carried out at
280�C�1 with diepoxide I:

and the PBT samples at 250�C�1 with diepoxide II:

Both diepoxides were used in di�erent amounts
(half, theoretical and double) and for di�erent times
of reaction (5, 10, 15, 20, 30 and 60 min) under an
inert atmosphere. The theoretical amount of the chain
extender to be added to the polyesters was calculated
from Eq. (1)

W% �Mw � CC0

2� 104
�1�

where Mw is the molecular weight of the chain extender
and CC0 the carboxyl content of the initial polymer. As
theoretical amount we mean the quantity of chain
extender which is needed, so that a mole of chain
extender reacts with 2 moles of polyester, assuming that
only the carboxyl groups will be the reactive groups of
this process.

Both diepoxides were synthesized in our laboratory
and they are not commercially available. They worked
successfully and in the same manner, i.e. they increased
the initial molecular weight of PET and of PBT about
three times, as was found by intrinsic viscosity
measurements [16,17] and decreased their carboxyl
content as is shown in Figs. 1 and 2.

For the thermooxidative study of the polyesters, a
Perkin-Elmer di�erential scanning calorimeter model
DSC-2 was used. All the samples were ®ne milled and
the particle size fraction ÿ0.40+0.16 mm was used. To
prevent any hydrolytic degradation during heating, the
samples were dried before the study in a vacuum oven at
110�C for 24 h.

For the isothermal study, 10�0.01 mg of each sample
were placed in an aluminium pan and the cover was
simply placed on the sample, without sealing. The sam-
ples were heated in an air atmosphere (¯ow rate 1.5 l/h)
with heating rate 20�C, up to the desired temperature
(240�C for PET and 210�C for PBT). After reaching the
appropriate temperature the sample remained iso-
thermal until completion of the oxidation (exothermic
peak). From the thermograms obtained the induction
period was determined, as the time required for the
appearance of aforementioned thermooxidative exo-
thermic peak [15].

Fig. 1. Variation of the carboxyl end groups of PET samples with

chain extension reaction time and di�erent amounts of diepoxide I.
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For the dynamic treatments 10�0.01 mg of each
sample were placed in an aluminium pan as described
before. These were ®rst heated in an inert atmosphere
(nitrogen) with a heating rate of 5�C/min and ¯ow rate
1.5 l/h, up to temperatures about 30�C higher from the
melting point of each polyester (250�C for PBT and
290�C for PET). After that, a new amount of the same
sample was heated in an air atmosphere, under the same
conditions. As comparison factor was taken the stabili-
sation coe�cient [18] (Cst) which represents the heat of
fusion in nitrogen (HN) and the heat of fusion in air
(HA) Cst=HN/HA. This can take values between 0 in
the case that no melting peak appears in the air atmo-
sphere (only oxidation peak) and 1 in the case that no
oxidation peak appears (only melting peak).

3. Results and discussion

The catalytic e�ect of the carboxyl end groups on the
hydrolysis of PET has been mentioned by Buxbaum
[19] and later some other researchers have studied this
e�ect [6,20]. This catalytic e�ect is the main reason, for
polyester producers to o�er polyesters with carboxyl
content less than 10±15 eq/106 g, but PET and PBT,
apart from the high susceptibility to hydrolysis at tem-
peratures close to their melting points [21,22], can also
be oxidized very easily in the presence of small quantities
of air. This oxidation is a�ected by many parameters such
as temperature [23], catalysts, diethyleneglycol content
[24], etc. However, the role of the carboxyl end groups in
the thermooxidative stability of PET and PBT remained
unknown until now. For this reason samples containing
di�erent amounts of carboxylic end groups were

prepared. This was realized by adding di�erent amounts
of diepoxide compounds to the polyester melts and
allowing them to react with the carboxyl end groups for
di�erent time periods. To prevent oxidation, the reac-
tion took place under argon atmosphere. The carboxyl
content of PET and PBT samples was determined
according to Pohl's method [25], and is presented in
Figs. 1 and 2.

From Figs. 1 and 2 we can see the clear increase of
the blank run without diepoxide of both polyesters, that
is from 42 to 55 and 44 to 80 eq/106 g for PET and PBT
respectively. In the case of PET the variation of the
carboxyl content is relatively small. On the contrary, for
PBT sample the amount of the carboxylic groups almost
doubled during the same time period. The above men-
tioned increase is due to the thermal degradation of the
polyesters that takes place during heating [26±28] and
of course is higher at prolonged heating times. When the
diepoxides are added, there is a continuous reduction of
the carboxyl groups during the reaction time. This hap-
pens due to the reaction of the glycidyl groups of the
diepoxides with the carboxyl end groups of polyesters.
Thus, it can be said that the addition of diepoxides
besides the molecular weight increase (which was the
main reason of their use) also results to a su�cient
control of the undesirable carboxylic groups. Further-
more, as the amount of diepoxides increases the car-
boxyl end groups decrease even more. This is more
prominent in the case of PET in which the carboxyl
content became 5 eq/106 g after 60 min of thermal
treatment by doubling the amount of the diepoxide
used.

3.1. Thermooxidative stability of PET samples

The thermooxidative stability of PET samples was
estimated in the solid state as well as in the melt. For the
®rst study the induction period was chosen as a criter-
ion. The temperature of 240�C was chosen, because the
oxidation rate increases with increasing temperature
and for the solid state it has its maximum value near the
melting point. The induction periods for the PET sam-
ples are shown in Fig. 3.

The induction periods for the blank samples are
almost the same and lie between 17 and 18 min. It seems
that the small increase of carboxyl end groups that was
observed in these samples (8 eq/106 g for the sample of
30 min of heating) does not a�ect their oxidation rate.
Since the di�erences on the carboxylic groups are very
small in these samples, their real e�ect upon oxidation,
is obscure. Only in the sample heated for 60 min where
the highest increase in carboxyl groups is observed (13
eq/106 g), a small decrease of the oxidative stability
(about 4 min) is recorded. In contrast, in the chain-
extended samples there is an increase in the induction
periods and this happens in all the samples up to 30 min

Fig. 2. Variation of the carboxyl end groups of PBT samples with

chain extension reaction time and di�erent amounts of diepoxide II.
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of reaction time. These induction times lie between 21
and 24 min. We can generally say that these samples are
more resistant to oxidation than the corresponding
blank samples by about 4±6 min. The highest increase
appeared in the samples of 5 min and afterwards there is
a small stabilisation. This is in good agreement with the
variation of the carboxylic groups at these samples.
From Fig. 1 it can be seen that the highest decrease in
carboxylic groups, due to the e�ect of chain extension,
appears within the ®rst 5 min of the reaction and after-
wards the decrease rate becomes lower.

The above ®ndings demonstrate that the carboxyl end
groups have a promoting e�ect on the oxidation of
PET, so their decrease in chain extended samples had as
a result an increased thermooxidative stability, but in
order to have an appreciable e�ect, the di�erences in the
carboxyl content must be more than 10 eq/106 g. A
similar promoting e�ect of the carboxylic groups was
also found in the thermooxidative degradation of poly-
mers derived from lactams [29] and of LDPE [30]. The
mechanism is not clear but this promotion can be ascri-
bed to the ease of the abstraction of the carboxylic
hydrogen in the presence of free radicals. From a pre-
vious study [31] in model compounds, it was found that
the rate of this carboxyl hydrogen abstraction from
peroxy radicals (ROO.) lies between 50 and 500 l/mol s.
The same rate for methylene (±CH2±) hydrogen is about
1±5�10ÿ4 l/mol s, while the abstraction rate of the �-
hydrogen adjacent to a double bond (±C�C±CH2±) is
0.1±1 l/mol s.

It is of particular interest that the most chain-exten-
ded samples, e.g. those after 60 min of reaction time,
showed the lowest induction periods. These samples
gave an insoluble residue, when we tried to prepare

solutions for viscosity measurements [15,16], attributed
to crosslinking. For this reason they also showed lower
melting points [32]. Consequently, they were less crys-
talline or better more amorphous; this is the reason of
the lower thermooxidative stability.

If the lower melting point was really the main reason
for this peculiar behaviour, we should ®nd another cri-
terion to elucidate this fact. The stabilization coe�cient
(Cst) is the second criterion, which was used in this
study, and it is referred to the thermooxidative stability
of polyester in the melt. Thus the melting point is not
involved.

As can be seen from Fig. 4 the variation of Cst shows
about the same trend as in the case of induction period.
There is also a clear and similar increase of the stability
for all chain extended samples (up to 30 min of reaction
time). In contrast, in the samples of 60 min, the stabilisa-
tion coe�cient is lower and very close to the correspond-
ing blank sample. This is clear evidence that in this case
the decrease of the thermooxidative stability is a�ected by
the crosslinking rather than by the melting point.

3.2. Thermooxidative stability of PBT samples

The research studies concerning the thermooxidative
stability of PBT are fewer compared to PET. PBT is
used mostly for electronic and electrical equipment
housings. In the last case, the temperatures which PBT
is exposed to, are often very high. Thus, inorganic ®llers
or glass ®bers are added to ensure form stability. To
estimate the thermooxidative stability in the solid state a
temperature of 210�C, which is quite close to its melting
point, was chosen. The induction periods of the oxida-
tion of PBT samples are presented in Fig. 5.

From Fig. 5 it can be seen that the induction period
for the blank samples decreases continuously with

Fig. 4. Stabilization coe�cient of chain-extended PET samples.

Fig. 3. Induction periods of thermooxidative degradation of chain-

extended PET samples.
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increasing the reaction time (thermal treatment of PET
sample without chain extender). Surprisingly, the virgin
PBT sample seemed to be very stable, since its induction
period (about 65 min) is much higher than that of PET.
This must be attributed to the presence of some anti-
oxidant, which was added during its production. This is
a very common practice among all polymer manu-
facturers. The decrease, which appears thereafter, can
be attributed to the promoting e�ect of the carboxylic
groups that are produced from the thermal decomposi-
tion of PBT during heating (Fig. 2). Thus, the samples
with the higher carboxyl content showed the lower
induction periods (30 and 60 min of heating time).
From these ®ndings, it is concluded that the role of an
antioxidant is not permanent. That is after its partial or
complete consumption the oxidation rate increases
again. Something like that should have happened in the
initial PBT sample. The increased amount of the car-
boxylic groups on prolonged exposure times has as a
result the production of more free radicals which con-
sumed the antioxidant.

In contrast, the decrease of carboxylic end groups of
all chain-extended samples had as a result an increased
induction time compared with the corresponding blank
ones. Examining more carefully the results it can be seen
that there is a clear trend for increasing the induction
period, which was not detected in the case of PET sam-
ples. As the added amount of diepoxide increases, the
induction time shifts to the higher values and the sam-
ples become more stable against air oxidation.

It is worthwhile noting that the most chain extended
PBT samples (60 min and double amount of chain
extender) showed an improved thermooxidative stabi-
lity in relation to the blank one of the same heating
time (60 min). This behaviour must be attributed to

the easier crystallization of PBT compared to that of
PET.

The stabilization coe�cient can also be a very good
criterion (Fig. 6) and in this case, the values of this
parameter showed the same trend with those mentioned
for the induction period, but the curves derived from
these values (Fig. 6) have a slightly di�erent shape. The
high value of the stabilization coe�cient for the virgin
sample, 0.95 which is close to 1, veri®es the assumption
that this sample contains a high amount of antioxidant.
Afterwards, a continuous degrease is observed up to the
sample of 60 min and the coe�cient becomes about
0.66. All chain extended samples have a higher thermo-
oxidative stability than the corresponding blank ones.
This behaviour is found in good agreement with that
observed by the induction period.

4. Conclusions

From this study, it was concluded that polyester car-
boxyl end groups have a promoting e�ect on thermo-
oxidative degradation. Thus, it is worth noting that a
further bene®t is given to polyester from chain extension
reaction with diepoxides, because in addition to mole-
cular weight increase, an improvement in the thermo-
oxidative stability is produced. On the other hand,
crosslinking negates this e�ect to some extent.
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