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Abstract 

Different approaches to the kinetic analysis of the thermal degradation of polyester resins, 
one traditional and its green alternative from renewable sources, were studied. The first step 
to determine the degradation mechanism was to find the following kinetic parameters: 
activation energy ( ) and the pre-exponential factor ( ). For the study it was used four 
distinct methods: the Flynn-Wall-Ozawa (FWO), the Friedman, the Kissinger and the 
modified Coats-Redfern methods. The second step was to find the most probable degradation 
mechanism based on the kinetic parameters obtained so far. In this study was used master 
plots proposed by Criado’s. The mean activation energy values, named , and the pre-
exponential factor ( ) for the traditional polyester resin were 189.79 ± 37.82 kJ and 
24.62 ± 6.11 min-1, respectively. For the resin from renewable resources, the values of  and 

 were 161.85 ± 14.35 kJ and 18.42 ± 2.36 min-1, respectively. For both resins, the most 
probable degradation mechanism in all conversion range was nucleation and growth type 
mechanism. The methodology used in this study indicates that the kinetic parameters can be 
obtained in a reliable way, since combined. 

1. INTRODUCTION 
Concerts over the future availability of natural resources and the amount of produced waste 

have driven the need for the efficient use of these resources, aiming at sustainable 
development. The requirement for ecomaterials increased [1], and they are defined as 
materials manufactured from renewable resources and/or from the reuse of accumulated 
wastes in the environment, and that are also atoxic, among other characteristics [2]. 

Conventional thermoset polymers can be replaced by their green alternatives, as long as 
they maintain satisfactory properties. Thermal degradation, for instance, is an important 
characteristic for processing as well as in the definition of their applications. Its reliable 
prediction is an important tool to identify potential use of the material. 
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In this present work, different approaches to the kinetic analysis of the thermal degradation 
of a traditional polyester resin and its green alternative from renewable resources were 
studied. 

2. TEORETICAL APPROACH 

2.1       Degradation Kinetics 
Thermogravimetric analysis can be used to determine the degradation kinetics and to 

obtain reliable values of factor frequency, activation energy and general reaction order, i.e. the 
kinetic triplet [3]. Kinetic parameters were calculated according to ICTAC recommendations 
[4].  

The main equation for kinetics is: 

 
(1) 

where , , A is the pre-exponential factor,  is the 
activation energy, R is the gas constant (8.314 J.kmol-1), T is the absolute temperature and n is 
the reaction order. 

Including the β term, i.e. heating rate, Equation (2) is obtained:    

 

(2) 

The activation energy can be determined using distinct methods, including isoconversional 
Flynn-Wall-Ozawa (FWO), Friedman and Kissinger methods. 

In the Kissinger method, the maximum of the reaction happens at the peak of the 
differential thermal analysis (DTA). This peak happens when the derivative of Equation (3) is 
zero. The activation energy for Kissinger can be determined plotting  versus 

.   

 

 
(3) 

FWO is a conversional method, defined by Equation (4). Plotting  versus  and 
applying a linear fit the factor frequency and the activation energy can be obtained. The slope 
gives  and the intercept gives . 

 (4) 

The Friedman method is defined by Equation (5). By plotting  versus  and 
applying a linear fit the factor frequency and the activation energy can be obtained. The slope 
gives  and the intercept gives . 

 
(5) 

2.2       Degradation Mechanism    
The activation energy of one solid-state reaction can be determined without knowing the 

mechanism of degradation. So,  can be determined by isothermal or dynamics processes. 
After determination of the mean  (by isothermal methods), the most probable degradation 
can be estimated by comparing master plots using the method proposed by Criado [5] 
Equation (6). 
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(6) 

Peterson [6], proposed a relationship between  and the rotational equation , 
defined in Equation (7). 

 (7) 

Senum and Yang [7], proposed a forth degree rational equation for . This was one of 
the equations used to estimate the precision of the Arrhenius integral and allowed a controlled 
margin of error. For the forth degree ration, the error is lower than 10-5% for x>20.  

Combination of Equations (1), (6) and (7) yields, Equation (8). 
 (8) 

With Equation (8), it is possible to obtain theoretical thermogravimetric equations. The 
equations for  and  are determine according to the appropriate mechanism, as 
described in Table 1.     

Table 1: The solid-state reaction mods and mechanisms of degradation. 
Mechanism – Solid-state 

reaction 
 – Reaction mode  – Reaction mode 

(Avrami-Erofeev) –  
nucleation and growth   

(Avrami-Erofeev) –  
nucleation and growth 

 
 

 
 

(Avrami-Erofeev) –  
nucleation and growth 

 
  

 – Controlled reaction 
in the phase contour 
(one-way movement) 

 
 

 
 

Controlled reaction 
in the phase contour 
(contracted area) 

  

Controlled reaction 
in the phase contour 
(contracted volume) 

  

 – Diffusion in one 
dimension    

 – Diffusion in two 
dimensions (Valensi 
equation) 

  

 – Diffusion in three 
dimensions (Jander 
equation) 

  

 – Diffusion in three 
dimensions (Ginstling-
Brounshtein equation) 

  

 –  Random 
nucleation with an 
individual particle core 

  

 –  Random 
nucleation with two   
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nuclei of individual 
particles 

 –  Random 
nucleation with three 
nuclei of individual 
particles 

  

 
To determine the reaction mechanism, theoretical and the experimental curves must be 

compared. The theoretical curves can be obtained using Equation (8) and the  value is 
obtained by Equation (9). 

 
(9) 

2.3       Modified Coats-Redfern method 
The Modified Coats-Redfern method is also used to determine the activation energy and is 

defined by Equation (11). 

 

 

(11) 

 Plotting  and applying a linear fit the factor frequency (A) and the 
activation energy ( ) can be obtained. The slope gives and the intercept gives A.  

3. MATERIALS AND METHODS 
Commercial unsaturated polyester resin BP5788 and its green alternative from renewable 

resources were provided by Elekeiroz and used for thermal degradation studies. 
Thermogravimetric analysis was used to determine the kinetic parameters. Samples (10 

mg) were analysed in an SII Nanotechnology INC equipment, Exstar 6000 model, TG/DTA 
6200 series, operating under nitrogen flow of 100 mL.min-1, in the 25 – 800°C temperature 
range. 

4. RESULTS AND DISCUSSIONS  

4.1 Kinetics parameters 
Figure 1 illustrates all fitting using the four distinct kinetic models proposed. The obtained 

R2 values (from linear fitting) for all methods were higher than 0.88 for the traditional resin, 
and higher than 0.97 for the resin from renewable sources.  

The activation energy ( ) values according to FWO, Friedman, and Coats-Redfern as 
function of the conversion degree are displayed Figure 2. The  for Kissinger, also shows in 
Figure 1, not was included because this method use the peak of derivative of mass loss only, 
representing a limited conversion degree range. 

According to the results of Figure 2, The activation energy seems to be dependent on the 
conversion degree (α=0.1 – 0.9) for both resins. This variation suggests that the degradation 
process of this polymer is complex, possibly with multiple reaction step mechanisms (parallel, 
consecutive, overlapping, reversible or their combination). This could be justified by the 
heterogeneity of the polymer nature [8]. 
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For the traditional resin, the curves have similar shapes, and linear correlations between  
and α are found for α within 0.1 – 0.5 and 0.7 – 0.9. A maximum in  was found around 
α=0.6. And for the Friedman method, a more pronounced decrease occurred above α=0.7. For 
the resin from renewable resources, a linear correlation between  and α is found for α 
within 0.1 -0.4 and another one for α within 0.4 – 0.9. And for Friedman method, an abrupt 
decrease in  was observed when α goes from 0.4 from 0.5 and an abrupt increase was 
observed when α goes from 0.7 to 0.8. 

The difference in the trend in Figure 2 for Friedman method compared to the other two 
methods (FWO and modified Coats-Redfern) is justified considering that in the Friedman 
method, the derivative of the conversion ( ) is used in the calculation, whereas in the 
others two methods the temperature is used. 

 
Figure 1 – Graphs used to determine the activation energy following Kissinger (a), FWO (b), 

Friedman (c) and Modified Coats-Redfern (d) methods. 
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Figure 2 – The calculated activation energy as a function of the conversion degree for the 

traditional resin (a) and for the polyester from renewable resources (b). 

By calculating the mean of all  values from the four methods,  was obtained. For the 
traditional resin was 189.79 ± 37.82 kJ, and the pre-exponential ( ) factor was 24.62 ± 
6.11 min-1. For the resin from renewable resources the values were 161.85 ± 14.35 kJ and 
18.42 ± 2.36 min-1, respectively. And these values of  were used to calculate the value of 

 for the two resins.  

4.2 Degradation mechanisms  
Figure 3 illustrates the graphs used to determine the most probable the degradation 

mechanism. The most probable reaction degradation mechanism is compared considering the 
similarities in the curves. So, the resin can present different degradation mechanisms in 
different degrees. 

 
Figure 3 – Theoretical curves of the Criado degradation mechanism (a) and the graph 

obtained for the resin from renewable resource resin used in this work (b). 

For the traditional resin, the shape of the curves did not follow a specific theoretical model 
for any heating rate, but A type mechanism could be considered for the sample. In this case, 
all mechanisms were defined by proximity of . For α within 0.1 – 0.4 (mechanism A2), 
α=0.5 (mechanism A3), α=0.6 (mechanism A3), for α within 0.7 – 0.8 (mechanism A4) and for 
α=0.9 (mechanism A3).  



4th Brazilian Conference on Composite Materials. Rio de Janeiro, July 22nd-25th, 2018 

7 
 

The same behaviour occurred for the resin from renewable resources, and, A type 
mechanism could be considered. For α within 0.1 – 0.4 (mechanism A2), α=0.5 (mechanism 
A3) and for α=0.9 (mechanism A3). However, were cases that the mechanism was defined by 
the curve shape. It happened for α within 0.6 – 0.8 (mechanism A4). 

For the two resins, similarities in the mechanism from group D (D1, D2, D3, D4), related 
to diffusion, from group F (F1, F2, F3), related to random nucleation, or from group R (R1, 
R2, R3), related to controlled reactions in the phase contour, could not be found. 

Analysing all results, the overall difference between the two resins is small, i.e. the 
degradation mechanisms were similar. There were differences at some conversion values, e.g. 
the mechanism at α=0.6 was A3 for the traditional resin and A4 for the other resin. 
Nevertheless, they were in the same group of mechanisms. 

5. CONCLUSIONS 
Analysing the activation energy results, the thermoset resins behaved as expected, and the 
 values varied as a function of the conversion degree. 
The degradation mechanisms for the traditional unsaturated polyester resin and for that 

from renewable resources were similar. Using the method described by Criado, the 
degradation mechanisms at different conversions were found to be of the group A (A2, A3 and 
A4), suggesting a single group of degradation mechanisms, related to nucleation and growth, 
independently of the source of the resin. Also, by comparing different kinetic approaches, a 
more reliable estimate of the kinetic parameters can be obtained. 
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