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ABSTRACT: The nonisothermal crystallization kinetics of
poly(ethylene terephthalate) (PET) copolymers modified
with poly(lactic acid) (PLA) were investigated with differen-
tial scanning calorimetry, and a crystal morphology of the
samples was observed with scanning electron microscopy.
Waste PET (P100) obtained from postconsumer water bot-
tles was modified with a low-molecular-weight PLA. The
PET/PLA weight ratio was 90/10 (P90) or 50/50 (P50) in
the modified samples. The nonisothermal melt-crystalliza-
tion kinetics of the modified samples were compared with
those of P100. The segmented block copolymer structure
(PET-b-PLA-b-PET) of the modified samples formed by a
transesterification reaction between the PLA and PET units
in solution and the length of the aliphatic and aromatic
blocks were found to have a great effect on the nucleation
mechanism and overall crystallization rate. On the basis of

the results of the crystallization kinetics determined by sev-
eral models (Ozawa, Avrami, Jeziorny, and Liu–Mo) and
morphological observations, the crystallization rate of the
samples decreased in the order of P50 > P90 > P100,
depending on the amount of PLA in the copolymer
structure. However, the apparent crystallization activation
energies of the samples decreased in the order of P90 >
P100 > P50. It was concluded that the nucleation rate
and mechanism were affected significantly by the incorpo-
ration of PLA into the copolymer structure and that these
also had an effect on the overall crystallization energy
barrier. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106:
4180–4191, 2007
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is the most widely
used semicrystalline thermoplastic polyester in many
areas in the plastic industry, such as fibers, packaging
films, food and beverage bottles, containers for phar-
maceutical and household products, and cosmetics,
because of its superior thermal and mechanical prop-
erties, low permeability, and chemical resistance.

As the amount of PET in waste plastic feedstock
has increased, recycling has become more crucial
from an ecological point of view. Nowadays, ecologi-
cal and economic considerations have led to research
studies focusing on the chemical recycling of waste
PET. One of the recent solutions is to prepare biode-
gradable PET materials by chemical modification
reactions, reactive blending, or copolymerization.

PET shows interesting thermal and crystallization
characteristics. It can be quenched into the amor-
phous state or crystallized from the melt state by
cooling (melt crystallization) over a wide range of
supercooling conditions depending on the thermo-
mechanical history and structural properties. It can

also be crystallized from the solid–amorphous
(glassy) state through heating (cold crystallization)
above the glass-transition temperature (Tg).

1 PET has
a slow crystallization rate (the maximum radial
growth rate of PET has been reported to be 10 lm/
min) in the melt-crystallization process with respect
to its chemical structure in comparison with other
semicrystalline polyesters such as poly(butylene ter-
ephthalate), poly(trimethylene terephthalate), and
thermoplastics (e.g., the radial growth rate of poly-
ethylene is ca. 5000 lm/min).2–5 Thus, the injection-
molding applications of PET are rather limited in en-
gineering applications and require a large cycle time.
Some studies have been reported about the crystalli-
zation kinetics of virgin or recycled PET com-
pounded with special additives, nucleating agents,
crystallization promoters, and so forth.6–9 In PET
processing, the most widely used nucleating agent is
talc. It is also well known that some other com-
pounds and additives such as metal oxides, ionom-
ers, and fibers show nucleating ability for PET.
Besides the physical effects of additives on the crys-
tallization rate of PET due to their crystallization
rate enhancement ability, the effects of chemical
modifications by copolymerization or blending with
other polymers on the crystallization behavior of
PET have been investigated.10–17
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Agarwal et al.16 reported that the solid-state chem-
ical modification of PET enhanced the crystallization
rate significantly.16 They modified commercial-grade
PET pellets in the solid state by directly exposing
them to vapors of a reactive functional monomer,
ethylenediamine (EDA), in a simple glass flask at
1258C under a vacuum. Then, they homogenized the
modified PET pellets through melt processing in a
twin-screw miniextruder. They showed that the reac-
tion with EDA caused the incorporation of amide
segments into the PET structure and enhanced the
crystallization rate according to the differential scan-
ning calorimetry (DSC) analysis.

Poly(lactic acid) (PLA) is a linear aliphatic thermo-
plastic polyester that is a slower crystallizing poly-
mer and shows crystallization behavior very similar
to that of PET.18 Recently, it has become the most
common and promising green polymer in various
applications because of its biodegradability. Gener-
ally, it yields an amorphous structure at high cooling
rates and forms a spherulitic crystalline morphology
at very low cooling rates. Thus, its processability is
not good for industrial processing operations in the
case of a homopolymer structure. On the other hand,
PLA shows cold-crystallization behavior depending
on the thermal conditions.

In this study, the nonisothermal crystallization
kinetics of biodegradable PET copolymers prepared
by the modification of waste PET with low-molecu-
lar-weight PLA were investigated with DSC. To the
best of our knowledge, PET–PLA copolymers were
prepared by the chemical modification of waste PET
in a solution phase for the first time. Crystallization
kinetics of the samples were determined with the
Ozawa, Avrami, and Lui–Mo models, and the crys-
tallization rates of the modified samples were com-
pared. The apparent activation energy of the overall
crystallization process was also calculated with the
Kissinger method. The availability of the modified
products for the injection-molding operations is dis-
cussed on the basis of the crystallization rates of the
samples under nonisothermal conditions.

EXPERIMENTAL

Materials

The modified PET products employed in this study
were prepared in solution, and the experimental
details of the preparation reactions, chemical charac-
terization of the modified samples by Fourier trans-
form infrared (FTIR) and DSC, and hydrolytic
decomposition results were reported previously.19

The biodegradability and hydrolytic decomposition
behavior of the samples prepared with a very wide
range of compositions and by different reaction con-
ditions were also reported in detail previously.20 The

viscosity-average molecular weight of the waste PET
obtained from water bottles and the number-average
molecular weight of the oligomeric PLA synthesized
in the laboratory were 3.7 3 104 21 and 2.6 3 103 g/
mol,19 respectively. The samples used in this study
are called P100, P90, and P50, which indicate the
weights of PET in the initial polymer mixtures as
percentages: 100 PET/0 PLA, 90 PET/10 PLA, and
50 PET/50 PLA, respectively. P100 consisted of 2–
0.85 mesh waste PET flakes obtained by grinding of
wastewater bottles. PLA-modified samples were also
ground into similar size flakes.

DSC study

Before the DSC runs, all samples were dried well at
408C in a vacuum oven at the pressure of 100 mbar
overnight. Melting and crystallization runs were car-
ried out with a Setaram DSC-131 (Caluire, France).
The temperature and heat flow calibration of the
instrument were achieved with high-purity indium,
zinc, and copper metals. In the first runs, samples
weighing about 5– 8 mg in an aluminum crucible were
heated from room temperature to 3108C at a heating
rate of 208C/min. The samples were isothermally
kept at this temperature for 5 min to eliminate the
thermal history and unmelted crystals that could
cause heterogeneous nucleation. Then, they were
cooled to 208C with a liquid-nitrogen cooling device
at a constant cooling rate, and the crystallization exo-
therms were recorded to investigate the crystalliza-
tion kinetics of the PET and modified PET samples.
The cooling rates employed in this study were 1.5, 3,
5, 7.5, and 108C/min. Relatively low cooling rates
were preferred to complete the crystallization pro-
cess of the samples as much as possible. All melting
and crystallization experiments were carried out
under a nitrogen (N2) atmosphere at a flow rate of
100 mL/min to prevent the thermal degradation of
the samples. After the completion of the crystalliza-
tion process during the first heating–cooling run, the
samples were kept at 208C for 5 min. Subsequently,
the nonisothermally crystallized samples at different
cooling rates were heated again from 20 to 3108C at
a heating rate of 108C/min. Second heating runs
were used to characterize the melting behavior and
determine the melting enthalpy [DHm (J/g)] of the
samples, which depended on the sample composi-
tion and dynamic crystallization conditions.

Scanning electron microscopy (SEM) study

A JEOL JSM-5600 scanning electron microscope
(Tokyo, Japan) (acceleration voltage5 15 kV) was used
to examine the morphology of the PET and PET–PLA
copolymers. Samples crystallized at different cooling
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rates in a DSC crucible were directly imaged with a
magnification of 10003 by SEM without any surface
treatment (washing, etching, etc.) over the samples.

RESULTS AND DISCUSSION

Nonisothermal crystallization kinetics

The crystallization exotherms of samples P100, P90,
and P50 at various cooling rates are illustrated in
Figure 1(a–c), respectively. As shown in Figure 1, the
modified samples crystallize in relatively narrow
temperature ranges in comparison with the tempera-
ture range of PET crystallization at all cooling rates
employed. In addition to this behavior, it can also be
clearly seen that the crystallization exotherms of PET
show a secondary crystallization region that is char-
acteristic of the PET crystallization process at low
temperatures. The crystallization peak temperatures
(Tc’s) of the samples at which the crystallization rate
is maximum at all cooling rates are listed in Table I.
As expected, the Tc values shift to lower tempera-
tures with an increasing cooling rate for all the sam-
ples. P90 and P50 show only a single crystallization
peak at all cooling rates. In the first and second heat-
ing runs of P90 and P50, no peak can be observed at
the temperatures around the melting temperature
(Tm) of the PLA (� 1408C) synthesized and used in
this study. These single crystallization peaks can be
attributed to the cocrystallization behavior of the
PLA and PET blocks and also confirm the reaction
between these units. However, the incorporation of
PLA units affects the crystallization behavior of PET;
we have deduced that PLA units enter the crystal
lattice as a result of the formation of an AAAB-
BAAA-type segmented block copolymer by transes-
terification reactions between the PET and PLA
units. The structure of the segmented block copoly-
mer is schematized in Scheme 1. This structure has
also been characterized with an FTIR study of the
modified samples; absorption bands have been
observed at 1750 cm21, which indicates the O��CO
and C¼¼O bonds, and at 1456 cm21, which indicates
CH3 groups of the PLA units, which have been
reported previously.18 These results indicate that
transesterification reactions occur between the PET
and PLA units and that a segmented block copoly-
mer structure has formed. For a given cooling rate,
the onset and peak maximum temperatures of the
crystallization decrease in the order of P100 > P90 >
P50. This decrease shows that PLA incorporation
into the PET structure reduces the nucleation ability

Figure 1 Crystallization exotherms of samples (a) P100,
(b) P90, and (c) P50.

TABLE I
Tc Values of the Samples

Sample

Cooling rate (8C/min)

1.5 3 5 7.5 10

P100 224.5 217.8 212.8 208.7 206.8
P90 210.9 208.0 206.6 202.0 199.3
P50 207.3 203.2 195.7 190.8 188.1
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of PET chains. It is well known that the thermally
induced nucleation of PET originates from hydrogen
bonding between the aromatic groups on the main
backbone. In general, the chemical modification of
PET by the incorporation of secondary units (copoly-
merization, reactive blending, etc.) changes the crys-
tallization behavior as well as its other physical and
thermal properties.1 Some authors have indicated
that random branching decreases the crystallization
rate; however, a low branch content could accelerate
the nucleation.22 Some studies have also shown that
ionic end groups (e.g., ionomers) can cause chemical
nucleation for PET because of strong electrostatic
interactions and cluster formation, which reduces
the chain mobility and facilitates the formation of
stable nuclei.23,24 We have deduced that the effect of
the PLA units on the nucleation is quite different
from classical heterogeneous nucleation, which is
achieved by nucleating agents, and chemical nuclea-
tion, which results from chain modification by ionic
groups. We have concluded that when the amount
of PLA increases in the sample composition, the
number of PLA units in the PET-b-PLA-b-PET struc-
ture or length of the PLA segments along the copoly-
mer structure also increases. On the other hand,
PLA units can be called soft segments in the copoly-
mer structure. These PLA blocks must have higher
mobility than PET blocks at the crystallization tem-
peratures because of the relatively low Tg value of
PLA. We have speculated that such a decrease in the
crystallization onset and peak temperatures origi-
nates from the higher mobility of soft PLA segments.
Several authors have studied the crystallization
kinetics of PET copolymers, using different comono-
mers with various properties, and reported similar
behaviors for the crystallization of PET copolymers.
Kong and coworkers12,13 investigated the isothermal
and nonisothermal crystallization kinetics of PET–
poly(ethylene oxide) (PEO) segmented copolymers
with two crystallizing blocks and reported that the
crystallization behavior of the copolymer was
strongly influenced by the presence of comonomer
units. They also showed that the isothermal crystalli-
zation rate of PET blocks in the copolymer was
faster than that of the pure PET homopolymer
because of the lower Tg value of the soft blocks
(PEO), which increased the mobility of the PET
blocks in the copolymer.14 Xiao et al.15 studied the

crystallization kinetics of copoly(ethylene terephtha-
late imide)s under isothermal and nonisothermal
conditions. The authors reported that both isother-
mal and nonisothermal crystallization rates of the
copolymers increased first and then decreased as the
content of imide units in the copolymer increased.
Zhang and Gu17 examined the nonisothermal crys-
tallization kinetics of poly(ethylene terephthalate-co-
isophthalate) and revealed that the crystallization
mechanism of the copolymers differed, depending
on the sequence length and distribution of the iso-
phthalate units in the copolymer structure. Bouma
et al.25 studied the physical and thermal properties
of poly(ester amide)s based on PET and nylon 2 and
reported similar behavior—an increase in the crystal-
lization rate of the modified samples with the incor-
poration of diamide segments into the PET struc-
ture—for the crystallization rates of the poly(ester
amide)s. Our results indicate similar trends for the
crystallization behavior of PET–PLA copolymers. It
can be said that these results are very consistent
with the reported studies on the crystallization
behavior of PET copolymers. Furthermore, crystalli-
zation rates of the modified samples, P90 and P50,
are discussed in this article, and the kinetic results
are compared with the crystallization rate of the
waste PET, P100.

The relative crystallinity (Xc) as a function of the
crystallization temperature and time can be obtained
from the crystallization exotherms of samples by
partial integration of the crystallization exotherms.
Xc as a function of the crystallization temperature
can be defined as follows:

wc ¼

RT
To

dHc

dT

8: 9;dT

RT1

To

dHc

dT

8: 9;dT

(1)

where To and T represent the onset and end temper-
atures of the crystallization, respectively. Xc–temper-
ature curves of the P100, P90, and P50 samples are
presented in Figure 2(a–c), respectively. Figure 3(a–c)
shows Xc of the samples versus time. All Xc–tem-
perature curves at various cooling rates have the
same characteristic sigmoidal shape, which implies
the lag effect of cooling on the crystallization pro-

Scheme 1 Structure of the PET-b-PLA-b-PET segmented block copolymer.
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cess. First, the nonlinear, initial part of the S-shaped
curves is generally considered the nucleation step of
the crystallization process. Each curve shows a linear
part considered to be due to primary crystallization;
subsequently, a second nonlinear part deviates
slightly and is considered to be due to secondary
crystallization, which is caused by spherulite

impingement in a further step of crystal growth. For
the Xc–time curves, the higher cooling rate means a
shorter time to complete the crystallization. The
most important rate parameter, the crystallization
half-time (t1/2), which is defined as the time needed
for the crystallinity of a sample to reach a value that

Figure 2 Xc as a function of temperature at five different
cooling rates for samples (a) P100, (b) P90, and (c) P50.

Figure 3 Xc as a function of time at five different cooling
rates for samples (a) P100, (b) P90, and (c) P50.
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is 50% of Xc, can be obtained from the Xc–time
curves. t1/2 directly indicates the rate of the crystalli-
zation process, and usually the reciprocal of the
crystallization half-time (1/t1/2) is used to compare
crystallization rates of different systems. If t1/2 is
short or its reciprocal time is high, the crystallization
is fast.

The t1/2 and 1/t1/2 values of the samples are given
in Table II. As expected, the t1/2 values decrease
with an increase in the cooling rate for all samples.
Curves of 1/t1/2 versus the cooling rate of the sam-
ples are also plotted in Figure 4. As shown, the crys-
tallization rates increase with increases in the cooling
rate for the samples. P100 has the lowest crystalliza-
tion rate at a given cooling rate. Comparing the
1/t1/2 values of the modified samples, we see that
the crystallization rate of P90 is higher than that of
P50 at low cooling rates (<58C/min). On the other
hand, P50 crystallizes much faster than P90 at rela-
tively high cooling rates (>58C/min). This increase
in the crystallization rate with an increasing number
of PLA units in the copolymer structure can be
attributed to the fact that chain diffusion toward the
growing crystal face and packaging are dominant
processes at especially high cooling rates. We have
deduced that increasing the number of PLA units in

the copolymer structure increases the rate of crystal
growth on the nascent PET crystals, which are
nucleated earlier than the PLA segments.

The most used kinetic approach for the noniso-
thermal crystallization process of polymers is the
Ozawa model.26 It is based on the extended form of

TABLE II
Crystallization Rate Parameters

Sample

Cooling rate (8C/min)

1.5 3 5 7.5 10

P100 t1/2 (min) 9.97 5.23 4.11 3.07 2.84
1/t1/2 (min21) 0.10 0.19 0.24 0.33 0.35

P90 t1/2 (min) 5.73 4.02 2.89 2.12 1.75
1/t1/2 (min21) 0.18 0.25 0.35 0.47 0.57

P50 t1/2 (min) 8.28 5.32 2.99 1.69 0.87
1/t1/2 (min21) 0.12 0.19 0.33 0.59 1.14

Figure 4 1/t1/2 versus the cooling rate.

Figure 5 Ozawa plots {ln[2ln(1 2 Xc)] vs ln /} of sam-
ples (a) P100, (b) P90, and (c) P50.
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an Avrami approximation assuming that the noniso-
thermal crystallization process can be divided into small
isothermal steps. TheOzawa equation is as follows:

wc ¼ 1� exp
�KðTÞ
Fm

8>:
9>; (2)

where K(T) is the cooling function, F is the cooling/
heating rate (8C/min), and m is the Ozawa constant
depending on the dimension of crystal growth and the
nucleation mechanism. If the double logarithmic form
of the equation is taken, a linear relationship is
obtained to calculate kinetic constants:

ln½� lnð1� wcÞ� ¼ ln KðTÞ �m lnF (3)

Plotting ln [2ln(12 vc)] against ln F at a given temper-
ature, we should obtain a straight line. The slope of the
line is m, and the intercept is K(T). Ozawa plots of the
samples are given in Figure 5(a–c) for P100, P90, and
P50, respectively. As shown in Figure 5, the Ozawa
model successfully fits the nonisothermal crystalliza-
tion behavior of the samples. Some authors have
claimed that the Ozawamodel cannot be used formod-
eling the crystallization kinetics of polymers that have
secondary crystallization.27,28 We have found that our
results follow well the Ozawa model for the noniso-
thermal crystallization of modified PET samples. The
Ozawa kinetic parameters are listed in Table III. m
increases as the crystallization temperature increases.
Interestingly, higher m values have been obtained for
the P50 sample than for both P90 and P100, although Tc

decreases in the order of P100 > P90 > P50. Similarly,
the m values of P90 are higher than those of P100. This
relationship between the sample composition and m
values shows that the incorporation of PLA into the co-
polymer structure results in crystal perfection and
three-dimensional growth. The K(T) values given in
Table III imply that the crystallization rate function
decreases when the temperature increases for a partic-

ular sample. On the other hand, at a given crystalliza-
tion temperature (e.g., at 2028C for P100 and P90 and at
2008C for P50), the K(T) values decrease in the order of
P50> P90> P100. This result indicates that the crystal-
lization rate increases with an increasing number of
PLA units in the copolymer structure.

TABLE III
Ozawa Kinetic Parameters

Sample Temperature (8C) m K(T) [(8C/min)m] r2

P100 190 0.87 2.498 0.985
196 1.17 2.809 0.997
202 1.05 2.101 0.995
208 1.28 1.871 0.999
214 1.61 1.468 0.999
220 2.43 1.072 0.999

P90 202 1.56 2.804 0.979
206 1.77 1.978 0.992
210 1.98 0.956 0.994
214 2.05 0.864 0.989

P50 188 2.05 4.392 0.971
192 2.80 4.954 0.999
196 3.48 4.869 0.988
200 3.89 4.553 0.999

Figure 6 Avrami plots {ln[2ln(1 2 Xc)] vs ln t} of sam-
ples (a) P100, (b) P90, and (c) P50.
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An alternative approach, the Avrami model,29–31

was used in this study to compare the crystallization
rates of the samples. The Avrami equation is as
follows:

wc ¼ 1� expð�Ztt
nÞ (4)

where n is the Avrami constant depending on the
crystal growth mechanism, t is the time, and Zt is
the rate constant involving both nucleation and
growth rate parameters. The double logarithmic
form of the equation is

ln½� lnð1� wcÞ� ¼ lnZt þ n ln t (5)

Plotting ln[2ln(1 2 vc)] versus ln t for each cooling
rate, we should obtain a straight line to determine
the kinetic constants. Avrami plots generally fit the
experimental data linearly at a low degree of crystal-
linity and deviate from the linear regression at a higher
crystallization ratio because it possibly does not
account for secondary crystallization. In nonisother-
mal crystallization, a temperature change at a given
constant cooling rate affects the rates of both nuclea-
tion and spherulite growth, which are temperature-
dependent parameters. Considering the temperature-
dependent character of the nonisothermal crystalliza-
tion process, Jeziorny32 modified rate parameter Zt:

lnZc ¼ lnZt

F
(6)

where Zc is the cooling rate independent rate con-
stant. Avrami plots of the samples are illustrated in
Figure 6, and the kinetic constants by the Jeziorny
method are summarized in Table IV. As shown in
Figure 6, the Avrami model can fit the primary crys-
tallization stage of the samples, and it deviates from
the linearity for secondary crystallization at all cool-
ing rates. Changes in n with the cooling rate imply
that crystallization of the samples has occurred in
various growth forms. n is in the range of 2.80–4.36
for P100 and decreases as the cooling rate increases.
This result shows that the nucleation of PET could
be homogeneous and thermally induced at all cool-
ing rates. On the other hand, the crystallization pro-
cess of PET develops three-dimensional spherulitic

TABLE IV
Avrami and Modified Avrami (Jeziorny) Kinetic Parameters

Cooling rate (8C/min)

P100 P90 P50

n Zc (min21) r2 n Zc (min21) r2 n Zc (min21) r2

1.5 4.36 0.002 0.988 3.20 0.026 0.999 3.83 0.003 0.999
3 3.29 0.147 0.996 3.59 0.183 0.999 3.56 0.119 0.998
5 3.22 0.369 0.996 4.47 0.384 0.998 3.15 0.461 0.995
7.5 2.80 0.620 0.996 4.67 0.628 0.998 3.62 0.740 0.999
10 3.06 0.671 0.995 4.42 0.784 0.997 3.16 0.997 0.995

Figure 7 Liu–Mo plots (ln / vs ln t) at different Xc values
for samples (a) P100, (b) P90, and (c) P50.
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growth at low cooling rates. Low cooling rates allow
PET to crystallize regularly for a relatively long time.
Contrarily, n of the P90 sample increases as the cool-
ing rate increases (between 3.20 and 4.67). Similarly,
the n values are in the range of 3.16–3.83 for P50.
This result shows that the incorporation of PLA into
the copolymer structure causes crystal perfection
and three-dimensional, spherulitic crystal growth as
well as increases in the crystallization rate.

Another method developed by Liu and Mo was
also used to describe the nonisothermal crystalliza-
tion process. Liu et al.33 offered a new method com-
bining the Avrami and Ozawa equations at a given
value of Xc as follows:

TABLE V
Liu–Mo Kinetic Parameters

Sample Xc (%) a F(T) r2

P100 80 1.50 4.31 0.998
60 1.42 3.79 0.999
40 1.35 3.36 0.999
20 1.30 2.95 0.999

P90 80 1.49 3.39 0.999
60 1.55 3.28 0.998
40 1.62 3.16 0.997
20 1.63 2.87 0.998

P50 80 0.75 2.54 0.998
60 0.75 2.40 0.998
40 0.75 2.28 0.998
20 0.74 2.14 0.999

Figure 8 SEM images of samples crystallized at different cooling rates: (a) P50 at 58C/min, (b) P50 at 108C/min, (c) P90
at 58C/min, (d) P90 at 108C/min, and (e) P100 at 58C/min.
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lnKðTÞ �m lnF ¼ lnZt þ n ln t (7)

lnF ¼ ln FðTÞ � a ln t (8)

where F(T) 5 [K(T)/Zt]
1/m refers to the cooling rate

and a is the ratio of n to m. According to this model,
when ln F is plotted versus ln t, a series of straight
lines are obtained at a given value of Xc. The kinetic
parameters, F(T) and a, can be determined from the
intercept and slope of these lines, respectively. At a
certain value of Xc, a higher value of F(T) means
that a high cooling rate is needed to reach Xc in a
unit of time, and it also indicates the difficulty of the
crystallization process. Liu–Mo plots of the samples
are given in Figure 7(a–c) for P100, P90, and P50,
respectively. The Liu–Mo model was applied to data
at the Xc values of 20, 40, 60, and 80%. Table V sum-
marizes the values of the Liu–Mo parameters for the
samples. As shown in Figure 7, the Liu–Mo model
successfully fits the crystallization kinetics of the
PET and modified PET samples. From the Liu–Mo
modeling of the samples, lower F(T) values were
obtained for P90 and P50 than P100 at a given Xc

value. Similarly, the F(T) values of P50 are lower
than those of P90. These results imply that the incor-
poration of PLA units into the copolymer structure
makes the crystallization easier.

Morphology

SEM images of samples crystallized at cooling rates
of 5 and 108C/min are presented in Figure 8. As
expected, the average crystal size decreases with an
increase in the cooling rate when samples P90 and
P50 are compared. The same relationship has been
observed for PET (not shown here). On the other
hand, the crystal size of P50 and P90 is larger than
that of P100 for the cooling rate of 58C/min. We
have concluded that this probably results from the
fact that the copolymers have a higher crystal
growth rate than PET. Morphological observations
depending on the sample composition show that the
chain diffusion rate through the growing lamellar
face is higher in the copolymers than that in PET in
a unit of time for a given cooling rate. As a result of
an increasing amount of PLA in the copolymer
structure and higher crystal growth rate of the PET-
b-PLA-b-PET segmented block copolymer, larger
spherulites are formed.

Crystallization activation energy

In DSC analysis, the activation energy of the crystal-
lization process [EA (kJ/mol)] can be determined by
the Kissinger equation,34 which considers the varia-
tion of Tc (K) with cooling rate F (8C/min). The Kis-
singer equation can be described as follows:

d ln F
T2
c

8: 9;h i

d 1
Tc

h i ¼ �EA

R
(9)

where R is the universal gas constant (8.314 kJ
mol21 K21). When the parameter ln(F/Tc

2) is plotted
against 1/Tc, the slope of the curve gives the appa-
rent activation energy of the process. Kissinger plots
of the samples are presented in Figure 9. From calcu-
lations with the Kissinger model, the activation ener-
gies were found to be 2217.4 (r2 5 0.998), 2315.0 (r2

5 0.985), and 2177.8 kJ/mol (r2 5 0.976) for the
P100, P90, and P50 samples, respectively. The overall
crystallization activation energy is the sum of the
activation energies of the nucleation and crystal
growth processes. The fact that the P50 sample has
the lowest activation energy for the nonisothermal
crystallization process shows that the incorporation
of PLA into the PET structure also lowers the energy
barrier for the crystallization. On the other hand, the
EA value of P90 is higher than those of P100 and
P50. This can be explained by the effects of the
nucleation mechanism on the crystallization. EA

changes with Xc (or conversion) during the crystalli-
zation process, depending on the nucleation mecha-
nism and crystal growth. We have supposed that
interactions between the aromatic groups of the PET
chains may accelerate the self-nucleation process of
PET copolymers and that this effect decreases with
an increasing amount of PLA in the copolymer
structure. It can be assumed that the nucleation rate
of P100 is faster than those of P90 and P50. On the
other hand, the incorporation of PLA into the copoly-
mer structure increases the segmental mobility of
the copolymer and chain diffusion rate. As the crys-
tal growth is accelerated with the PLA incorporation,
the nucleation rate and corresponding nucleation
activation energy can be considered the rate-limiting

Figure 9 Kissinger plots [ln(b/Tc
2) versus ln(1/Tc)].
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step for the crystallization. In the case of a low PLA
amount (P90), the nucleation activation energy can
be higher than that of P100, but the crystal growth
activation energy can be higher than that of P50 as
10 wt % PLA cannot enhance the crystal growth rate

sufficiently. As a result, the highest EA value for P90
can be explained if we consider the rate of nuclea-
tion and growth steps individually. In this way,
these findings on the crystallization activation
energy are also consistent with the kinetic results.

Melting behavior

The melting endotherms of samples P100, P90, and
P50 crystallized at cooling rates of 3, 5, and 108C/
min are given in Figure 10. The melting endotherms
of the samples were recorded during the second run
with a heating rate of 108C/min. In this study, Tm is
indicated as the peak maximum temperature of the
melting endotherms. Tm and DHm values of the sam-
ples are listed in Table VI. The Tm values of P100
(i.e., Tm2) are about 251–2538C, depending on the
cooling rate. As shown in Figure 10(b,c), small low-
temperature melting peaks (Tm1) in the melting
endotherms of samples P90 and P100 can be ob-
served in the low-temperature region, although these
low-temperature melting peaks were not observed
for P100. Similar melting behavior and multiple
endotherms were reported by several authors for
nonisothermally crystallized PET and PET copoly-
mers.35–38 Tm1 can be attributed to the effects of the
soft blocks on the crystal melting or thinner crystals
formed by secondary crystallization. It was observed
that the values of the P90 and P50 samples crystal-
lized at a given cooling rate slightly decreased with
increasing PLA content in the copolymer structure.
As the PLA content increases in the copolymer struc-
ture, thinner crystals are formed at lower tempera-
tures because the amount of the soft segment is also
increased in the structure. Thus, it can be normally
expected that Tm1 might be observed at lower tem-
peratures, depending on the copolymer composition.
On the other hand, the DHm values of the PET and
modified samples (P90 and P50) do not change sig-
nificantly with the cooling rate. However, P50 has a
higher DHm value than P100 and P90 at a particular
cooling rate. We have concluded that this result also
suggests that the degree of crystallinity in the P50
sample could be higher than those of P90 and P100
as well as the crystallization rate.

CONCLUSIONS

We have studied the nonisothermal melt-crystalliza-
tion kinetics and morphology of PET copolymers
prepared through modification reactions of waste
PET with low-molecular-weight PLA. The crystalli-
zation rates of the samples and related kinetic pa-
rameters were analyzed with the Ozawa, Avrami,
Jeziorny, and Liu–Mo models. The crystallization
activation energies of the samples were determined
by the Kissinger method. The incorporation of PLA

Figure 10 Second melting endotherms of samples (a) P100,
(b) P90, and (c) P50 crystallized at different cooling rates.
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units into the copolymer structure as a result of
transesterification reactions between PLA and PET
blocks was found to increase the crystallization rate
of PET-b-PLA-b-PET segmented block copolymers on
the basis of studies of the crystallization kinetics.
This increase is shown more clearly at relatively
high cooling rates. PLA incorporation into the crystal
lattice results in crystal perfection and three-dimen-
sional growths in the melt-crystallization process.
On the basis of the morphological observations of
the samples, it can be said that the crystal growth
rate or chain diffusion through the growing crystal
face increases with the incorporation of PLA units as
the soft segment because of its high mobility. We
have speculated that biodegradable PET–PLA copoly-
mers having a higher crystallization rate than the
crystallization rate of PET can be solidified into a
semicrystalline structure by industrial polymer proc-
essing operations such as extrusion and injection
molding.

The authors thank Cem Kahruman and Ahmet O. Kalpaklı
(Metallurgical and Materials Engineering Department, Is-
tanbul University) for their help with the scanning electron
microscopy study.
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TABLE VI
Tm and DHm Values

Cooling rate
(8C/min)

P100 P90 P50

Tm1 (8C) Tm2 (8C) DHm (J/g) Tm1 (8C) Tm2 (8C) DHm (J/g) Tm1 (8C) Tm2 (8C) DHm (J/g)

3 — 253.1 31.3 251.5 243.7 24.6 249.2 239.2 39.9
5 — 251.6 23.6 251.1 240.2 23.0 248.6 233.1 27.9
7.5 — 252.9 28.4 250.2 237.1 30.1 247.8 232.6 37.1
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