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Abstract

This paper presents findings of a study on solid wastes conversion into fuels
through pyrolysis of plastic materials, presenting an alternative renewable ap-
proach for waste management. Investigations were conducted on conversion
of polypropylene (PP), low-density polyethylene (LDPE) and high-density
polyethylene (HDPE) under normal and catalyst mediated process conditions.
Plastic wastes were collected from various dumpsites in Nairobi and segre-
gated using plastic resin codes to various classes. Samples were cleaned, dried
and shredded to 2 mm and fed into a pyrolysis reactor. The pyrolysis process
was conducted at between 220°C and 420°C. Pyrolysis gases were condensed
in a shell and coil condenser and the incondensable gases were stored in gas-
bags. Liquid fuels were analysed using Gas chromatograph with a mass spec-
troscopic detector and Fourier Transform Infrared Spectrometry. The results
revealed that the most optimal process conditions were a temperature range
0f 220°C - 420°C at a heating rate of 10°C per minute. Under these conditions,
the oil yields were 53.72% for PP, 62.10% for LDPE, and 64.14% for HDPE.
As the heating rate increased from 10°C/min to 20°C/min, gas yields in-
creased, rising from 28.05% to 31.12% in PP, 14.96% to 30.62% in LDPE, and
18.51% to 29.49% in HDPE. The introduction of Fe;Os and ALOs catalyst sig-
nificantly enhanced gas production during pyrolysis, increasing yields from
18% to 61% and 47% respectively.
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1. Introduction

The rapid increases in urbanization, population growth and economic activities
have led to increased demand for energy [1]. It has also led to the overuse of fossil
fuels, which is estimated to be responsible for 80% of global consumption which
is approximately 13.6 million metric tons per day, resulting to release of green-
house gases and other gases that lead to harmful environmental effects and global
warming [2].

Fossil fuel processing also goes with the production of plastics as low-grade
products. The global production of plastic has reached staggering levels, resulting
in an escalating environmental crisis due to the improper disposal and inefficient
recycling of plastic waste [3]. The extensive use of plastics in packaging, consumer
goods, and various industrial applications has led to the proliferation of plastic
waste, causing pollution of land, water bodies, and marine ecosystems [4]. Plastic
waste is the most common type of litter in the ocean, making up 80% of all marine
debris [5]. Fourteen million tons of plastic end up in the ocean each year, and
plastic is found in drinking water, carbonated beverages, salt, and other digestible
[6]. Plastic has been found to cause cancer and damage the body’s endocrine sys-
tem, as well as cause developmental, reproductive, neurological, and immune re-
lated disorders in humans. Micro plastics have even been found in human placen-
tas [7]. Currently, awareness of the implications of plastic wastes on the environ-
ment is increasing and, hence, micro-scale decisions towards overcoming this

challenge are being considered [8].

1.1. Plastic Waste Management

Conventional waste management methods, such as landfilling and incineration,
have proven inadequate in mitigating the environmental impact of plastic waste,
necessitating the exploration of innovative and sustainable approaches [9]. Plas-
tics are a type of hydrocarbon-based, flexible polymeric material that can be
moulded through the application of heat and pressure [10]. This flexibility al-
lows plastics to be fashioned into a wide variety of products for industrial and
household use [11]. In today’s world, the use of plastic is more widespread than
ever before. The increasing generation of wastes has led to significant chal-
lenges, as wastes accumulates without an effective method of disposal; thus re-
quiring innovative conversion techniques such as chemical, biochemical, ther-
mochemical and use of microbes in waste processing to energy and other prod-
ucts [12].

The European Union Action Plan for a circular economy introduced a strategy
for management of plastics, which aims to curb plastic pollution and its negative
impact on the environment [13]. The strategy suggests encouraging industrial
processes and innovations that utilize waste plastics as feedstock to create useful
chemicals for generation of alternative fuels from various wastes. This will incen-
tivize recycling of waste plastics, reduce the problems caused by them, and create

an alternative source of chemicals. This will promote a circular economy.
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1.2. Plastic Wastes as Energy Resources

Using waste plastics as an alternative feedstock for alternative fuel production has
advantages in that the plastics are produced from fossil fuels and their conversion
to hydrogen goes some way to minimize the use of fossil fuels by “recycling” the
hydrogen [14]. Pyrolysis is the degradation of organic materials under the effect
of heat and in the absence of oxygen. There is rising interest in the thermal con-
version of plastics into high-value outputs and pyrolysis-catalysis is considered as
a promising technology for plastic utilization [15]. Various research studies have
shown that different types of plastics can be converted into high-value products
like synthesis gas [16]. Producing alternative fuels from plastics is a promising
technology from both economic and environmental perspectives. However, the
main challenge is to increase the efficiency of fuels production from pyrolysis of
plastic waste. This study investigated the conversion of PP, HDPE, and LDPE into

liquid and gaseous alternative fuels under different pyrolysis conditions.

2. Materials and Methods

2.1. Plastic Wastes Collection and Preparation

The plastic waste was sampled from waste dumpsites in Nairobi, Kenya (Figure
1). The wastes were segregated using resin codes set by the ASTM (American So-
ciety for Testing and Materials) into code 5, for Polypropylene (PP), 4 for high-
density polyethylene (HDPE) and 2 for low-density polyethylene (LDPE). Com-
posites of each class were crushed using a blades and Cutters shredder, homoge-
nised, cleaned with detergents and sundried in the open facilitating consistent
heat transfer during the thermal degradation process. The shredded waste was

then transported to lab for pyrolysis experiments.

Figure 1. Selected study area for the collection of the plastic waste.

2.2. Processing of Plastic Wastes to Energy Resources

The pelletized plastic samples, each weighing 700 grams, were introduced into the
reactor in batch mode. The reactor was preheated to a temperature of 220°C prior

to sample loading. To ensure an oxygen-free environment, nitrogen gas was
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continuously purged into the reactor at a flow rate of 2 L/min, creating an inert
atmosphere conducive to the pyrolysis process. The temperature was increased to
420°C at a heating rate of 10°C /minutes.

2.3. The Pyrolysis Reactor Design

The experimental setup utilized a mild steel batch reactor (300 cm height, 30 cm

inner diameter, 50 cm outer diameter). As shown in Figure 2, the reactor includes

the following components:

¢ Waste Injection Port: Allows controlled feeding of plastic feedstock.

e Catalytic Chamber: Hosts catalysts (Fe,Os and ALO3) for optimizing cracking
reactions.

e Heating System: Externally heated helical coil ensuring uniform heat distri-
bution.

¢ Gas Cleaning Unit: Features silica gel and activated carbon for effective gas
purification.

¢ Cooling System: An efficient condenser recovers liquid oil from volatile gases.

The reactor, constructed with mild steel, provides excellent corrosion re-
sistance, thermal conductivity, and durability. Insulation minimizes heat loss, en-
hancing energy efficiency.

The reactor’s modular design enables scalability for industrial applications
while maintaining cost-effectiveness through locally sourced materials. However,
detailed specifications such as the material grades, thickness, and specific insula-
tion properties should be included to ensure reproducibility. Additionally, the de-
sign rationale, such as why mild steel was chosen over alternative materials, should
be explicitly stated to justify its suitability for high-temperature operations.

Pyrolysis was done aided by a fabricated batch reactor made of solid iron
(height 300 cm, inner diameter 30 cm and outer diameter 50 cm) as shown in
Figure 3 [17] [18]. The reactor parts are listed in Table 1, along with their speci-

fications

2.4. Dimensions and Operation

A gas cleaning and recovery chamber incorporating a condenser unit, a filtra-
tion system to remove impurities, and a non-condensable gas recovery unit. The
system also included temperature monitoring and control, using a thermocou-
ple to ensure precise regulation of heating rates and temperatures. The reactor
was constructed using mild steel for its high-temperature and corrosion-re-
sistant properties, high thermal conductivity to ensures efficient, uniform heat
distribution, enhancing energy efficiency, product quality, and reactor longevity
with additional insulation to improve energy efficiency. The reactor was encased
in aluminium with a concrete lining inside for thermal insulation and structural
durability. A Pyrolysis chamber made of mild steel (height 50 cm, inner diame-
ter 30 cm and outer diameter 40 cm) as shown in Figure 3 was adopted as de-
scribed in [18] [19].
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Figure 2. Drawing of the pyrolysis reactor showing its exterior parts.

Table 1. Detailed description of the numbering on Figure 2.

Number Description
1 1/2 inch ball valve with female connection
2 G 1/2 male Hex nipple
3 G 1/2 Female T piece
4 Drier (Silica granules chamber)
5 Y inch galvanised pipe
6 G 1/2 Pipe union
7 G 1/2 Female Elbow
8 G Pyrolysis Chamber Cap
9 Pyrolysis Chamber Reactor
10 3/4 inch Hot well for thermocouple connection
11 Electric Heater Coil
12 Heater Stand
13 Mounting Stand
14 Treatment Channel (Activated Carbon)
15 Condenser
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Figure 3. Schematic representation of the pyrolysis reactor with dimensions.

2.5. Pyrolysis Process Control and Conversion of Resultant Gases
to Fuels

The pyrolysis process was performed in an oxygen-free environment to avoid ox-
idation of the feed materials, with temperatures ranging between 220°C and
450°C. The reactor was preheated to a 220°C after which 700 g of plastic waste
was added. To ensure an oxygen-free environment, nitrogen gas was continuously
purged into the reactor to create an inert atmosphere. As the temperature rose,
the plastic was heated and broken down to liquid. With increase in temperature,
the liquid plastic’s structure long hydrocarbon chains break down into shorter
hydrocarbons, converting the liquid to gas [20]. A catalyst chamber integrated
into the reactor facilitated cracking reactions.

The resultant volatile gases produced were directed into a cooling system equipped
with a condenser and were condensed into liquid pyrolysis oil. Any residual mois-
ture in the gases were removed using a silica gel drying unit, ensuring that the prod-
uct stream was free of water vapor. The remaining gases were passed through an
activated carbon filter and air scrubber. The system’s design ensured efficient sepa-
ration and purification of the pyrolysis products, enhancing both process efficiency
and product quality. The waste samples were allowed to pyrolyze until no liquid oil
was seen condensing. This pyrolysis time was recorded, and all other gaseous by-
products were vented through silica gel drier and activated carbon filter. The oil and
gases were then collected and stored as the reactor was allowed to cool to ambient

temperature before collecting the ash residues (char) and weighed [21].

2.6. Pyrolysis Process Optimization

2.6.1. Heating Rate
The heating rate affects the thermal decomposition of plastics. Optimization of
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the pyrolysis process aimed at maximizing the yields of liquid oil and combustible
gases at minimal energy consumption. Heating rates of 10, 15 and 20°C/minute
were used to determine the optimal conditions for rapid yet efficient breakdown
of the feedstock [22].

2.6.2. Concentration

The feedstock concentration in the reactor influences heat transfer and product
distribution. Relative proportions of HDPE, LDPE, and PP were used to assess
how each plastic type contributes to oil yield, calorific value, and the formation of
by-products, with mixtures analysed to determine the optimal blend for maxim-

izing fuel production [23].

2.6.3. Temperatures

Pyrolysis operates within an optimal temperature range. Lower temperatures fa-
vour the production of oils, while higher temperatures shift the output toward
gaseous products. The efficiency of the condensation chamber, which converts oil
vapours into liquid, was assessed by adjusting its operating temperature and cool-
ant flow rate, aiming to optimize liquid oil recovery while minimizing hydrocar-

bon loss to the non-condensable gas stream [24].

2.6.4. Catalytic Conversion

Metal oxide catalysts Fe,O3; and AL,O; were introduced study effect on pyrolysis
reaction. The catalysts were evaluated for their effectiveness in increasing the rate
of polymer degradation and improving the quality of the liquid and gases prod-
ucts, thereby potentially increasing the overall yield of pyrolysis oil and combus-
tible gases [25] [26].

2.7. Performance Tests
The total % yield was calculated using the equation (1):

% Total Yield = ((M, — M, )x100) /M, (1)

where % Total yield is the total yield of liquid and gaseous products, M, is the
original mass of the plastic sample, M, is the mass of the char. The mass of lig-

uid oil ( M;) was obtained by weighing.
Qil yield (%0) = (M, x100) /M, (2)
Char yield (%Ch) = (M, x100)/M, (3)
Conversion to gas (G) was calculated by the given equation:

Gas yield (%G ) =100 (%0 + %Ch) (4)

2.8. Characterization of the Pyrolysis Products

Analysis of the functional group vibrations of the liquid and solid hydrocarbon
products was carried out using a Fourier transform infrared spectroscopy (FTIR)

(Bruker ALPHA) spectrophotometer between 4000 and 400 cm™ wavenumbers.
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Other physical properties including bulk density (p), calorific value, dynamic vis-
cosity (1) was measured using a precision weigh balance, digital bomb calorimeter
(C200/3/1) and a redwood viscometer respectively. Properties of the extracted fuel
properties including flash point (FP) were calculated using standard ASTM meth-
ods [27].

3. Results and Discussions

3.1. Physical Properties of Plastic Waste

Characterization of Feedstock
The physical properties of these materials are reported in Table 2 below.

Table 2. Physical properties of shredded plastic feedstock.

Plastic Bulk density (kg/m?®) Calorific value (kJ/kg)
LDPE 0.419 £ 0.017 53135.37 £ 0.16
HDPE 0.413 +0.003 49085.78 £ 0.18

PP 0.491 £+ 0.007 46300.00 £ 0.11

The calorific values were important to this experiment as they were used to as-
sess for suitability in the pyrolysis process. It was noted that plastics with high
calorific values are more desirable for energy recovery processes like pyrolysis.
The bulk density which affects the packing of the plastic feedstock in the reactor
was determined as it directly impacts heat transfer and overall yield.

These results for calorific values above agree with those reported by [27] earlier
of 42,100 kJ/kg, 45,700 kJ/kg and 41,100 kJ/kg for HDPE, LDPE and PP feedstock
respectively [12]. Pyrolysis of LDPE yields high amounts of short chain hydrocar-
bon oils e.g. Paraffin, which has a high calorific value. The study obtained bulk
densities for HDPE 0.584 kg/m?, LDPE 0.552 kg/m* and PP 0.574 kg/m’.

3.2. Pyrolysis Products

Pyrolysis is a thermal decomposition process in the absence of oxygen, where or-
ganic materials are heated to break down into smaller molecules, producing three
primary products: bio-oil, pyrolysis gas, and char. Bio-oil is a complex liquid mix-
ture of organic compounds that can be used as a biofuel or further processed into
chemicals. Pyrolysis gas, a mixture of gases like carbon monoxide, carbon dioxide,
combustible gases and methane, can be used for power generation or chemical
production. Char is a solid carbon-rich residue, which can serve as a fuel or be
used as bio char to improve soil quality. The pyrolysis process involves heating
the feedstock to high temperatures above 220°C to initiate thermal decomposi-
tion. The volatiles released are condensed into liquid bio-oil or collected as pyrol-
ysis gas, while the solid char remains in the reactor. The yield and composition of

these products depend on various factors, such as temperature, heating rate, and
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feedstock type. Optimization of pyrolysis involves adjusting these parameters to
improve product yield, efficiency, and quality. For example, higher temperatures
generally favour gas production, while lower temperatures promote bio-oil for-
mation. The heating rate significantly influence the products, with faster heating

typically resulting in more bio-oil and less char.

4. Characterisation of Pyrolysis Products

4.1. Physicochemical Properties

The results of testing the physicochemical properties of the pyrolysis oils are pre-
sented in Table 3.

Table 3. The conversion yields and physical properties of the fuels produced from various types of plastics.

Physicochemical properties Test method HDPE PP LDPE
Density (kg/m?3) ASTM D 2638-10 0.717 £0.13 0.704 = 0.3 0.706 = 0.54
Calorific value (kJ/kg) C200/3/1 49085.78 46,300 53135.37
Viscosity @ 28°C (Cst) Redwood viscometer 3.76 £ 1.72 23+1.72 3.13+1.72
Flash Point °C ASTM, 2018 40 40 39

One of the parameters that determines the quality of fuel is its density. Density
of pyrolysis oil was considered in this study as it influences factors including en-
ergy content and combustion efficiency as fuels with higher density contain more
energy per unit volume enhancing fuel efficiency according to a study conducted
by [28]. In a study by [29] the density of waste plastic pyrolysis oil was observed
at 0.75 kg/m’. The fuel derived from HDPE, PP, and LDPE manifested densities
of 0.706, 0.704, and 0.717 kg/m’, respectively, while the lowest density of 0.704
kg/m® was obtained for the PP-derived fuel. These values are significant as they
are comparable to the density of commercial fuels, such as gasoline and diesel.
Thus, the density of pyrolysis oil obtained in the range of 0.7 to 0.8 kg/m? corre-
sponded to the density of commercially sold diesel indicating suitability for use as
a fuel.

The calorific value of fuel is a measure of its energy content thus a significant
determinant in its utilization as an alternative source of energy. The values ob-
tained in this experiment were 49.09 MJ/kg, 46.30 MJ/kg, and 53.14 M]/kg for
HDPE, PP and LDPE respectively. These findings were within the range of con-
ventional petrol and diesel fuel oils as highlighted in the study by [30] who ob-
tained the calorific value for commercial sold petrol and diesel ranging between
35.166 and 42.057 MJ/kg. These oils are seen to consist of hydrocarbons just as
conventional fuels demonstrating similar energy content in a unit mass of fuel can
be compared to these conventionally sold fuels. The C-C chains in plastics are
however longer and therefore, pyrolysis helps crack this high molecular weight
fragments to low molecular weight fragments to obtain both gaseous and liquid
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products. The final oil products are however affected by contamination of the
feedstock materials which are waste plastics affecting the quality of oil produced.
The results obtained indicate that proper distillation would realize fuels that can
be used alongside conventional fuels such as diesel and petrol. The viscosity was
analysed to measure the resistance of pyrolysis oil to flow. Viscosity impacts the
combustion process as well the engine efficiency as indicated by a research [31].
The study focused on the influence of viscosity on diesel engines performance
with high viscosity attributed to poor fuel atomization and increase CO and HC
emissions thus affecting combustion efficiency. The viscosity of fuel is influenced
by factors such as feedstock type, temperature range, and pyrolysis conditions.
Higher viscosity fuels lead to increased fuel consumption, as well as higher engine
load and friction. The viscosity values of fuels derived from the pyrolysis of HDPE,
PP, and LDPE plastics were 3.76, 2.3, and 1.72 cSt, respectively, which are compa-
rable to those of commercially used high-speed diesel. [32] found a viscosity of 3.8
cSt for HDPE-derived fuels, similar to value of 3.76 cSt obtained. [33] reported 2.5
cSt for PP-derived fuels, which is comparable to observed value of 2.3 ¢St and 1.75
cSt for LDPE-based fuels, close to the obtained value of 1.72 cSt.

The flash point of a fuel is the temperature at which it emits enough vapor to
ignite when exposed to an open flame or spark. The given flash points for HDPE,
PP, and LDPE are 40°C, 40°C, and 39°C, respectively. These relatively low flash
points indicate that the pyrolysis fuels derived from these plastics have similar
flammability characteristics and are quite volatile, which is typical for fuels pro-
duced from plastic waste. Researchers [34] and [33] have reported similar flash
point values for fuels derived from the pyrolysis of various plastics. [34] reported
a flash point of 40°C for HDPE-derived fuel, while [33] reported a flash point of
39°C - 41°C for pyrolysis fuels obtained from PP and LDPE. These studies support
the notion that pyrolysis of plastics, particularly HDPE, PP, and LDPE, results in
fuels with comparable volatility, making them suitable for further refinement and

use as alternative fuels to conventional gasoline or diesel.

4.2. FTIR Analysis

Chemical Analysis of Fuel by FT-IR
The FT-IR spectra of liquid and solid products derived from the process is repre-
sented in Figure 4(a) and Figure 4(b).

To evaluate the chemical composition and the application of oils derived from
the Pyrolysis process of the three polymers, FTIR analysis was performed. This
analysis provides insights into the functional groups present and identifying any
impurities that may affect fuel properties.

The FTIR spectra of HDPE, LDPE and PP oils have more similarities than dif-
ferences since they all are generally made of hydro-carbons with chains of repeat-
ing methylene (CH,—) units. C-H sp* vibrations were detected at ~3026 cm™. The
appearance of several peaks between the range 1500 - 1600 cm™ (1461 and 1377
cm) confirmed the presence of C=C functional groups. These two functional

groups are an important occurrence since they confirm the forming olefins (olefi-
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nation) through thermal cracking of the long chains HDPE, LDPE and PP bonds
during the pyrolysis process [35]. Stretching vibration of C-H sp*-hybridised were
noticed at ~2950 cm™ including C-H bending vibrations across 1400 - 1500 cm™
[36]. Stretching O-H vibration modes of carboxylic and alkanes functional groups
were represented by the peaks at 2961 cm™ and 2908 cm™ repsectively. At 1458
cm’, the C-C stretching of alkanes’ and C-H bonds and aromatic rings of can be
seen [28]. C-H Bending vibrations of olefins and alkanes can be seen with the
peaks at 1374 cm™, 1162 cm™, and 964 cm™ [37]. Also, wavenumbers 1746 cm™
and 1169 cm™ indicate the presence of C=0/CO ester functional groups [38]. Fur-
ther analysis provided a quantitative comparison of peak intensities for example,
the peak at 1746 cm™ was found to have relative intensity ratios of 1.3:1 compared
to the peak at 2950 cm™, suggesting a moderate presence of oxygenated impurities
[39]. Minor peaks between 1450 and 1600 cm™ were attributed to aromatic com-
pounds, indicating incomplete cracking. The 3026 cm™ peak intensity, represent-
ing olefins, dominated the spectra, confirming efficient cracking of long-chain hy-
drocarbons [40]. Expanded analysis provided a quantitative comparison of peak
intensities. For example, the peak at 1746 cm™ was found to have relative intensity
ratios of 1.3:1 compared to the peak at 2950 cm™, suggesting a moderate presence
of oxygenated impurities. Minor peaks between 1450 and 1600 cm™ were at-
tributed to aromatic compounds, indicating incomplete cracking. The 3026 cm™
peak intensity, representing olefins, dominated the spectra, confirming efficient
cracking of long-chain hydrocarbons. Potential impurities identified included
oxygenated compounds (e.g., carboxylic acids and esters) and trace sulfur de-
rivatives, which may affect fuel stability and performance [41]. These impurities
necessitate additional refining for commercial applications. This detailed anal-
ysis improves the understanding of the chemical composition of the produced

oils.
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Figure 4. FTIR absorption bonds and functional groups present in pyrolysis oils (a) and
ash (b).

4.3. Composition of Non-Condensable Gas Fuels

The pyrolysis process led to the formation of carbon monoxide (CO), nitrogen ox-
ides (NO and NO,), sulfur dioxide (SO,), hydrocarbons (CiHy), and nitrogen oxides
(NOx) as shown in Figure 5. It was observed that hydrocarbons (combustible gases)
(CHy) dominate the gas composition with concentrations in the range of 100 thou-
sand PPM, while CO also shows consistently high value of 100 ppm. Nitrogen oxides
were also present at this sampling point and remained steady over time. The spec-
trum also included SO, in minimal variations. In comparison to the raw pyrolysis
gases, hydrocarbons (CxHy) are dominant after filtration while Carbon monoxide
(CO) are reduced indicating the effectiveness of passing the gases through the filter-
ing mechanisms. Nitrogen oxides and Sulfur oxides were considerably reduced dis-

playing negligible concentrations as a result of the filtration process.

4.4. Effect of Pyrolysis Parameters on the Production of Products

The pyrolysis experimental setup (shown in Figure 2 and Figure 3) contains a
non-isothermal, electrically heated reactor equipped an oil and gas collection unit.
The plastic waste (feedstock) degrades during heating into volatiles which make
their way through an in-built condenser where the condensates are cooled down
and collected as liquid (oil). The extra non-condensable fumes and gases continue
through to the gas collection chamber after a semi-purification process through
activated charcoal. The remainder char residue (after burning) in the reactor can

be later collected from inside the reactor after cooling for sampling and analysis.

4.5. Effect of Temperature

The effects of pyrolysis temperatures below 220°C on oil yield are presented in
Table 4.
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Figure 5. HDPE gas yield before and after upgrading with activated carbon and silica gel.

Table 4. Impact of pyrolysis temperature on product yields at a temperature range of 160°C - 220°C.

Impact of pyrolysis temperature range on product yields at a temperature range of 160°C - 220°C

Parameters PP LDPE HDPE
Mass (g) Yield %(w/w) Mass (g) Yield %(w/w) Mass (g) Yield %(w/w)
Solid Residue 416.86 £ 0.43 66.48 +£0.18 404.47 £ 0.13 76.75 £ 0.69 417.93 £ 0.22 77.73 £0.19
Liquid Oil 179.78 + 0.34 28.67 £0.76 97.62 £ 0.56 18.52 £ 0.47 102.12 £ 0.76 18.99 £ 1.05
Gaseous Product 30.35+£0.27 4.84 £ 0.61 24.87 £ 0.81 4.72 +0.23 17.55+0.12 3.26 £ 0.37
Total 627.00288 526.975 537.6108

From Table 4, pyrolysis of plastics at temperatures below 220°C generated high

amounts of solid residue, while liquid oil and gas were produced in smaller quan-

tities. The solid residue is generated because of the decomposition of plastics,
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which are composed of long-chain hydrocarbons. [42] noted that the decomposi-
tion of polymer chains is the breakdown of long-chain molecules into smaller
fragments or monomers. The bond-breaking process is influenced by the pyroly-
sis temperature, where higher temperatures facilitate the breaking of C-C bonds,
resulting in the formation of gas and liquid fuels while lower pyrolysis tempera-
tures favour the formation of high molecular weight fragments. Similar findings
were reported by [43] who worked with low-density polyethylene plastic waste.

These products are produced due to the breaking down of plastics. Plastics, being
long carbon chain by-products of the oil refinery process, consist of hydrocarbons
like petroleum. During pyrolysis plastics undergo significant chemical changes due
to heat. The organic polymer chains decompose into lower molecular weight com-
pounds, including gaseous and liquid fuels [44]. Figure 5 illustrates the results sug-
gest that HDPE and LDPE are viable waste materials for producing petroleum prod-
ucts such as gas, liquid oils through pyrolysis. The pyrolysis of PP, LDPE, and HDPE
at various temperature ranges showed distinct trends in fuel production. HDPE
yielded the highest liquid oil at 67.7%, followed by LDPE at 62.1%, and PP at 53.72%,
indicating HDPE and LDPE are more efficient in liquid fuel production as presented
in Table 5. Gas yields increased with temperature, with HDPE producing 31.07% at
400°C - 420°C, higher than PP (20.53%) and LDPE (20.3%), which aligns with stud-
ies by [32]. Solid residue yields were low, with HDPE producing the least (1.34%),
suggesting more complete pyrolysis compared to PP and LDPE. These trends are
consistent with findings by [37] [45] and [23].

Table 5. Effect of higher temperature ranges (220°C - 420°C) on product distribution, highlighting the shift from solid products to
more liquid production as the temperature rises.

PP LDPE HDPE
Parameters Temperafgre ranee Yield % Yield % Yield %
) Mass (g) (w/w) Mass (g) (w/w) Mass (g) (w/w)
220 - 350 322.31+0.95 53.72+0.42 37258 £0.19 62.1 +142 406.21 £0.12 67.7 £1.65
Liquid Oil 350 - 400 295.39 £0.12 49.23 +1.21 367.27 £0.26 61.21 +1.52 362.34 + 0.15 60.39 £1.17
400 - 420 289.99 £ 0.25 48.33 £0.76 361.96 + 0.13 60.33 +1.24 352.73 £ 0.23 58.79 = 0.57
220 - 350 168.3£0.11 28.05+091 89.75+0.3 14.96+1.11 111.09x0.1 1851 +1.06
Gas 350 - 400 179.73 £0.20 29.95+1.33 105.73+0.19 17.62+£0.27 116.13+£0.14 19.35% 1.62
400 - 420 186.42 £ 0.05 31.07 £0.11 121.82+0.26 20.3 +£0.43 123.16 £0.27 20.53 +1.13
220 - 350 5.2 +0.07 0.87+1.02 8.39%0.23 1.4 +1.68 8.03+0.16 1.34+1.52
Solid Residue 350 - 400 1031 +£0.19 1.72+092 11.31+0.14 1.88+1.29 7.83+0.28 131+1.15
400 - 420 5.32+0.23 0.89 £0.66 6.2 +0.25 1.03+047 8.39+0.06 1.4+ 1.46
220 - 350 486+0.29 0.81+028 732+0.21 1.22+0.68 7.21+0.19 1.2 £0.31
Wax 350 - 400 4.13+0.14 069161 4.68+0.07 0.78+047 5.68+0.24 0.95+1.00
400 - 420 3.18+0.10 0.53+0.52 4.06+£0.21 0.68+1.06 3.57+0.08 0.6 £ 0.56
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4.6. Heating Rate

Table 6 presents results that show the effect of varying heating rates on the prod-
uct distribution during the pyrolysis of three different polymers in the tempera-
ture ranges of 220°C - 420°C. The table reports the mass in grams and the yield
percentage (w/w) for the various products formed at different heating rates (10,
15, and 20°C/min).

Table 6. Impact of heating rates to production on product distribution for pyrolysis in the temperature range of 220°C - 420°C.

Parameters Heating ‘Rate o LDPE HDPE
“C/Min Mass (g)  Yield % (w/w)  Mass(g)  Yield % (w/w) Mass(g)  Yield % (w/w)
10 322.31 £0.16 53.72 £ 1.72 372.58 £ 0.13 62.1 £1.14 384.81 £ 0.12 64.14 £ 1.25
Liquid Oil 15 311.56 £ 0.25 51.93 £ 0.47 349.16 = 0.18 58.19 £ 0.87 352.75 £0.17 58.79 £ 0.92
20 284.69 + 0.12 4745 +1.13 331.6 £ 0.26 55.27 £ 1.36 334.58 £ 0.21 55.76 £ 0.64
10 168.3 £ 0.18 28.05 £ 1.05 89.75 £ 0.23 14.96 £ 1.67 111.09 £ 0.22 18.51 £ 0.68
Gas 15 178.82 £ 0.29 298 +£0.7 126.72 £ 0.19 21.12 £0.97 150.58 + 0.27 25.1+£0.5
20 186.7 £ 0.09 31.12 £ 0.61 183.72 £ 0.25 30.62 £ 0.49 176.96 £ 0.11 29.49 £ 0.18
10 5.2+0.27 0.87 £ 0.66 8.39 £ 0.1 1.4 +1.45 8.03 £ 0.16 1.34 £ 0.58
Char 15 5.15+0.14 0.86 £ 0.74 17.26 £ 0.07 2.88 £1.33 3.4+0.28 05713
20 4.89 £ 0.06 0.81 £0.33 5.76 £ 0.2 0.96 £ 0.53 3.6 £0.09 0.6 +1.64
10 4.86 £0.11 0.81 £0.53 7.32 £ 0.09 1.22 £ 1.67 7.21 £0.05 1.2+1.21
Wax 15 3.87 £0.22 0.65 £ 0.98 5.03 £ 0.24 0.84 £ 0.19 6.54 +£0.23 1.09 £ 0.52
20 2.64 £ 0.08 0.44 £ 1.62 4.5+ 0.08 0.75 £ 0.88 3.78 £ 0.1 0.63+1.3

The effect of heating rate is clearly illustrated in Table 6 where at low heating
rates, there is a general decrease in the conversion of products into liquid (oil)
phase whereas higher heating rates led to the formation of more gas phase prod-
ucts. At 20°C/min, liquid oil production drops to 47.45%, 55.27 and 55.76% for
PP, LDPE and HDPE respectively. At higher heating rates, for instance, when the
heating rate was raised from 10°C/min to 20°C/min, gas production increased
from 28.05 to 31.12%, 14.96 to 30.62 and 18.51 to 29.49% in PP, LDPE and HDPE
respectively. Lower heating (@10°C/min) broke down the feedstock into shorter
hydrocarbon chains (C9-C34) and the extended residence time of volatiles in the
reactor further broke down these short hydrocarbons into even shorter hydrocar-
bons (C1-C16). This led to the overall production of more gas and less liquid (oil)
as shown in Figure 6.

In comparison, at higher heating rates (i.e. 20°C/min), the short-chained hy-
drocarbons formed from the cracking process had little time to broken down fur-

ther because of a limited residence time of volatiles inside the reactor. This
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ultimately led to a decrease in the yield of gaseous products (high chain hydrocar-
bons) and an increase in liquid (oil) yield (see Table 7) [46]. Similarly, the yields
of wax and solid residue decrease with increasing heating rates. For example, wax
production in PP drops from 0.81% at 10°C/min to 0.44% at 20°C/min, and in
HDPE, from 1.20% to 0.63%. Solid residue also follows this pattern, with yields as
low as 0.81% for PP and 0.60% for HDPE at the highest heating rates.
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Figure 6. A comparison of products generation at different heating rates of 10, 15 and 20°C/min at 420°C

Table 7. Effect of catalyst on product distribution.

LDPE + Catalyst LDPE
Parameters Catalyst Type
Mass (g) Yield % (w/w) Mass (g) Yield % (w/w)
Fe20s 363.98 = 0.07 60.66 £ 0.25
Liquid Oil 406.21 £ 0.11 67.7 £ 0.38
AlLO; 2299 £0.2 38.32 £ 0.51
Fe;Os 370.42 = 0.08 61.74 £ 1.38
Gas 111.08 £ 0.19 18.51 £0.12
AlO; 283.09 £ 0.15 47.18 £0.11
Fe20s 6.52 £ 0.26 1.09 £ 043
Char 8.02 £ 0.06 1.34 £ 1.07
AlLQO; 10.37 £0.18 1.73 £0.18
Fe20s3 6.14 £ 0.24 1.02 £ 0.97
Wax 7.21 £0.28 1.2+ 1.5
AlLO; 6.59 + 0.09 1.1 +£1.22

4.7. Effect of Catalyst

The pyrolysis of LDPE was conducted using Fe,O; and ALO; catalyst, with each
catalyst tested separately to assess its impact on product distribution during py-
rolysis.

The results indicated that the oil yield with a catalyst was lower among the
measured categories. In contrast, the oil yield without a catalyst was higher. The

results also indicated that the gas yield with a catalyst was higher among the
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measured categories. However, the gas yield without catalyst resulted in a lower
proportion of fuel gas [47]. Therefore, gas, liquid oil and solid residue are pro-
duced during the pyrolysis of plastics, both in the presence and absence of a cata-
lyst as shown in Figure 7.

The increase in gas yield is attributed to the catalyst’s influence on the pyrolysis
reaction. During pyrolysis, LDPE produces straight and long hydrocarbon chains
containing carbon atoms. The catalyst promotes further breakdown of these
chains, favoring the formation of lighter, gaseous products. Thus, the catalyst pro-
motes production of fuel gas. Similar observations have also been made by other
authors [48]. These experimental findings demonstrated that reaction tempera-
tures, heating rates, and catalysts affected the distribution of products from the
plastics. As reaction temperatures and heating rates increased, oil yields and reac-
tion times decreased. The use of a catalyst in this experiment led to higher gas
yields while reducing both reaction times and heating rates. A study by [49] con-
cluded that the use of catalysts had a higher impact on the production of gaseous
hydrocarbons as compared to hydrocarbons due to the higher cracking process.
A reduction in the liquid oil yield by 44 wt.% was obtained in this research.

Product Yield With and Without Catalyst

=®-With Catalyst =®=Without Catalyst

450
400
350
300
250
200
150
100

50

Mass (g)

Liquid Oil Gas Char Wax

Products

Figure 7. Comparative study of the effect of catalyst on product yield.

5. Conclusions

The study aimed to address two significant challenges in developing countries,
such as Kenya: the energy crisis and plastic waste management. The results indi-
cate that pyrolysis of various plastics can generate fuel products that offer poten-
tial solutions for energy needs while reducing the accumulation of plastic waste
converting these pollutants into valuable energy resources.

This study focused on the performance testing of a plastic valorisation and pu-
rification system for production of alternative fuels. The calorific value and den-
sity of the feedstock materials for Polypropylene (PP), high-density polyethylene
(HDPE), and low-density polyethylene (LDPE) was done to determine their suit-

ability to produce alternative fuels. The reactor design focused on effectiveness
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and cost as locally soured materials were used while still achieving an energy effi-
ciency of 69%. The pyrolysis process was determined to be effective at tempera-
tures above 220°C as temperatures below this range resulted in high wax yields
and solid char. Temperature played a pivotal role in the product yields with tem-
peratures between 350°C and 420°C favouring the production of liquid and gase-
ous fuels. The addition of a catalyst affected the product distribution with a sig-
nificant increase in the gaseous fuels and a reduction in the overall reaction time.
The introduction of purification system demonstrated the effectiveness of acti-
vated carbon and silica gel in the removal of nitrogen oxides (NOx) and sulphur
oxides (SOx) thus addressing environmental concerns associated with pyrolysis
processes. The plastic feedstock passed through the reactor yielding liquid fuel
with HDPE producing 67.7% followed by LDPE at 62.1% and PP at 53.72%. The
calorific values reached 49.09 MJ/kg, 53.14 MJ/kg and 46.30 M]/kg for HDPE
LDPE and PP respectively and are comparable to those of traditional fuels and can
therefore be utilized as an alternative source of energy. Analysis through FTIR
revealed the presence of compounds typically found in gasoline and diesel.
Further studies and investments should focus on the refining of pyrolysis oil,
reactor design and utilization in internal combustion engines promoting sustain-

able energy solutions.
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