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Polyethylene terephthalate (PET), a thermoplastic polymer, is the main raw material in the manufacturing of
clear bottles used mainly for water and soft drinks. In 2022, the world plastics production was 400.3 million tons;
around 6.2 % corresponds to PET, and only 10 % of it is recycled. PET waste can only be recycled four times
because high temperatures generate chemical and physical degradation. This study aims to apply the principles
of circular economy to transform PET waste into crude oil through fast catalytic pyrolysis, under N atmosphere
at different temperatures and with different quantities of zeolite as a catalyst. The crude oil was characterized by
Fourier-transform infrared spectroscopy (FTIR) and solution quantitative 13¢ nuclear magnetic resonance (13C
NMR). To compare the test results, a simulation for the pyrolysis reactor was conducted with CHEMCAD soft-
ware. The result of FTIR analysis showed the presence of carboxylic acids and aliphatic hydroxyl groups, and 3C
NMR also shows presence of aromatic C-C and C-O bonds, aliphatic C-O and C-C bonds and carbonyl groups.
The experimental results, which were comparable to the simulation, also show that a ratio of 12.5 % zeolite
catalyst to waste PET helps the decomposition process and reduces the operating temperature needed in the
reactor. There is a positive strong correlation between the reactor temperature and pressure. The highest product
yield obtained was 20 % crude oil, 7 % solid powder, 16 % pyrolysis char, and 57 % non-condensable gases.

PET waste is difficult to biodegrade and can remain for hundreds of
years in the environment (Kubowicz and Booth, 20217), potentially
contaminating water and soil with microplastics and, so, affecting biotic
resources and people’s health (Charlton-Howard et al., 2023). PET

1. Introduction

Polyethylene terephthalate, or PET, is a thermoplastic used mainly

for packaging and to a lesser extent for electrical, electronic, and agri-
cultural applications. In 2022, global production of plastics increased to
400.3 million tons, of which 90.6 % are of fossil origin, 8.9 % are post-
consumer recycled plastics and 0.5 % are plastics of biological origin, as
shown in Fig. 1. From the global plastic production, 6.2 % corresponds
to PET, and China is the main producer with 33 % (Plastics Europe,
2023). After a decrease due to the pandemics, plastics production in the
European Union increased to 57.2 million tons in 2021. It is estimated
that by 2025 the solid waste generation rate will be 2.25 billion tons
(Moya et al., 2017). Plastics currently follow a linear economy (pro-
duction, consumption, recycling, and final disposal), and poor man-
agement generates risks to human health due to GHG emissions
(Rosenberg et al., 2021). Consequently, it is essential to change the
management of plastic waste from a linear economy to a circular
economy (Armenise et al., 2021).
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recycling has limitations, because every time the waste is recycled it
degrades and then becomes waste without the possibility of adding
value. Therefore, it is important to find alternatives to recover PET waste
applying the principles of circular economy.

Circular economy is a regenerative system in which input resources
and waste, emissions and energy loss are minimized by slow closed
loops, closures and reduced loss of material and energy. It can also be
achieved through long-life design, maintenance, repair, reuse, rema-
nufacturing, renewal, and recycling (Geissdoerfer et al., 2017). On the
other hand, Singh et al. (2022) show that the application of biochar to
convert waste into byproducts contributes to environmental sustain-
ability and leads to supporting the development of the circular economy.
Among the most used technologies are hydrothermal carbonization,
gasification, torrefaction, and pyrolysis. Consequently, biochar can also
be applied to the conversion of PET waste to fuel through pyrolysis
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Abbreviations

BOPP Biaxially-oriented polypropylene
13C NMR Quantitative '3C nuclear magnetic resonance

FTIR Fourier Transform Infrared Spectroscopy
GHG Greenhouse gas

HDPE High-density polyethylene

LDPE Low-density polyethylene

MET BOPP Metalized BOPP

PE Polyethylene

PET Polyethylene terephthalate
PP Polypropylene

PS Polystyrene

PVC Polyvinyl chloride

technology. Likewise, Gracida-Alvarez et al. (2023) says that the
application of circular economy for plastics helps reduce material loss
and reduces dependence on virgin material. Life cycle and material flow
analyses are used to evaluate life cycle analysis and circularity metrics
following the implementation of circular economy strategies to produce
plastics packaging such as PET bottles. The strategy includes recycling
PET bottles and integrating chemical recycling technologies into in-
dustrial development such as enzymatic hydrolysis and methanolysis.
This strategy reduces the use of virgin material, and greenhouse gas
emissions in the value chain from 14 % to 9 % (Ghosh et al., 2023). It
also shows that the massive increase in plastic consumption has resulted
in uncontrolled plastic pollution both on land and in the sea.
Recovering used plastics can reduce its carbon footprint by displac-
ing virgin plastic production. The strategy consists of creating a network
for plastics through a circular economy that includes critical technology,
economics and restrictive policies that help decision-making and
compare end-of-life options and help investment decisions. Besides,
metrics to measure circularity were implemented; the network uses life
cycle analysis and compares it with the environmental impact and the
route to improve circularity in the plastics economy. Ramos et al. (2023)
specify that in the health sector, especially in surgery departments,
single-use plastics are used due to convenience in terms of sterility. The
results suggest that the design of medical products and packaging does
not consider the end of life of the product, making recycling options
almost impossible. It is therefore important to consider including waste
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management hierarchy and end of life in the circular economy (Hossain
et al., 2022).

Along the same lines, the plastic waste management system in
Australia was studied, analyzing the challenges and opportunities to
move towards a circular economy. In terms of polymer types, the most
generated (47 % of the total) are LDPE and PET. Most recycling plants
use mechanical recycling as the main technological process and market
growth was mainly in biodegradable plastics, but lower than expected.
Therefore, to improve management, the involvement of all interested
parties is needed (Padmanabhan et al., 2022). Energy recovery from
used plastics as an alternative fuel source is a sustainable choice and this
practice is aligned with that of a circular economy’s philosophy. The
authors focused on determining the emissions performance standards of
fuels from used plastics in a single-cylinder direct injection diesel en-
gine. Erkmen et al. (2023) made a fuel by mixing fuel plastics, 10 %
ethane and 10 % ethyl ethoxy acetate as an oxygenated additive to
create a quaternary blended fuel. The blended fuel had reduced carbon
monoxide emissions. Finally, the pyrolysis process is a thermochemical
recycling technology that can be applied to creatively reuse waste
plastics and allowing the closure of the gap in the circular economy of
plastics.

Pyrolysis is a process of thermal degradation of long chain polymer
molecules such as polyethylene terephthalate into short chain mole-
cules. The thermal degradation process is conducted at elevated tem-
peratures and in an inert atmosphere and in the presence of a catalyst to
reduce the activation energy of the reactant. The pyrolysis process is a
technological alternative to transform PET waste into value-added
products such as fuels, oils and thus avoiding the disposal of them in a
landfill or another unsuitable place, contaminating the environment
(Fulgencio-Medrano et al., 2022). The pyrolysis process to treat used
plastics (PVC and PET) rejected from the recycling industry consists of
treating the samples with pyrolysis at 460 °C and a residence time of 1 h,
obtaining the highest liquid yield (70.6 % at 460 °C). The effect of
temperature in the range of 430-490 °C was also investigated. Used
plastics were processed into fuels using a pyrolysis reactor and ZSM-5
zeolite catalyst (both commercial and synthesized) and compared with
other catalysts. The results show that the ZSM-5 zeolite was more
effective using the hydrothermal technique with metakaolin as a source
of alumina. The authors used a mixture of plastics (BOPP, MET BOPP,
PET) in the presence of more than one catalyst with an average loading
of 2 kg. Waste biaxially oriented polypropylene (BOPP) plastics had a
higher performance in terms of heat and fuel compared to used PET
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Fig. 1. Process flow diagram of the production of waste PET flakes.
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plastics. The synthesized ZSM-5 zeolite produced a maximum fuel effi-
ciency of around 70 % and a corresponding gas and carbon (particles) of
16 % and 14 %, respectively, for low-density polyethylene (Sivagami
et al., 2022a). Other researchers have also shown the fast catalytic py-
rolysis process as an alternative for processing PET waste (Jia et al.,
2020; Papuga et al., 2022).

Catalysts play a significant role in the pyrolysis process with the aim
of degrading PET waste and obtaining fuels with better performance.
The reduction in activation energy achieved by the catalyst allows a
reduction in processing time. Yansaneh and Zein (2022) processed
polyethylene, polyethylene terephthalate, polystyrene by catalytic py-
rolysis. Their results show that in the temperature range of 390 °C and
425 °C with the use of a catalyst the activation energy of the reaction is
reduced and fuels with better performance are produced. Zeolite,
silica-alumina, CaCOs, MgCO3, among others, were used as catalysts.
For the pyrolysis of PET, Al-(Al,03) was used as a catalyst at a tem-
perature range of 250-500 °C and a duration between 20 and 90 min.
The products obtained were benzene, styrene, meta ethylstyrene,
biphenyl and naphthalene. On the other hand, Sivagami et al. (2022)
used ZSM-5 zeolite as a catalyst; they made a comparison of the per-
formance of ZSM-5 and the ZSM-5 synthesized in the laboratory for the
pyrolysis process of plastics. In the case of PET, the temperature was
kept in the range of 450-500 °C, obtaining a product of 10 % oil, 42 %
gases and 48 % carbonized material. Also, Eimontas et al. (2021) used
ZSM-5 as a catalyst in different proportions with respect to the waste
plastics (0 %, 10 %, 30 % and 50 %); their results show that at 50 %
ZSM-5 a better performance was achieved, and the fuel was composed of
volatile and flammable components (benzene, toluene, and hexane) (Li
etal., 2021). They processed PET in a bed reactor over a zeolite catalyst,
obtaining solid, liquid, and gaseous fuels as products at a reaction
temperature of 500 °C.

The results show that zeolite has a significant influence on the pri-
mary and secondary reactions; also, the content of olefins such as C
(59.8 %), H (4.8 %), O (35.4 %) and C/H ratio of 1.0 were determined by
analysis. Regarding the specific area and porous structure of the catalyst,
a pore volume of 0.17 and 0.12 cm®/g and a surface area of 13.2 and 6.6
m?/g, before and after the reaction, respectively, were found. Miandad
et al. (2019) processed various used plastics (PS, PE, PP and PET) by
catalytic pyrolysis using zeolite (activated with HNO3 at 550 °C) as a
catalyst in different proportions in a pilot-scale reactor. The products
obtained were analyzed by chromatography and mass spectrometry,
finding mixtures of aromatic and aliphatic compounds, as well as other
hydrocarbons. Finally, Jia et al. (2020) processed PET by fast catalytic
pyrolysis using ZSM-5 zeolite and nickel chloride as catalysts at different
temperatures (450 °C-600 °C) and inert conditions (nitrogen flowrate
200 mL/min). The proportion of aromatic hydroxyl groups increased to
21.82 % when the mass ratio of zeolite to PET was 2.0; the result shows
that the ZSM-5 catalyst can facilitate the decomposition of aliphatic and
carboxylic groups.

According to (LePree, 2015)“modeling and simulation software are
not only very powerful but also because of their user-friendly nature,
being a very valuable tool in chemical processes that use different types
of simulation packages to optimize equipment, processes, and good
practices. An advanced use of process simulation software is in opera-
tions where simulators are often used to compare current performance
against new process designs”. On the other hand, Krzywda and Wrze-
sinska (2021) say that the design of the condensation and fractionation
unit affects the quantity and quality of the liquid products derived from
the pyrolysis of plastic waste; the products obtained qualify as a fuel
alternative. For the simulation, they used the CHEMCAD software and
found that the conversion and oil fractions practically do not depend on
the temperature of the feed stream. To simulate a process with CHEM-
CAD it is particularly important to be exact with the calculations of
properties such as enthalpy, entropy, and fugacity (James et al., 2020;
Andersen et al., 2018). They simulated the pyrolysis process from plastic
waste, obtaining results close to those obtained in pilot tests. Mabitsela
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et al. (2022) also simulated and optimized the production of nitric acid
with CHEMCAD version 7.0. On the other hand, Potnuri et al. (2022)
modeled and optimized biomass and used plastics using CHEMCAD,
Matlab, Machine Learning, Aspen, among other software packages.

Considering that previous studies of fast catalytic pyrolysis of PET
waste have been oriented towards the evaluation of parameters, such as
temperature, heating rate and different types of PET waste, and their
effect on the performance of the fuel obtained, there are few studies
regarding the effect of the zeolite catalyst, when the ratio of this catalyst
is modified and the effect on the yield of the crude oil obtained, as well
as the effect of modifying the temperature in the catalytic pyrolysis
process in a fixed bed reactor. On the other hand, there are few studies
on the simulation of obtaining crude fuel from PET waste using software
and comparing the results with laboratory-scale catalytic pyrolysis tests.
Therefore, the present work aims to find the effect on the performance
and composition of the raw fuel obtained by fast catalytic pyrolysis with
the variation of the amount of zeolite catalyst and temperature, deter-
mined by simulation with CHEMCAD software version 8.1. The crude oil
obtained through a mass and energy balance for the pyrolysis process is
compared with the tests obtained on a laboratory scale. On the other
hand, the results obtained in bulk will be represented in a Sankey dia-
gram, relating the amount of PET waste and the products obtained.
Besides, FTIR analysis will be performed to determine the presence of
functional groups in the crude fuel and quantitative nuclear magnetic
resonance (“>C NMR) analyzes to determine the composition of the
crude oil. The question of this research is: What effect does the variation
of catalyst weight and temperature have on the yield and composition of
crude oil obtained from PET waste through fast catalytic pyrolysis? This
article is structured in five sections: introduction, materials and
methods, results and discussion, and conclusion, that was made possible
by this study.

2. Materials and methods

Before being treated in the pyrolysis unit, waste PET bottles must be
physically conditioned through a series of unit operations. On the other
hand, zeolite must be activated at elevated temperatures in a benchtop
tubular muffle furnace under inert atmosphere conditions, so that it can
be later used as an activated catalyst in the fixed bed reactor.

2.1. Materials

Waste PET bottles were physically conditioned in the Gexim SAC
waste PET processing plant; unit operations included pressing, classifi-
cation, grinding, washing, drying, and screening. The process flow di-
agram of this plant is presented in Fig. 1. The waste PET flakes were
classified using a screen to obtain a homogeneous particle size of 4.5
mm. The 10 kg waste PET flake sample was selected randomly. The
sample of waste PET flakes was heated in an oven up to 110 °C for 24 h
with the aim of removing residual moisture. Subsequently, the sample
was stored in a desiccator with the aim of avoiding absorption of hu-
midity from the environment and contamination problems. A charac-
terization of the PET was performed. Artetxe et al. (2010) and Grause
et al. (2011) show results like those in Table 1a. The composition of C, H
and O of the sample was 61.87 % by weight, 4.35 % and 33.78 %,
respectively, and similar to the values of virgin PET (C, 62.5 %; H, 4.2 %;
0, 33.3 %). There is also an agreement with Du et al. (2016). Kumagai

Table 1a

Analysis of waste PET flakes.
Proximate Analysis Volatile matter Fixed Carbon Ash
Wt.% dry basis 88.54 9.37 2.09
Ultimate analysis C H o}
Wt.% dry basis 61.87 4.37 33.78

# By difference, according to Jia et al. (2020).
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Table 1b
BET analysis results of zeolite.

Characteristic Value

BET surface area 17.9613 +/— 0.0341 m%*/g
Slope 5.38024 +/— 0.01022 g/mmol
Correlation coefficient 0.9999874

Molecular cross-sectional area 0.1620 nm?

et al. (2015) also found comparable results to the indicated conditions.
The analyses of waste PET flakes are shown in Table 1, below (Jia et al.,
2020).

2.1.1. Activation and characterization of the zeolite catalyst

The zeolite raw material, which is dark green in color, was bought
from Quimica Industrial in Lima, Peru. To activate the zeolite, it was
placed in a tubular muffle furnace at 550 °C for a period of 6 h with an
inert atmosphere (gaseous nitrogen is injected). The muffle has a THOZ
temperature controller. Six crucibles with zeolite inside a quartz tube,
with an average weight of 10 g each, are fed to the muffle with the
objective of removing contaminants and humidity. To insulate the
muffle and prevent heat loss, mineral wool is placed around the muffle
and sealed. The clamping flanges are then connected to hold the quartz
tube at the ends of the muffle; then, the temperature controller is pro-
grammed so that the temperature increases an average of 10 °C/min
until it reaches 550 °C. After 50 min, at 550 °C, the program is turned
off, so that the temperature remains constant for the remaining time,
until 6 h have passed.

After 6 h, the heater is shut off and the muffle cools down for an hour.
Next, the crucibles with the activated zeolite are removed. The color
changed from dark green to a khaki yellow. The activated zeolite is
placed in metalized plastic bags and stored in a desiccator until it is
needed in the pyrolysis process.

After the zeolite was activated, the surface area was determined by
the Brunauer-Emett-Teller (BET) method in the Environmental Engi-
neering Laboratory of University of Lima (the same procedure was fol-
lowed by Muneer et al. (2019). The equipment used was a Micromeritics
Instrument Corp. Gemini VII version 5.03, with nitrogen adsorption at a
temperature of 25 °C. The results are shown in Table 1b.

2.2. Experimental procedure

The PET flakes were processed in the fixed-bed fast catalytic pyrol-
ysis unit on a laboratory scale under inert conditions by feeding gaseous
nitrogen, according to Sharuddin et al. (2017). The PET waste sample
was placed in the lower part of the fixed-bed reactor (168 mm inner
diameter x 290 mm height and 5 L internal capacity). On top of that
load the activated zeolite catalyst was added. After feeding the charge to
the reactor, the reactor cover was placed and sealed, tightening the eight
bolts with a torque of 110 N-m. Next, gaseous nitrogen was fed at a flow
rate of 4.5 L/min for 15 min while keeping the reactor valve open. The
goal of this is to eliminate all the oxygen from the reactor vessel. Then,
the reactor valve was closed, and the process continued, feeding N2 to
support an inert atmosphere until the pressure in the nitrogen tank valve
began to decrease (this happened after approximately 30 min); at that
moment, the Ny feed valve was closed. The internal temperature in the
fixed-bed pyrolysis reactor was measured with a thermocouple con-
nected to the real-time temperature controller.

As shown in Figs. 2 and 3 and Table 2, the pyrolysis unit consists of
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the reactor chamber, electrical heating jacket with thermal insulation,
manometer to control the pressure in the reactor, condenser for the
pyrolysis gasses, condensate holding tank, chiller with glycol refrigerant
(condenser inlet temperature between 0 °C and —5 °C), and pressurized
nitrogen tank with pressure and flow controls. Besides, a 220-VAC 3-
phase power supply unit is provided with a PLC control panel for
recording variables such as temperature and pressure inside the reactor,
nitrogen flow rate, reaction time, temperature of pyrolysis gasses, and
refrigerant entering the condenser. The whole pyrolysis unit was her-
metically enclosed within tempered glass walls; on top of this enclosure,
a stainless-steel hood and an exhaust system with activated carbon
adsorption filter was provided to eliminate odors and potentially toxic
gasses; then the treated gasses were vented to the atmosphere. Fig. 6
shows a detailed scheme of the pyrolysis unit.

The heating rate in the reactor was 10 °C/min on average, according
to the parameters required for fast pyrolysis. The amount of catalyst was
either 0, 100 or 200 g, to evaluate the effect on the performance of the
pyrolysis condensate product, referred to as crude oil, while the PET
flakes grain size was kept at 4.5 mm (Anuar Sharuddin et al., 2017). The
average duration of each test run was 60 min, with temperatures of
380 °C, 430 °C and 480 °C, as shown on Table 3. The pyrolysis gasses
generated by the thermochemical decomposition of the PET flakes meet
the catalyst and rise under pressure through the upper part of the reactor
and condense by heat exchange with the refrigerant that enters the
condenser in countercurrent between —3 °C and 0 °C. Particulate matter
entrained in the gasses are also deposited in the pipes and condenser,
while the crude oil condensate with a waxy appearance is received in the
holding tank.

According to Montgomery (2017), it is valid to carry out a single
replication of 2F factorial design experiments (non-replicated factorial
design) and it is used when the available resources only allow a single
replication of the design, and the factors to be evaluated are a relatively
large number. Likewise, Daniel (1959) suggests examining a normal
probability graph of the estimates of the effects, the effects that are
insignificant follow a normal distribution, with zero mean and variance
62, and will tend to be located on a straight line in the graph, while the
significant effects will have means different from zero and will not be
located on the straight line. In this case, the factors that have a signifi-
cant effect on the performance of the raw fuel are the temperature and
the catalyst.

When the condensate tank valve is opened, the non-condensable
gases come out first and are vented through the exhaust system. Then,
the khaki-colored crude oil is discharged into a 200-mL heat-resistant
borosilicate flask and the volume was measured. After about 10 min,
two phases are formed in the flask: at the bottom, pyrolysis particles
(solid powder), and in the upper phase the supernatant crude oil. The
pyrolysis particles are separated from the crude oil by centrifugation and
then weighed, the pyrolysis carbon is removed from the reactor and
weighed. The weight of the crude oil was calculated by multiplying the
volume by its density (0.9673 g/cm3). In total, eight tests were con-
ducted, two of them were discarded due to operational problems (py-
rolysis gas leaks through the reactor lid and the reactor bottom plug).
Details of the tests are presented in Table 3. From each test the following
products were obtained: pyrolysis carbon, crude oil (plus particulate
matter from the pyrolysis process), and non-condensable gasses. To find
the amount of non-condensable gasses, a material balance is formulated
according to equation (1); the yield of crude oil in weight percentage is
calculated with equation (2).

Wnon—condensable gases — (Wsample + Wcatalyst) - (Wcrude oil — Wchar - Wsolid powder + Wcatalyst (1)
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Fig. 2. Laboratory-scale fast catalytic pyrolysis unit with hermetic insulation and fugitive emissions treatment system.
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Fig. 3. Detailed scheme of laboratory-scale fast catalytic pyrolysis unit.
Table 2 Table 3
Legend for laboratory scale fast catalytic pyrolysis unit. Summary of pyrolysis test data.
No. Equipment No. Equipment Sample  Weight Catalyst Temperature Duration Nitrogen
@ . L/mi
1 Nitrogen gas tank 10 Condenser ® ©® cQ (min) (L/min)
2 Nitrogen control valve 11 Cooling hose M1 800 100 380 60 4.5
3 Nitrogen flow meter 12 Crude oil tank M2 800 200 430 60 4.5
4 Metal-braided nitrogen hose 13 Condensate control valve M3 800 0 480 60 4.5
5 Process variables control panel 14 Condensate tank level gauge M4 800 100 430 60 4.5
6 Fixed bed pyrolysis reactor 15 Chiller unit M5 800 200 480 60 4.5
7 Reactor jacket 16 Glass enclosure M6 800 0 380 60 4.5
8 Thermocouple for the reactor 17 Activated carbon filter
9 Thermocouple for pyrolysis gasses 18 Treated gas ventilation system
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Yielderude ot = (Werude oit / Wher fakes) X 100 (%) (©))

The sample weight (Wsample) was 800 g for each test, and the weight
of catalyst (Wcatalyst) was 0, 100 or 200 g, according to Table 3.

2.3. Characterization of spent PET flakes, PET bottles, zeolite, and crude
oil from pyrolysis by FTIR

After the fast catalytic pyrolysis process, the following products are
obtained: pyrolysis carbon, inside the pyrolysis reactor, crude oil, solid
powder, and non-condensable gases. Used PET flakes, PET bottles,
zeolite and pyrolysis products were analyzed in the Environmental En-
gineering laboratory of the University of Lima. The crude oil analyses
were conducted with a Fourier-transform infrared spectrophotometer
Shimadzu, IRTracer100 equipment. Analysis conditions were tempera-
ture 120 °C, 45 % relative humidity, FTIR spectra range of 4000 to 400
cm” .

2.4. Analysis of the crude oil by 13C NMR

After processing the 6 samples of waste PET flakes at different con-
centrations of zeolite catalyst and different temperature ranges in the
laboratory-scale catalytic pyrolysis unit, the waxy products obtained
were characterized using a Bruker Fourier 300 HD 300 MHz spectrom-
eter. 50 mg of samples were weighed and dissolved in 1.5 mL of
dimethyl sulfoxide (DMSO-d6). The experiments were 13C NMR. The
number of scans was 1024, with a pulse delay of 5 s (Ben and Ragauskas,
2011; Kosa et al., 2011). The analyses were conducted at room tem-
perature. The spectral signals were adjusted with the solvent signal
(39.52 ppm.) The processing of the spectra was conducted using the
TopSpin 3.2 software from Bruker. The analyses were conducted in the
laboratory of the Institute of Chemistry of the Faculty of Science of the
Pontifical University of Valparaiso, Chile.

2.5. Fast catalytic pyrolysis simulation with CHEMCAD

A typical simulation in CHEMCAD follows the following steps: Start a
new simulation, specify engineering units, select chemical components,
select-K value and enthalpy, draw the flowsheet, define the feed streams,
enter specifications for the unit operations, run the simulation and re-
view the results of simulation.

However, before the simulation can be carried out, it is necessary to
gather all the available data of unknown substances, in this case PET, so
it can be defined and entered in the component database of the
CHEMCAD software. The first step is to decide the average polymer
formula, based on its average molar mass.

In a polymer, the ends of the chain are completed with the initiator
and terminator radicals, respectively, and their chemical composition
essentially doesn’t change the average composition of the polymer, so
their contribution to the molar mass is also negligible. The chemical
formula is [C19HgO4],, where n represents the average degree of poly-
merization, which can be estimated from the polymer’s molar mass of
10-50 kg/mol. The actual value depends on the actual degree of poly-
merization according to the application; for instance, 20 kg/mol for
textile-grade PET, and 37 kg/mol for bottle-grade PET. The next step
consists in compiling physical and thermodynamic properties to be
entered in the CHEMCAD simulation software. Table 4 shows the
collected data and sources.
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Table 4
Compiled physical and thermodynamic properties of PET (CAS # 25038-59-9).
Property Symbol  Value Unit Sources
Average molar mass M, 21 700-37 000 g/mol Farah et al.
(2015)
25038 g/mol ChemBk
10-50 kg/mol Wikipedia
Density p 1.33-1.48 g/cm® Polymer
Database
1.370-1.455 Wikipedia
1.10-1.20 MatWeb

Melting point Tm 250-265 °C ChemBk,

Wikipedia

Boiling point Ty >350 °C Wikipedia

(decomposes)
Intrinsic viscosity n 0.55-0.75 dL/g Farah et al.
(2015)

Kinematic viscosity n 250-400 Pas ChemBk
(liquid)

Enthalpy of melting AnH 26.9 kJ/mol Blaine (n.d.)
(Latent heat of 56.2 powder kJ/kg Gu et al. (2019)
melting) 140.1 kJ/kg Setaram (2020)

crystalline

Higher heating HHV 30.2 MJ/kg Papari et al.
value (2021)

Lower heating value ~ LHV 24.3 +0.13 MJ/kg Lyon et al. (1998)

Standard formation AH —270.52 kJ/mol The Polymer
enthalpy (Heat of Design Team
formation) (2016)

Specific heat cp 1030 (solid) J/
capacity (kg-°C) The Engineering

219.3 (solid) J/ Toolbox
(mol-K) Polymer

303.4 (liquid) J/ Database
(mol-K)

1from the magnitude of the value, it can be inferred that mole stands for one
monomer unit.

2.5.1. Degree of polymerization

Due to the thermal degradation of the polymer during processing and
recycling, a mean value of 30 kg/mol is considered, and the degree of
polymerization (n) has been calculated as follows equation (3):

Molar mass (g/mol):

C=12.011; H = 1.00784; O = 15.999; C;oHgO4 (monomer) = 192.17
n = 30000/ 192.17 = 156.11 ~ 156 3)

For the indicated range of 10-50 kg/mol, the degree of polymeri-
zation corresponds between 52 and 260.

2.5.2. Standard enthalpy of formation

The two values of heating value (enthalpy of combustion) coincide,
because they only differ in the latent heat of condensation of water. The
combustion reaction can be written as follows equation (4):

C10HgO4 (s) + 10 Oz (g) — 10 CO2 () + 4 H20 (8) 4

Stoichiometrically, 10 mol of CO3 and 4 mol of HO per each mole of
PET (monomer) are generated; this equates to 10 x 44.01/192.17 =
2.2902 kg CO2/kg PET, and 4 x 18.02/192.17 = 0.3751 kg H,O/kg PET.
equation (5) below is used to calculate the standard enthalpy of for-
mation from the lower heating value:

24300 kJ / kg = 2.2902(-393.51 kJ /mol / 0.04401 kg / mol) + 0,3751(~241.83 kJ /mol / 0.01802 kg / mol) — A¢Hpgr — O 5)
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In the previous equation, the last value is the enthalpy of formation of
oxygen, which is zero, by definition (pure substances). The standard
enthalpy of formation of PET results in a value of —1211.4 kJ/kg,
equivalent to —36,3 MJ/mol for a polymerization grade of 156 (with the
value of —270.52 kJ/mol for the monomer from Table 4, a polymeri-
zation grade of 134 is deduced).

2.5.3. Vapor pressure

For vapor-liquid equilibrium (VLE), vapor pressure as a function of
temperature is necessary. In this case, published data from diverse types
of plastics were used (Jensen, 1956). The closest material in composition
was polyethylene, whose vapor pressure is given by equation (6):

log P = 7,4-4500/T [mm Hg] 6)

However, CHEMCAD uses vapor pressure in Pascals (Pa) with the
following exponential equation:

P=exp(A+B/T) @

Converting the coefficients, values of A = 21.93187 and B =
—10361.63 were obtained. As an example, the vapor pressure at 25 °C
(298.15 K) is 2.68 x 107° Pa (2.01 x 10~% mm Hg).

3. Results and discussion

The results are shown below according to the 6 tests conducted as
indicated in Table 3.

3.1. Characterization of the zeolite catalyst

In Fig. 4, the wavelength patterns for the zeolite (FTIR) are shown;
the wavelength of 1020 cm ! corresponds to silicon oxide (SiOj).
Table 5a shows the composition of zeolite according to the manufac-
turer’s information.

3.2. Characterization of PET flakes and PET bottles

The functional groups of PET flakes and bottles according to the FTIR
analysis are shown in Fig. 5 and Table 5b. According to Artetxe et al.
(2010), and Du et al. (2016), random bond breaking of ester bonds leads
to the formation of carboxylic and vinyl ester functional groups, when
PET is heated to higher temperatures of 385 °C (Dhahak et al., 2019).
Likewise, some small molecular bonds including acetaldehydes, CO5, CO
and ethylene are formed due to the instability of vinyl ester (Cit et al.,
2010; Venkatachalam et al., 2012).

Cleaner Engineering and Technology 26 (2025) 100928

Table 5a
Zeolite composition according to manufac-
turer’s information.

Component Wt. %
SiO, 97.76
Aly03 1.97
NayO 0.17

3.3. Performance of crude oil from pyrolysis with and without zeolite
catalyst

Fig. 6 shows the results obtained in percentage yield from the pro-
cessing of PET waste flakes in the fast catalytic pyrolysis process unit.
The six tests were conducted varying the temperature between 380 °C,
430 °C and 480 °C and dosing the amount of the zeolite catalyst between
0%, 12.5 % and 25 % (Weatalyst/ Wpgr % 100). The residence time was 60
min for each of the tests, gaseous nitrogen was fed at a flowrate of 4.5 L/
min and the PET waste flakes were sieved to a size of 4.5 mm, with a
sample weight of 800 g for each batch. The results show that in the
absence of catalyst (sample M3, 480 °C) the greater amount of crude oil
(66 %) is generated (compared to sample M6, 380 °C, 58 %), according
to Lee (2012). In this case it is because thermal pyrolysis, as an endo-
thermic process, produces long chain compounds (Lopez et al., 2011)
and the crude oil is of low quality due to the low octane number and the
presence of high levels of solid residues (Kim and Kim, 2004). On the
other hand, the zeolite catalyst influences the composition of the py-
rolysis products, and as it is seen that at the same temperature (430 °C)
the increase of the catalyst from 12.5 % (M4) to 25 % (M2). It is verified
that the greater the amount of catalyst, the greater number of generated
gases (M4, 58 %, M2, 71 %), and the lesser production of crude oil (M4,
20 %, M2,12 %); however, the composition of the compounds improves
in said product (Du et al., 2016). On the other hand, Diaz-Silvarrey et al.
(2018) used ZSM-5 as a catalyst for the processing of PET waste and the
gas yield increased from 38.19 % to 55.91 %, that is, there was an in-
crease of 29 % at the temperature of 600 °C with a catalyst/PET ratio
from 0 % up to 10 % by weight. In this research, when no catalyst was
used at a temperature of 480 °C, the gas yield is 18 % in M3, but when
the catalyst concentration was increased to 25 % and at a temperature of
480 °C, a yield of 63 % was achieved, that is, there is an increase of 60.3
% of gases due to the greater breakage of the C-C bonds facilitated by the
greater amount of catalyst; therefore, the trend towards the increase in
gases is similar. The same trend is also observed in the results of Jia et al.
(2020), without catalyst at a temperature of 450 °C a gas yield of 19 %
was obtained, while when the ratio catalyst/PET is from 6/1 the gas
yield increases up to 69 %.

Transmittance (%)
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Fig. 4. Wavelength patterns (cm™?) for zeolite by FTIR.
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Table 5b
Functional groups of PET flakes and bottles according to FTIR.

Wavenumber, Bond Functional group
-1
cm
1720 c=0 Aldehydes
1248, 1100, 1020 CcOo Alcohols, esters, ethers, carboxylic acids,

acid, anhydrides

875, 730 CH (out of plane Aromatics

bend)

3.4. Correlation between the temperature and pressure variables in the
pyrolysis process

According to the observations in the rapid catalytic pyrolysis process
of waste PET flakes, it is important to evaluate the correlation trend
existing between the input variables and the output responses (Zhang
et al.,, 2020a, 2020b, 2021, 2022, 2024). Fig. 7 shows the trend in
pressure as a function of temperature, at intervals of 5 min throughout
the process that lasted an average of 60 min. In all the tests conducted,
the heating in the reactor was done by heat transfer through the jacket
around the reactor. On average, during the first 35 min of the pyrolysis
process, only nitrogen is injected to generate an inert atmosphere inside
the reactor and thus to prevent the waste PET flakes from being

80%

consumed due to the heat. Likewise, Table 6 shows the coefficients of
determination, Pearson, and correlation for samples M1, M4 and M5 for
temperature (independent variable) and pressure (dependent variable),
like those of Maafa (2021). According to Fig. 6, for M1, M4 and M5
together, temperature and pressure have a strong positive correlation:
0.8423, 0.8998 and 0.8411 for each of the samples, respectively; how-
ever, it is observed that the best correlation is for M4 (0.8998) where the
pyrolysis process was carried out at a temperature of 430 °C, which
would generate a greater yield of the crude oil. Regarding the Pearson
coefficient, a positive correlation of 0.8423, 0.8883 and 0.8412 is also
observed for each of the samples M1, M4 and M5 respectively, observing
that there is a strong correlation in M4, which would indicate that at
430 °C a better performance in the pyrolysis product and a better
composition of the functional groups that make up the crude oil would
be achieved. This finding is remarkably like the study by Vaishnavi et al.
(2023), who found a value of 0.857 as a Pearson coefficient for the
plastic pyrolysis process. Similarly, the same trend is seen for the coef-
ficient of determination, where the highest value is 0.8096 for M4,
which is interpreted as 80.96 % of the pyrolysis pressure values are
explained by the independent variable temperature; These results are
consistent with the findings of Lombardo et al. (2021).

Likewise, it is observed in Fig. 7 that at 350 °C in each of the samples
M1, M4 and M5, the pressure in the fixed bed reactor increases, the
pressures at these temperatures are 0.31, 0.54 and 0.31 MPa
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g. 6. Effect of temperature and catalyst on total crude oil yield.
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Fig. 7. Trend between temperature and pressure of the fast catalytic pyrolysis
process of waste PET flakes for samples M1, M4 and M5.

Table 6
Coefficient of determination, Pearson, and correlation at temperatures of 380 °C,
430 °C and 480 °C.

Sample  Temperature  Determination Pearson Correlation
coefficient coefficient coefficient

M1 380 0.7095 0.8423 0.8423

M4 430 0.8096 0.8883 0.8998

M5 480 0.7075 0.8412 0.8411

respectively in a time of 46.25, 41 and 33.33 min respectively and a
maximum pressure of 0.81 MPa is reached in each of the samples at 55
min in M1, 1.21 MPa at 55 min in M4 and 0.67 MPa at 40 min in M5.
According to these results, it is inferred that, at 350 °C, the generation of
pyrolysis gases begins due to the increase in pressure in the reactor
because of the breaking of C-C bonds and on average 50 min after
starting the pyrolysis process, the maximum pressure which indicates
that it is the moment where the greatest amount of crude oil is produced.
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On the other hand, given that the maximum pressure of 1.21 MPa is
reached in M4, it is concluded that a better crude oil yield would be
obtained at 430 °C. These results have a certain degree similarity with
the findings of Yansaneh and Zein (2022), who conducted tests in the
range of 390-425 °C, obtaining an oil with better performance.

3.5. Effect of zeolite catalyst on crude oil composition

As indicated in the methodology, 800 g of waste PET flakes are fed to
the reactor and the zeolite catalyst is then placed on the PET flakes, with
the aim that after heating under inert conditions by injection of nitrogen,
the PET is sublimed, and the pyrolysis gases meet the catalyst layer and
thus reduce the activation energy of the endothermic reaction required
for the decomposition of the PET. In the tests carried out, the effect of the
catalyst on the composition of the crude oil was evaluated in a range of
mass percentage of catalyst/PET flakes waste of 0 %, 12.5 % and 25 %,
at temperatures of 380 °C, 430 °C and 480 °C and feeding a nitrogen gas
flow of 4.5 L/min (Jia et al., 2020).

3.5.1. Analysis of crude oil composition by FTIR

Fig. 8 presents the FTIR analysis for the crude oil at temperatures of
380 °C, 430 °C and 480 °C, with zeolite catalyst (100 and 200 g) and
without catalyst, for a feed by load of waste PET flakes. 800 g (catalyst/
PET flake waste ratio; 12.5 % and 25 %), supplying the fluidized bed
pyrolysis reactor with a nitrogen flow of 4.5 Lit/min to generate an inert
atmosphere inside the reactor. Considering the infrared spectrum of the
6 tests carried out, it is observed that temperature does not have a sig-
nificant effect, according to the ranges analyzed (temperatures evalu-
ated were 380 °C, 430 °C and 480 °C) on the composition of the
functional groups, which coincides with the findings of Diaz- Silvarrey
et al. (2018). The spectra in general show the presence of olefin func-
tional groups and carbonyl groups. Phenols and alcohols (OH), CH
bonds and CN bonds, which are found at 3425, 940, 710, 1310-1340
cm’l, respectively (Nait-Ali et al., 2011; Olcese et al., n.d.). Likewise,
two small peaks are identified at 2995, 1699 cm_l, which indicates the
presence of stretch CH in alkenes, and C=0 bonds that correspond to
carboxylic acids, these findings have some similarity with Dhahak et al.
(2019). On the other hand, two more pronounced peaks are observed at
1157 and 1090 cm ™!, with CO bonds that show the presence of alcohols,
esters, ethers, and carboxylic acids. All these findings of the functional
groups found by the FTIR analyzes also coincide with the findings of Jia
et al. (2020).

3.5.2. Crude oil analysis by quantitative **C NMR

A characterization of the crude pyrolysis oil was conducted using
quantitative nuclear magnetic resonance >C NMR with the aim of
visualizing the change in the functional groups in the product. To this
end, a database of the ranges assigned for the chemical shifts of :>C NMR
for the waxy products of the fuel obtained in the laboratory-scale cata-
lytic pyrolysis unit is detailed (Ben and Ragauskas, 2011). Once
received, the samples were stored refrigerated at 5 °C, in the absence of
light, until analysis. Samples M1, M3, M5 presented solid residues. The
analysis of these samples was carried out on the supernatant. All samples
were characterized using a Bruker brand FURIER 300HD 300 MHz
spectrometer. 50 mg of samples were weighed and dissolved in 1.5 mL of
dimethyl sulfoxide (DMSO-d6). The experiments were 13C NMR. The
number of sweeps was 1024, with a pulse delay of 5 s. The analyzes were
carried out at room temperature. The spectral signals were adjusted with
the solvent signal (39.52 ppm.) The processing of the spectra was carried
out using the TopSpin 3.2 software from Bruker. Table 7 shows the
database of chemical shifts. (Lab of Faculty of Science Report, Valpar-
aiso, Chile; January 24, 2024).

In these spectra (Fig. 9a, M5, and Fig. 9b, M6) a shift of the peaks
obtained and a change in their intensity can be observed, where the
influence of the zeolite catalyst and the variation in temperature in the
oil can be identified crude oil after the fast catalytic pyrolysis finished.
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Table 7

Assignment of'>C NMR chemical shifts and functional group distributions of
the waxy product obtained in the PET pyrolysis unit (Ben and Ragauskas,
2011).

Functional Group Integration Region (ppm)

Carbonyl or carboxyl bond 215.0-166.5
Aromatic C-O bond 166.5-142.0
Aromatic C-C bond 142.0-125.0
Aromatic C-H bond 125.0-95.8
Aliphatic C-O bond 95.8-60.8
Methoxyl-aromatic bond 60.8-55.2
Aliphatic C-C bond general 55.2-0.0

Fig. 10a M6 jointly shows the effect of the amount of zeolite catalyst and
temperature, where it can be seen that there is a decrease (4.4 %) in the
production of carbonyl groups when the temperature decreases (M6)
when the temperature is lower and There is an absence of zeolite, while
for sample M4 it increases (7.1 %) when feeding 100 g of the zeolite, so
the use of the zeolite improves the rapid catalytic pyrolysis process. On
the other hand, an increase in temperature (480 °C) and the weight of
the zeolite (200 g) does not produce an improvement in the production
of carbonyl groups, as shown with sample M5, where 6 % lower than
sample M4 was obtained. Likewise, it has been observed that the pres-
ence of C-C aromatic bonds increases up to 73.31 % in the case of
sample M4, in which 100 g of zeolite was fed at a temperature of 430 °C,
but an increase in the amount of zeolite up to 200 g (M2) produces a
decrease in the obtaining of these bonds, reaching 46.2 %, which is
similar to the results with samples M3 of 47.7 % (without catalyst and
480 °C) and M6, 48.2 % (without catalyst and temperature of 380 °C).
An increase in the temperature of the pyrolysis process to 480 °C in M5
allowed obtaining 58.7 % C-C aromatic bonds, which is lower than that
obtained for sample M4. In Fig. 10a and Table 8 show this trend. Ac-
cording to the results obtained, the use of zeolite together with an in-
crease in temperature will allow obtaining a greater amount of benzene
and benzene derivatives, which agrees with what was found by Jia et al.
(2020), and Du et al. (2016). This is because zeolite favors the anchoring
of ether bonds in the process and later promotes the pyrolysis of most
oxygenated compounds. On the other hand, the increase in temperature
also favors the formation of the products, as can be observed in the case
of samples M1 and M4, where the temperature increased from 380 °C to
430 °C maintaining the mass of the zeolite, and the same effect was
observed for samples M2 and M5, where the increase in temperature
from 380 °C to 430 °C improves the performance by 13.4 %. On the
other hand, the C-C aliphatic bonds decreased from 24.6 % in M2
(catalyst 200 g and 430 °C) to 19 % in M5 (catalyst 200 g and 480 °C),
that is, there was a decrease of 29.47 %. This finding coincides with
those of Al-Asadi and Miskolczi (2018), and Jia et al. (2020), that is, an
increase in the catalyst from 12.5 % to 25 % and the increase in tem-
perature has an adverse effect. Fig. 9 shows the trends described in the
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Fourier transform infrared spectroscopy (FTIR) spectra of crude oil (waxy product) from 380 °C to 480 °C, with and without zeolite catalyst.

spectra of the functional groups found by '>C NMR analysis in each of
the six samples processed in the pyrolysis unit at different temperature
conditions and concentration of zeolite catalyst, and Fig. 10b shows
Integration of the results of the crude oil obtained from pyrolysis of PET
flake waste, only the results for the vibrations of aromatic compounds
with C-C aromatic bonds, according to Table 8.

3.6. CHEMCAD simulation results of fast catalytic pyrolysis

For the pyrolysis simulation a simplified process flow diagram was
constructed, including stoichiometric reactor, component separator,
heat exchanger (condenser) and flash tank. Prior to the laboratory ex-
periments, the real composition of the pyrolysis products was not
known, so based on the literature review (Yoshioka et al., 2004), the
most likely substances were considered: benzene, toluene, p-xylene,
benzoic acid, bis(1-ethylhexyl) terephthalate (BEHP), light hydrocar-
bons (C1 — C4), carbon dioxide, carbon monoxide, carbon (solid residue)
and nitrogen gas as inert atmosphere. It is important to point out, that in
CHEMCAD simulations the stoichiometry must be accurate to at least six
significant figures, otherwise the program will report a mass balance
error. The most likely aromatic oxygenated compounds, like benzoic
acid and BEHP, must be included in the mass balance, otherwise the
stoichiometry will shift towards carbon dioxide and monoxide. Simu-
lations were run at 380 °C, 430 °C and 480 °C, with only minor varia-
tions in the stoichiometry. The process flow diagram with temperature,
pressure, and mass flowrate information of the 430 °C simulation is
shown in Fig. 11 below; in this diagram, equipment No. 2 is not an actual
piece of equipment, but only a component separator to simulate the solid
residue (char) left in the reactor. As an example of the results at 430 °C,
compositions of the gas effluent from the reactor, stream No. 5, and the
crude fuel oil (liquid stream from the condenser), stream No. 8, are given
in Tables 9 and 10 respectively. From the two aromatic oxygenated
products of the pyrolysis reaction, BEHP doesn’t appear to be formed at
all.

An overall mass balance of the 430 °C simulation is summarized in
Table 11 and represented as Sankey diagram in Fig. 12. The mass
flowrates were scaled up from the laboratory tests by a factor of ten, and
there was no significant difference between the results of the three cases
and the test run.

The heat duty in the reactor appears in all cases as negative, which is
to be explained by the high proportion of carbon dioxide and monoxide
in the gases calculated by the stoichiometric reactor. Certainly, a better
approach for the simulation can be achieved after considering the real
analysis of the reaction products. As an example of the energy balance,
the 430 °C simulation is shown in Table 12 below. The negative values
are mainly due to the standard heat of formation and heat of reaction of
the substances. These can be converted to positive values by changing
the enthalpy reference state.

According to the results obtained, it is evident that the two variables
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Fig. 9. 13C NMR spectra of two crude oil samples obtained from the pyrolysis of PET flake waste with and without catalyst, 800 g samples for 60 min at 480 °C (a)

and 380 °C (b).

11



E. Avalos-Ortecho et al.

80%

Cleaner Engineering and Technology 26 (2025) 100928

70%

60%

o
Q
X

I
Q
X

Percentage of functional groups
3
X

20%

10%

Aromatic C-O bond

0%

Carbonyl or carboxyl
bond

@M1

Aromatic C-C bond

7ZM2 M3

Aliphatic C—C bond
general

Aliphatic C-0O bond

M4 @M5 §Mé
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Table 8
Results obtained in C-C aromatic bonds in the pyrolysis of PET flakes.

Sample Catalyst, g Temperature, °C Aromatic C-C bond
M1 100 380 35.3
M6 0 380 20.4
M2 200 430 46.2
M4 100 430 73.3
M3 0 480 47.7
M5 200 480 33.7

studied (catalyst and temperature) influence the performance and
composition of the crude oil; firstly the weight of the zeolite catalyst
with respect to the weight of the PET waste, and to a lesser extent the
variation in temperature; That is to say, with 12.5 % of zeolite catalyst

with respect to the weight of PET waste (100 g of catalyst/800 g of PET
waste), the best quality crude oil yield is obtained (20 %). It was
observed that when feeding 100 g of zeolite catalyst on the bed of PET
waste, it covers about 5 mm. thick inside the reactor, and when the
pyrolysis gases are generated 40 min into the process, there is good
contact of the pyrolysis gases with the catalyst, which facilitates the
reduction of the activation energy of the endothermic decomposition
reaction of PET waste. This result is consistent with the findings of Jia
et al. (2020), who obtained 21 % crude oil at 450 °C but with a catalyst
ratio of 2-4 with respect to the sample; On the other hand, Sivagami
et al. (2022) obtained a lower yield (10 % crude oil) but at temperatures
between 450 °C and 500 °C. Regarding temperature, it was determined
that it has less influence than the catalyst; It was verified that at the
temperature of 430 °C (M4, 12.5 % of catalyst is used), a better yield of
crude oil was obtained in terms of quality (20 %) and 73.3 % of C-C
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Fig. 10b. Integration of the results of the crude oil obtained from pyrolysis of PET flake waste. Only the results for the vibrations of aromatic compounds with C-C

aromatic bonds, according to Table 8.
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Table 9
Molar composition of the gas effluent from the reactor.

Component Molar composition (%)
Benzene 0.31
Toluene 0.03
p-Xylene 0.01
Benzoic acid 0.00
BEHP 0.00
Methane 0.76
Ethane 3.45
Propane 3.09
Butane 2.56
Carbon dioxide 14.42
Carbon monoxide 21.46
Nitrogen 53.89
Table 10

Mass composition of the crude oil.

Component Mass composition (%)
Benzene 20.23
Toluene 9.91
p-Xylene 7.85
Benzoic acid 60.34
BEHP 0.00
Methane 0.00
Ethane 0.04
Propane 0.23
Butane 1.07
Carbon dioxide 0.00
Carbon monoxide 0.00
Nitrogen 0.00
Table 11

Overall mass balance of the 430 °C simulation.

Inputs (kg/h)

Outputs (kg/h)

PET waste 6.0000
Catalyst 2.0000
Nitrogen 3.3730
Total 11.3730

Char + catalyst residue 3.0320
Non-cond. gases 7.0935
Crude oil 1.2475
Total 11.3730
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aromatic bonds compared to M3 where no catalyst is used (55 % C-C
aromatic bonds) and 68 % crude oil but of poor quality; These findings
are consistent with Jia et al. (2020), who at a temperature of 600 °C
obtain a yield of 69 % of crude oil also without the use of catalyst. It is
suggested to evaluate mixtures of PET with other plastics such as poly-
propylene, HDPE, LDPE, to find the best performance of the pyrolysis
process through Machine Learning. The obtained crude oil could be
refined and its performance in engines be evaluated by making mixtures
with other fuels. This would allow waste plastics to have potential value,
closing the circuit of the circular economy.

4. Conclusions

The rapid catalytic pyrolysis of PET flake waste with a constant
sample of 800 g of PET was carried out in a fixed bed reactor, using
activated zeolite as a catalyst with different doses (0 %, 12.5 % and 25
%) and different temperatures (380 °C, 430 °C and 480 °C), in an inert
atmosphere with a flowrate of gaseous nitrogen of 4.5 L/min. After the
tests were conducted in the catalytic pyrolysis unit, it was seen that the
percentage of zeolite catalyst and the temperature variation have a
greater influence on the yield of the crude oil. The feeding of zeolite
catalyst in a percentage of 12.5 % at a temperature of 430 °C, the py-
rolysis process generates an increase in the production of crude oil and
increases the generation of gases due to the breaking of the C-C bonds.
The largest number of solid particles was generated at 380 °C without
catalyst, with a total of 11 %. As for the pyrolysis carbon residue, 14 %
was generated (380 °C, catalyst 12.5 %). The highest generation of non-
condensable gases was 71 % at 430 °C and 25 % catalyst, because the
higher concentration of catalyst eases the breaking of C-C bonds.

On the other hand, it was observed that the beginning of pyrolysis
gas generation is at 350 °C, which happens on average after 40 min; the
maximum pressure of 1.21 MPa is reached after 50 min, and it is at that
moment when the largest amount of crude oil is generated. The heating
temperature and pressure in the reactor are closely related, the corre-
lation coefficient, Pearson, and determination are 0.8998, 0.8883 and
0.8096, respectively, which show a positive correlation between the
independent variable (temperature) and the dependent variable (pres-
sure) in the pyrolysis reactor. The analyses of the 1>C NMR spectra for
the crude oil show that with a concentration of 12.5 % of zeolite catalyst
and a temperature of 430 °C, a better yield of crude oil is obtained,
which is shown by the C-C aromatic bonds with a concentration of 70.3
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Fig. 12. Sankey diagram of mass balance in kg/h for the 430 °C simulation.

Table 12
Overall energy balance of the three simulations.

Inputs (MJ/h) Outputs (MJ/h)

Feed streams —73.2049 Product streams —94.2105
Total heating 0.0736 Total cooling 21.0792
Power added 0.0000 Power generated 0.0000
Total —73.1313 Total —73.1313

%. and in C-C aliphatic bonds with a concentration of 25.8 % in the
product. Regarding the fugitive gas emissions that are generated during
the cooling period of the pyrolysis unit, these are collected by the
ventilation system and treated by adsorption and then the gases are
released into the environment.
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