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Plastic waste is a global concern, driven largely by the widespread use of single-use plastics. Despite advances in
recycling technologies, scalable, and cost-effective plastic waste management solutions remain limited. Thermal
pyrolysis offers a complementary pathway for plastic waste valorisation through energy recovery, but conven-
tional processes are constrained by slow reaction rates, high energy demands, and low fuel yields. This study
introduces, for the first time, nanopyroxene as a novel catalytic additive for plastic waste pyrolysis in a locally
fabricated batch reactor, aiming to improve fuel yield and hydrocarbon distribution. A mixture of Low-density
polyethylene (LDPE), High-density polyethylene (HDPE), and polypropylene (PP) (2:1:2 ratio) was thermally
decomposed under catalysed and non-catalysed conditions. The physico-chemical properties of the resulting
plastic-derived fuel oils (PDFOs) were benchmarked against commercial diesel. Catalytic pyrolysis significantly
increased the fuel oil yield to 77 %, compared to 56 % from non-catalytic pyrolysis (p < 0.05). The catalyst
promoted the formation of light hydrocarbons (C;-Co) and reduced intermediate fractions but increased ultra-
heavy hydrocarbons (Cgs5-Cse), which potentially affects combustion efficiency. Physical characterisation
revealed no statistically significant differences (p > 0.05) between PDFOs and commercial diesel in key fuel
properties, all of which fell within recommended standards. However, PDFOs exhibited higher volatility, density,
and flammability, with lower flash and fire points (39 °C, 48 °C), suggesting suitability for high-energy com-
bustion applications. These findings demonstrate the potential of nanopyroxene to enhance fuel yield and quality
from plastic pyrolysis, though further optimisation, detailed catalytic mechanisms, and comprehensive envi-
ronmental impact assessments are necessary for large-scale adoption.

1. Introduction 9 % is recycled [9], a value significantly lower than the earlier estimate

of 12 % [10]. In Uganda, the production of plastic waste is steadily

Plastics are deeply embedded in our daily lives, with approximately
50 % used for single-use items like packaging and disposable products,
20-25 % for long-lasting infrastructure such as pipes and cable coatings,
and the rest in durable consumer goods like electronics, furniture, and
vehicles [1,2,3]. As plastic waste continues to rise, preserving the
environment demands more efficient and cost-effective waste manage-
ment strategies. However, traditional methods like landfills and incin-
eration often exacerbate environmental harm. For example, incineration
releases harmful greenhouse gases like CO5 [4], while landfills can lead
to toxic percolation into groundwater [5,6,7], underpinning the need for
reliable, scalable, and eco-friendly alternatives.

With millions of tons of plastic waste generated worldwide [8], only
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increasing, with an estimated 600 metric tons generated daily [11]. This
growing plastic waste problem, alongside the inadequate waste man-
agement infrastructure in many low-income countries, including
Uganda, amplifies the challenges of plastic disposal and management. If
left unaddressed, plastic accumulation could lead to severe environ-
mental consequences, including soil degradation, clogged waterways,
and urban flooding [12,13]. These impacts threaten the survival of
various species and the stability of ecosystems. As a result, recycling has
become a crucial measure to address these impacts, evolving into one of
the most dynamic sectors in the plastics industry today [10].

The most commonly used recycling technique is mechanical recy-
cling [10]; [14], but faces limitations with heterogeneous and
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contaminated plastics. Advanced valorisation strategies, such as pro-
ducing biochar-reinforced composites, have shown promise in
improving the mechanical and thermal properties of recycled polymers,
reflecting efforts to maximise plastic waste within a circular economy
[15,16]. However, in low-income settings like Uganda, where the
requisite material- processing infrastructure is limited and energy scar-
city is still a critical challenge, material recovery alone may not offer an
immediate solution. Energy recovery through pyrolysis presents a more
practical and locally adaptable pathway, converting plastic waste into
diesel-like fuels while directly addressing both waste accumulation and
localised energy demand [17,18,19].

Among energy recovery approaches, thermal pyrolysis has attracted
particular interest for its ability to convert diverse plastic wastes into
valuable hydrocarbon fuels under controlled conditions [20,21,17,22].
Typically conducted at temperatures between 450 and 800 °C, thermal
pyrolysis produces a carbonised char and a volatile fraction. The volatile
fraction can be further separated into condensable hydrocarbon oil and
non-condensable gas, which have high calorific values [23]. The quality
and composition of the resulting fractions are highly dependent on the
nature of the primary feedstock and reaction conditions, such as tem-
perature, pressure, and/or the use of additives. However, conventional
thermal pyrolysis remains a slow, energy-intensive process that often
results in low yields of usable products [24]. Moreover, the resulting
fuels may contain unsaturated hydrocarbons that contribute to envi-
ronmentally hazardous emissions such NOy and carbon monoxide [17],
although, blending with additives like ethanol can improve combustion
efficiency and reduce emissions [18]. Nonetheless, from an operational
standpoint, the cost structure of pyrolysis plants and their return on
investment remain misaligned, making the prospects of economic
viability challenging [25,26]. These limitations have driven the inte-
gration of catalysts to enhance yield, improve efficiency and reduce
energy consumption.

Previous studies have demonstrated the potential of catalytic ther-
mal pyrolysis for converting plastic waste into diesel-like fuels with
improved efficiency and fuel properties. For example Ni — Mo/laponite
catalysts have successfully been used to produce high-quality hydro-
processed pyrolysis oil from polypropylene [17,27]. A variety of other
catalysts, such as HZSM-5, FCC [28,29], natural zeolite ([30,31], 2018;
[32,33,34]), Red Mud [32], metal oxides [35,36], and heterogeneous
Ziegler—Natta catalysts [37,38,39] have been explored. These catalytic
processes typically produce low-carbon-chain hydrocarbons, including
gasoline-range products, which yield better results than thermal pyrol-
ysis ([24]). Whilst zeolites offer high selectivity for light hydrocarbons,
their high cost and tendency to deactivate are significant challenges
[40]. Silica-alumina [39] and mesoporous catalysts offer a balance of
performance, and clays provide a more economical alternative [41].
Despite these advancements, catalytic additives still face limitations in
yield, quality, and recovery efficiency [42], with catalytic pyrolysis
using catalysts like HZSM-5 producing only modest liquid yields, and the
quality of the resulting oils remaining suboptimal [43].

In recent years, nanoparticles have attracted scientific attention as
potential catalysts in pyrolysis [44], owing to their remarkable proper-
ties, including a high specific surface area, quantum size effects, and
unique nanocrystal shapes [35,36]. The use of nanoparticles has been
found to increase the contact area between the catalyst’s active material
and the surrounding gas or liquid phase, thereby enhancing the reaction
efficiency [45]. Among these, nanopyroxene, which is a synthetic
analogue of naturally occurring pyroxene minerals, shows promising
catalytic potential. Structurally composed of iron-silicate chains with
exchangeable sodium ions and hydroxylated surfaces, nanopyroxene
exhibits hydrophilic properties, negative surface charge, and strong ion-
exchange capabilities [46,47]. These properties can be further enhanced
by surface modification, allowing for tailored catalytic activity under
hydrothermal conditions [46].While previously applied in enhanced oil
recovery and residue asphaltenes breakdown [48,46], its catalytic role
in plastic pyrolysis remains unexplored.
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To address this knowledge gap, this study investigated, for the first
time, the catalytic potential of nanopyroxene in the pyrolysis of Low-
Density Polyethylene (LDPE), High-Density Polyethylene (HDPE), and
Polypropylene (PP) plastic wastes, using a locally fabricated thermal
pyrolysis reactor. Specifically, the study aimed to: (i) compare the yield
and composition of Plastic-Derived Fuel Oils (PDFOs) produced with
and without nanopyroxene catalysis; (ii) analyse the hydrocarbon dis-
tribution of the resulting oils; and (iii) evaluate the physico-chemical
properties of PDFOs relative to those of commercially available trans-
portation diesel in Uganda, to assess their suitability as alternative fuels,
especially in resource-constrained settings.

2. Methodology
2.1. Materials

Dichloromethane (DCM), with high purity (>99.8 % v/v; Sigma-
Aldrich); A reactor made out of welded stainless steel; Water, Drums,
Detergent Drying mesh; Condenser made out of brass; LPG Gas burner;
Stainless pipes; collecting jar; A gas chromatograph interfaced with an
Agilent Technologies 5975C mass spectrometer and triple-axis detector;
TVOC sensor (Resolution range: 0 to 50/0.01 ppm; Dimensions: 210 L x
60 W x 25 mm D (8.3 x 2.4 x 1.0"). The catalysts used for these ex-
periments were structurally modified nanopyroxene.

2.2. Sample collection

The feedstock used for this study were three different types of plastic
wastes i.e., HDPE, LDPE, and PP. These wastes were collected from areas
of Kihumuro campus and Mile Three in Mbarara city with the aid of
research assistants (cf. Fig. 1). These were packed in sacks and then
transported to Kihumuro at the Faculty of Applied Sciences and Tech-
nology (FAST) labs where the experiments were carried out.

The commercial oil, a diesel-type transportation fuel, was purchased
from a petrol station in Wandegeya, Kampala (Fig. 1). It was included in
the study for comparison to evaluate how plastic-derived oils compare
with refined fuel stock and to determine their potential suitability for
use in diesel engines.

2.3. Nanopyroxene synthesis and characterisation

2.3.1. Nanopyroxene synthesis

Nanopyroxene particles used in this study were synthesised
following the protocol that has been reported elsewhere [49,50]. The
synthesis followed a hydrothermal approach using a pretreated gel,
which was formed through the reaction of separately prepared acidic
and basic solutions. The acidic solution was obtained by dissolving
15.021 g of anhydrous FeCls hexahydrate in a diluted sulfuric acid so-
lution (prepared by mixing 18.067 g of concentrated HySO4 with 90 g of
deionized water) under continuous magnetic stirring at 300 rpm. The
basic solution was prepared by dissolving 60.129 g of sodium silicate in
a diluted NaOH solution (22.495 g of NaOH in 60 g of deionized water).
These solutions were gradually combined over a 10-min period, forming
a yellow gel. The resulting gel was then transferred into a 300 mL PARR
reactor and subjected to hydrothermal crystallization at 160 °C for 72 h
while being agitated at 300 rpm. Following the reaction, the crystallized
nanoparticles were separated by filtration and rinsed with deionized
water until the pH approached neutrality. A schematic representation of
the synthesis procedure is provided in Fig. 2. The recovered solid was
subsequently dried overnight at 25 °C, yielding nanopyroxene.

2.3.2. Nanopyroxene characterisation

The morphology and surface topology of the sample were charac-
terised using a JEM-2100 scanning electron microscope (SEM) from
JEOL Ltd., following the methods detailed elsewhere [51]. A small
quantity of each powder was mounted on a carbon tape affixed to a
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Fig. 1. Map showing the locations of the two sampling sites in Uganda: Mile 3 in Mbarara City where plastic waste was collected, and Wandegeya in Kampala, where
diesel oil samples were collected.
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Fig. 2. Schematic representation of the hydrothermal synthesis process of the nanopyroxene nanoparticles, as adopted from Sagala et al., [50]. The process involves
gel formation from acidic and basic precursors, followed by hydrothermal crystallization, filtration, and drying to yield nanocrystalline pyroxene with an aegir-
ine structure.

sample holder, and excess material was removed by gently tapping the

holder.

High-resolution transmission electron microscopy (TEM) was con-
ducted to further examine particle structure. For this, 0.5 mg of the

sample was dispersed in approximately 4 mL of ethanol and sonicated to
achieve uniform suspension. A few drops of the dispersion were then
deposited onto a Formvar/carbon-coated copper grid and left to dry.
Imaging was performed using an FEI Tecnai F20 field emission gun TEM
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(FEG-TEM) operated at 200 kV.

X-ray diffraction (XRD) analysis was carried out using a Rigaku
ULTIMA III diffractometer equipped with CuKa radiation. Scans were
performed over a 26 range of 3°-90° with a step size of 0.05° and a
counting rate of 1.0°/min, operating at 40 kV and 44 mA. Diffraction
data were processed using PDXL software (Rigaku), and crystallite sizes
were estimated via the Scherrer equation as implemented in the soft-
ware. Phase identification was conducted by matching the obtained
patterns with entries in the Crystallographic Open Database (COD).

2.4. Experimental setup

2.4.1. Reactor fabrication

A locally built, laboratory-scale, externally heated pyrolysis reactor
was designed and fabricated to decompose plastics, following the rec-
ommendations of Joshi & Seay [52]. Fig. 3 illustrates the schematic
representation of the plastic pyrolysis setup used in this study. The key
components of the pyrolysis system include a temperature regulator,
condenser, heat source, shell gas tank, insulator, and gas exit line. The
reactor, made of stainless steel, had an effective length of 480 mm and a
diameter of 150 mm.

2.4.2. Thermal and catalytic pyrolysis

Thermal and catalytic pyrolysis was conducted broadly following the
methodology outlined by Owusu et al. [22]. A plastic mixture feed of
500 g, with a ratio of 2:1:2 (LDPE: HDPE: PP), was used in the experi-
ment. The plastic wastes were washed using clean water and soap, rinsed
with clean distilled water and then dried under the sun. The plastics
were then shredded into pieces using a fabricated shredder to generate
pieces that were small enough to fit into the reactor through the inlet.
The pyrolysis reactor was then ignited to supply the energy needed for
the process. The temperature was gradually increased until it reached a
range of 330 °C-350 °C, which was maintained for approximately one
hour. Subsequently, the temperature was raised to around 450 °C and
held until the process was complete. This controlled temperature pro-
gression was crucial, as a rapid increase or exceeding 450 °C could result

Condeser

Condesate collection «——
vessel
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in excessive wax production, while temperatures below 300 °C would
cause incomplete feedstock melting, leading to higher char residue in
the reactor [53,52]. The recordings of the volume of liquid produced
were noted in time intervals of 20 min for 2 h after the first drop. The
experiment ran for about 120 min until the reaction was complete.
During the process, the waste plastics melted and cracked, releasing hot
pyrolysis vapours. These vapours travelled through distillation pipes
and were collected in a 5-L container, immersed in water, and the non-
condensed gases were flared to the atmosphere. The solid residue (char)
was also collected from the reactor after completion of the pyrolysis
cycle.

The pyrolysis process was first conducted without a catalyst, fol-
lowed by a second run using nanopyroxene powder as a catalyst, mixed
with the plastic waste at a polymer-to-catalyst ratio of 10:1, as recom-
mended by Owusu et al. [22]. The mass of the resulting liquid fuel (m)
was recorded at the end of each experiment. Each experiment was
performed in duplicate, with results varying by no more than +5 %. Fuel
oil yield was estimated based on mass, and total conversion percentage
was calculated using Eq. (1).

Percentage yield = % x 100% @

where m- is mass of the liquid product in grams.
M- Mass of sample feed in grams.

2.5. Characterisation of plastic derived fuel oil

The physical properties of the fuel oils, including flash point, density,
fire point, American Petroleum Institute (API) gravity, specific gravity,
smoke point, and flammability, were determined according to the
American Society for Testing and Materials (ASTM) standard test
methods [54]. These methods ensure consistency and reliability in the
evaluation of fuel characteristics. Density and API gravity were tested
using ASTM D4052, flash point using ASTM D56, fire point using ASTM
D92, smoke point using ASTM D1322, and flammability was inferred
based on the flash and fire points [54].

— > Pyrolysis reactor

Temperature regulator
Heating plate

SNesT Heat Source

Fig. 3. Annotated schematic representation of the experimental pyrolysis setup for plastic decomposition. The system consists of key components, including a
stainless-steel reactor (480 mm length, 150 mm diameter), external heat source, temperature regulator, condenser, gas tank, insulator, and gas exit line. The setup
was designed following Joshi & Seay [52] and was used for both thermal and catalytic pyrolysis experiments.
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The Total Volatile Organic Compounds (TVOCs) released into the
environment during fuel oil combustion were analysed using a TVOC
sensor (resolution range: 0-50 ppm; resolution: 0.01 ppm; dimensions:
210 L x 60 W x 25 mm (8.3 x 2.4 x 1.0"). The inclusion of TVOC
analysis provides a quantitative measure of volatile organic compound
emissions, which are contributors to air pollution and associated health
risks.

2.6. GC/MS analysis of condensable products

The chemical composition of the oils was assessed using the gas
chromatography/mass spectrometry (GC-MS) technique. The GC-MS
analyses were conducted with an Agilent Technologies 7890 A gas
chromatograph interfaced with an Agilent Technologies 5975C mass
spectrometer equipped with a triple-axis detector.

Sample preparation involved taking 500 pL of each oil sample,
diluting it to 2.5 mL with dichloromethane, and briefly sonicating the
mixture. The injection volume for each sample was 5 pL. Analytes were
separated using a capillary column (Agilent Technologies HP-5MS, 30
m x 0.25 mm i.d., film thickness: 0.25 pm; Santa Clara, CA, USA) with

20

10
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ultra-high purity helium gas (>99.999 %) as the mobile phase.

The initial oven temperature was set at 60 °C, ramped to 200 °C at a
rate of 10 °C/min, and then further ramped at 5 °C/min to 280 °C. The
mass source, quadrupole, and injector temperatures were maintained at
230 °C, 150 °C, and 300 °C, respectively. The most abundant signals in
each spectrum were identified by comparing the fragmentation patterns
from the mass spectra to the National Institute of Standards and Tech-
nology (NIST) library.

2.7. Data analysis and processing

Data processing and statistical analyses were performed using R
(version 4.4.0) in RStudio (2024.04.0 + 735). All statistical tests were
conducted at a 95 % confidence level (« = 0.05). Graphics, where
applicable, were generated using both R and OriginPro 2023. Mapping
was conducted using QGIS (version 3.36.2-Maidenhead).

1 2 3 4

Energy [keV]

Fig. 4. Characterisation of nanopyroxene using various techniques: (a) Scanning Electron Microscope (SEM) revealing uniform morphology and well-defined particle
structure; (b) High resolution transmission electron microscopy (HRTEM) providing detailed lattice imaging; and (c) Energy-Dispersive X-ray Spectroscopy (EDX)
confirming the elemental composition of the particles, primarily silicon (Si), iron (Fe), and oxygen (O), consistent with aegirine (NaFeSi;Og).
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3. Results and discussion
3.1. Nanopyroxene characterisation

The characterisation of the nanoparticles was consistent with results
previously reported [50]. X-ray diffraction (XRD) analysis indicated a
crystalline size of approximately 10 nm, while Brunauer-Emmett-Teller
(BET) analysis revealed a surface area of 178.0 mz/g.

3.1.1. HRTEM, SEM and EDX mapping

SEM imaging (Fig. 4a) revealed the well-defined structural integrity
of the nanopyroxene particles, showing a uniform morphology. HRTEM
(Fig. 4b) provides high-resolution images, highlighting the fine struc-
tural details of the material. EDX mapping (Fig. 4c) was used to verify
the elemental composition, showing that the nanopyroxene is primarily
composed of silica (Si), iron (Fe), and oxygen (O), which are consistent
with the expected composition of aegirine (NaFeSi;Og) [49].The EDX
results across multiple surface points confirm the uniform distribution of
these elements, further supporting the structural and chemical integrity
of the nanopyroxene.

3.1.2. X-ray diffraction (XRD) patterns of the synthesised nanopyroxene

Fig. 5 shows the X-ray diffraction (XRD) patterns of the synthesised
nanopyroxene, confirming the successful formation of the aegirine
structure. The obtained diffraction patterns closely match the standard
profile from the diffraction file (PDF) card #01-076-2564, as referenced
from the 2005 International Centre for Diffraction Data (ICDD). XRD
analysis was performed using the JADE V. 7.5.1 software for pattern
processing, identification, and quantification.

The hkl and 26 values, derived from the Crystallographic Open
Database (COD) file 9,000,327, indicate that the nanopyroxene crys-
tallises in the C12/c1(15) space group. The unit cell parameters were
determined as a = 9.6580 A, b = 8.7950 A, ¢ = 5.2940 A, « = 90.000°, p
=107.420°, y = 90.000°, and the unit cell volume was calculated to be
429.059 A%, with Z = 1. These structural parameters are consistent with
the characteristics of aegirine, confirming the formation of nano-
pyroxene with small crystalline domain sizes [46] [47] [50].

Results in Chemistry 17 (2025) 102573
3.2. Fuel yield

The mass balance yields of the experimental runs for mixed plastic
(LDPE, HDPE and PP) pyrolysis were determined in both the absence
and presence of a catalyst. The results (Fig. 6) show that in the absence
of the catalyst, the percentage yield was at 56 %, while in the presence of
the catalyst, the yield was at 77 %.

3.3. Comparison of physical characteristics of plastic-derived fuel oils in
the presence of catalyst with commercial oils

Comparing the Plastic-Derived Fuel Oil (PDFO) in presence of a
catalyst with Commercial Oil (X) shows a range of differences in their
physical properties (Table 1), although these differences were found not
to be statistically significant (p > 0.05).

Generally, PDFOs are more volatile and flammable than commercial
oils, but PDFO’s properties also suggest potential for specific industrial
applications with proper precautions. PDFO exhibited higher density
(863.75 kg/1 m®), and specific gravity (0.86) compared to Commercial Oil
(835 kg/m® and 0.85, respectively). This higher density, likely due to a
greater proportion of longer-chain hydrocarbons [19], makes PDFO
suitable for applications requiring higher energy content per unit vol-
ume, such as certain combustion engines [55], energy-intensive indus-
trial processes, or petrochemical feedstock [56]. However, its higher
density may pose challenges in refining, limiting its use in industries
reliant on lighter oils [57]. These findings align with Khan et al. [58],
who reported Waste Plastic Pyrolysis Oil densities of 747.7-794.3 kg/
m°, and are comparable to the EN 590 standard (820-845 kg/m3 at
15 °C) (CEN, 2009) [59].

Another key difference between the two oils lies in their flashpoint
and fire point. PDFO has a lower flashpoint (39 °C), and fire point
(48 °C) compared to Commercial Oil (50 °C and 56 °C, respectively),
making it more prone to ignition at lower temperatures. Whilst this
poses safety risks in handling and storage, it may be advantageous in
industries requiring quick combustion or high volatility for efficient fuel
use. However, its low flashpoint makes PDFO less suitable for applica-
tions prioritising safety and temperature stability. Notably, PDFO’s fire
point is higher than that reported for waste plastic pyrolysis oil (20 °C)
by Khan et al. [58], which could be attributed to the nature of feedstock.

300

250 -+

150 A

Intensity(cps)

100 A

T T T T

45 55 65 75 85

Two Theta

Fig. 5. X-ray diffraction (XRD) pattern for the synthesised nanopyroxene, confirming formation of the aegirine phase. The peaks match the standard aegirine pattern
(PDF card #01-076-2564, COD file 9,000,327), consistent with the C12/c1(15) space group and unit cell parameters a = 9.6580 10%, b = 8.7950 10%, ¢ = 5.2940 10\, B
= 107.420°.
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Fig. 6. Relationship between the percentage oil yield in the presence and absence of catalyst with reaction time. The yield was calculated by dividing the mass of the

oil produced by the mass of plastic feedstock used.

Table 1
Properties of PDFOs in presence of catalyst and commercial transportation diesel
oil.

Plastic Derived Oil Commercial Oil

Property (Units) in Presence of Catalyst

Density (kg/ m®) 863.75 835

API Gravity (OAPI) 32.46 34.97
Flashpoint ©0) 39 50

Fire point (°c) 48 56

TVOC Level (ppm) 0.38 0.37
Specific gravity 0.86 0.85
Smoke point High Very high

PDFO has a high smoke point, while Commercial Oil has a very high
smoke point, indicating PDFO may produce smoke and break down at
lower temperatures, making it less stable in high-heat environments.
Despite this, PDFO’s relatively high smoke point makes it suitable for
applications where high-temperature stability is less critical, such as
industrial heating processes, where its volatility and energy content are
advantageous. The smoke point (SP), the maximum flame height before
smoke formation [60], is influenced by aromatic content, with higher
aromatic fuels producing more smoke and lower flame heights [61]. The
higher SP of Commercial Oil suggests a lower tendency to produce soot,
while PDFO’s likely higher aromaticity may require refining to improve
stability and performance.

Both oils exhibit similar Total Volatile Organic Compound (TVOC)
levels — PDFO at 0.38 ppm and Commercial Oil at 0.37 ppm - indicating
comparable contributions to air pollution. Their relatively low TVOC
levels suggest suitability for use in environments requiring low VOC
emissions, such as closed industrial systems or areas with strict envi-
ronmental regulations. Notably, these values fall within the

Occupational Safety and Health Administration’s (OSHA) Permissible
Exposure Level (PEL) of 0.75 ppm and action level of 0.5 ppm [62].

3.4. Chemical characterisation of PDFOs

3.4.1. Effect of catalyst on hydrocarbon composition and distribution in
pyrolytic oils

The GCMS spectra (Fig. 7) show distinct differences in hydrocarbon
composition across pyrolysis oils with and without a catalyst, and
commercial oil. The catalysed PDFOs spectrum (cf. Fig. 7A; Table 2) is
characterised by generally less pronounced hydrocarbon peaks, except
for a dominant, highly pronounced peak at 30.45 min corresponding to
Bis(2-ethylhexyl) phthalate (Ca4H3304). This suggests that while the
catalyst may promote selective cracking, it may also favour the retention
or concentration of certain thermally stable plasticisers in the final
product.

In contrast, the uncatalysed PDFO shows a broader peak distribution
with a higher proportion of peaks (cf., Fig. 7B; Table 2) corresponding to
heavier hydrocarbons, including iodinated alkanes, with a dominant
nitrogen-containing aromatic compound (C;9H;2N203) at 40.21 min,
indicating less controlled thermal degradation and more complex by-
products and fewer lighter onesThe commercial oil spectrum, typical
of a refined product, shows a balanced distribution of peaks dominated
by straight-chain alkanes, with the most intense peak corresponding to
Cy6Hsg4 (cf., Fig. 7C; Table 2).

The carbon range distribution (Fig. 8) suggests the influence of the
catalyst on the cracking process and the subsequent hydrocarbon dis-
tribution. In the absence of a catalyst, PDFO produces fewer short-chain
hydrocarbons (C;-C4) at 7.2 %, compared to 13.2 % with the catalyst
and 9.7 % in commercial oil. This suggests that the catalyst enhances the
breakdown of larger molecules into smaller ones, increasing the pro-
duction of short-chain hydrocarbons. Similarly, in the presence of the
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Table 2
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GC-MS spectral data showing the compounds corresponding to the dominant peaks for the different fuel types: PDFO (catalysed), PDFO (uncatalysed), and the
commercial oils, and their respective retention times.

Fuel type

Retention time

Compound

Chemical formula

PDFO (catalysed)

PDFO (Uncatalysed)

Commercial Oil

9.45

11.19

12.13

13.31

18.71

30.45 (most dominant)
9.77

11.32

13.43

18.90

27.84

30.40

32.52
40.21(dominant)

9.66

11.53 (dominant peak)
13.78

16.38

19.13

21.94

24.33

26.15

31.15

Cyclodecane, methyl-

1-Tridecene

Benzophenone

Oxalic acid, allyl hexadecyl ester

1H- Tetrazol- 5-amine
Bis(2-ethyl(hexylphthalate)
2,4-Di-tert-butylphenol

Sulfurous acid, 2-ethylhexyl hexyl ester
Tetradecane, 1-iodo-

Dodecane, 1-iodo-

Octacosane, 1- iodo

Heptacosane

1,3-Benzene dicarboxylic acid, bis (2-ethylhyexyl)estet
Pyridine-3-carbonitrile, 1,2-dihydro-6-(1,3-
benzodioxol-5-yl)-2-0x0-4-phenyl-
Pentadecane

Hexadecane

Decane, 6-ethyl-2-methyl

Hexadecane

Nonane, 2-methyl-5-propyl
Hexadecane

Isolan

Heptocasone

Nonane, 2-methyl-5-propyl

Cl 1 H22
Ci3Hze
Ci3H100
C21Hzg04
CH3Ns
C24H3g04
C14H220
C14H3003S
Ci4H2ol
CioHosl
CogHs7l
Co7Hse
C24H3g04
C19H12N203

CisHs2
Ci6Hs4
Ci3Hog
Ci6Hz4
Ci3Hog
Ci6Hs4
C10H17N302
Co7Hse
Ci3Hog

30

N
o

Proportion (%)
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'

c1-c4 c5-C9  C10-C14
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Fig. 8. Bar plot showing the proportions of carbon ranges in different fuel types: PDFO (No Catalyst), PDFO (With Catalyst), and Commercial Oil. The x-axis
represents the carbon range categories, while the y-axis displays the proportion (%) of each category within the respective fuel type.
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catalyst, the proportion of light hydrocarbons (Cs-Co) increases, making
the distribution closer to that of commercial oil. These findings align
with the observations of Nisar et al. [63], who reported a broad range of
hydrocarbons (C4 to Cg;) from catalytic pyrolysis using a cobalt-doped
molecular sieve.

Similar to the previous studies [64,65,19], the middle chain hydro-
carbons (C19-C14 - diesel range; [66]) dominate the PDFOs. However,
these are lower in the catalysed PDFOs (27.2 %) than in the commercial
oils (36.5 %) and uncatalysed PDFOs (32.5 %). This suggests that the
catalyst favours the further cracking of middle hydrocarbons into lighter
fractions. In fact, in the case of heavy hydrocarbons (C;5-C;9), PDFO
without a catalyst produces the highest proportion (18.2 %), while the
catalyst reduces this to 14.3 %, closer to commercial oil at 12.2 %. A
similar trend is observed for very heavy hydrocarbons (Cz¢-C24), where
the catalyst significantly reduces their proportion from 36.4 % (without
a catalyst) to 6.6 %, aligning closely with commercial oil at 6.3 %.

However, the distribution of ultra-heavy hydrocarbons (Cy5-C29 and
C30-Cs6) shows a slight increase with the presence of a catalyst. For
example, Co5-Co9 hydrocarbons increased from 3.3 % (uncatalysed) to
7.1 % in the catalysed PDFO, compared to 3.2 % in commercial oil, while
C30-Cs¢ hydrocarbons rose from 0.2 % in uncatalysed PDFO to 1.7 % in
the catalysed PDFO, exceeding the 0.6 % observed in commercial oil.
This observation suggests that whilst the catalyst effectively promotes
cracking of heavy hydrocarbons into lighter fractions, it also results in
the formation of small amounts of ultra-heavy hydrocarbons, potentially
as a by-product of incomplete cracking. These ultra-heavy fractions,
although present in low proportions, could negatively impact combus-
tion efficiency.

3.4.2. Catalytic mechanism of Nanopyroxene in plastic waste pyrolysis

Nanopyroxene’s catalytic efficacy in plastic waste pyrolysis is likely
driven by its transition metal ions (e.g., Fe®!/Fe®*") embedded within its
inosilicate structure, which enable redox reactions critical for polymer
degradation [67]. During pyrolysis, these metal sites lower the activa-
tion energy for C—C and C—H bond scission, promoting cracking and
dehydrogenation of plastic-derived intermediates into lighter hydro-
carbons, thereby enhancing fuel yield and optimizing hydrocarbon
distribution. The high surface area of nanopyroxene nanoparticles
(20-50 nm) facilitates adsorption of polymeric fragments [67].
Although direct studies on nanopyroxene in pyrolysis were not mecha-
nistically detailed in this study, its mechanism aligns with transition
metal-based catalysts used in similar processes [46], suggesting that Fe-
mediated redox cycles are central to its performance.

3.5. Comparison of Nanopyroxene’s potential with other catalytic
additives

The results of this study demonstrate that nanopyroxene significantly
improves fuel yield in the mixed thermal pyrolysis of LDPE, PP, and
HDPE, increasing the yield from 56 % without the catalyst to 77 % with
it. This contrasts with Bagri & Williams [30], who reported a reduction
in oil yield from 95 % (without catalyst) to 85 % with a Y-zeolite cata-
lyst, highlighting differences in catalyst performance. Conversely,
Saeaung et al.[33] found oil yields of 47 %-70 % from these plastics
while using LTA zeolite catalysts, showing that nanopyroxene performs
competitively, especially when compared to these zeolite catalysts.

Nanopyroxene also alters the chemical distribution of pyrolysis
products, as discussed in Section 3.4.1. This mirrors Saeaung et al.
[33]’s findings with LTA zeolite catalysts, which also revealed enhanced
light hydrocarbons. However, nanopyroxene produced a slightly lower
proportion of light hydrocarbons than zeolite catalysts. Whilst LTA ze-
olites increased gasoline-range hydrocarbons, nanopyroxene’s distri-
bution is closer to commercial oil used in this study, though LTA zeolite
catalysts seem to outperform in light hydrocarbon production.

Nanopyroxene significantly reduces the fraction of heavy hydrocar-
bons (Cg0-Cz4), consistent with the catalytic cracking behaviour

10

Results in Chemistry 17 (2025) 102573

observed by Mikulec & Vrbova [68] using natural zeolites. Mikulec &
Vrbova [68] suggested that zeolite catalysts promote the cracking of
heavy hydrocarbons, which nanopyroxene also appears to do effec-
tively. A notable difference in our findings is the slight increase in ultra-
heavy hydrocarbons (Cy5-Ca9 and C3p—Csg), from 3.3 % to 7.1 % and
from 0.2 % to 1.7 %, respectively, when nanopyroxene is used. These
values exceed those seen in commercial oil, which is quite unusual.
Mikulec & Vrbova [68] did not observe such a trend with zeolites,
suggesting that nanopyroxene may offer enhanced selectivity for heavier
fractions. This behaviour could be advantageous for specific industrial
applications, such as the production of heavy lubricants or fuel oils,
though further investigation is needed to assess its implications for
processing efficiency and catalyst stability.

When compared to other catalytic additives like Y-zeolite, ZSM-5,
and silica-alumina, nanopyroxene demonstrates a balanced trade-off
between yield and product distribution. Panda & Singh [69] reported
that silica-alumina catalysts increased liquid yields up to 82.58 % in PP
pyrolysis; however, nanopyroxene appears to offer better control over
both light and heavy hydrocarbon fractions. While the differences in
yield can be partly attributed to the difference in the feedstock, the
observed reduction in very heavy hydrocarbons (Cg0—C24) and the
controlled increase in ultra-heavy hydrocarbons (C25—Cag and C3p—Csg)
suggest that nanopyroxene provides more flexibility in tailoring the final
product distribution. In contrast, zeolite catalysts typically favour ligh-
ter fractions.

Despite its relatively lower BET surface area (178.0 m2/g), as re-
ported in this study and corroborated by Hmoudah[48], nanopyroxene
surpasses that of red mug clay (27.49 m?/g), but remains significantly
lower than ZSM-5 (412.0 m?/ g) as reported by Lopez et al. [32]. This
difference likely accounts for nanopyroxene’s reduced efficiency in
cracking and reforming large hydrocarbon molecules from high-
molecular-weight polymers when compared to ZSM-5.

4. Conclusion

This study demonstrates that nanopyroxene-catalysed pyrolysis can
significantly enhance oil yield and improve the hydrocarbon distribu-
tion towards lighter fractions, offering a potentially valuable waste-to-
fuel pathway. Thermal catalytic pyrolysis of mixed waste plastics
(LDPE, HDPE, PP) using nanopyroxene produced char, condensable, and
non-condensable gases, with a maximum oil yield of 77 % (catalysed)
versus 56 % (non-catalysed). Extending the holding time by incremental
20 min, increased fuel yield until stabilisation, with the catalyst
enhancing light hydrocarbon (C1-Cg) production and reducing middle
(C190-C14) and heavy hydrocarbons (C15-Ca4). Despite improving the
hydrocarbon profile to resemble commercial oil, catalysis increased
ultra-heavy hydrocarbons (Cp5-Cse), potentially affecting combustion
efficiency.

PDFOs exhibited higher volatility, density, and flammability than
commercial oil, with a lower flashpoint (39 °C) and fire point (48 °C),
making it ideal for niche applications requiring high combustion energy,
while commercial oil remains preferable for conventional, stable ap-
plications. PDFO’s high smoke point and similar volatile organic com-
pound (VOC) levels to commercial oil indicate usability in low-VOC
environments.

A detailed sustainability assessment is recommended to evaluate the
environmental, economic, and social impacts of this catalytic pyrolysis
approach in practical waste management scenarios.

5. Strengths, limitations and future prospects
5.1. Strengths
This study presents a novel application of nanopyroxene as a cata-

lytic additive in the pyrolysis of plastic waste, contributing new
knowledge to the development of alternative catalysts for sustainable
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fuel production. The use of a locally designed thermal pyrolysis reactor
demonstrates practical relevance and potential scalability, particularly
for low-income regions facing pressing plastic pollution and energy
scarcity. By focusing on the most abundant environmental plastics
(LDPE, HDPE, and PP), the findings are broadly applicable to typical
real-world waste streams.

5.2. Limitations and future work

In this study, the polymer-to-catalyst ratio was fixed at 10:1, based
on prior literature, and was not varied, which limits understanding of
how catalyst loading affects product yield and quality. Similarly, oper-
ational parameters such as temperature and reaction time were also held
constant, restricting further optimisation specific to nanopyroxene’s
catalytic behaviour under different reaction conditions. The detailed
characterisations of gaseous and solid by-products extended beyond the
scope of this manuscript. A comprehensive mass and energy balance,
including calorific value determination of the fuel oils and quantifica-
tion of all by-products, was not performed. While char and non-
condensable gases were qualitatively observed during pyrolysis,
detailed chemical characterisation and yield estimation of these by-
products extended beyond the scope of this work. Furthermore, the
experiments were conducted at laboratory scale, and potential chal-
lenges related to scale-up and catalyst longevity remain unexplored.
Emissions and broader environmental consequences of catalytic pyrol-
ysis process are essential areas for future assessments. Additionally,
Future studies should explore catalyst modification or post-treatment
strategies to further improve the fuel purity and reduce the presence
of plasticiser-related compounds.
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