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ABSTRACT: Samples of varnish (V), poly(ethylene ter-
ephthalate) from recycled soft drink bottles (PET-R), and
varnish/poly(ethylene terephthalate) from recycled soft
drink bottles mixtures (VPET-Rs) were evaluated with dif-
ferential scanning calorimetry (DSC) to verify their physi-
cochemical properties and thermal behavior. Films from V
and VPET-R were visually similar. The maximum amount
of PET-R that we could add to V without significantly
altering its filming properties, such adherence and color in
glass sheets, was 2%. The cure process (80–203�C) was
identified through the DSC curves. The kinetic parameters,
activation energy (E), and Arrhenius parameter (A) for the

samples containing 0.5–2% PET-R were calculated with the
Flynn–Wall–Ozawa isoconversional method. With greater
amounts of PET-R added, there was a small change in E
for the curing process. A kinetic compensation effect, rep-
resented by the equation ln A ¼ �10.5 þ 0.29E, was
observed for all of the samples. The most suitable kinetic
model to describe this curing process was the autocatalytic
Sestak–Berggren model, which is applied to heterogeneous
systems governed by nucleation and growth. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 119: 1316–1321, 2011
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INTRODUCTION

Industrial activity and household consumption gen-
erate an ever-growing amount of waste products
that pose environmental risks and are a matter of
concern for public environmental agencies. Thermo-
sets are among the most environmentally damaging
waste products because of their slow degradation.
Thus, the recycling of those polymeric materials is of
great interest not only to researchers and users but
also to those concerned with the protection of the
environment. Currently, one of the polymers found
in large quantities in urban solid waste is poly(ethyl-
ene terephthalate) from recycled soft drink bottles
(PET-R); it is used in the production of a variety of
goods, such as fibers and films, or incorporated into
other types of plastics as an additive.1

Because PET-R is a polycondensation polymer
formed by ethylene glycol (EG) and terephthalic
acid (t-PA), it can be used in the synthesis of coating
materials where alkyd resins are used. These coating
polyesters synthesized from poly(ethylene terephtha-
late) (PET), EG, and t-PA have similar characteristics
and the structure of a polyester synthesized from

EG and phthalic anhydride. The polycondensation
that takes place during the reaction causes the depo-
lymerization of PET, EG, and t-PA, with unpredict-
able distributions in the polymer. The properties of
films formed from PET-R, EG, and t-PA are compa-
rable with those of conventional film coatings.2 Ther-
mogravimetry/derivative thermogravimetry (TG/
DTG) curves have been used to establish the thermal
decomposition reaction and kinetic parameters of
alkyd resins from commercial varnishes (V’s).3,4

The aim of this study was to evaluate the maxi-
mum amount of PET from the reutilization soft
drink bottles that could be added to commercial
alkyd resin V through differential scanning calorime-
try (DSC) curves of the curing reaction of the film.

Kinetic aspects

The mathematical description of the data from a sin-
gle step solid-state decomposition is usually defined
in terms of a kinetic triplet, with the activation
energy (E), Arrhenius parameter (A), and a mathe-
matical expression of the kinetic model as a function
of the fractional conversion [f(a)], which can be
related to the experimental data as follows:5

da
dt

¼ A exp � E

RT

� �
f að Þ (1)

where T is temperature in Kelvin, t is time in mi-
nute, and a is the fractional conversion. For dynamic
data obtained at a constant heating rate (b ¼ dT/dt),
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this new term is inserted into eq. (1), which can be
simplified as

da
dT

¼ A

b
exp � E

RT

� �
f að Þ (2)

E from dynamic data can be obtained from the
Flynn–Wall–Ozawa isoconversional method6–8 with
Doyle’s approximation of p(x), p(x) is defined by

equation
R1
x

e�x

x2
dx, temperature integral or integral of

Arrhenius9 which involves the measurement of tem-
perature corresponding to fixed values of p(x)
obtained from experiments at different b’s and the
plotting of ln b versus 1/T:

lnb ¼ AE

Rg að Þ
� �

� 5:331� 1:052
E

RT
(3)

where R is the universal gas constant (8.31432 K�1

J�1) and g(a) is the integral of da/f(a) from 0 to a.
This method allows one to obtain the apparent E

¼ E(a) independently of the kinetic model, where
E(r) is the activation energy for specific conversion
degree (r). One evaluates the pre-exponential factor
by taking into account that the reaction is a first-
order one and can be defined as10

A ¼ bE
RT2

m

exp
E

RTm

� �
(4)

Kinetic model determination

The rate of the kinetic process (da/dt) through DSC
curves is based on the following relation:

da
dt

¼ /
DHc

(5)

were / is the heat flow normalized per sample
mass, DH is the enthalpy change associated with this
process, and c is crystallization.

The rate of the kinetic process can be expressed
by

da
dt

¼ KðTÞf ðaÞ (6)

where

KðTÞ ¼ A exp � E

RT

� �
(7)

The shape of a dynamic DSC curve at a specific b
with any kind of model considered can be written as

/ ¼ DHA exp � E

RT

� �
f ðaÞ (8)

The test to find the kinetic model proposed by
Malek11–14 is based on this equation and the normal-
ized y(a) and z(a) functions, which under noniso-
thermal conditions, are given by

yðaÞ ¼ / exp
E

RT

� �
¼ Bnf ðaÞ (9)

where Bn is a constant equal to DHA and the shape
of the y(a) function is formally identical to the ki-
netic model f(a), in which the maximum value is
a�y:

10,13,15

z að Þ ¼ /Tp
E

RT

� �
¼ DHbf að Þg að Þ (10)

where p(E/RT) is an approximation of the integral
temperature,16 which in case of the z(a) function,17

can be obtained accurately by consideration of the
approximation p � RT/E. Then

z að Þ ¼ /T2 ¼ Cnf að Þg að Þ (11)

where Cn is a constant equal to DHbE/R and the a
at the maximum of the z(a) (a�y) is characteristic of
any model.10,13

EXPERIMENTAL

Postconsumer soft drink bottles with PET were
washed, dried at room temperature, cut into pieces
of approximately 2 mm2, and solubilized with phe-
nol/tetrachloromethane (1 : 1) at 80�C. Trichloro-
methane was used as the solution’s stabilizing agent.
The commercial V studied was constituted of

modified alkyd resin, vegetal oil, aromatic and ali-
phatic hydrocarbons, and tensoactive and drying
organometallic compound agents. The V was solubi-
lized with the same method applied to the PET-R so-
lution to prevent the precipitation of PET-R in the
mixture.
After the solutions had been separately heated to

60�C, the PET-R solution was added drop by drop
to the V solution under vigorous stirring. The mass
relationships of the PET-R to V solutions are pre-
sented in Table I.
The varnish/poly(ethylene terephthalate) from

recycled soft drink bottles mixtures (VPET-Rs) were
then spread in film form on slides and wood and
dried at room temperature to verify that their visual
appearance was effectively similar. The samples
were collected after 48 h to analyze their physico-
chemical behavior through DSC curves.
DSC recording was done with a DSC 2910 module

from TA Instruments (New Castle, DE) in a dynamic
atmosphere of nitrogen (50 mL/min) covered with a
10-lL aluminum crucible with a sample mass of
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around 2 mg, with the aluminum crucible as the ref-
erence material and b’s of 10, 15, and 20�C/min
from 40 to 300�C. The E and log A kinetic parame-
ters were calculated with DSC ASTMK software ver-
sion 4.08 from TA Instruments.

RESULTS AND DISCUSSION

The DSC curve given by the second heating of the
PET-R [Fig. 1(a)] presented three characteristic
events comparable with data reported in the litera-
ture,2 which were (1) a vitreous transition tempera-
ture at about 85�C, (2) a crystallization temperature
at 154�C, and (3) a melting temperature at 250�C.

The DSC curve for V [Fig. 1(b)] showed no signifi-
cant thermal event in the temperature interval 0–
300�C, and the DSC curve for VPET-R sample 1 [Fig.
1(c)] presented an exothermic peak (80–203�C) for
the first heating caused by the cure reaction of the
sample, whereas in the second heating curve [Fig.
1(d)] that peak disappeared, which indicated a com-
plete reaction; that is, the material had already been
completely cured.

To establish the kinetic model for the curing reac-
tion, we obtained the kinetic parameters, E, and the
pre-exponential factor, log A, from the DSC curve of
sample 1 (VPET-R sample 1) at three different b’s
(10, 15, and 20�C/min; Fig. 2) within the tempera-
ture range used in this study, applying the Flynn–
Wall–Ozawa isoconversional method.6,18,19

For each fixed fractional conversion a and corre-
sponding temperature, E could be calculated from
the slope of the plot of ln(b) versus 1000/T [eq. (3);
Fig. 3].
The obtained results had to be within the limit to

be the Doyle approximation to p(x), in which 20 �
E/RT � 50. Thus, the average values, at a 95% confi-
dence level, found for E and log A for DSC were
72.1 6 9.1, 116.5 6 12.4, 96. 4 6 3.3, 73.06 4.3, and
96,4 6 2.2 kJ/mol.
Figure 4 shows a, independent of the apparent

values of E. The nearly constant E values were
obtained within a range of 0.05 � a � 0.95, with
mean values of 72.1, 116.5, 96.4, 73.0, and 96.4 kJ/
mol for VPET-R samples 1, 2, 3, 4, and 5, respec-
tively. The E values being similar at different a’s
was a prerequisite for the application of the general
eq. (4). The results in Figure 4 indicate that this reac-
tion could be treated within the restricted range of
0.1 � a � 0.8.20

TABLE I
PET-R and V Mass Relationships for Samples 1–5

Sample

1 2 3 4 5

V (g) 10.0128 10.0046 10.0000 10.0053 10.0000
PET-R (g) 0.2003 0.1500 0.1006 0.0801 0.0503

Figure 1 DSC curves for the PET-R, V, VPET-R first-heat-
ing, and VPET-R second-heating samples under a nitrogen
atmosphere with a b of 10�C/min.

Figure 2 DSC curves to the VPET-R 1 under a nitrogen
atmosphere (b ¼ 10, 15, and 20�C).

Figure 3 Plot of log b against 1/T at various a values to
obtain E (Flynn–Wall–Ozawa method).
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The observed linearity of several a’s indicated that
the proposed kinetic model could be used to evalu-
ate the curing reaction of VPET-R.

Once the E values were defined, it was possible to
establish the best kinetic model to describe that set
of measurements obtained via the DSC curves.

To this end, the y(a) and z(a) functions were used,
as they could be easily obtained by transformations
of the experimental data expressed by eqs. (9) and
(11), respectively.

The y(a) function is proportional to the f(a) func-
tion, which must be invariable in relation to the ex-
perimental parameters, such as sample mass and b
(nonisothermal conditions) or temperature (isother-
mal conditions). Thus, we obtained the form of the
f(a) function by plotting the normalized y(a)
between 0 and 1, which is the characteristic of a spe-
cific kinetic model. The a values between 0.05 and
0.95 and the respective temperatures were obtained
from the nonisothermal DSC curves (10, 15, and

20�C/min), whereas / was obtained by subtraction
of the base line values from those of the cure process
curves.
A more reliable test of the applicability of the ki-

netic model was based on the properties of the y(a)
and z(a) function. These maxima of these functions
are a�y and a�z, respectively. If the maximum falls
into the 0.61 � a�z � 0.65 range, the experimental
data probably correspond to the Johnson, Mehl, and
Avrami (JMA) model. If the maximum is shifted to
lower values of a (a�z < 0.6), the condition of validity
of the JMA model is not fulfilled.13

If the y(a) function has a maximum and a�z �
0.632, the Sestak–Berggren (SB) model can be used.
The SB model can be described by means of an em-
pirical two-parameter model:

f ðaÞ ¼ amð1� aÞn (12)

were m and n are parameter kinetic exponents.21

The maximum a�y of the y(a) function can be
expressed as a�y ¼ (m/m þ n) and a�z > a�y.

22 Figure
5 shows the a�y � a�z diagram calculated for a con-
stant value of parameters m and n of the autocata-
lytic model or SB model.

Figure 4 Values of E at various a’s calculated by the
Flynn–Wall–Ozawa method for VPET-R samples 1–5.

Figure 5 a�y � a�z plot for the two-parameter autocatalytic
model. The fine lines show the influence of the kinetic
exponents m and n. JMAYK, Johnson, Mehl, Avrami, Yero-
feev and Kolmogorov; M and N, kinetic exponent of Ses-
tak-Berggren equation f(a) ¼ aM (1 � a)N also known as
auto-catalytic model; m is the kinetic exponent to JMAYK
model.

Figure 6 y(a) and z(a) functions calculated from the DSC
data for VPET-R sample 1.

Figure 7 Experimental and simulated DSC curves at
10�C/min for VPET-R sample 1.
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The DSC curves obtained with eqs. (9) and (11)
showed that the y(a) function yielded a maximum
when a�y ¼ 0.15 and z(a),a�z ¼ 0.48 for the VPET-R
sample 1 (Fig. 6). Applying the values obtained in
diagram (Fig. 5), we verified that the SB model was
the most appropriate to represent the curing process
for these samples.11

The n kinetic exponent can be obtained from the
angular coefficient of ln[(da/dt) exp(E/RT)] versus
ln[ap(1 � a)] in the range of 0.2 < a < 0.8. For sam-
ple 1, n ¼ 1.46, and, therefore, m ¼ 0.25, with the
relation of m ¼ pn, where p ¼ a�y/(1 � a�y).

Figure 7 presents the DSC curves for the simu-
lated and experimental data, which shows that the
SB model described the curing mechanism for sam-
ple 1 and that this mechanism could also be applied
to the other samples.

Table II presents the E, log A, correlation coeffi-
cient (r2), a�y, a�z, n, and m values for the curing
reactions.

To samples with amounts of PET-R in the V upper
2% there was a beginning of precipitation in the
reaction medium, with white dots showing across
the length of the surface of the film.

Kinetic compensation effect

The kinetic compensation effect was first developed
in catalysis studies to account for the fact that differ-

ent treatments of a catalyst resulted in a change in
the calculated E but with no corresponding change
in the reaction velocity with the rate of the reaction
remaining constant. The dependences of E and the
pre-exponential factor on the degree of conversion
generally reflects the existence of a compensation
effect, which corresponds to the validity of the fol-
lowing relation:23 in accordance with eq. (12):

lnA ¼ aþ bE (13)

where a and b are constants referred to as compensa-
tion parameters.
This effect has been observed in many types of

reactions. The kinetic parameters (A and E) vary
with the experimental conditions even if the mecha-
nism does not change.
The thermal reaction of a polymer is a complex

solid–gas reaction. For the cure reaction of VPET-R
sample 1, ln A was plotted against E, as shown
in Figure 8. Such a relationship indicates that ln A
¼ �10.5 þ 0.29E.
In this study, we verified that the amount of mass

of PET-R in V increased up to a limit of 2%, and the
curing reaction mechanism in all of the samples was
the same as was observed from the straight-sloped
line between ln A and E.24–28

CONCLUSIONS

The experimental data from the curing process
under nonisothermal conditions allowed the kinetic
triplet [E, log A, and f(a)] to be calculated. The ki-
netic procedures applied in this study were consist-
ent for obtaining the kinetic parameters and a math-
ematical kinetic model function. On the basis of the
best fit between the normalized simulated data with
the SB kinetic model function and the experimental
data, it was evident that the curing process presents
an initial step explained by an induction characteris-
tic that is autocatalytic behavior, which are applied
to heterogeneous systems.
Thus, the kinetic behavior of the curing of VPET-R

samples 1–5 was correlated with the compensation
phenomena. The linear relationship between ln A
and E revealed compensation due to various factors.

TABLE II
Average E, log A, and r2 Values; y(a) and z(a) Maximum Functions; Kinetic Exponents Calculated form the SB Model;

and Values of the Kinetic Parameters for Samples 1–5

Sample E (kJ/mol) log A (1/min) r2 a�y a�z n m

1 72.1 6 9.1 4.65 6 0.93 0.9924 0.15 0.48 1.46 0.25
2 116.5 6 12.4 10.35 6 1.95 0.9943 0.01 0.51 1.84 0.03
3 96.4 6 3.3 7.78 6 0.26 0.9940 0.08 0.48 0.74 0.15
4 73.0 6 4.3 4.80 6 0.32 0.9985 0.17 0.55 1.27 0.26
5 96.4 6 2.2 7.75 6 1.13 0.9957 0.10 0.50 1.50 0.17

Figure 8 Arrhenius plots of ln A versus E for the cure
reactions of VPET-R sample 1.
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Little change was found in the E values from 72.1
to 96.4 kJ/mol, whereas the physical chemical prop-
erties (appearance) of the film obtained, such as ad-
herence, color, and flexibility, were similar to those
of commercial alkyd V, which makes the process
proposed here, technologically viable.
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