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The pyrolysis of polyethylene terephthalate (PET) was investigated
across a broad range of final temperatures, from 478°C to 640°C,
yielding various products. Infrared radiation was employed as the heat
source in this study. To minimize experimental deviations, each test
under fixed conditions was repeated twice, and the results were
compared for consistency. The primary objective was to evaluate the
guantitative and qualitative differences in the products generated
through this novel heating method, aiming to enhance the understanding
of the pyrolysis process and the influence of the heating rate on the final
outputs. Pyrolysis was conducted in a vertical tubular reactor housed
within an infrared furnace. The average heating rates varied
significantly, ranging from approximately 20.61°C/min in the slowest
test to 161.12°C/min in the fastest one. The solid residue (char) resulted
from PET pyrolysis was analyzed. The yields of 87.5% and 91% were
recorded for the slowest and fastest heating rates respectively. These
char samples were assessed using Differential Thermal Analysis (DTA)
and Thermogravimetric Analysis (TGA) to compare their quantity and
quality. The findings revealed that the heating rate during the infrared
pyrolysis of PET has a direct correlation with the quantity of valuable
products, but an inverse relationship with their quality.
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1. Introduction

The world is going through an energy crisis
and the demand for energy is increasing daily.
However, our fossil fuel
dwindling and will run out in about a century.

The remaining non-renewable energy reserves
of oil, coal and gas will be exhausted in 31, 103
and 33 years respectively [1]. Almost all
people are aware of the non-degradation of
harmful plastic waste in nature, however, they

reserves are

“Corresponding author: bkhoshandam@Semnan.ac.ir

68

o


http://www.ijche.com/
https://orcid.org/0000-0003-1128-294X

Taheri Tari and Khoshandam / Iranian Journal of Chemical Engineering, Vol. 22, No. 3, 68-77, (2025)

are still negligent and, unfortunately, less than
10% of all plastic materials in the world are
recycled [2]. There are different types of
plastic with different structures, some of these
types are more at risk of remaining in nature
due to the amount of production and type of
use. Polyethylene is one of these types, which,
according to reports in 2017, accounts for
about 34% of all plastics produced worldwide
[3]. Polyethylene terephthalate is commonly
used in the production of bottles for all kinds
of drinks and detergents, plastic films,
packaging, geomembranes, all kinds of
disposable containers, etc.. The increasing use
of these materials results in the production of a
significant amount of waste and, therefore,
causing environmental problems. Since PET is
a non-biodegradable plastic, it is necessary to
manage its waste using various methods, such
as gasification, pyrolysis, incineration,
glycolysis, etc. [4].

Amongst the waste management methods,
pyrolysis is one of those used to properly
upgrade solid waste into useful products. In
this process, there are three products produced:
fuel gas, oil, and char. Notably, the pyrolysis
of plastics produces a waxy product, which
mainly occurs in fast pyrolysis. This product is
an alternative to liquid products [5]. However,
the waxy product can be converted to oil in the
presence of a catalyst. Wax is a primary
feedstock used in fluid catalytic cracking
(FCC) units to produce fuel or other valuable
petrochemical products. Therefore, the waxy
products of pyrolysis, which are different from
its solid products (Char), are the same
petroleum products that are converted into oil
in the presence of a suitable catalyst [6]. These
products are mainly composed of organic acids
such as benzoic acid, terephthalic acid,
monovinyl terephthalate, divinyl terephthalate,
and vinyl benzoate [7, 8]. The gaseous product

also mainly contains acetaldehyde, CO, and
CO, and aromatic chemicals (benzene and
toluene). Finally, the solid product is mainly
carbon, which forms the pyrolysis products [9,
10].

In this research, the goal was to consider
infrared heating as a replacement for
traditional heating methods of pyrolysis and
the investigation of its effect on products and
the process. For this reason, the solid part of
the pyrolysis products was investigated, and
the difference between the tests, which were
repeated twice under each condition to
minimize the deviations, was the heating rate.
Finally, the quality and quantity of char
products obtained in the experiments were
compared, and the effect of the heating rate on
the process efficiency was determined. The
quality of the product was investigated by
performing TGA and DTA analyses. The
pyrolysis was carried out in a vertical quartz
tube reactor in an infrared furnace, and a
mineral water bottle made of PET was used as
the raw material to make the test numbers close
to reality. The pyrolysis of polyethylene
terephthalate occurs from about 400°C to
600°C, and mainly the production of the
product occurs in this temperature range [5].
The temperature of the experiments was also
selected in the same range (from 478°C to
640°C).

2. Experimental

2.1. Materials, Tools, and Equipment

In this experiment, waste mineral water bottles
were used as the source of polyethylene
terephthalate. The waste bottle is one of the
PET mineral water bottles, which is used by
most of the leading brands in the market. It is
clear and almost colorless (a little bluish).
After cleaning, this bottle was cut into equal
pieces of 10mmx10mm. The inert-conveying

69



Taheri Tari and Khoshandam / Iranian Journal of Chemical Engineering, Vol. 22, No. 3, 68-77, (2025)

gas used in this study was nitrogen with a
nominal purity of 99.9992% produced by the
Oxygen Motmaen Company. Before the
experiments, nitrogen, with a flow rate of
6L/min, entered the reactor from the bottom
through a 1cm diameter pipe and exited from
the top of the reactor to clean and free the
environment from unwanted substances in the
process, especially oxygen. The reactor used in
this research was cylindrical and made of
quartz. The reactor diameter was 70mm and its
height was 900mm. The bottom of the reactor
was filled with the polypropylene packing
(size: 1.1mmx16mmx16mm, porosity: 91%)
up to the height of 6cm for better gas
distribution. A crucible containing samples
was suspended inside the reactor. The center of
the crucible was located in the center of the
radiation zone of the furnace. The nominal
volume of the crucible was 30ml, whereas its
height, upper diameter and lower diameter
were 43mm, 40mm, and 25mm respectively.
In addition, 3 consecutive condensers were
used in the last stage of experiments to cool the
outlet gas to the temperature of 17°C using
water with a temperature of 10°C as a cooling
fluid. The infrared furnace was a standing type
powered with 10 infrared lamps, 40cm heated
zone that covered the radiation area in a 9cm
diameter circular form. The infrared furnace
model was FIR20-30-V made by knowledge-
based engineering company of Artine San'at
Parto with a power of 20kW. This device was
powered by three-phase electricity with a
control system, brand BATEC in PC22-A
model with an accuracy of £5°C at 1000°C.
The furnace heating rate could be set by user
in the range of 20°C/min to 200°C/min. The
controlling section of the furnace has the
ability of sensing the reactor wall temperature
and setting the user input heating rate
electronically. The maximum temperature
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accessible was 1000°C, which was measured
by the internal K-type thermocouple. The
diameter and length of the infrared lamp were
1cm and 40cm respectively, and its nominal
power of 2000W per lamp. The gaseous
products vented from the top of the reactor
through a 2cm diameter pipe. A silicone tube
with a diameter of 1cm was connected to the
outlet (3.5m length) to finally enter the first
condenser. The maximum capacity of the
experimental system was 12.23L/min in terms
of the tolerable flow rate from the reactor’s
input to the last condenser’s output, which was
directly related to the pipe.

2.2. Laboratory Method

The crucible was filled with 4g of polyethylene
terephthalate at first. After placing the crucible
in the reactor, nitrogen, with a flow rate of
6L/min, was introduced from the bottom of the
reactor for 10 minutes to clean the reactor
environment from any type of gas, especially
oxygen. The nitrogen entered to the reaction
zone, with the help of irregularly distributed
packing, and vented from the last condenser.
During the pyrolysis reaction, the nitrogen gas
flow rate was set as 300ml/min. A gas
residence time of about 6s was approximated
in the reaction zone of the reactor using the
nitrogen flow rate. After preparing the reactor
environment, the furnace heating rate was
adjusted through the BATEC controller. The
temperature gradient settings, including the
desired peak temperature and the time to reach
it, were configured accordingly. Indeed the
exact time to reach the desired temperature
was checked and controlled in parallel with a
separate chronometer to minimize the work
errors.

The real-time furnace temperature was also
shown on the device's display screen, which
was measured by the internal TYPE (K)
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thermocouple. Indeed, in parallel, the
temperature was measured manually with an
external thermocouple to minimize deviation.
Using the parallel measurement and checking
the instantaneous temperature resulted in the
experimental accuracies. Finally, to minimize
the deviation, each test was repeated twice
under the same conditions and the results were
compared, and the maximum deviation was
recorded in terms of the weight of the final
char product. The maximum and minimum
errors in the experiments were £3% and £0.5%
respectively.

3. Results and Discussion

Considering that no catalyst was used during
fast pyrolysis, as a result, the obtained products
were gas, char and waxy products. The amount
of char obtained was inversely related to other
more valuable products [11]. As a result, by
reducing the production of char, the production
of more valuable products happened. Since the
liquid (waxy product) and gas products were
called as the valuable products of pyrolysis
[12], then pyrolysis with more liquid (waxy
product) and gas products can be considered as
pyrolysis with higher efficiency from a
quantitative point of view. On the other hand,
the final quality of the pyrolysis products
depend on various factors such as the type of
feed, temperature, time and method of
pyrolysis, but the stability of the factors and
the increase in the quality of the final product
show the better performance of the process
[13]. Therefore, in this research by comparing
the final quality of the char products, the better
method of pyrolysis could be observed and by
increasing the final quality of all products, the
overall efficiency of pyrolysis could be
increased. Consequently, in the present study,
the two heating rates of minimum and
maximum have been chosen for better sensing

the differences between experimental results.
The char product obtained from the pyrolysis,
which has the lowest mass value and the
highest final quality, showed a higher yield
than the same in other processes. The two
selected samples were samples number 6 and
7, which were respectively the slowest and
fastest pyrolysis experiments performed in this
study. These two samples are shown with the
suffix “S” during the quality tests.

Two common tests, i.e., the differential
thermal analysis and thermogravimetric
analysis, have been conducted on samples and
products, and the thermal stabilities and
probable chemical reactions were studied.

3.1. Comparison of the DTA Results

The differential thermal analysis is one of the
most common types of thermal analyses, in
which the examined sample is compared with
a neutral reference sample and the amount of
energy taken or produced by the sample at
different temperatures is determined. Figure 1
shows the test outputs of the samples. Char
from samples S6 and S7 are started to produce
energy at 0.36uV/°C and 0.4pV/°C at
temperatures of 14.1°C and 14.2°C
respectively, which are very close to each
other. Another aspect of this experiment is to
examine the temperature at which the highest
amount of energy production occurred in these
two samples. As it is shown, S6 reached the
energy production of 0.424uV/°C at a
temperature of 479.1°C. Also S7 was able to
produce almost the same amount of energy
(0.42uV/°C) at 35.2°C. But the energy
produced by each sample was very different.
S6 produced much more energy than S7 with
an energy output of 1.841uV/°C. The S7
sample was only able to produce 0.36pV/°C of
energy. In the quality control of char, another
factor that is effective is the exothermic
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reaction associated with the decomposition of
char into light gases. This reaction occurs at a
temperature higher than 500°C and reduces the
mass of char [14]. This reaction occurred in S7
and was not observed in S6, and as it can be
seen in Figure 3, the only temperature range
where S7 shows better performance than S6
was after this reaction occurrence. This state
occurred shortly before the onset temperature
of 505°C and continued until 675°C.

The DTA and TGA tests of S7 are shown in
Figure 2. Another endothermic reaction
occurred at a higher temperature of about
970°C, which was much more intense than that
of the previous reaction (more than 40 times
larger) and was accompanied by an increase in
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the weight of char, indicating that it was
different from the previous reaction. It was the
same reaction that could have happened as a
result of water vapor being absorbed by the
char, which in this case, due to the absence of
water vapor in the test environment, was
because of the combustion of the char itself.
This reaction usually occurred when the so-
called char was no longer able to burn. As it is
shown at the end of the two merged graphs in
Figure 2, marked with an asterisk, both the
DTA and TGA graphs of S7 terminated with
this continuous state. As a result, the reactions
that happened in S7 could be considered of the
same type.
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Figure 1. Comparison of the DTA test results of samples.
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Figure 2. DTA and TGA tests of sample S7.

3.2. Comparison of the TGA Results

According to the test results, TGA shows
changes in the sample’s weight at different
temperatures. In this way, the burning quality
of the samples can be compared. Considering
that the initial weight of both S6 and S7 was
the same and equal to 16mg, there was no need
to draw a TG% diagram, and it is easy to
understand which product shows the highest
quality in terms of TGA by comparing the
TGA diagrams. As it is shown in Figure 3,
sample S6 started to lose its mass at a
temperature of 13.9°C and lost about 13.44mg
of its total weight at the temperature of up to
1000°C, which was equivalent to 84% of the
total mass of the sample. This sample recorded
a higher quality than the S7 sample in terms of
the quality evaluation by the TGA test.
Although sample S7 started to lose weight at a
temperature of 14°C with a very small
difference compared to sample S6, it finally
lost a smaller amount of weight at the

temperature of up to 1000°C. Also S7 ended
up losing 11.22mg of its weight during the
TGA test. Sample S7 lost about 11.79mg of its
weight at the temperature of up to about
974.5°C, but due to the reaction explained
earlier, it started to increase again and added
about 0.57mg at the temperature of up to
1000°C. As explained in section 3.1, increases
in the mass of sample S7 may be due to the
presence of water in the sample. As it is shown
in Figure 3, sample S7 has a relative advantage
over S6 only over a short period of time due to
the char decay reaction into light gases as
described in section 3.1. This reaction is not
seen in the S6 sample. Perhaps the reason was
that, in the temperature range between 505°C
and 675°C, sample S7 has a qualitative and
relative advantage over sample S6, which did
not have this reaction. Indeed according to the
other test results and other factors, such as the
total weight getting decreased and the initial
temperature beginning to decrease, this
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advantage did not last and the S7 sample was
placed in a lower quality rank than the S6

sample.
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Figure 3. Comparison of the TGA test results.
Table 1.

Overall comparison of qualitative and quantitative results.

Quantitative

. ualitative differences
differences Q

Process differences

Sample VarlablefacForsof Product amount Energy Burn heat Purity
No. pyrolysis
Pyrolysis Heating  valuable Density  Start energy start Mass self- Specific  Purity
speed rate product  of char releasing production burning lost up heating heat
(sec) (°C/min) (%) product  energy uv/eC to record
(mg/ml) 1000°C (J/gK)
S6 1746 20.61 87.475 26.087 14.1°C 1.841 13.9°C  84% More -579.5 More
S7 178 161.12 91 2451 14.2°C 0.36 14°C 70.125%  fewer -738.7 fewer

4. Conclusion

In this study, it has been tried to investigate the
new heating method, in addition to achieving a
better understanding of the different aspects of
this method, obtaining the difference in the
results and the selecting optimal conditions to
achieve higher efficiency. In comparison with
traditional methods, the infrared heating
method can reduce energy consumption and
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time costs in the PET conversion process [15].
Reported results of Table 1 shows 3560kJ and
6286kJ of energy consumption for infrared and
conventional heating (using a tube furnace
with 3.6kW power) respectively. Similar
results were reported for comparing the energy
consumption in infrared and conventional
heating methods [16]. With a better
understanding of the pyrolysis process and
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new heating tools and methods, along with
obtaining new factors effective in improving
the final products, it is possible to identify the
most effective factors and use them to increase
the efficiency of this process. By conducting
numerous tests under controlled test conditions
and finally performing various qualitative and
quantitative tests, the optimized value of the
heating rate was selected. The results are
presented in Table 1 for a comprehensive
overview. Based on these findings, this factor
iIs one of the effective factors in the
quantitative and qualitative efficiency of
pyrolysis with heating via infrared. It should be
noted that in most of the studies conducted in
this field, the heating rate is always considered
important, but its effect is different for
different types of pyrolysis. According to the
investigations carried out in this study, sample
S6 is of much higher quality than S7, but the
amount of valuable products in S7 (about 91%)
is more than that in S6 (87.5% approximately).
This shows that the effect of the heating rate
on the final products of the pyrolysis process
of polyethylene terephthalate via infrared
heating has two different aspects. The steeper
temperature gradient, or in other words, the
higher heating rate, increases the quantity of
valuable products and decreases its overall
quality. Finally, pyrolysis under infrared
showed very fast process compared to
traditional methods of pyrolysis,
approximately 9.8 times faster in S7 than in S6.

List of The Symbols

°C Degrees Celsius

Vv Thermoelectric Voltage
K Kelvin

g Mass in grams

J Energy in Joules

W Watts

L Liter

S Sample; S6= Sample 6

Greek symbols
u Micro=10°

Abbreviations
PET Polyethylene Terephthalate
TGA Thermogravimetric Analysis
DTA Differential Thermal Analysis
FCC Fluid Catalytic Cracking
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