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Abstract

Article Info This study aims to provide new insights into utilizing local waste materials to enhance the
Submitted: quality of pyrolytic plastic products. This study investigated the catalytic pyrolysis of
15/11/2024 polypropylene (PP) and low-density polyethylene (LDPE) using 10 wt.% red mud and 10 wt.%
Revised: limestone catalysts in a batch reactor. The process was conducted at an operating temperature
25/12/2024 of 350 °C with retention times of 30, 60, and 90 minutes. The effects of adding red mud and
Accepted: limestone catalysts on the yields of liquid, solid, and gas pyrolysis products were analyzed.
26/12/2024 The pyrolytic oil was further evaluated using droplet evaporation measurements, equipped
Online first: with a K-type thermocouple and a CCD camera to monitor droplet evolution within an
27/12/2024 atmospheric chamber. The addition of catalysts enhanced the liquid product yield while

reducing the solid yield. The catalytic pyrolysis successfully facilitated the isomerization of
plastic polymers, breaking the carbon chains of PP with 10 wt.% red mud. Olefin content
increased by up to 7.3% for both 10 wt.% red mud and 10 wt.% limestone. Furthermore, the
evaporation rate constant of the catalytic pyrolysis oils improved by up to 8.3%.

Keywords: Catalytic pyrolysis; LDPE; Polypropylene; Red mud; Limestone, Single droplet

depolymerizing and reforming plastic waste
through thermochemical action to produce
hydrogen-rich gas [11]. This technology enables

1. Introduction

The increasing global population has led to
two major problems: the rise in solid waste [1] and

the growing energy demand [2]. According to the
United Nations Environment Programme, 11.2
billion tons of solid waste are collected worldwide
each year. Solid waste contains approximately
13% plastic [3]. Several properties of plastic, such
as durability, pressure resistance,
inertness, flexibility, versatility, low production
cost, and better thermal stability, make plastic the
material of choice in various applications. Plastic

chemical

waste is one type of solid organic polymer waste,
rich in carbon and hydrogen, with common types
being polyethylene and polypropylene [4], [5].
Compared to traditional plastic waste processing
pyrolysis
advantages [6]-[10]. Pyrolysis is the process of

technologies, offers  significant

the harmless and resource-based treatment of
plastic waste, with remarkable advantages in
safety, environmental protection, high efficiency,
and energy savings [12]. Pyrolysis is a promising
thermolysis technique to recover valuable oil and
light hydrocarbons (HC) with high yields from
solid plastic waste [13]-[15]. Through pyrolysis,
long-chain (heavier) hydrocarbon molecules are
broken down into smaller (lighter) molecules,
producing volatile hydrocarbons and carbon
residues that can be condensed into liquid fuel
[16], [17]. Pyrolysis can be conducted thermally or
catalytically —under different experimental
conditions, yielding solid char, liquid oil, and non-
condensable gas as end products [13]. Parameters
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such as temperature, reactor type, -catalyst,
pressure, residence time, and gas flow rate play
crucial roles in conducting the pyrolysis reaction
of plastic waste [12], [18].

Several studies report that various organic
compounds, such as aromatic, alicyclic, and
aliphatic hydrocarbons, are found in pyrolytic oil
obtained from plastic pyrolysis [19], [20]. The
liquid fuel produced by pyrolysis has physical
and chemical properties similar to fossil-derived
liquid fuels, as plastic itself is made from naphtha,
a byproduct of fossil fuel or natural gas refining
[21]. Catalytic pyrolysis tends to favor the
formation of diesel (Ci2 — Ca4) [22]. The pyrolysis
temperature plays a significant role in
determining the type of fuel produced; higher
temperatures increase the carbon atom content in
the pyrolysis products [23]-[25]. Liquid fuel from
pyrolysis is expected to serve as an alternative to
conventional fuels, which are becoming
increasingly scarce and difficult to obtain [26]-
[28]. In recent years, catalytic pyrolysis of plastic
to produce hydrogen-rich gas has garnered
attention from researchers [11], [29]. Catalysts
play an important role in reforming plastic to
produce hydrogen by helping to break long chains
into shorter ones and breaking chemical bonds to
promote the formation of small-molecule gas
products [30], [31]. Therefore, efficient and stable
catalysts are essential, though there are significant
challenges catalysts
themselves. Pyrolytic oil produced from the

associated with the

pyrolysis process generally has high viscosity and
acidity, making it unsuitable for direct use as fuel
[23],[32], [33]. Catalysts are needed to improve the
quality of the pyrolytic oil. One useful catalyst for
cracking heavy (long-chain) compounds into
lighter oxygenates (short-chain) and reducing
acidic compounds in pyrolytic oil is calcium oxide
(CaO) [34], [35].

This study investigated the catalytic pyrolysis
of PP and LDPE using natural minerals such as
red mud and limestone to analyse the
characteristics of pyrolysis by-products. Red mud
and limestone have a stable metal oxide content at
high temperatures so they can accelerate the
reaction rate, thereby increasing the production of
heavy oil. Additionally, the Ignition properties of
pyrolytic oil were evaluated and compared
between neat plastic and plastic with the addition

of natural mineral catalysts. The primary objective

© Ena Marlina et al.

of this study was to develop an innovative
approach for enhancing the quality of pyrolytic
oil, increasing liquid fuel production, converting
solid wax into activated char, and providing a
comprehensive analysis of Ignition characteristics.
These characteristics included droplet evolution,
evaporation rate, droplet lifetime, and ignition
delay time, with and without the addition of
natural mineral catalysts.

2. Material and Methods

2.1. Production of Plastic Pyrolytic Oil

Waste Low-Density Polyethylene (LDPE) and
Polypropylene (PP) were sourced from a local
waste collection center, while red mud and
limestone, used as catalysts, were obtained from
local resources. PP can be produced as food
packaging containers which are microwaveable as
PP has a high melting point (~160-180 °C) and
heat deflection point. On the other hand, LDPE is
available as plastic bags and packaging films;
however, recycled LDPE has yet to find suitable
applications due to its low mechanical properties
[36]. Waste commodity plastics, LDPE have a high
hydrogen to carbon ratio and molecular chain
structures suitable for liquefaction [37]. The
plastic waste collected for pyrolysis was first
prepared by pieces
approximately 1-1.5 cm? in size. These uniformly
sized plastic pieces were thoroughly washed with
water to remove dust or foreign particles and then
oven-dried to remove any residual moisture. Once
prepared, 500 grams of plastic waste was loaded
into a fixed-bed reactor. The pyrolysis process was
conducted at a constant temperature of 350°C,
monitored a digital
temperature controller. This is based on research
from Ilmi, etal. the study compared engine
performance and emissions using mixtures of
plastic pyrolysis oil (PPO), biodiesel from waste
cooking oil (WCO), and diesel, with temperature
variations between 350 °C and 550 °C [38]. The
retention time within the reactor was varied at 30,
60, and 90 minutes to evaluate its effect on
pyrolytic oil yield. During the process, the plastic
vapors generated in the reactor were directed to a
double-walled condenser, this
research from Goffer, et al on extracting the fuel
phase from pyrolysis oil generated via the lesser-
Azadirachta
Dichloromethane and n-hexane were the solvents

cutting it into small

and controlled using

is based on

explored indica ~ biomass.
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employed at four different volume percentages
(10%, 20%, 30% and 40%) as solvents relative to
raw bio-oil [39]. Cold water at approximately 10
°C circulated through the condenser to condense
the vapors into liquid form. The condensed liquid,
i.e., the pyrolytic oil, was collected in a chemical
storage container. The catalytic pyrolysis was
performed by adding 10wt.% of red mud in the PP
and 10wt.% of limestone in the LDPE, this is based
on the recommendation from research Zhaoying
Li, et al. The study revealed that with the
incorporation of 10 wt% Ni/ZSM-5 catalyst, the
relative content of Hz from the catalytic pyrolysis
of waste tires can be significantly improved by
about 41.3 % [40].

2.2. Catalyst Characterization
Scanning Microscopy
combined with Energy Dispersive
Spectroscopy (EDX) was employed to characterize
the catalysts used in this study. This technique
offers valuable insights into both the surface
morphology and elemental composition of the

Electron (SEM)

X-ray

catalysts, which are essential for understanding
their catalytic properties and performance in
pyrolysis  reactions. To complement the
morphological analysis, EDX was used to identify
and quantify the elemental composition of the
catalyst materials. As the electron beam interacts
with the sample, it generates characteristic X-rays
that correspond to the elements present in the
material. By analyzing these X-rays, EDX provides
a detailed elemental map of the catalyst, helping
to confirm the presence of key elements like iron,
aluminum, calcium, and other components that
contribute to the catalytic performance. This was
done in previous research by testing nanocarbon
catalysts [41].This combined SEM-EDX approach
ensures a comprehensive understanding of both
the physical and chemical properties of the
catalysts, which is crucial for optimizing their use
in pyrolytic processes [42].

2.3. Droplet Experimental Method

Figure 1 illustrates the experimental setup used
for droplet testing in this study. A droplet,
approximately 1 mm in diameter, was suspended
at the tip of a thermocouple and injected using a
standard insulin syringe (1 mL) with 100
increments, each representing 10 uL. A heater was
positioned 3 mm away from the droplet to heat it

© Ena Marlina et al.

until evaporation and Ignition occurred. The fixed
distance between the droplet and the heater
ensured sufficient heat transfer to exceed the
fuel’s flashpoint. A K-type thermocouple with a
0.1 mm diameter was employed, and the heater
consisted of an electric coil measuring 40 mm in
length and having a resistance of 1.02 Ohms. The
experimental apparatus was previously detailed
in an earlier study [41], [43]-[45]. A data logger
(Advantech, USB-4178) was used to record the
droplet’s temperature at a sampling rate of 1 kHz.
Droplet and flame behavior were captured using
a Nikon D3300 camera operating at 60 frames per
second. The entire setup was enclosed in an
acrylic chamber to minimize airflow interference.
Before each new measurement, the thermocouple
was thoroughly cleaned to remove any particles
from its surface, and the chamber temperature
was maintained at room temperature. Videos of
the droplets were processed to generate still
images using Image J software.

~Microliter syringe glass

Light-._

 Camera 2

-~ Laptop
K Thermocouple ._|

Heater.._ ‘w

=

Ny y
AC-DC Data logger
Converter

Camera 2 -

Figure 1. Droplet evaporation set up

2.4. Pyrolytic Oil Characterization

The chemical composition of the pyrolytic
fuels was analyzed using a GC-MS system
(GCMS-QP2010SE, Shimadzu, Kyoto, Japan). This
system was equipped with an HT-5 column
measuring 30 mm in length, 0.25 mm in diameter,
and 0.1 um in thickness. Helium, with a high
purity of 99.99%, served as the carrier gas at a total
flow rate of 1.69 mL/min. For each analysis, a 1 uL
sample was injected into the system with a split
ratio of 100:1. To improve the identification of
complex compounds, the temperature of the
chromatographic column was programmed to
increase in steps: (i) held at 50 °C for 1 minute, (ii)
raised to 120°C at 2 °C/min and held for 2 minutes,
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(iii) increased to 200 °C at 5°C/min and held for 1
minute, and (iv) further heated from 200 °C to 285
°C at 8 °C/min for 10 minutes. The composition
percentages were determined using the peak
normalization and similarity method, and the
peaks were identified by comparing the mass
spectra with those in the GC-MS library.

3. Results and Discussion

3.1. Catalyst Characterization

Figure 2 shows the SEM-EDX mapping of red
mud and limestone catalysts, highlighting their
distinct morphological and physical properties at
5,000 magnifications. Additionally, the mineral
compositions of the two catalysts are notably
different. Red mud contains higher concentrations
of metals, including alumina, silica, titanium, and
iron, which may contribute to its -catalytic
performance in pyrolytic oil production [46]. In
contrast, limestone contains alkali metals such as
magnesium and calcium. Metal oxide catalysts
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have been reported to enhance co-pyrolysis,
potentially leading to higher liquid production, as
noted by previous study [47], [48] These two
distinct natural catalysts have attracted attention
for their impact on the pyrolysis of plastic waste,
particularly LDPE and PP (effect of catalyst on
product yield, effect of catalyst on chemical
compositions, and effect catalyst on Ignition
characteristics).

3.2. Effect of Catalyst on Product Yiels

Figure 3a shows the liquid yield from plastic
pyrolysis with and without natural catalysts at
reaction times of 30, 60, and 90 minutes. Overall,
the liquid yield increased with longer reaction
times, consistent with previous study [49]. LDPE
and PP exhibited different liquid yields. LDPE
had a lower liquid conversion across all time
points, up to 50% less than PP. When 10% red mud
was added to PP, liquid production increased by

Z.aun
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7.36K: Mg K Element | Weight (%)
- C 424
(0] 445

552K
460K Mg 8.5
ek Ca 46
3.68K
276K -
1.84K
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0.00K = = 2

00 13 26 39 5.2 65
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Figure 2. (a) SEM images of red mud catalyst, (b) limestone catalyst, (c) EDX of red mud catalyst, and (d) EDX of
limestone catalyst
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23% at the 30-minute mark, though the yields
remained similar at time points. A
substantial increase in liquid yield was observed
when 10% limestone was added to LDPE. At the
30-minute reaction time, the liquid yield was
double that of neat LDPE. A similar trend was
observed at 60 and 90 minutes. Figure 3b shows
the solid product from plastic pyrolysis with and

later

without natural catalysts at the same reaction
times. Overall, the solid yield decreased with
longer reaction times, as the raw materials were
more fully decomposed, and pyrolysis gases
condensed into liquid [50]. As seen in Figure 3b,
the trends for liquid and solid yields are inversely
related. Neat LDPE had the highest solid
conversion rate, while PP with 10% red mud
produced the least solid yield. Adding 10%
limestone to LDPE reduced the solid yield but
significantly increased the liquid yield. Table 1
summarizes the solid product yields for all
variants. For LDPE, the solid product was wax,
but with the addition of 10% limestone, it became
char. All other tested variants produced char as
the solid product. Notably, the presence of char
indicates better conversion compared to wax, as
wax is a long-chain polymer. The conversion of
LDPE with 10% limestone to char suggests more
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effective decomposition, with the char potentially
usable as solid fuel. Figure 3¢ shows the gas yield
from plastic pyrolysis with and without natural
catalysts. Overall, the addition of 10% natural
catalysts increased gas production for both LDPE
and PP. This is because the catalytic oxidation
effectively decomposed the long polymer chains

of the plastic, leading to increased gas production
[51], [52].

Table 1. Solid product of plastic pyrolytic oils

Components Solid product
PP Char
PP+10%Red Mud Char
LDPE Wax
LDPE+10%Limestone Char
3.3. Effects of Catalyst on  Chemical

Compositions

Figure 4 presents the GC-MS data of pyrolytic
oil produced from neat PP and PP mixed with 10%
red mud. Isomerization occurred when 10% red
mud was added to PP, causing the carbon chains
to break into smaller fragments. At a retention
time of around 18 minutes, neat PP produced
C1Hos, while PP with 10% red mud led to the
breakdown of the alkane into C11Hzz. This chain

Solid Yield (%)
— k) W s Oy -l 0
o O O O O O o O

<

PP LDPE

PP+10%Red LDPE+10%
Mud Limestone

60 minutes ™ 90 minutes

(b)

30 minutes

PP+10% Red LDPE+10%
Mud Limestone

B 90 minutes

Figure 3. Product distribution of catalytic pyrolysis: (a) Liquid yield, (b) Solid yield, and (c) Gas yield
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breaking during catalytic pyrolysis is attributed to
catalytic oxidation during the decomposition
process, which fragments the long carbon chains
into shorter ones. Red mud contains aluminum
(Al) and silicon (Si), which can bond with oxygen
carbon,  thereby  accelerating the
decomposition of the polymer and the formation
of liquid oil. Additionally, at a retention time of 30
minutes, PP with 10% red mud broke the
hydrocarbon alkane CisHss into CisHze. Smaller
carbon chains in the liquid fuel make it more like

and

petroleum products. Therefore, catalytic pyrolysis
of PP with red mud is a promising method for
producing  liquid fuels with  chemical
compositions closer to those of petroleum
products [53]. Figure 5 presents the GC-MS data of
pyrolytic oil derived from LDPE and LDPE with
10% limestone. The hydrocarbon chains of LDPE
with 10% limestone were reported to be similar to
those of neat LDPE.

© Ena Marlina et al.

Figure 6 shows the chemical composition of the
pyrolytic oil. The olefin percentage in PP with 10%
red mud increased by 7.25% compared to neat PP,
while both alkanes and aromatics showed smaller
percentages in the modified fuel. This result
confirms that adding red mud to PP during
thermal decomposition enhances isomerization,
resulting in a higher olefin content [54]. Similarly,
adding 10% limestone to LDPE increased the
olefin percentage by approximately 6.73%, which
is slightly lower than the increase observed in PP
with 10% red mud. Although the GC-MS profiles
of neat LDPE and LDPE with 10% limestone were
similar, the higher olefin percentage indicates that
isomerization also occurred in the presence of
limestone, albeit to a lesser extent than with red
mud in PP. Notably, the alkane concentration in
LDPE with 10% limestone decreased slightly by
up to 4%, and the aromatics concentration was
reported as negligible.
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Figure 5. GC-MS image of PP and PP+10% limestone
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Figure 7 illustrates the carbon range identified
in the tested fuels. This carbon range is critical for
determining whether the pyrolytic fuel is closer to
gasoline or diesel [55]. Neat PP and LDPE were
predominantly composed of carbon chains in the
C7-Cuwo range, accounting for more than 50%,
which confirms their similarity to gasoline
products. Interestingly, the use of natural mineral
catalysts increased the proportion of the Cu-Cun2
carbon range in both PP and LDPE. Specifically,
PP with 10% red mud showed a 10.7% increase in
the Cu-Ci2 range, while LDPE with 10% limestone
demonstrated an 8% increase.

3.4. Effect of Catalyst on Ignition Characteristics

Figure 8 shows the droplet evolution of
pyrolytic oil derived from neat PP and LDPE (a),
LDPE with 10% limestone (b), and PP with 10%
red mud (c). The droplet evolution characteristics
of all the pyrolytic fuels were reported to be
similar, indicating that catalytic pyrolysis does not
reduce the evaporation quality of the plastic-
derived pyrolytic oils. Figure 9 presents the

LDPE + 10% Limestone _

PP + 10% Red Mud f§

LDPE

© Ena Marlina et al.

evaporation rate (a), droplet lifetime (b), and
ignition delay time (c) of the pyrolytic oils. The
addition of 10% red mud to PP increased the
evaporation rate by up to 8.37%, while the
addition of 10% limestone to LDPE increased the
evaporation rate significantly, by as much as
21.27%. This improvement is attributed to the
successful isomerization facilitated by the
catalysts, which break the lengthy polymer chains
and accelerate the evaporation rates of the fuels
[56], [57]. A slightly longer droplet lifetime was
observed for PP with 10% red mud compared to
neat PP, with an increase of 6.5%. Conversely, the
addition of 10% limestone to LDPE significantly
reduced the droplet lifetime by up to 7%. In terms
of ignition delay properties, the addition of 10%
red mud shortened the ignition delay by up to
2.8%, while the addition of 10% limestone slightly
prolonged the ignition delay. These findings
demonstrate that the isomerization process
facilitated by natural mineral catalysts improves
the Ignition quality of plastic-derived pyrolytic
oils.

75.94 0
9237 563
PP F 85.12 9.28
0 2I0 4I0 6I0 Slo 1(;0
m Alkanes (%) Olefin (%) Aromatics (%)

Figure 6. Chemical composition of the pyrolytic oil

LDPE + 10% Limestone 52.18 0.13
PP + 10% Red Mud 40.7 2.02
LDPE 45.51 0
PP 29.95 0.33
0 20 40 60 80 100
Molecular Area (%)
u Carbon Range C7-C10 Carbon Range C11-C22 Carbon Range > C22

Figure 7. Carbon distribution of pyrolytic oil with and without catalyst

Automotive Experiences

585


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

0.4

o
L

0.25

e
e - e
— th b

0.05

Evaporation rate (mm?s)

© Ena Marlina et al.

—— LDPE+10%Limestone
—=—LDPE

035

1 L L L& L ) 0 1 1 L L& 1 )
0.5 1 1.5 2 2.5 3 0 0.5 1 L5 2 25 3
t/D,? (s/mm?) t/D,? (s/mm?)
(a) (b)
14 | ——PP+10% Red Mud
0 0.5 1 1.5 2 2.5 3
t/D,? (s/mm?)
(c)
Figure 8. Droplet evolution of pyrolytic oil with and without catalyst
0.3774 6.75
03197 657
0.295 0.3112 ' =650 | 6.43
g
262 r 6.11
3 6.01
w 6.00 |
=
o
8575 I
. d o 5.50
PP LDPE PP*}JI’/;R‘* LLI_’PE“O/“ PP LDPE  PP+10% Red LDPE+10%
u imestone Mud Limestone
(a) (b)
o) 3 [
i 243 2.36
E 25 2.13
2 51 1.85
=
=15 F
g
2 1F
=
205 |
& o

LDPE PP+10% Red LDPE+10%
Mud Limestone
(c)

Figure 9. Evaporation (a), droplet lifetime (b), and ignition delay time (c) of pyrolytic oils with and without

catalyst

Automotive Experiences

586


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

4. Conclusion

This study examined the catalytic pyrolysis of
PP and LDPE using natural mineral catalysts,
specifically red mud and limestone, focusing on
pyrolytic oil production and Ignition properties.
The catalytic properties of red mud stem from its
metal oxides, such as alumina and silica, while
limestone contains magnesium and calcium. The
quantity of pyrolytic oil increased with longer
reaction times, whereas the solid product yield
decreased. The addition of natural catalysts
significantly reduced the solid yield while
increasing the liquid yield. For instance, 10% red
mud promoted the breakdown of carbon chains
into smaller fragments, resulting in a 7.2%
increase in olefin compounds compared to neat
PP. Similarly, the addition of 10% limestone to
LDPE enhanced the olefin content by up to 6.73%.
The
pyrolysis fuels were found to be similar to those
without catalysts. However, the addition of 10%
red mud to PP increased the evaporation rate by
up to 8.37% compared to neat PP, while 10%
limestone in LDPE significantly improved the
evaporation rate by up to 21.27%.

droplet evolution profiles of -catalytic

Acknowledgments

Authors would like to thank for the research
facilities provided by Faculty of Engineering,
Universitas Islam Malang.

Author’s Declaration

Authors’ contributions and responsibilities

The authors made substantial contributions to the
conception and design of the study. The authors took
responsibility for data analysis, interpretation and discussion
of results. The authors read and approved the final manuscript.

Funding

This project was supported by the Ministry of Education,
Culture, Research, and Technology, Indonesia, through the
grant No. 0667/E5/AL.04/2024; 109/E5/PG.02.00.PL/2024;
018/SP2H/PT/LL7/2024; 365/6164/U.LPPM/K/B.07/V1/2024.

Availability of data and materials
All data are available from the authors.

Competing interests
The authors declare no competing interest.

Additional information
No additional information from the authors.

© Ena Marlina et al.

References

[1] H. I. Abdel-Shafy and M. S. M. Mansour,
“Solid waste issue: Sources, composition,
disposal, and
Egyptian Journal of Petroleum, vol. 27, no. 4, pp.
1275-1290, Dec. 2018, doi:
10.1016/j.ejpe.2018.07.003.

[2] T. Trismawati, H. Y. Nanlohy, H. Riupassa,
and S. Marianingsih, “Computational Fluid
Dynamics  Analysis of  Temperature
Distribution in Solar Distillation Panel with

recycling, valorization,”

Various Flat Plate Materials,” Journal of
Mechanical Engineering Science and Technology
(JMEST), vol. 8, no. 1, p. 108, Jul. 2024, doi:
10.17977/um0168i12024p108.

[3] Y. Liang, Q. Tan, Q. Song, and J. Li, “An
analysis of the plastic waste trade and
management in Asia,” Waste Management,
vol. 119, pp. 242-253, 2021, doi:
10.1016/j.wasman.2020.09.049.

[4] N. Evode, S. A. Qamar, M. Bilal, D. Barceld,
and H. M. N. Igbal, “Plastic waste and its
management strategies for environmental
sustainability,” Case Studies in Chemical and
Environmental Engineering, vol. 4, p. 100142,
2021, doi: 10.1016/j.cscee.2021.100142.

[5] S. H. Pangestika, K. Saptaji, A. A. N. P. Redi,
A. B. D. Nandiyanto, S. D. Liman, and F.
Triawan, “Utilization of plastic waste to
improve properties of road material: A
review,” Mechanical Engineering for Society
and Industry, vol. 3, no. 3, pp. 119-135, 2023,
doi: 10.31603/mesi.10133.

[6] S.Sunaryo, S. Sutoyo, S. Suyitno, Z. Arifin, T.
Kivevele, and A. I. Petrov, “Characteristics of
briquettes from plastic pyrolysis by-
products,” Mechanical Engineering for Society
and Industry, vol. 3, no. 2, pp. 57-65, Jun. 2023,
doi: 10.31603/mesi.9114.

[7] B. H. Tambunan, H. Ambarita, T. B. Sitorus,
A. H. Sebayang, and A. Masudie, “An
Overview of Physicochemical Properties and
Engine Performance Using Rubber Seed
Biodiesel-Plastic Pyrolysis Oil Blends in
Diesel Engines,” Automotive Experiences, vol.
6, no. 3, pp. 551-583, 2023, doi:
10.31603/ae.10136.

[8] E. H. Herraprastanti, M. A. Ashraf, R.
Wahyusari, and D. Y. Alfreda, “Fuel from
plastic waste using the pyrolysis method,”

Automotive Experiences

587


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

BIS Energy and Engineering, vol. 1, pp.
V124011-V124011, 2024, doi:
10.31603/biseeng.34.

S.Sunaryo, S. Suyitno, Z. Arifin, M. Setiyo, H.
Hermawan, and A. Irfan, “Improving oil
quality from waste pyrolysis using natural
zeolite  catalysts: towards sustainable
resource recovery,” BIS Energy and
Engineering, vol. 1, pp. V124037-V124037,
2024, doi: 10.31603/biseeng.65.

A. Nugroho, M. A. Fatwa, P. D. Hurip, H.
Murtado, and L. Kurniasari, “Pyrolysis of
plastic fishing gear waste for liquid fuel
production: Characterization and engine
performance analysis,” BIS Energy and
Engineering, vol. 1, pp. V124040-V124040,
2024, doi: 10.31603/biseeng.52.

F.]. Medaiyese, H. R. Nasriani, L. Khajenoori,
K. Khan, and A. Badiei, “From Waste to
Energy: Enhancing Fuel and Hydrogen
Production through Pyrolysis and In-Line
Reforming of Plastic Wastes,” Sustainability,
vol. 16, no. 12. 2024, doi: 10.3390/su16124973.

F. Zhang et al., “Current technologies for
plastic waste treatment: A review,” Journal of
Cleaner Production, vol. 282, p. 124523, 2021,
doi: 10.1016/j.jclepro.2020.124523.

L. Dai et al., “Pyrolysis technology for plastic
waste recycling: A state-of-the-art review,”
Progress in Energy and Combustion Science, vol.
93, p. 101021, 2022, doi:
10.1016/j.pecs.2022.101021.

T. Zhang et al., “Co-pyrolysis of coal-derived
sludge low-rank  coal:
behaviour and char yield prediction,” Fuel
Processing Technology, vol. 267, p. 108165,
2025, doi: 10.1016/j.fuproc.2024.108165.

S. Chhabria et al., “Valorization of Hazardous
Materials along with Biomass for Green
Energy Generation and Environmental
Sustainability through Pyrolysis,” Journal of
Chemistry, vol. 2022, no. 1, p. 2215883, Jan.
2022, doi: 10.1155/2022/2215883.

R. Gautam, M. AlAbbad, E. R. Guevara, and
S. Mani Sarathy, “On the products from the
pyrolysis of heavy fuel and vacuum residue
oil,” Journal of Analytical and Applied Pyrolysis,
vol. 173, p. 106060, 2023, doi:
10.1016/j.jaap.2023.106060.

and Thermal

[17]

[18]

[19]

[20]

[21]

[23]

[24]

© Ena Marlina et al.

T. S. Livingston, P. Madhu, C. S.
Dhanalakshmi, and R. V. Kumar, “An
experimental investigation on performance,
emission and combustion characteristics of
IC engine using liquid fuel produced through
catalytic co-pyrolysis of pressed oil cake and
mixed plastics with the addition of
nanoparticles,” Fuel, 2025, doi:
10.1016/j.fuel.2024.133092.

B. Alawa and S. Chakma, “A review on
feasibility and techno-economic analysis of
hydrocarbon liquid fuels production via
catalytic ~ pyrolysis  of plastic
materials,” Carbon  Capture Science &
Technology, vol. 14, p. 100337, 2025, doi:
10.1016/j.ccst.2024.100337.

V. K. Soni, G. Singh, B. K. Vijayan, A. Chopra,
G. S. Kapur, and S. S. V Ramakumar,
“Thermochemical Recycling of Waste
Plastics by Pyrolysis: A Review,” Energy &
Fuels, vol. 35, no. 16, pp. 12763-12808, Aug.
2021, doi: 10.1021/acs.energyfuels.1c01292.

Subhashini and T. Mondal, “Experimental
investigation on slow thermal pyrolysis of

waste

real-world plastic wastes in a fixed bed
reactor to obtain aromatic rich fuel grade
liquid oil,” Journal —of Environmental
Management, vol. 344, p. 118680, 2023, doi:
10.1016/j.jenvman.2023.118680.

M. H. Rahman, P. R. Bhoi, and P. L. Menezes,
“Pyrolysis of waste plastics into fuels and
chemicals: A review,” Renewable and
Sustainable Energy Reviews, vol. 188, p. 113799,

2023, doi: 10.1016/j.rser.2023.113799.

C.J. Wrasman et al., “Catalytic pyrolysis as a
platform technology for supporting the
circular carbon economy,” Nature Catalysis,
vol. 6, no. 7, pp. 563-573, 2023, doi:
10.1038/s41929-023-00985-6.

A. N. Amenaghawon, C. L. Anyalewechi, C.
O. Okieimen, and H. S. Kusuma, “Biomass
pyrolysis  technologies
products: a  state-of-the-art  review,”
Environment, Development and Sustainability,
vol. 23, no. 10, pp. 14324-14378, 2021, doi:
10.1007/s10668-021-01276-5.

K. Y. Aung, Q. Li, M. Wei, F. Chen, and T.
Yan, “Unlocking the potential of rice husk
pyrolysis oil: Dual production of high-energy
solid fuel and Fe? detecting carbon nanodots

for value-added

Automotive Experiences

588


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

[25]

[26]

[27]

[28]

[29]

[30]

[31]

for environmental application,” Journal of
Analytical and Applied Pyrolysis, vol. 183, p.
106724, 2024, doi: 10.1016/j.jaap.2024.106724.

W. Jerzak, A. Mlonka-Medrala, N. Gao, and
A. Magdziarz, “Potential of products from
high-temperature pyrolysis of biomass and
refuse-derived fuel pellets,” Biomass and
Bioenergy, vol. 183, p. 107159, 2024, doi:
10.1016/j.biombioe.2024.107159.

B. Qiu, X. Tao, J. Wang, Y. Liu, S. Li, and H.
Chu, “Research progress in the preparation
of high-quality liquid fuels and chemicals by
catalytic pyrolysis of biomass: A review,”
Energy Conversion and Management, vol. 261,
P 115647, 2022, doi:
10.1016/j.enconman.2022.115647.

Y. H. Chang et al., “Unveiling the energy
dynamics of plastic and sludge co-pyrolysis:
A review and bibliometric exploration on
catalysts bioenergy
potential,” Journal of Amnalytical and Applied
Pyrolysis, vol. 186, p. 106885, 2025, doi:
10.1016/j.jaap.2024.106885.

A. Y. Goren, L. Dincer, S. B. Gogoi, P. Boral,
and D. Patel, “Recent developments on
carbon neutrality through carbon dioxide

and generation

capture and utilization with clean hydrogen
for production of alternative fuels for smart
cities,” International Journal of Hydrogen
Energy, vol. 79, pp. 551-578, 2024, doi:
10.1016/j.ijhydene.2024.06.421.

M. H. M. Ahmed, N. Batalha, H. M. D.
Mahmudul, G. Perkins, and M. Konarova, “A
review on advanced catalytic co-pyrolysis of
and hydrogen-rich feedstock:
Insights into synergistic effect,
development and
Bioresource Technology, vol. 310, p. 123457,
2020, doi: 10.1016/j.biortech.2020.123457.

X. Chen, L. Cheng, J. Gu, H. Yuan, and Y.
Chen, “Chemical recycling of plastic wastes
via homogeneous catalysis: A review,”
Chemical Engineering Journal, vol. 479, p.
147853, 2024, doi: 10.1016/j.cej.2023.147853.

T. Tan et al., “Upcycling Plastic Wastes into
Value-Added Products by Heterogeneous
Catalysis,” ChemSusChem, vol. 15, no. 14, p.
€202200522, 2022, doi:

biomass
catalyst
reaction mechanism,”

[33]

[34]

[35]

[38]

© Ena Marlina et al.

and Y. S. Ok, “Pyrolysis of waste oils for the
production of biofuels: A critical review,”
Journal of Hazardous Materials, vol. 424, p.
127396, 2022, doi:
10.1016/j.jhazmat.2021.127396.

R. K. Mishra, D. Jaya Prasanna Kumar, R.
Sankannavar, P. Binnal, and K. Mohanty,
“Hydro-deoxygenation of pyrolytic
derived from pyrolysis of lignocellulosic
biomass: A review,” Fuel, vol. 360, p. 130473,
2024, doi: 10.1016/j.fuel.2023.130473.

R. K. Mishra, S. M. Chistie, S. U. Naika, and
K. Mohanty, “Catalytic pyrolysis of biomass
over zeolites for bio-0il and

oil

chemical
production: A review on their structure,
porosity and acidity co-relation,” Bioresource
Technology, vol. 366, p. 128189, 2022, doi:
10.1016/j.biortech.2022.128189.

B. Qiu, C. Yang, Q. Shao, Y. Liu, and H. Chu,
“Recent advances on industrial solid waste
catalysts for improving the quality of bio-oil
from biomass catalytic cracking: A review,”
Fuel, wvol. 315, p. 123218, 2022, doi:
10.1016/j.fuel.2022.123218.

S. Saikrishnan, D. Jubinville, C. Tzoganakis,
and T. H. Mekonnen, “Thermo-mechanical
degradation of polypropylene (PP) and low-
density polyethylene (LDPE) blends exposed
to simulated recycling,” Polymer Degradation
and Stability, vol. 182, p. 109390, 2020, doi:
10.1016/j.polymdegradstab.2020.109390.

L. Ballice, “Classification of volatile products
evolved during temperature-programmed
co-pyrolysis of low-density polyethylene
(LDPE) with polypropylene (PP),” Fuel, vol.
81, no. 9, pp. 1233-1240, 2002, doi:
10.1016/S0016-2361(01)00130-2.

IImi et al., “Simulation of pyrolysis process
for using Aspen Plus:
Performance and emission analysis of PPO-
and PPO-biodiesel blends,” Case
Studies in Thermal Engineering, vol. 64, p.
105431, 2024, doi: 10.1016/j.csite.2024.105431.

G. Ahmed and N. Kishore, “Fuel phase
extraction liquid of
Azadirachta indica biomass followed by

waste plastics

diesel

from  pyrolytic

subsequent characterization of pyrolysis
products,” Renewable Energy, vol. 219, p.

10.1002/cssc.202200522. 119460, 2023, doi:
[32] G.Su, H. C. Ong, M. Mofijur, T. M. L. Mahlia, 10.1016/j.renene.2023.119460.
Automotive Experiences 589


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Z. Li et al, “Formation mechanism of
hydrogen  production catalytic
pyrolysis of waste tires: A ReaxFF molecular
dynamics and experimental study,” Fuel, vol.
341, P 127664, 2023, doi:
10.1016/j.fuel.2023.127664.

E. Marlina, A. F. Alhikami, B. Waluyo, S.
Rahima Sahwahita, and I. N. G. Wardana, “A
study of blending carbon nanoparticles made
of coconut shell (fullerene C60) in vegetable
oils on the droplet evaporation
characteristics,” Fuel, vol. 346, p. 128319,
2023, doi: 10.1016/j.fuel.2023.128319.

A. A, Mehrizi et al, “Evaporation
characteristics of nanofuel droplets: A
review,” Fuel, vol. 319, p. 123731, 2022, doi:
10.1016/j.fuel.2022.123731.

E. Marlina, W. Wijayanti, L. Yuliati, and I. N.
G. Wardana, “The role of 1.8-cineole addition
on the change in triglyceride geometry and

from

combustion characteristics of vegetable oils
droplets,” Fuel, vol. 314, p. 122721, 2022, doi:
10.1016/j.fuel.2021.122721.

E. Marlina, W. Wijayanti, L. Yuliati, and I. N.
G. Wardana, “The role of pole and molecular
geometry of fatty acids in vegetable oils
droplet  on and  boiling
characteristics,” Renewable Energy, vol. 145,
pp- 596-603, 2020.

E. Marlina, M. Basjir, and R. D. Purwati, “The
Response of Adding Nanocarbon to the
Combustion Characteristic of Crude Coconut
Oil (CCO) Droplets,” Automotive Experiences,
pp.- 68-74, 2022, doi:

ignition

vol. 5, no. 1,
10.31603/ae.4954.

M. Bhattacharyya, K. P. Shadangi, R.
Purkayastha, P. Mahanta, and K. Mohanty,
“Catalytic upgradation of pyrolytic products
by catalytic pyrolysis of sawdust using a
synthesized composite catalyst of NiO and
Ni (II) aluminates,” Renewable Energy, vol.
221, P 119658, 2024, doi:
10.1016/j.renene.2023.119658.

S. Vellaiyan, “Optimization of plastic waste
pyrolysis using carbon-metal oxide hybrid
nanocomposite catalyst: Yield enhancement
and energy resource potential,” Results in
Engineering, vol. 23, p. 102520, 2024, doi:
10.1016/j.rineng.2024.102520.

N. Harith, R. S. R. M. Hafriz, N. A. Arifin, E.

[49]

[50]

[54]

[55]

© Ena Marlina et al.

S. Tan, A. Salmiaton, and A. H. Shamsuddin,
“Catalytic co-pyrolysis of blended biomass —
plastic mixture using synthesized metal
oxide(MO)-dolomite based catalyst,” Journal
of Analytical and Applied Pyrolysis, vol. 168, p.
105776, 2022, doi: 10.1016/j.jaap.2022.105776.

N. Zhou et al., “Catalytic pyrolysis of plastic
wastes in a continuous microwave assisted
pyrolysis system for production,”
Chemical Engineering Journal, vol. 418, p.
129412, 2021, doi: 10.1016/.cej.2021.129412.

M. Chen et al., “Experimental investigation
gas-liquid—solid product
distributions during the simulated in-situ
pyrolysis of tar-rich coal,” Fuel, vol. 381, p.
133465, 2025, doi: 10.1016/j.fuel.2024.133465.

K. Pobtocki, M. Pawlak, J. Drzezdzon, and D.
“Catalytic materials based on
metals (ions) used in the upcycling of plastics

fuel

on tri-phase

Jacewicz,

and polymers into fuels and valuable
chemicals part sustainable
development,”  Materials  Science
Engineering: R: Reports, vol. 162, p. 100881,
2025, doi: 10.1016/j.mser.2024.100881.

G. Martinez-Narro, S. Hassan, and A. N.
Phan, “Chemical recycling of plastic waste

as of

and

for sustainable polymer manufacturing — A
critical review,” Journal of Environmental
Chemical Engineering, vol. 12, no. 2, p. 112323,
2024, doi: 10.1016/j.jece.2024.112323.

B. Saha, S. Vedachalam, A. K. Dalai, S.
Saxena, B. Dally, and W. L. Roberts, “Review
on production of liquid fuel from plastic

wastes through thermal and catalytic
degradation,” Journal of the Energy Institute,
vol. 114, p. 101661, 2024, doi:

10.1016/j.joei.2024.101661.

B. Fekhar, L. Gombor, and N. Miskolczi,
of  chlorine
municipal plastic waste: In-situ upgrading of
pyrolysis oils by Ni/ZSM-5, Ni/SAPO-11, red
mud and Ca(OH)2 containing -catalysts,”
Journal of the Energy Institute, vol. 92, no. 5, pp.
1270-1283, 2019, doi:
10.1016/;.joei.2018.10.007.

R. A. A. Nugroho, A. F. Alhikami, and W.-C.
Wang, “Thermal
polypropylene plastics through vacuum
pyrolysis,” Energy, vol. 277, p. 127707, 2023,
doi: 10.1016/j.energy.2023.127707.

“Pyrolysis contaminated

decomposition  of

Automotive Experiences

590


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

© Ena Marlina et al.

[56] D. Liu et al., “Hydrodesulfurization and Ragab, A. O. Abo El Naga, W. S. Gado, and
isomerization performance of model FCC A. S. Morshedy, “Optimizing n-heptane
naphtha over sulfided Co(Ni)-Mo/Y isomerization: The role of copper in
catalysts,” Chinese Journal of Chemical enhancing the catalytic activity and
Engineering, 2024, doi: selectivity of Pt and Cu-Pt/montmorillonite
10.1016/j.cjche.2024.10.001. K10  catalysts,”  Inorganic ~ Chemistry

[57] M. A. Sayed, M. A. Abo El-Khair, A. A. Communications, vol. 172, p. 113693, 2025, doi:

10.1016/j.inoche.2024.113693.

Automotive Experiences 591


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

	1. Introduction
	2. Material and Methods
	2.1. Production of Plastic Pyrolytic Oil
	2.2. Catalyst Characterization
	2.3. Droplet Experimental Method
	2.4. Pyrolytic Oil Characterization

	3. Results and Discussion
	3.1. Catalyst Characterization
	3.2. Effect of Catalyst on Product Yiels
	3.3. Effects of Catalyst on Chemical Compositions
	3.4. Effect of Catalyst on Ignition Characteristics

	4. Conclusion
	Acknowledgments
	Author’s Declaration
	Authors’ contributions and responsibilities
	Funding
	Availability of data and materials
	Competing interests
	Additional information

	References

