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ABSTRACT: Chain extension of poly(ethylene terephtha-
late) (PET) with bisphenol-A dicyanate (BADCy) was stud-
ied using an internal mixer under reactive blending
conditions. The reaction between PET and BADCy was
confirmed by Fourier transform infrared (FTIR) and chem-
ical titration. With increasing amount of BADCy intro-
duced, the modified PET gave rise to higher torque during
stirred in an internal mixer, higher viscosity (g0), and

higher storage modulus (G0). Measurement of intrinsic vis-
cosity showed that BADCy indeed extended the molecular
weight of PET. DSC analysis represented that Tm and Tc of
the modified PET were shifted to low temperatures. VC 2010
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INTRODUCTION

Poly(ethylene terephthalate) (PET) has been widely
used in packaging fields due to its transparency,
chemical resistance, and barrier properties.1 How-
ever, during melt processing the molecular weight
of PET may be easily reduced when subjected to
thermal oxidation and hydrolytic degradation.2 The
thermal cleavage of the PET ester bond results in
carboxyl and vinyl ester end groups,3 as shown in
Scheme 1. Also at processing temperature, hydroly-
sis reactions occur between water and PET, resulting
in shorter chains with carboxylic acid and hydroxyl
ester end groups (Scheme 2).4 Both degradations
lead to reduction in molecular weight and an overall
decrease in melt viscosity and melt strength,5 which
limited its processings such as blow-molding and
extrusion foaming.6

To balance the degradation of PET during melt
processing, reactive extrusion was commonly prac-
ticed, in which di- or polyfunctional compounds
were introduced to react with end groups of PET
resulting chain extending and/or branching.7 Ring-
opening type extenders were also employed because

of their high reaction rate and free of by-products.
Several modifiers were proposed, including bis(ep-
oxides) or diepoxides,8,9 dianhydrides,10–12 bisoxazo-
lines,13 diisocyanates,14 triphenyl phosphate,15 and
trimethyl trimellitate.16

In the research work of this group, bisphenol-A
dicyanate (BADCy) was tried as an extender of PET
and compared with conventional ones like digly-
cidyl ether of bisphenol-A (DGEBA) and methylene-
diphenyl diisocyanate (MDI). When the content of
extender was 1 phr, the torque maximum of
DGEBA, MDI, and BADCy were 1.1, 2.5, and 3.9
Nm, respectively. It was found that BADCy being
more effective and worthy further studying. In this
paper, the investigation of BADCy as an extender
was reported. The chain extending reaction was car-
ried out in an internal mixer using various process-
ing parameters like rotor speed and feed composi-
tion. The extending effect was characterized with
torque, intrinsic viscosity, and the carboxyl content.

EXPERIMENTAL

Materials

An industrial grade PET of intrinsic viscosity [g]
0.68 dL/g was supplied by Yanshan Petrochemical
Co., China. Before processing, PET was dried at
140�C in vacuum for 6 h. Bisphenol-A dicyanate
(BADCy) was supplied by Huifeng Technical &
Business Co., China. The molecular structure of
BADCy was shown in Scheme 3. Phenol was
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supplied by Fuchen Chemical Reagents Factory,
China. 1,1,2,2-tetrachloroethane and chloroform were
supplied by Sinopharm Chemical Reagent Beijing
Co., China. Benzyl alcohol and phenol red were sup-
plied by Beijing Yili Fine Chemicals Co., China.

Chain extension reaction

Chain extension reaction was carried out in an inter-
nal mixer (Haake, Rheomix 600). Preweighed dry
PET was loaded to the mixer chamber and subjected
to stirring at 60 rpm and 230�C. After the PET gran-
ules became melted, BADCy was added at 1–3 phr.
The reactive mixing continued for an additional pe-
riod of about 10 min with temperature and torque
continuously registered. No specific precaution was
taken to preserve the melt from the oxygen atmos-
phere during the experiments.

Characterization

Fourier transform infrared (FTIR) spectrometer
(Nexus 670) was used to detect the functional
groups at room temperature from powder-pressed
pellet samples with KBr.

The intrinsic viscosity was measured with an
Ubbelohde viscometer at 25�C. The diluted solution
for determination was prepared by dissolving 125
mg of the sample in 25 mL of a mixed solvent of
phenol/tetrachloroethane (60/40 w/w).

The carboxyl content was determined according to
Pohl’s method17 by titrating a standard NaOH solu-
tion into a solution of PET in benzyl alcohol/chloro-
form using phenol red as an indicator.

The dynamic viscosity (g0) and storage modulus
(G0) of the extending products were measured with
an oscillatory rheometry (AR-2000, TA) with a 10%
strain at 260�C under dry nitrogen. Parallel plates,

25 mm in diameter and a gap of 1 mm were used
for the frequency sweep.
The calorimetry measurements were performed

using a differential scanning calorimeter (DSC, Ther-
mal PerkinElmer Pyris 1) under nitrogen. The sam-
ples were first heated to 300�C and held for 2 min,
then cooled to 40�C at 10�C/min and heated again
from 40 to 300�C at 10�C/min.

RESULTS AND DISCUSSION

FTIR was employed to confirm the reaction between
the PET and BADCy during the chain extension. The
reaction was traced mainly by paying attention to
the AOCN stretching band at 2272 and 2237 cm�1

for the cyanate group of BADCy. As shown in Fig-
ure 1, these absorption bands of PET/BADCy sam-
ples disappeared during the chain extension process.
It means BADCy indeed reacted with PET, as shown
in Scheme 4.
The consumption of BADCy could also indicated

by the reduction in carboxyl content, which was
determined via titration method. Table I presented
the carboxyl content for various systems after mix-
ing in an internal mixer. All the carboxyl content of
the samples after reacted with 1, 2, and 3 phr of
BADCy were below 20 eq/106 g, which contrasted
to 49.5 eq/106 g for neat PET. Intuitively, reacted
with a larger amount of BADCy the sample should
possess lower carboxyl content. One may doubt that
why the carboxyl content of the three systems were
comparable. The reason was probably the chain
extending was accompanied by thermal and me-
chanical degradation during the mixing. These deg-
radations may yield new carboxyl groups.
As the reaction between cyanate group and car-

boxyl proceeded, the molecular chains of PET

Scheme 1 Thermal degradation reaction during melt processing of PET.

Scheme 2 Hydrolysis degradation reaction during melt processing of PET.
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became extended and the viscosity of the blend
increased, which was demonstrated by the change in
torque values, as shown in Figure 2. For a blend
default of BADCy, the torque showed no increase
but decreased gradually owing to the thermal–me-
chanical degradation. When BADCy was present,
noticeable increases in torques were observed. For
the traces 1, 2, and 3 phr, the more the amount of
BADCy introduced, the higher and the earlier the
torque maximum exhibited. The torque maxima of
3.9, 13.5, and 17.5 N m occurred at 14, 13, and 11.5
min for 1, 2, and 3 phr BADCy, respectively. The
evolution of the torque maxima indeed indicated of
chain extending. After the maximum, the torque
became decreased and leveled off a certain value
higher than initial one. This decrease was because
the system became more uniform, and the end tor-
que value indeed represented the degree of chain
extending.

Interestingly, the system temperature gave rise to
a similar behavior like the torque value: a maximum
was showed up for each run involving chain extend-
ing, as shown in Figure 3. Like the torque values,
the more the amount of BADCy introduced, the
higher and the earlier the temperature maximum
was given. The increase in temperature was contrib-
uted by two origins: the shear exerted by the rotor
to the melt of increasing molecular weight, and the
heat released from the reaction between cyanate and
carboxyl groups. As a result, the larger population
of the reactive groups, the more the heat released,
and thus the earlier the temperature maximum was
given. However, the degradation was more favored
at higher temperatures, resulting in decrease in melt
viscosity and thus the torque. This in turn caused
the decrease in melt temperature. Consequently the
reduction in temperature after the maximum was
similar to that of torque.

Similar effects were observed when different stir-
ring rate was applied in the rheomixer, shown in
Figures 4 and 5. Because of the initial heterogeneity

of the system, a torque maximum was exhibited in
each run, and naturally, the higher the stirring rate,
the earlier the maximum. As a same recipe was
employed, the heights of the maxima were compara-
ble. However, the equilibrium torque after the maxi-
mum was depended on the stirring rate, the higher
the stirring rate, the lower the equilibrium torque
(Fig. 4). This, again, was explained by the degrada-
tion in different temperatures. As shown in Figure 5,
both height and position of the maximum in temper-
ature were stirring rate dependent. The higher the
stirring rate, the higher the system temperature. The
enhanced stirring rate enhanced the higher probabil-
ity of accessibility of the reactive end groups and a
higher rate of the chain extension reactions, which
led to higher temperatures. However, the high tem-
perature accelerated the chain cleavage. As a bal-
anced result, the final molecular weight from higher
stirring rate was lower, which was reflected by the
low value of equilibrium torque.
What implied by the changes in torque and tem-

perature was confirmed by the measurement of
intrinsic viscosity [g], which was used in this work
as a measure of the molecular weight. As shown in
Table II, by the end of mixing, i.e. 10 min after the
addition of BADCy, intrinsic viscosities of 0.87, 0.81,
and 0.79 dL/g were retained for stirring rates of 40,
60, and 80 rpm, respectively. As explained above, it
was the higher temperature caused by higher-rate
stirring that resulted in more severe degradation.

Figure 1 FTIR spectra of PET, BADCy, and PET/ BADCy
samples.

Scheme 4 Reaction between PET end groups and BADCy.

Scheme 3 Chemical structure of BADCy.
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Figure 6 presented the [g] values measured at differ-
ent stages of mixing with various BADCy loadings.
As seen, a higher loading of BADCy did not result
in higher molecular weight, because of the negative
effect of reaction heat. Besides, obvious increase in
molecular weights could be achieved at the middle
of reaction, however, only a fraction of the increase
was reserved at the end of the mixing. Nevertheless,
even by the highest stirring rate, 80 rpm, which was

much more severe than that in the practical process-
ing condition, the ending intrinsic viscosity was con-
siderably higher than the plain sample, this indi-
cated that the chain extending was still effective.
The chain extension through reaction with BADCy

could be further confirmed by the melt viscosity (g0)
in Figure 7 and melt modulus (G0) in Figure 8, both
measured with an oscillatory rheometry. It was seen
that at the entire frequency range of 0.1 to 100 rad/s,
the viscosity of extended PET was one order of mag-
nitude higher, and the modulus was also consider-
ably higher, than those of the neat one. As the

Figure 2 The effect of BADCy content on the torque of
PET processed at 230�C and 60 rpm.

Figure 3 The effect of BADCy content on the melt tem-
perature of PET processed at 230�C and 60 rpm.

Figure 4 The effect of stirring rate on the torque of PET
processed at 230�C (BADCy content ¼ 3 phr).

Figure 5 The effect of stirring rate on the melt tempera-
ture of PET processed at 230�C (BADCy content ¼ 3 phr).

TABLE I
Carboxyl Content (CC) of PET/ BADCy System at Different Stages of Mixing

(Stirring Rates 5 60 rpm)

BADCy content (phr)

CC (eq/106g)

8 min 11 min 14 min 17 min 18 min

0 26.3 33.1 37.7 39.6 49.5
1 25.5 7.8 11.3 11.3 16.5
2 26.3 9.4 7.6 15.5 18.1
3 24.2 13.9 15.2 14.4 18.4
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viscosity and modulus data were similar for systems
based on 1, 2, and 3 phr BADCy, only those for 1 phr
were shown for clarity.

The DSC cooling and heating thermograms of neat
and extended PETs were presented in Figure 9 and
the data were summarized in Table III. As seen in
Figure 9(A) and Table III, upon reacted with

BADCy, crystallization temperature (Tc) and heat of
melt crystallization (DHc) shifted to lower values
than those of the neat one because of reduced mobil-
ity of extended PET chains and thus the difficulty in
crystallization. The melting information was pro-
vided by the heating scans in Figure 9(B). The neat
PET gave rise to melting peak placed at 240�C, while

Figure 6 Intrinsic viscosity of PET/ BADCy system at
different stages of mixing (Stirring rate ¼ 60 rpm).

Figure 7 Dynamic viscosity versus frequency for PET
and PET/BADCy (BADCy content ¼ 1 phr).

Figure 8 Storage modulus versus frequency for PET and
PET/BADCy (BADCy content ¼ 1 phr).

Figure 9 DSC cooling scans (A) and heating scans (B) of
PET and PET/BADCy at the rate of 10�C/min (a) PET (b)
PET/1 phr BADCy (c) PET/2 phr BADCy (d) PET/3 phr
BADCy.

TABLE II
Intrinsic Viscosity and Carboxyl Content (CC) of PET/
BADCy System After 10 min of BADCy Addition at
Different Stirring Rates (BADCy Content 5 3 phr)

Stirring rate (rpm) [g] (dL/g) CC (eq/106g)

40 0.87 16.8
60 0.81 18.4
80 0.79 18.3
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those for PET/BADCy samples at 239, 238, and
237�C. The lower melting temperatures suggested
the less perfect crystallization of the extended
chains.

CONCLUSIONS

PET was chain extended by reacted with BADCy in
the molten phase. The melt viscosity and elasticity
of the extended PET were considerably higher than
those of plain one. When the PET/BADCy system
was stirred in an internal mixer, torque and temper-
ature maxima were observed, which may be consid-
ered as indicators of the reaction between PET and
BADCy. The higher the loading of BADCy, or the
greater the stirring rate, the earlier the torque maxi-
mum and the higher the temperature maximum.
The reduced mobility of the extended PET resulted
in less perfect crystal, which was witnessed by the
difficulty in crystallization, the lower melting
temperatures.
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TABLE III
DSC Data of PET and PET/BADCy

Sample Tm (�C) DHm (J/g) Tc (
�C) DHc (J/g)

PET 240 36.4 185 41.9
PET/1phr BADCy 239 37.3 184 40.6
PET/2phr BADCy 238 39.0 186 41.5
PET/3phr BADCy 237 43.0 184 41.2
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