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Amidst the wotld's energy crisis, our society faces a growing environmental dilemma as plastic
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junk winds up in landfills and bodies of water, infiltrating the food chain. In Nigeria, water 1o -y July 03, 2024,
packaged in transparent low-density polyethylene (LDPE) sachets is widely consumed by the

populace and the sachets are discarded in large quantities. Waste LDPE was subjected to ~ KEYWORDS

pyrolysis, which involves first dissolving it in toluene and then degrading it using a modified  piastic waste, Zeolite,

zeolite catalyst. ZSM-5 underwent modification with the addition of nickel using the  Valorization, Physicochemical
hydrothermal technique. The catalyst and pure zeolite's elemental composition, surface area, ~— parameters, Encrgy

crystal structure, and morphology were examined through Energy Dispersive X-ray (EDX) ®
analysis, Brunauer-Emmett-Teller (BET), X-ray diffraction (XRD) and Scanning Electron

Microscopy (SEM), respectively. The liquid products were characterized using Fourier © The authors. This is an Open
Transform Infrared Spectroscopy (FTIR) and Gas chromatography-mass spectrometry (GC- 5 s article distributed under
MS). The result showed a high yield of liquid products (=72%) rich in alkene, a valuable  the terms of the Creative
gasoline blending stock that can be used as a feedstock for various chemical processes. The  Commons Attribution 4.0 License
physicochemical parameters of the oil obtained via both thermal and catalytic cracking were  (http://creativecommons.org/
also determined and it was observed that the product of the catalyzed process had better — licenses/by/4.0)

properties with some of the oil-fuel characteristics obtained fitting perfectly within the range

of standard fuel. Dissolving the LDPE in toluene reduced its viscosity, allowing for easy

handling and uniform heating within the reactor. Furthermore, the dissolution method

before degrading could help prevent pipelines from getting stuck with melted plastic feed if

plastic waste conversions through cracking are scaled up to continuous operations.

INTRODUCTION

The rapid economic development has led to a surge in the
demand and production of plastic worldwide. As a result,
our soclety is facing an ever-increasing environmental
problem since plastic garbage is not biodegradable and
ends up in waste sites and waterbodies, where it impacts
the health of wildlife, especially in marine areas, and also
poses threats to human health (Rouch, 2021). According
to the UNIDO (2021), Nigeria ranks ninth on the list of
countries with the highest contributions to plastic
pollution globally, with over 88% of the plastic waste
generated not recycled. One of the major plastic wastes in
Nigeria is the transparent low-density polyethylene
(LDPE) widely used to package sachet water consumed by
the populace and large quantities of these sachets are
thrown away everywhere.

Various renewable energy types were developed by
researchers to combat the energy crisis, and the ones that
were adapted to national grids received government
rewards through feed-in tariff systems in multiple
countries (Wong ¢ al, 2015). Due to the increasing
demand for plastic-cmade consumer products and the
energy crisis problem, there is an urgent need to propose
proper alternatives to plastic waste disposal to minimize
pollution, create more energy sources, and simultaneously
create wealth. Among the proposed solutions: enzymatic
degradation (Kaushal e a/, 2021), plastic-to-fuel
conversion (Li ¢f al., 2022), mechanical recycling (Schyns
and Shaver, 2020), microbial degradation (Shilpa ez al,
2020), amidst others, catalytic cracking seems to be an
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interesting option since it converts plastic waste into liquid
fuel.

Numerous research reports have indicated polymer
pyrolysis and cracking as solutions for the disposal of
these plastic wastes after their consumption. These
processes have shown the depolymerization of plastic
waste into smaller hydrocarbons in liquid and gaseous
forms that could be used as fuels (Burange e a/., 2014).
Different catalysts have been employed by researchers for
the conversion of plastics to fuels, including activated
carbon (Sarker e¢r al, 2013; Bai et al, 2022), clays
(Seliverstov ez al., 2022; Mibei e al., 2023), metal oxides
(Kholidah ez al., 2018; Ethiraj ez al., 2022), and carbonates
(Kunwar e al, 2016). Pre-degradation of LDPE in a
suitable solvent before pyrolysis reduces the resident time

(Wong et al., 20106), coupled with the fact that the use of a
fixed bed reactor enables the easy determination of the
polymer conversion based on the weight of the unreacted
polymer in the reactor after the cracking process. Zeolites
have become a popular choice for catalysts in polymer
pyrolysis and cracking because of their improved catalytic
properties over those of other catalysts (Mark ¢z a/., 2020;
Li et al., 2023; Liu et al., 2023), and it has been shown that
when metals are injected into zeolites, the pyrolysis of
polymers yields higher-quality liquid products (Yao ¢ al.,
2018; Akubo ez al., 2019; Quesada ¢# al., 2020) as well as
pyrolysis of biomass (Vichaphund ¢# a/., 2014). This study
employed a pre-degradation approach to polymer
pyrolysis using a modified zeolite catalyst to explore the
catalyst's activity and the properties of the products
obtained.
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Figure 1: A schematic diagram of the proposed system for converting waste plastics into fuels.

MATERIALS AND METHOD

Chemicals and Reagents

All compounds were used without further purification;
they were all bought from Sigma-Aldrich in Germany.
ZSM-5, methanol (CH30H), toluene (C7Hs), nickel (1I),
nitrate hexahydrate (Ni (NO3)2.6H20), and methanol were

the chemicals employed in this work.

Synthesis and characterization of Ni-ZSM-5 catalyst

Nickel modified zeolite (Ni-ZSM-5) of 10wt% Ni
composition was developed by hydrothermal method
using modified procedures by Yao ez a/. (2018). 5.50 g of
Ni (NO3)2.6H20 was dissolved completely in 100 ml of
methanol to form solution A, and 10.0 g of ZSM-5 (ZA)
was added to 25 ml of deionized water with stirring to
form solution B. Using a magnetic stirrer set at 50 rpm,

these two solutions were homogenized for three hours at

https:/ /scientifica.umyu.edu.ng/

29°C. The slurry was further heated for 12 hours at 500°C
and placed inside an autoclave lined with Teflon.
Filtration was done when the autoclave was allowed to
cool to ambient temperature.

The filtered precipitates were allowed to cool and then
pulverized in an agate mortar and pestle after being dried
at 120°C for two hours at 100°C. Following three hours
of calcination at 550 °C, the ground sample was allowed
to cool before being placed in an airtight container for
further examination. This sample was named Zp. The
produced catalyst and pure zeolite were characterized for
surface area, crystal structure, morphology and elemental
content. 'The textural qualities were determined using
Autosorb-1-C (Quantachrome Instrument Corp.) and N2
adsorption and desorption at liquid nitrogen temperature
(1960C). NOVA 2200¢ instrument was utilized to

determine the specific surface area with the Brunauer—
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Emmett—Teller (BET) method. The Batrett—Joyner—
Halenda (BJH) method measured the pore size
distribution. Utilizing a Rigaku D/max 2550PC system
with  CuKa (XRD)

measurements were performed, the morphology was

radiation, X-ray diffraction
determined using a Scanning Electron Microscope (FEI
Quanta 250), and energy dispersive X-ray (EDX) analysis
was used to determine the elemental composition.

Feedstock for pyrolysis

The polymer used was low-density polyethylene waste
(used water sachets) collected from a waste vendor in
Danbushiya, Millennium City, Kaduna State. The spent

LDPE was dissolved in hot toluene to produce an LDPE-
toluene solution. The dissolution procedure was adopted
from Wong e/ al. (2014) with a slight modification.

LDPE Waste Cracking

Pyrolysis experiments were carried out using a batch
reactor. The schematic diagram of the experimental
apparatus is shown in Figure 2. The pyrolyzer was made
of stainless steel and covered with heaters.  The
pyrolyzer's inner diameter and height were 50 mm and
200 mm, respectively. A double-tube condenser was
installed at the outlet of the pyrolyzer to separate gas and
liquid products.
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Figure 2: A schematic diagram of the experimental apparatus.
In these experiments, LDPE-Toluene solution was fed LY =M; / M;x100 % )
into the pyrolyzer, where the solution was heated and then M. /M .
volatilized into the condenser. The nitrogen gas flow rate SY == My / M x100% @)
was 100 ml min-!. After the pyrolysis reaction, the gas was GY =100 % — (LY + SY) ©))

cooled in the condenser to recover liquid products. The
Liquid products were then collected and weighed for the
mass balance calculation. The remaining solids deposited
in the pyrolyzer were defined as the residue. The
experiments were carried out at a pyrolyzer temperature
of 500°C. Experiments using similar conditions but in the
presence of Ni-ZSM-5 catalyst (2 g, 4 ¢, and 8 g) were also
conducted for comparison. The equations involved were

as follows:

https:/ /scientifica.umyu.edu.ng/

where LY, SY, GY were the yields of oil, solid products
and gas after pyrolysis, respectively. M; was the mass of
LDPE-Toluene solution, M1 and M, were the mass of
liquid and solid products after pyrolysis.

RESULTS AND DISCUSSION
Catalyst Characterization

Brunauer Emmet and Teller (BET) nitrogen adsorption
analysis was used for the determination of surface area,
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pore size, and pore volume of the pure and modified
catalysts. Table 1 below shows the surface area and
porosity of the pure and modified catalysts. The
impregnation with the metal decreased surface area per
unit mass. Akubo ¢ al (2019) also reported a small
decrease in the surface of the Y-zeolite catalyst when
impregnated with metal promoters.

Table 1: Textual properties of the pure and modified
catalysts

Samples | Ni BET Total Average
loading | surface | pore pore
(wt %) | area volume | diameter
(m?/g) | (cm’/g) | (nm)
ZSM-5 22318 ]0.125 2.131
Ni- 10 136.84 | 0.076 2.133
ZSM-5

XRD analysis was carried out to identify the components
and crystallinity of the catalysts. Figures 3a and 3b
represented XRD patterns of ZSM-5 and Ni-ZSM-5,

respectively. Based on the X-ray diffraction pattern for
ZA, peaks at 20= 7.2°, 10.0°, 13.3°, 16.4° and 22-34° were
observed. These peaks correspond to specific
crystallographic planes within the MFI structure, which
match the reference pattern for the MFI framework in
ZSM-5 zeolites (JCPDS no. 44-0003) (Huang e a/., 2015).
The sharp and intense peaks indicate a high degree of
crystallinity in the sample. The modified catalyst showed
reflections at 44.1° and 53.7°, corresponding to metallic
nickel (Wong e al., 2016). Compared with the fresh
(parent) zeolite, the peaks in Zp were present at the same
20 values but were less intense. This observation shows a
minor decrease in the impregnated zeolites’ crystallinity
due to the nickel impregnation, which led to distortions in
the regular crystalline framework of the zeolite as a result
of the amorphous phases or non-crystalline domain
formation within the zeolite structure. This is consistent
with the findings of Wong ¢ a/. (2016) and Huang ¢z 4.
(2010).
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Figure 3a: X-ray diffraction profile of the fresh zeolite (Z A)
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Figure 3b: X-ray diffraction profile of the Ni-ZSM-5 (Zg)

The SEM images of pure ZSM-5 zeolite before and after
nickel impregnation are shown in Figures 4a and 4b. It
can be observed from Figure 4a that the particles appear
to be clustered together, which is common for zeolite
powders. The surface of the particles appears rough,
irregular-shaped, and vary in size. Iigure 4b shows a
collection of rough-surfaced patticles irregulatly shaped
and clumped together. Because Nickel (Ni) has a higher
atomic number (28) than aluminum (13) and silicon (14),
which are the main components of zeolites, areas where
nickel is concentrated would be expected to appear
brighter in the BSD image mode (Nanakoudis, 2019).
This suggests that the nickel may be dispersed in different
regions throughout the zeolite particles. Nickel dispersion

https:/ /scientifica.umyu.edu.ng/
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in the modified zeolite is evident from the EDX spectrum
(Figure 5b).

ZSM-5
framework is built from aluminum (Al), silicon (8i), and

is an aluminosilicate zeolite, meaning its
oxygen (O) atoms, and as expected, prominent peaks
corresponding to Al Si, and O wetre observed on the EDX
spectrtum. Traces of elements such as sodium (Na),
nitrogen (N) and carbon (C) were also observed (Figure
5a). For the modified ZSM-5 (Zg), a peak corresponding
to nickel (Ni) was observed in addition to the peaks
observed on the EDX spectrum of pure ZSM-5 (Zx)

(Figure 5b). The elemental composition for both ZSM-5

19
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and Ni-ZSM-5 are depicted in Table 2. This confirms the
successful modification of the Z with nickel. The height
of each peak is roughly proportional to the relative
abundance of that element in the sample. A higher peak
indicates a greater concentration of that element, which
aligns with the values in Table 2. The differences in
atomic concentrations of similar elements in the two
samples resulted from ion exchange and substitution,
which resulted from doping with nickel, replacing other
elements and variations of atomic concentrations within
the framework compared to the pure zeolite. Also, the
non-uniform distribution of the dopant within the zeolite
structure may lead to localized regions where the
concentration of nickel and potentially other elements

varies significantly compared to the pure zeolite.

Effect of Catalyst dose on product composition

The effectiveness of Ni-ZSM-5 catalysts at vatious
dosages on the catalytic conversion of LDPE was
compared (Figure 6a). The amount of catalyst employed
had a major impact on the yield distribution. The yield of
solids dropped significantly while the output of gas and oil
increased significantly with the increase in catalyst mass.
This could be because of the breakdown and secondary
reaction of the volatiles produced during the pyrolysis of
LDPE (Zhang e/ al., 2018).
significantly, the yield of solids increased little, and the

The yield of gas grew

yield of oil decreased significantly as the catalyst dose
increased.

HV Int. Det.
x 269um 15kvV  Map BSD Full

Figure 4 (a: left and b: right): Scanning electron microscopy (SEM) images of (a) Za and (b) Zp samples.

2023-05-04 15:23

https:/ /scientifica.umyu.edu.ng/

Figure 6a illustrates that the liquid phase yield was
marginally lower at 2 g (51.6%) and higher at 4 g (71.6%)
of catalyst mass. As catalyst mass rose further, the
percentage of the polymer converted into a liquid product
decreased (38.7%), and the gaseous component increased.
The catalyst dose increase allows for the weakening of the
chain structure and the breaking of additional polymer
chains, which results in the formation of smaller
hydrocarbons in the form of gaseous compounds (Wong
et al., 2017; Roozbehani ez al., 2015). Heavier chemical
cracking is also possible with ZSM-5 because of its bigger
intracrystalline pore structure and smaller pore size. The
catalyst’s inner cavity can be reached by diffusion from the
tirst degradation sample on its outer surface, which leads
to extremely high gas yields upon further breakdown into
gaseous components (Song ¢/ al., 2021).

The yields for liquid, gas, and solid were comparable for
the three runs conducted in the thermal pyrolysis step.
Figure 6b illustrates no discernible variation in gas yield
among the three runs (42.0 %, 41.2 %, and 40.9 %).
Except for the instance whereby an 8 g catalyst dose was
employed, these gas yields were greater than the catalytic
runs. Additionally, the residue produced in the thermal
runs was, on average, higher than that of the catalytic
pyrolysis, and the liquid product from the catalytic
pyrolysis (using 4 g) was much higher than that obtained
from all of the thermal runs. This result is consistent with
the works of Setiawan ¢7 a/. (2021), who also obtained a
higher percentage of gases in the thermal pyrolysis of
LDPE.
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Table 2: The elemental composition for both ZSM-5 and Ni-ZSM-5

ZSM-5 (Z4) Ni-ZSM-5 (Z3)
Element Element Atomic Weight Element Element Atomic Weight
Number Symbol Conc. Conc. Number Symbol Percentage Percentage
8 @) 60.20 51.59 8 O 47.75 32.72
11 Na 11.77 14.50 11 Na 10.65 10.48
13 Al 9.76 14.11 13 Al 12.65 14.62
14 Si 8.34 12.54 14 Si 11.15 13.41
7 N 8.16 6.12 7 N 6.78 4.07
6 C 1.77 1.14 6 C 1.50 0.77
28 Ni 9.52 23.93
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Figure 5a: EDX Peaks in ZSM-5 (Zx)
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Figure 5b: EDX Peaks in Ni-ZSM-5 (Zg)

Fourier Transform Infrared Spectroscopy of
thermally cracked and catalytically cracked fuel oil

FTIR analysis of the thermal pyrolysis of the waste LDPE
reveals key information about the resulting products.
Peaks around 3096 cm™ (strong C-H stretch) indicate
abundant aliphatic hydrocarbons, fuel's main constituents.
Weak peaks around 1605-1450 cm™ are attributed to the
stretching vibrations of aromatic ring C=C bonds. This is
consistent with the work of Dogan and Kayacan (2008),
who observed a weak peak in this region, indicating a low
concentration of aromatic species in their liquid product.
Peaks around 1750 — 1690 cm™ reveal the presence of

https:/ /scientifica.umyu.edu.ng/

oxygen-containing compounds (aldehydes, ketones, and
alcohols), which might influence combustion behaviour

(Figure 7a).

FTIR analysis of the oil obtained from the catalytic
pyrolysis of waste low-density polyethylene (LDPE) using
nickel-impregnated ZSM-5 provides valuable insights into
the effectiveness of the catalyst and the nature of the
products formed. The peak at 2977 cm™ indicates C-H
stretching vibrations in alkanes. The peak at 2160 cm™
indicates C=C stretching vibrations in alkenes. Peaks
around 1720 cm™ indicate the presence of carbonyl
groups (C=0), potentially from ketones or aldehydes.

Mustapha et al., /USci, 3(3): 016 — 030, September 2024 21
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The presence of bands around 1605 and 1500 cm™
(aromatic C=C stretching) suggests the presence of
aromatic rings in the liquid product. This is in line with
studies that showed that Ni-ZSM-5 catalysts can promote
aromatics formation during LDPE pyrolysis. Weaker
peaks around 880 and 790 cm™ might suggest trace
aromatics (Figure 7b).  These ate desirable fuel
components due to their high energy density and impact

on fuel quality. Studies have shown a significant increase
in these bands compared to non-catalytic pyrolysis (Wong
et al., 2017; Kim e/ al., 2017). Decreased aliphatic bands
indicate the efficient breakdown of long-chain LDPE
molecules into smaller aliphatic hydrocarbons (e.g.,
alkanes, alkenes). Several studies reported significant
intensity reductions in bands corresponding to aliphatic
hydrocarbons (Wong ¢7 al, 2017; Barzallo e al., 2023).

80
70
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2g

71.6
56.4
60 51.6
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Figure 6a: Three-phase yield diagram of LDPE pyrolysis using Ni-ZSM-5 catalyst
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Figure 6b: Three-phase yield diagram of LDPE pyrolysis without catalyst
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Figure 7b: FTIR spectrum of the oil obtained from the catalytic pyrolysis of waste LDPE

The Gas Chromatography-Mass Spectrometry of the
Liquid Products

The GC-MS analysis of the liquid products obtained from
the thermal and catalytic pyrolysis of LDPE are presented
in Table 3 and Table 5 (see appendix), respectively, while
their respective compositions are presented in Table 4 and
Table 6. The Liquid products from the thermal pyrolysis
showed 53 peaks with the percentage compositions of
Alkanes (25.67 %), Alkenes (1.48 %), Aromatics (23.40
%), and other components (49.45 %). The Liquid
products from the catalytic pyrolysis showed 85 peaks
with the percentage compositions of Alkanes (11.41 %),
Alkenes (53.45 %), Aromatics (4.48 %), and others (30.66
%). It was observed that the products obtained from
catalytic pyrolysis have a much higher percentage of
olefins and a lower percentage of heavier alkanes and
aromatics, while that of thermal pyrolysis possesses a
higher percentage of alkanes and aromatics and a lower
percentage of alkenes. Strong Brensted acid sites within
the zeolite framework promote cracking reactions that
favor alkene formation. These sites act as proton donors,

https:/ /scientifica.umyu.edu.ng/

breaking down the long hydrocarbon chains of LDPE into
alkenes. Studies have shown that Zeolites with a high
concentration of Bronsted acid sites lead to a higher
alkene yield in the liquid products (Agulld ez al, 2007,
Hasan ez al., 2022).

Furthermore, the pore size of the zeolite can influence the
selectivity towards alkenes. Zeolites with medium pore
sizes, like ZSM-5, are ideal for promoting alkene
formation (Budsaereechai ¢z a/., 2019). This finding is also
consistent with Li e @/ (2018) and Rajan et al (2023),
whose results showed that all the zeolite catalysts
significantly reduced aromatics yield and increased alkenes
yield. The low alkane (11.41%) and aromatic (4.48%)
content further strengthens the effectiveness Ni-ZSM-5 in
suppressing these products and promoting alkene
formation.

The presence of fluorine atoms in some components of
the liquid products could result from the incorporation of
fluorinated compounds in the plastics for improved
properties like slip or water repellency. These additives

Mustapha et al., /USci, 3(3): 016 — 030, September 2024 23
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may degrade during pyrolysis, generating fragments that
GC-MS then identifies in the liquid product.

Table 4: Liquid product composition of thermal pyrolysis
of LDPE

S/N | Component Respective
percentages (%)
1 Alkane 25.6682
2 Alkene 1.47920
3 Aromatics 23.4033
4 Others 49.4493
Total 100

Table 6: Liquid product composition of catalytic pyrolysis
of LDPE

S/N | Component Respective
percentages (%)
1 Alkane 11.4095
2 Alkene 53.4495
3 Aromatics 4.4811
4 Others 30.6599
Total 100

Fuel properties of pyro oil

The refinery's middle distillates - diesel and gasoline - and
the pyro oil have comparable qualities. Table 7 provides
an overview of the physicochemical characteristics of the
oil as determined by the ASTM. Specific gravity and
density are two factors that are crucial for fuel quality
control. The pyro oil produced by thermal and catalytic
pyrolysis of waste low-density polyethylene (LDPE) has
specific gravity and density values within normal ranges
for fuel oils (Table 7). Fuel's tendency or reluctance to
flow, governed by its viscosity and kinematic viscosity, is
one of its fundamental properties. The study’s results are
within the range of diesel fuel. High viscosity increases
engine temperature, fuel consumption rate, and friction,
according to Ahmad ez a/. (2015).

In that order, the pyro oil detived from the two pyrolysis
processes had pH wvalues of 6.1 and 5.7. Generally
speaking, fuel oil should be between 5.5 and 6.5 (ASTM
D4739). Both of these values are within this range. The
fuel oil produced through catalytic pyrolysis has a lower
pH, and this is because the zeolite catalyst is acidic, which
encourages cracking reactions using proton transfer
mechanisms.  Barzallo et al. (2023) state that these
reactions produce low-molecular-weight organic acids and
acidic byproducts such as olefins, phenols, and aromatics
with sulfonic acid groups.

Moreover, particular cracking reactions during each step
might also affect pH. Thermal homolysis, which cleaves
bonds without adding new functional groups, is the main
process of thermal cracking. By contrast, a variety of
processes, such as isomerization, dehydrogenation, and
alkylation, may be involved in catalytic cracking, which
may result in the introduction of acidic functional groups
such as olefins and carboxylic acids (Wong ¢ a/., 2017).

https:/ /scientifica.umyu.edu.ng/

A fuel's flash point is the lowest temperature at which
enough vapor is produced to create an airborne flammable
combination. For a given material, handling one with a
greater flash point is safer than the other. Spent low-
density polyethylene (LDPE) was pyrolyzed thermally and
catalytically to create pyro oil, with a flash point of 96.8°C
and 112.3°C. With a flash point of 112.3°C, the
catalytically generated oil was slightly higher than the usual
diesel temperature range of 52 - 96°C. Higher flash point
tuels can be handled and stored more safely, especially in
warmer climates.

For this reason, fuel oil produced by thermal and catalytic
pyrolysis can be handled and stored safely. In contrast,
fuels with lower flash points tend to be more volatile, and
in some situations, they may ignite more quickly and
vaporize more easily (ASTM D56). The pour point is the
temperature at which oil loses its flow characteristics. The
pour point of thermal and catalytic generated oil was
slightly higher (1.4 and -5.3°C) than that of standard fuel
(-9.2°C). High-pour-point fuels need not be utilized in
cold climates (Damodharan ¢7 al., 2019) because they can
solidify or bel-like, making it impossible to pump into the
engine or transport efficiently.

The refractive index of fuel oil often rises when heavier
hydrocarbons and aromatic compounds are present. The
refractive indices of the pyro oil generated from the
thermal and catalytic pyrolysis of leftover LDPE were 1.48
and 1.52, respectively. Middle distillates have refractive
indices between 1.42 and 1.49. Fuel oil with a higher
refractive index might include more aromatics or heavier
molecules than fuel oil with a lower value. Aromatics can
improve combustion efficiency and cetane number, but
they can also raise the emissions of a number of
undesirable pollutants (ASTM D1218). This further
implies that the thermally and catalytically broken LDPE
contains heavy components.

Waste LDPE was pyrolyzed thermally produced pyro oil
with a heating value of 32.22 MJ/kg and 42.11 MJ/kg
using catalytic pyrolysis. Both fall within the approved
41-46 MJ/kg range for diesel fuel. This number is
consistent with Das and Tiwari’s (2018) investigation of
the physicochemical properties of oil derived from plastic
via slow pyrolysis. According to the IEA (2023), fuel
having a high heating value produces more heat per unit
volume, which may lead to lower fuel consumption for the
same heating demand and potentially even lower fuel
prices overall. In addition, certain fuel oils with higher
heating values have lower sulfur content, which results in
less emissions, whereas fuels with lower heating values
have higher sulfur content, which produces more
pollutants. Therefore, the former offers greater
advantages when compating the heating value of the fuel
with HV42 to that of the oil produced from thermally
pyrolyzed waste LDPE with HV of 32.

Considering the high alkene content of the liquid product,
one possible application for it would be as a valuable
gasoline blending stock. The octane rating of gasoline is
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one property that alkenes can enhance. Yet, to satisfy
particular fuel requirements, additional processing or
blending with regular gasoline might be required.
Additionally, various chemical processes could use the

alkene-rich result as a feedstock. Alkenes are necessary
building blocks for many compounds, such as polymers,
detergents, and lubricants.

Table 7: Physicochemical analysis on thermally and catalytically (4g cat.) pyrolyzed oil sample in accordance to ASTM

D6751

S/N | Properties LDPE LDPE Cat Oil Standard values for

thermal Qil diesel fuel

1 Specific Gravity (@ 30°C) 0.844 0.868 0.82 —-0.95

2 Density (g/cm?) (@ 30°C) 0.825 0.822 0.85—-10.87

3 Viscosity (mm? /sec) (@ 40°C) 2.90 2.60 1.9-45

4 Kinematic Viscosity (mm?2 /sec) | 3.438 3.163 1.9 -4.38

(@ 40°0)

5 pH 6.1 5.70 5.5-8.0

6 Flash Point (°C) 96.8 112.3 52-96

7 Pour Point (°C) 1.4 -5.3 -9.2

8 Refractive Index 1.483 1.522 1.460 — 1.462

9 Heating Value M]/kg) 32.218 42114 41 - 46
CONCLUSION Pyrolysis-Catalysis of Polyethylene Plastic with

Pre-degraded waste LDPE in toluene was pyrolyzed using
thermal and catalytic methods to produce fuel-like liquids.
When thermal pyrolysis was contrasted with catalytic
pyrolysis, the former typically produced more oils than
residue. This experiment produced a high yield of liquid
products (about 72%) with promising physicochemical
characteristics, as these atttibutes are comparable to the
refinery's middle distillates. Additionally, according to
GC-MS analysis, the liquid product formed by catalytic
pyrolysis yielded roughly 70% of valuable compounds,
whereas thermal pyrolysis produced 50%. This typically
showed the effectiveness of the catalyst in the pyrolysis.
Furthermore, if plastic waste conversions by cracking are
to be ramped up to continuous operations, a dissolution
process before degrading could also help prevent pipelines
from clogging with melted plastic feed.
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APPENDIX

Table 3: Liquid phase GC-MS table of thermal pyrolysis of LDPE

PK | RT Area Percentage (%) | Component Chemical Formula
1 5.3037 0.0637 Benzene, 1-ethyl-3-methyl- CoH1o
2 5.7392 0.7044 Toluene C7Hs
3 5.9539 0.0453 1-Decene CioHoo
4 6.7385 0.2824 4-Ethyl-2-hexynal CsH; 2,0
5 6.8241 0.1442 Phthalan CsHsO
6 6.8471 0.1303 p-Cymene CioHi4
7 6.9446 0.3334 D-Limonene CioHi
8 8.5792 0.1898 3-Phenylbut-1-ene CioHiz
9 8.697 0.428 Cyclopropane, 1-heptyl-2-methyl- Ci1Hz
10 14.4324 0.4671 1-Tridecene Ci3Hazg
11 14.5486 0.1062 1-Tridecene Ci3Hz
12 14.6266 0.5916 Ttridecane Ci3Hps
13 16.0058 0.3667 1-Decanol, 2-hexyl- CisH3,0
14 17.3615 0.1313 Tetradecane Ci4H3o
15 18.5928 0.5345 Hexacosanal CaHs20
16 19.7655 0.0662 7-Hexadecene, (Z)- CisHs
17 19.9439 0.202 Pentadecane Cyis5Hsn
18 20.4794 0.0116 1-Dodecanol, 2-hexyl- Ci1sH330
19 22.3965 0.1034 Hexadecane CigHag
20 23.793 0.4687 Benzene, 1,1'-(1,3-propanediyl)bis- CisHig
21 24.3216 0.1508 Anthracene, 9,10-dihydro-9,10-dimethyl- Ci6Hie
22 24.5686 1.2823 Trichloroacetic acid, pentadecyl ester C17H31C150,
23 24.7037 0.6573 Heptadecane C17H36
24 26.8094 0.3709 1-Nonadecene CioHsg
25 26.9537 1.1681 Octadecane CisHag
26 27.096 1.5672 Hexadecane, 2,6,10,14-tetramethyl- CooHyo
27 28.7944 -0.0084 Octacosyl trifluoroacetate C30Hs7F30;,
28 28.8748 0.0539 Nonadecane C19Hyo
29 29.3059 0.1806 1-Bromodocosane CpHysF
30 29.3542 0.0244 Cyclotetradecane, 1,7,11-trimethyl-4-(1-methylethyl)- Ca0Hao
31 29.8145 6.9085 Di-sec-butyl phthalate Ci6H2204
32 29.9139 7.7372 1,2-Benzenedicarboxylic acid, butyl 2-methylpropyl ester Ci6H2204
33 29.9413 6.9057 Di-sec-butyl phthalate C16H2204
34 30.8785 0.3604 5-Methyl-Z-5-docosene Ca3Hys
35 30.9272 0.1734 Cyclohexane, (1-hexyltetradecyl)- CasHsp
36 30.9831 0.2083 Cyclotetradecane, 1,7,11-trimethyl-4-(1-methylethyl)- CzoHao
37 31.3447 8.2902 Carbonic acid, but-2-yn-1-yl octadecyl ester C23H4205
38 32.011 12.0996 Tricosane Co3Hug
39 32.2195 0.3251 Triacontyl heptafluorobutyrate C34H1 F7O,
40 32.2609 0.2414 Docosane CaoHug
41 32.3559 0.6292 Carbonic acid, but-2-yn-1-yl eicosyl ester CosHy605
42 32.4203 0.2719 Ethanol, 2-(octadecyloxy)- C20H420,
43 32.7874 10.914 Tetratriacontyl heptafluorobutyrate C3sHgoF-O2
44 32.9754 0.6343 1-Decanol, 2-hexyl- CisH3:0
45 33.302 10.485 Tetratriacontyl heptafluorobutyrate CsgHgoF-O,
46 33.7236 1.9542 Octatriacontyl pentafluoropropionate CyH7#F50;
47 33.7464 0.2901 Carbonic acid, but-2-yn-1-yl eicosyl ester CasHy4605
48 33.9655 7.5302 Tricosane Cp3Hus
49 34,7107 0.4532 Carbonic acid, but-2-yn-1-yl eicosyl ester CosHy605
50 35.1989 6.8918 Octadecanoic acid, 17-oxo-, methyl ester Ci9H3603
51 36.011 0.3075 Tricosane Co3Hys
52 36.0742 0.0901 1-Docosene CooHyg
53 36.5392 5.481 Silane, trichlorooctadecyl- C1gH37Cl5S1
Total 100
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Table 5: Liquid phase GC-MS table of catalytic pyrolysis of LDPE using Ni-ZSM-5

PK | RT Area Percentage (%) | Component Chemical Formula

1 6.0747 0.1146 1-Decene CioHzo

2 21.5128 0.1727 17-Pentatriacontene Cs5Hqo

3 23.4874 0.308 Octacosyl trifluoroacetate C;30H57F30,

4 24.4639 0.2899 Dotriacontyl heptafluorobutyrate C36HgsF-Oz

5 26.2839 0.4481 Octacosyl trifluoroacetate C30Hs7F50;

6 27.2674 0.8668 Carbonic acid, octadecyl prop-1-en-2-yl ester CppH405

7 28.3323 0.7308 Triacontyl pentafluoropropionate C33Hg1F502

8 28.9047 0.9702 Octacosyl trifluoroacetate C30Hs7F30;

9 29.327 1.2917 Octacosyl trifluoroacetate C;30Hs57F30,

10 29.528 1.0381 Tetratriacontyl trifluoroacetate Cs6HgoF30,

11 29.8935 1.2369 Tetratriacontyl trifluoroacetate CscHgoF30,

12 29.9927 1.1228 Diethyl Phthalate C12H1404

13 30.0408 0.8709 Diethyl Phthalate C12H1404

14 30.0916 1.343 9-Tricosene, (Z)- CosHyg

15 30.2389 1.4313 1-Nonadecene CioH3g

16 30.3353 1.1413 1-Nonadecene Ci9H3g

17 30.5646 1.316 1-Docosene CooHug

18 30.7176 1.5531 1-Nonadecene CioHsg

19 30.8595 1.4175 1-Nonadecene Ci9H3g

20 30.9405 1.2237 1-Nonadecene Ci9H3g

21 31.0619 1.3104 1-Nonadecene CioHsg

22 31.1921 1.531 1-Docosene CooHuyg

23 31.2559 1.1728 1-Nonadecene Ci9H3g

24 31.3748 1.4486 1-Nonadecene CioHsg

25 31.4505 1.277 1-Docosene CooHys

26 31.564 1.4375 1-Heptadecene Ci17Hs4

27 31.6441 1.2963 1-Nonadecene Ci9H3g

28 31.747 1.3932 1-Docosene CooHug

29 31.8358 1.3968 1-Octadecene CigH3g

30 31.9088 1.2767 1-Tetradecene Ci4Hog

31 32.0086 1.4327 5-Methyl-Z-5-docosene Co3Hye

32 32.0775 1.4204 1-Decanol, 2-hexyl- Ci16H340

33 32.1309 1.3737 9-Undecenal, 2,10-dimethyl- C13H240

34 32.1629 0.9769 1-Heptadecene Ci7H34

35 32.2697 1.1676 1-Nonadecene CioHsg

36 32.3386 1.4593 Octadecane, 1-(ethenyloxy)- CaoH40O

37 32.3933 1.327 1-Bromo-11-iodoundecane C11HxBrI

38 32.4352 1.1782 .alpha.-[p-Chlorophenyl]succinic acid C1oHyClOy4

39 32.4931 1.252 1-Eicosene CooHao

40 32.5282 0.2345 1-Docosene CooHuy

41 32.5836 1.1581 Docosane CooHue

42 32.6459 1.3875 Tridecanedial C13H240,

43 32.6915 1.3292 1,2-Oxathiane, 6-dodecyl-, 2,2-dioxide Ci16H303S

44 32.7186 0.9614 1-Tetradecene Ci4Hog

45 32.7933 1.2608 1-Pentadecene Ci5H3o

46 32.8284 0.3198 1-Docosene CooHug

47 32.8901 1.3892 Hexacosane CosHsg

48 32.915 0.9716 1-Decanol, 2-hexyl- Ci6H340

49 32.9521 1.1199 Cyclooctane, 1,5-dimethyl- CioHzo

50 33.0099 1.4411 2-Heptadecenal Cy17H3,0

51 33.0368 0.9376 2-Heptadecenal Cy17H3,0

52 33.1116 1.2798 1-Nonadecene Ci9H3g

53 33.1442 0.3401 Tricosane Co3Hys

54 33.2136 1.3768 Hexacosane CosHss

55 33.2428 0.9577 Tetrapentacontane, 1,54-dibromo- Cs4Hi03Br

56 33.3006 1.3656 1,22-Docosanediol CoHyO2

57 33.3808 1.3789 Tetracosane Cz4Hso

58 33.4393 1.3507 2-Heptadecenal C17H3,0

59 33.4818 1.1913 Ethanol, 2-(tetradecyloxy)- Ci16H3402

60 33.5567 1.2834 1-Heptadecene Cy7H34

61 33.646 1.5743 2-Heptadecenal C17H3,0

62 33.691 1.3092 .alpha.-[p-Chlorophenyljsuccinic acid C1oHoClO4

63 33.7294 1.0596 1-Decanol, 2-hexyl- Cy16H340

64 33.8354 1.3444 1-Docosene CooHug
Continued next page
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Table 5 (Continued)
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PK | RT Area Percentage (%) | Component Chemical Formula
65 33.9215 1.5742 1H-Cyclopenta|c]furan-1-one, hexahydro-3,6,6-trimethyl- Ci10H1602
66 33.9954 1.4655 Tetracosane CosHso
67 34.0356 1.0458 1-Eicosene CaoHyo
68 34.133 1.4087 1-Hexacosene CyeHso
69 34.238 1.5087 1-Decanol, 2-hexyl- Cy16H340
70 34.288 1.1241 1-Hexacosene CyeHs
71 34.4328 1.2244 1-Docosene CooHyy
72 34.5324 1.5065 1-Decanol, 2-hexyl- Cy6H340
73 34.6439 1.6337 1-Nonadecene Ci9Hsg
74 34.688 0.9744 1-Nonadecene CioHsg
75 34.8462 1.3722 1-Nonadecene Ci9Hsg
76 35.0328 1.6627 1-Nonadecene CioH3g
77 35.1017 1.0678 Nonacos-1-ene CooHsg
78 35.2766 1.7096 1-Nonadecene CioHsg
79 35.3511 1.154 Heptacos-1-ene Co7Hsy
80 35.4791 1.3943 Heptacos-1-ene Cy7Hs4
81 35.5916 1.0839 1-Nonadecene CioHsg
82 35.802 1.5371 Nonacos-1-ene CooHsg
83 36.1839 1.2209 Hexatriacontyl pentafluoropropionate C39H73F50,
84 36.595 1.0975 Dotriacontyl heptafluorobutyrate CscHgsF-0Oo
85 36.8891 0.8963 Tricosane Co3Hys
Total 100
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