
Introduction

Industrial activity and household consumption gener-

ate an ever-growing amount of waste products that

pose environmental risks and are a matter of concern

for public environmental agencies. Thermosets are

amongst the most environmentally damaging waste

products due to their low degradation. Thus, the recy-

cling of those polymeric materials has become of

great interest not only to researchers and users, but

also to those concerned with the protection of the en-

vironment. Currently, one of the polymers present in

large quantities in urban solid waste is poly(ethylene

terephthalate) from recycled PET bottles, which is

used in the production of a variety of goods such as fi-

bers and films, or incorporated to other types of plas-

tics as an additive [1].

Since the recycled PET-R is a polycondensation

polymer polyester formed by ethylene glycol (EG)

and terephthalic acid (t-PA), it can be used in the syn-

thesis of the coating materials where alkyd resins are

used. These coating polyesters synthesized from PET,

EG and t-PA present the structure and characteristics

of a polyester synthesized from EG and phthalic an-

hydride (PA). The polycondensation that takes place

during the reaction, causes the depolymerization of

PET, EG and t-PA, with unpredictable distributions in

the polymer. The properties of the films formed from

PET-R, EG and t-PA are comparable to those of con-

ventional film coatings [2]. The TG/DTG curves have

been used to establish the thermal decomposition re-

action and kinetic parameters of alkyd resin from

commercial varnish [3].

The aim of this work is to evaluate the cure reac-

tion, by DSC curve, of the film obtained through the

reutilization of PET bottles used as an additive in

commercial alkyd resin paints.

Kinetic aspects

Using DSC non-isothermal procedures, the thermal

decomposition of a material can be mathematically

described by the kinetic triplet (Ea, logA and f(�)). A

solid-state Arrhenius-type reaction can be expressed

by the general equation [4–7]:
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where the fractional process of cure (�) is tempera-

ture (T) dependent during an increasing constant heat-

ing rate (�). Accordingly, the isoconversional

Flynn–Wall–Ozawa method, that is the angular and

linear coefficient of a plot of log� vs. 1/T at different

and constant �, gives the Ea(�) and A values, respec-

tively [4–7].

In order to calculate the best-fit kinetic model

that represents reaction of cure, the y(�) and z(�)

functions have been defined [8–10].
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The test to find the kinetic model proposed by

Malek [11–13] is based on this equation and on the

normalized y(�) and z(�) functions that, under

non-isothermal conditions, are given by:
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It is possible to determine the kinetic models for

each step in study by using y(�) and z(�) maximum

functions, that is, �m and �p, respectively. Once the

kinetic model is known, the corresponding functions

can be verified [9, 10].

Experimental

Recycled PET bottles were washed, dried at room

temperature, cut in pieces of approximately 2 mm2

and solubilized using phenol/tetrachloromethane

(1:1) at 60°C. Trichloromethane was used as the solu-

tion’s stabilizing agent.

The commercial paint studied was constituted of

modified alkyd resin, vegetal oil, aromatic and

aliphatic hydrocarbons, tensoactive and drying orga-

nomethalic compound agents. The paint was solu-

bilized using the same method applied to the PET-R

solution.

After the solutions had been separately heated to

60°C, the PET-R solution was added drop by drop to

the paint solution, under strong stirring. The mass rela-

tions of the paint and PET-R solutions are presented in

Table 1.

The paint/PET-R mixtures (PPET-R) were then

spread in a film form on slides and wood and dried at

room temperature to verify that their visual appear-

ance was effectively similar. The samples were col-

lected after 48 h to analyze their physical-chemical

behavior through DSC curves.

DSC recording was obtained using a DSC 2910

module from TA Instruments in a dynamic atmo-

sphere of nitrogen (50 mL min
–1) covered with an alu-

minum crucible of 10 L with a sample mass of

around 2 mg, with the aluminum crucible as reference

material and heating rates of 10, 15 and 20°C min–1

from 40 up to 300°C. The Ea and logA kinetic parame-

ters were calculated using a DSC ASTMK software

running in a V4.08 from TA Instruments.

Results and discussion

The DSC curve for PET-R, for the second heating,

Fig. 1a, presents three characteristic events compara-

ble with data reported in the literature [2]: Tg (vitre-

ous transition temperature) at ~65°C, Tc (crystalliza-

tion temperature) at 150°C and Tm (melting

temperature) at 250°C.

The DSC curve for paint (Fig. 1b) shows the ther-

mal event in the temperature interval 90–205°C due to

the curing reaction. The DSC curve for PPET-R 1,

(Fig. 1c) presents an exothermic peak (80–203°C) on the

first heating caused by the curing reaction of the sample,

while in the second heating curve, (Fig. 1d) that peak has

disappeared, indicating a complete reaction that is, the

material had already been completely cured.

To establish the kinetic model for the curing re-

action, the kinetic parameters, the activation energy,

Ea, and the pre-exponential factor, logA, were ob-

tained from the DSC curve of sample 1 (PPET-R 1) at

three different heating rates (10, 15 and 20°C min–1)

within the temperature range used in this study apply-

ing the Ozawa isoconversional method [5, 6, 15].

Figure 2 shows the � dependence of the apparent

values of Ea. The nearly constant Ea values were ob-

tained at a range of 0.1���0.8 with mean values of

94.34, 86.07 and 71.40 kJ mol–1 respectively for

PPET-R 1, 2 and 3. The Ea values being similar at dif-

ferent � is a prerequisite for the application of the

general Eq. (4). The results in Fig. 2 indicate that the

present reaction can be treated within the restricted

range of 0.1���0.8 [15].
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The observed linearity of several fractional con-

versions indicates that the proposed kinetic model can

be used to evaluate the curing reaction of PPET-R. It
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Table 1 PET-R and paint mass relations in samples 1–3

Sample PET-R/g Paint/g

1 0.0505 10.0442

2 0.0835 9.9985

3 0.1014 10.0872

Fig. 1 DSC curves to PET-R, paint, PPET-R 1 first heating

and second heating, nitrogen atmosphere, heating rate

10°C min–1



was observed that, as the amount of PET-R decreases,

Ea increases, although not linearly.

Once the Ea values had been defined, it was pos-

sible to establish the best kinetic model to describe

that set of measures obtained through DSC curves.

To that end, the y(�) and z(�) functions were

used, for they can be easily obtained by transforma-

tions of the experimental data expressed by Eqs (2)

and (3), respectively.

The y(�) function is proportional to the f(�)

function, which must be invariable in relation to the

experimental parameters, such as mass sample and

heating rate (non-isothermal conditions) or tempera-

ture (isothermal conditions). Thus, the form of the

f(�) function is obtained by plotting the normalized

y(�) in a range of <0–1>, which is the characteristic

of a specific kinetic model. The f(�) function can be

used to determine the model in which the y(�) func-

tion presents an �m between 0 and � p

� , which is the

case in the JMA (n>1) and SB (m,n) models [9]. The

� values between 0.1 and 0.9 and the respective tem-

peratures were obtained through non-isothermal DSC

curves (10, 15 and 20°C min–1), while the heating

flow, �, was obtained by subtracting the baseline val-

ues from those of the cure process curves.

DSC curves obtained using Eqs (2) and (3) show

that the y(�) function yields a maximum when

�m=0.064 and z(�), � p

� =0.47 for the PPET-R 1

(Fig. 3). These results confirm that the

�esták–Berggren (SB) model is the most appropriate

to represent the cure process for these samples, which

is represented by the function f(�)=�m(1–�)n.

The n kinetic exponent can be obtained from the

angular coefficient of ln[d�/dt)exp(Ea/RT)] vs.
ln[�p(1–�) at 0.2<�<0.8. In sample 1, n=1.78 and,

therefore, m=0.12, considering the relation m=pn,

where p=�m/(1–�m).

Figure 4 presents the DSC curves for simulated

and experimental data, which show that the

�esták–Berggren model describes the cure mecha-

nism for sample 1, and that it can also be applied to

the other samples.

Table 2 presents the �m, � p

� , n, m, Ea and logA,

values for the cure reactions.

The kinetic compensation effect

The kinetic compensation effect (KCE) was first de-

veloped in catalysis studies to account for the fact that

different treatments of a catalyst resulted in a change

in the calculated activation energy, but with no corre-

sponding change in the reaction velocity the rate of

the reaction remaining constant. To explain this, it

was suggested that the pre-exponential factor A varied

with the activation energy in accordance with Eq. (5).

ln A a bE� � a (5)

where constants a and b are referred to as compensa-

tion parameters.

This effect has been observed in many types of

reactions. The kinetic parameters (A and Ea) vary with

the experimental conditions even if the mechanism

does not change.

The thermal reaction of a polymer is a complex

solid-gas. For the reaction of the cure of PPET-R 1,
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Fig. 2 The values of Ea at various � calculated by the

Flynn–Wall–Ozawa method, to PPET-R 1, 2 and 3

Fig. 3 The y(�) and z(�) functions calculated from DSC data

to PPET-R 1

Fig. 4 Experimental and simulated DSC curves at 20°C min–1

to PPET-R 1



lnA was plotted vs. Ea, as shown in Fig. 5. Such rela-

tion indicates that

ln . .A E�� �2 70 031 a

In this study, it was verified that the amount of

mass of PET-R in the paint increased until the 1% limit

and the cure reaction mechanism, in all the samples is

the same, as observed through the inclination of the

straight line for the relation between lnA and Ea [16–20].

Conclusions

Experimental data from the cure process in non-iso-

thermal conditions allowed the kinetic triplet (Ea, logA
and f(�)) to be calculated. The kinetic procedures ap-

plied in this work were consistent in order to obtain the

kinetic parameters and a mathematical kinetic model

function. Based on the best fit between normalized

simulated data with the SB kinetic model function and

experimental data, it was evident that the cure process

presents an initial step explained by an induction char-

acteristic applied to heterogeneous systems.

If was found activation energy values decreased

from 97.9 to 71.8 kJ mol–1, while the physical chemi-

cal properties of the film obtained were similar to

those commercial alkyd paint, making the process

proposed here, technologically viable.
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Table 2 y(�) and z(�) maximum functions, kinetic exponents calculated through the SB model, and values of the kinetic pa-
rameters for the samples

Sample �m �p n m Ea logA

PPET-R 1 0.064 0.47 1.78 0.12 97.9 11.91

PPET-R 2 0.021 0.71 1.15 0.02 85.7 9.93

PPET-R 3 0.16 0.66 0.95 0.11 71.8 8.41

Fig. 5 Arrhenius plots of ln(A) vs. Ea for the cure reactions to

PPET-R 1
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