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The pyrolysis method of both raw and recycled polyethylene terephthalate was studied using the nonisothermal thermogravimetric
analysis (TGA) at different five heating rates (10, 15, 20, 25, and 30K/min) for each element. Without using any mathematical
equations, the kinetic parameters of polyethylene terephthalate pyrolysis were obtained by applying the modified distributed
activation energy model (DAEM). Furthermore, the glass transition temperature (Tg) of polyethylene terephthalate was
simulated using the computer simulation with different methods. The effect of energy in the Tg process was enhanced. The
mechanical properties of polyethylene terephthalate were computed. Our simulated values were compared with available data in
literature.

1. Introduction

Decomposition of polymers is an important process [1]. The
study of the pyrolysis process of polymers by using noni-
sothermal thermogravimetric analysis (TGA) was widely
known in the last years [2–4]. Compared to other methods,
pyrolysis procedure has more strong points: (i) requires the
lowest temperature, (ii) without the need of oxygen, and
(iii) fabrication of outstanding quality oil [5]. A good knowl-
edge of the pyrolysis process will be useful and helpful ele-
ment to the design and operation of pyrolysis reactors with
developed efficiency [6]. To find the kinetic parameters of
pyrolysis process, different models have been found [7].
Among them, we can mention the distributed activation
energy model (DAEM) that is used in this paper.

Miura [8] and Miura and Maki [9] found a new proce-
dure based on the modification of the classic DAEM method
to get the activation energy (Ea) and the frequency factor (k0)
by following simple steps [10].

Recycled polymers have many advantages, such us the
preserving of the environment, saving energy, and its low
cost. However, due to what is common about recycled plas-
tics that it is not good and loses its physical properties, we

have compared some properties of the raw PET with the
properties of recycled PET, using both of the experimental
and the computer simulation. In the best of our knowledge,
these elements have been not studied in other paper with
the same procedure, which makes our work new in the field
of polymer study.

Polyethylene terephthalate (PET) is a thermoplastic poly-
mer vastly used in the form of fiber, sheet, and film [11].
Polyethylene terephthalate (PET) has good mechanical
strength, great stability with body fluids, and strong radiation
resistance, which make it appropriate for sterilization [12].

PET is widely used in many fields such as electrical engi-
neering, water and soft drink bottle industries, and transpor-
tation and building industries, due to its physical and
chemical properties [13, 14].

Many TGA tests of our polymers under five heating rates
(10, 15, 20, 25, and 30K/min) were conducted, and the found
results were used to find the values of pyrolysis kinetic
parameters (the activation energy (E0) and the dependent
frequency factor (k0)) by using the distributed activation
energy model (DAEM) modified by Miura and Maki.

In order to improve our work, the glass transition tem-
perature (Tg) of PET was studied by meaning of molecular
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dynamic (MD) simulation. The results obtained by MD sim-
ulation were compared with the experimental results in other
papers, the simulated values of other works, and with the
results calculated by using the semiempirical method Synthia
[15]. In addition, the role of some energy components (the
potential energy, the kinetic energy, and the total energy
components) in the glass transition temperature (Tg) process
was studied, and the predicted elastic properties by the MD
simulations of PET at 300°K were computed.

Many previous works have proved that molecular
dynamic simulation gives results which are near to the
experimental values in the study of the properties of mate-
rials [16–18].

2. Experimental

In this work, the raw polyethylene terephthalate (PET)
and the recycled PET were studied by using nonisothermal
thermogravimetric procedure for five different heating
rates (10, 15, 20, 25, and 30K/min) for each dry sample
of 1 g. The pyrolysis experiences were conducted in ther-
mogravimetric analyzer TGA Q500 from TA Instruments.
In the goal to maintain the raw PET and recycled PET in
inert atmosphere and make sure that there is no oxygen
during all pyrolysis process, a flow of nitrogen of
60ml/min is applied. The temperature profile fixed to
the TGA contains two basic steps: (i) a drying process of
the element at 105°C for a during of 20min and (ii) the
pyrolysis process happen when increasing the temperature
of the polymer in the oven up to 750°C at a fixed heating
rate in inert atmosphere. In this study, uncertainty in the
degree of temperature of our devices is ±1°C, the temper-
ature precision is ±0.1°C, the weighing precision of the
nonisothermal thermogravimetric analysis is ±0.01%, and
its mass measurement sensitivity is 0.1μg [6, 7].

Without using mathematic, we can obtain the very
proper kinetic parameters (the distribution curve of activa-
tion energy f ðEÞ and the activation energy dependent fre-
quency factor (k0)) of polymer pyrolysis by applying the
distributed activation energy model (DAEM) modified by
Miura [8] and Miura and Maki [9]. This procedure is based
on the modification of the classic DAEM method to get the
activation energy (Ea) and the frequency factor (k0) by fol-
lowing a few points:

(a) Finding the devolatilization rate for different heating
rates

(b) Compute and trace the curve ln ða/T2Þ versus 1/T at
each rate of devolatilization

(c) Finding the activation energy (Ea) and the frequency
factor (k0) from the Arrhenius plots at each rate of
devolatilization

(d) Trace the values of activation energy (Ea) versus the
rate of devolatilization to obtain the function f ðEaÞ

(e) Predict other values of devolatilization rate curves for
other heating rates. [10]

3. Simulations Methods

In this paper, all molecular dynamic (MD) simulations were
computed by using the Materials Studio6.0 software package
of Accelrys, Inc. [19].

Molecular mechanics (MM) correspond to a set of empir-
ical procedure for calculation of molecular structures and dif-
ferent physical properties using atoms as the basic elements.
It analyzes the progress of a force field (ff) in which polymer
chain can be relaxed (energy minimization or geometry opti-
mization) or in which they can be in movement according to
classical motional equations (MD) [20]. The choice of the
force field plays an important role in influencing on the value
of the final results. In our study, COMPASS has been chosen
as a force field.

The PET polymer structure with 20 repeat units is
embedded in a cell with periodic boundary conditions
(Figure 1). To relax our polymer chain, a drastic minimiza-
tion is applied by using Conjugate Gradient with 20000 iter-
ations to confirm that our polymer chain does not contain
any undesirable interactions.

To ensure the molecular relaxation of PET polymer
chain, a series of molecular dynamics of 100 ps (using
Verlet-leapfrog algorithm) with the canonical ensemble
NPT were applied [21]. First, a NVT dynamic is applied in
order to stabilize our polymer chain. Then, the dilatometric
procedure is applied to get the glass transition temperature
(Tg), applying the ensemble NPT by fixing the pressure to
0.0001GPa and the temperature at 300°K, to find the density
of equilibrium that it is employed to get the specific volume.
This last can be employed to compute the glass transition
temperature (Tg) of PET. Our structure will overheat from
300°K to 800°K and decreases from 800°K to 200°K with a
step of 50°K during 100 ps for each temperature.

Furthermore, the elastic properties of the raw polyethyl-
ene terephthalate (PET) were studied using the molecular
dynamic MD simulation at 300°K. The Smart algorithm
was used, and COMPASS was chosen as a force field. The
bulk modulus and shear modulus were simulated by using
the Reuss, Voigt, and Hill methods. The internal stress tensor
is calculated by using the relation:
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where i is the number of particle; ai, vi, and wi are the mass,
velocity of the particle, and force acting on the particle,
respectively; V is the volume of the structure [18, 22].

4. Results and Discussion

4.1. Pyrolysis Process. Figure 2 shows the devolatilization
curves versus temperature of both raw PET (a) and recycled
PET (b) for the five different heating rates (10, 15, 20, 25,
and 30K/min).

From the curve obtained in Figure 2, a ln ða/T2Þ versus
1/T plot of structures: raw PET (a) and recycled PET (b)
for each heating rate, at different values of the devolatilization
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Figure 2: Devolatilization rate of the PET (a) and recycle PET (b) samples.
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Figure 1: Molecular model of PET before (a) and after construction (b).
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Figure 3: Arrhenius plot obtained using conversion rate intervals of 5% for the PET (a) and recycled PET (b) samples.
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rate was plotted in Figure 3 by using conversion rate range of
5% (5%-95%) to give a good visualization. The Arrhenius
plots of raw PET and recycled PET are almost similar.

The activation energy (Ea) and the frequency factor (k0)
of our structures can be given from the slope and intercept
in the Arrhenius plots at each rate of devolatilization using
the linear fitting and with the two relations:

Ea −m:R, ð2Þ

k0 = −m:exp n − 0:6075ð Þ, ð3Þ

where T is the temperature and R the universal constant.
The activation energy (Ea) (a) and the frequency factor

(k0) (b) obtained from the raw PET and recycled PET sam-
ples are shown in Figure 4. We can remark that the activation
energy (Ea) found for the raw PET is in the range of 120–
150 kJ/mol, and the frequency factor (k0) was in the range
of 107–109 s-1, which is in accordance with the results
obtained in other studies [23, 24]. For recycled PET, the acti-
vation energy (Ea) found is in the range of 159–185 kJ/mol,
and the frequency factor (k0) was in the range of 1010–
1011 s-1.

4.2. Molecular Dynamic Simulation

4.2.1. Glass Transition Temperature (Tg). The glass transition
temperature (Tg) of a polymer is an essential phenomenon
which can have different values. There is no exact method
to find the glass transition temperature [25]. Currently, the
most used procedure is the free volume theory proposed by
Fox and Flory [26].

Figure 5 shows the curve of the specific volume versus the
temperature of the raw PET. The specific volume (sp) is
obtained from the NPT trajectory file. By the analysis of the
curve of specific volumes vs. the temperature, we detect the
simulated glass transition temperature of PET (about
358.34°K) that is little higher than the experimental value
(346.6°K [27]) and smaller than the simulated value of the

glass transition temperature (Tg) of PET in other papers
(about 362°K [28]).

In addition, the glass transition temperature (Tg) of PET
was computed by using the semiempirical method Synthia.
Table 1 shows the simulated glass transition temperature of
PET by using the molecular dynamic (MD) simulation,
Synthia and the simulated value of other study, and experi-
mental glass transition temperatures of PET.

4.2.2. Roles of the Energy Components in the Tg Process. In
order to study the roles of the different elements in the
glass transition temperature process, some energy compo-
nents versus the temperature are shown in Figure 6. Many
previous works have studied the role of the energy compo-
nents in the transition glass temperature process for differ-
ent structures [30, 31].

In this paper, the potential energy, the kinetic energy,
and the total energy components decrease linearly with
temperature decreasing, and there are no any breaks at
any point in the curves of the energies versus the temper-
ature. This shows that the potential energy and the kinetic
energy play important roles during the glass transition
process.
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Figure 4: Kinetic parameters: (a) activation energy and (b) frequency factor.
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Figure 5: The specific volume vs. temperature for PET.
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4.2.3. Mechanical Properties. The predicted elastic properties
by the molecular dynamic (MD) simulations with COM-
PASS force field of PET at 300°K are given in Table 2.

By the analysis of the table, we can remark that our value
of Young’s modulus (E) of PET is near to the available result
with a difference of just 0.03GPa. Both of bulk modulus and
Poisson’s ratio are very near to the values obtained in other
works. The shear modulus (G) simulated in our study is a lit-
tle different to the found shear modulus in other paper.

5. Conclusion

Thermogravimetric curves were used to study the pyrolysis
process of raw PET and recycled PET by using DAEM sim-
plified by Miura and Maki. Devolatilization rate of the PET
and recycle PET samples is almost similar. The activation
energy (Ea) found for the raw PET is in the range of 120–
150 kJ/mol, and the frequency factor (k0) was in the range
of 107–109 s-1, which is in accordance with the results
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Figure 6: Curves of some energy components vs. temperature for the raw PET: (a) kinetic energy; (b) potential energy; (c) total energy.

Table 1: Simulated and experimental Tg of PET.

Simulated Tg (MD) Simulated Tg (Synthia) Experimental Tg Other simulated Tg

PET 358.34°K 368.16°K 346.6°Ka, 338°Kb 361.9°Kc

aValue from Ref [27]. bValue from Ref [29]. cValue from Ref [28].
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obtained in other studies. For recycled PET, the activation
energy (Ea) found is in the range of 159–185 kJ/mol, and
the frequency factor (k0) was in the range of 1010–1011 s-1.
From all above results, it can be concluded that the recycled
PET is more cohesive than the raw PET contrary to popular
belief.

Furthermore, the glass transition temperature (Tg) of
PET was studied by meaning of molecular dynamic (MD)
simulation. By the analysis of the curve of specific volumes
vs. the temperature, we find that the Tg of PET is 358.34°K
that is between the experimental value (346.6°K) and the sim-
ulated value of Tg of PET in other study (about 362°K). In the
addition, the role of some energy components was analyzed.
The potential energy and the kinetic energy play an impor-
tant role during the glass transition process. Our simulated
results of mechanical properties of PET were very near to
the available values in literature.

From the comparison of our simulated results with other
values in different papers, we can conclude that our methods
of simulation give good results.
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