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OBJECTIVESThe objective of this research is to determine the
physical properties and chemical composition of the pyroly-
sis oil (PO) derived from waste tires and plastics (HDPE and
PP), and to compare these characteristics with commercial
fuels such as gasoline, kerosene, and diesel. METHODS Pyrol-
ysis was carried out at 350°C for 4 hours. The produced PO
is divided into two types, PO collected in a container (PO C)
andPOcollected ina tar trap (POT).RESULTSTheresult shows
that the physical properties of POHDPEC are similar to gaso-
line with a density of 0.807 g/mL, dynamic viscosity of 0.623
cP, and kinematic viscosity of 0.771 cSt. However, its calorific
value is still very low. PO PP C has a calorific value almost
comparable to commercial fuel of 38.24 MJ/kg. Meanwhile,
the physical properties of PO tires do not meet the required
characteristicsof fuel. GC/MSanalysis reveals thatTireC1 (or-
ganic phase) has a high content of olefin and aromatic com-
pounds, around 39.29% and 27.91% respectively. PO HDPE C
and PO PP has relatively high content of paraffin and olefin
groups but lacks aromatic compounds. However, PO PP has
the highest paraffin content among other POs, about 66.55%.
CONCLUSIONS The paraffin content in all commercial fuels
tends to be the highest because paraffin provides the most
energy during combustion. Therefore, PP derived Pyrolysis
Oil is suggested to be more value added compared to other
PO for use as fuel.

KEYWORDS plastic waste pyrolysis; pyrolysis; tires waste py-
rolysis

1. INTRODUCTION

World energy reserves continue to change along with ad-
vances in technology, exploration, and global energy needs.
The use of fossil fuels as the main energy source is increas-
ingly rare and expensive. In addition, the use of fossil fuels is
unfavorable for environmental, remembering the emissions
produced are the main contributor of greenhouse gases
emissions and these materials are non-renewable (Environ-
mental Protection Agency (EPA) 2021; Karmaker et al. 2020)
Meanwhile, increasing waste productionmakes a landfill be-
came increasingly full (Subekti et al. 2023).

Pyrolysis is a thermal decomposition process that con-
verts materials in high temperatures and vacuum condition
or less of oxygen (Thahir et al. 2021), so that CO2 emission lev-
els are low and pollutants can be minimized (Dai et al. 2022).
The result of this process is solid, liquid and gaseous. The
solid product is a charcoal, the liquid product are tar and
oil, and the gaseous product is synthesis gas (syngas) (Pa-
pari et al. 2021). The yield of pyrolysis products also depends
on the temperature applied. Research by Garcia-Perez et al.
(2008) demonstrated that pyrolysis at temperatures of 450-
475°C produces the highest amount of oil. Temperatures of
350-450°C yield more charcoal than oil, while pyrolysis at
temperature above 500°C results in a higher production of
gas. Additionally, variations in pyrolysis temperature result
in oil with chemical components that do not differ signifi-
cantly (Figueiredo et al. 2009).

Pyrolysis oil is one the most valuable pyrolysis product
because it is potentially used as fuel. This oil can be a more
sustainable alternative to fossil fuels, remembering materi-
als obtained from renewable sources (Bharath et al. 2020).
However, further studies are needed to ensure the quality
and performance of pyrolysis oil. Characterizing the oil is a
crucial initial step in assessing its efficiency and safety for
use as fuel. Comprehensive analysis of physical properties
such as density, viscosity, calorific value (Ra et al. 2008) and
flammability (Rivera et al. 2012) is necessary, as these factors
affect engine combustion (Ra et al. 2008). Additionally, iden-
tifying the chemical composition and presence of hazardous
compoundsorpollutants is essential to determine thepoten-
tial risks associated with the use of pyrolysis oil (Mishra and
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FIGURE 1. Schematic of the pyrolysis equipment.

Mohanty 2022).

Thechemical compoundcontent inpyrolysis oil depends
on the type of rawmaterial (Olalo 2021). Generally, the main
content in this oil is a volatile hydrocarbon as a fuel compo-
nent (Bharath et al. 2020). In research by Umeki et al. (2016)
tire pyrolysis oil contains C7-C14 with the largest percentage
of single ring alkyl-benzene and polycyclic aromatics. The
calorific value obtained of 42MJ/kg, the dynamic viscosity of
5.39 cP at 20°C, and the density of 0.930 g/cm3 that enable to
be applied as fuel. HDPE plastic pyrolysis oil has a calorific
value of 40.50MJ/kg, the viscosity of 5.08 cSt at 40°C, and the
density of 0.890 g/cm3 at 15°C. PP plastic pyrolysis oil has a
calorific value of 40.80MJ/kg, the viscosity of 4.09 cSt at 40°C,
and thedensityof0.860g/cm3 at 15°C that similar to theprop-
erties of conventional diesel (Maqsood et al. 2021). To under-
stand the extent to which pyrolysis oil can be used as fuel, it
is necessary to compare its characteristicswith thoseof com-
mercial fuels such as gasoline, kerosene, and diesel. The re-
sults of this comparison will provide insight into the advan-
tages and disadvantages of pyrolysis oil, allowing for its po-
tential application as a fuel.

Pyrolysis technology offers attractive innovation by recy-
cling various types of waste, including rubber, plastic, and
biomass tobehigh-valueproducts (Dai et al. 2022;Wanget al.
2020). Pyrolysis can be a good solution not only related to
the requirements of sustainable energy needs, but also to
solve waste problems (Sharma et al. 2021). In this research,
some various raw materials as waste motorcycle tires and
plasticHigh-Densitypolyethylene (HDPE)andpolypropylene
(PP) waste. The objective of this research is to characterize
the pyrolysis oil produced from tires and plastic waste and
to evaluate its suitability for use as commercial fuels such as
gasoline, kerosene, or diesel.

2. RESEARCH METHODOLOGY

TABLE 1. Pyrolysis oil products obtained.

Raw material Container Tar trap

Tire
Tire C1 (organic

phase) Tire T

Tire C2 (aqueous
phase)

HDPE HDPE C HDPE T

PP PP C PP T

2.1 Tools and materials

Various tools were employed in this research, including py-
rolysis equipment system, pycnometer, viscometer Oswald,
separating funnel, and an analytical balance. In addition,
some instrument such as bomb calorimeter and Gas Chro-
matography/MassSpectrometrywereemployed. Meanwhile,
the materials used in this research are waste motorcycle
tires,wasteplasticsofHDPE(High-DensityPolyethylene)and
PP (Polypropylene), and deionizedwater.

2.2 Pyrolysis process

The pyrolysis process is carried out on two types of raw ma-
terials, that is tires and plastic waste (HDPE and PE). The tire
waste is from usedmotorcycles tires, while the HDPE plastic
used comes from colored plastic bag waste, and the PP plas-
tic from laundry plastic waste. The pyrolysis conditions are
appliedwith the same treatment of all startingmaterials. Be-
fore initiate the pyrolysis process, both used tires and plastic
waste are cut into small pieceswith each rawmaterial weigh-
ing about 4 kg. After cutting, the raw materials are washed
anddriedunder sunlight for a day to remove impurities. Sub-
sequently, thematerial is inserted into thereactor, and there-
actor is sealed tightly. The system ismade airtight to prevent
the entry of oxygen. The pyrolysis process is conducted for
4 hours by controlling the reactor temperature using a ther-
mocouple. Pyrolysis is conducted at a temperature of 350°C
for energy efficiency.

The pyrolysis products are generated and collected in
four vessels, that are container, tar trap, and gas trap, as well
as producing charcoal that remains in the reactor (see Fig-
ure 1). Container are used to collect the pyrolysis oil products,
while tar traps are used to collect the tar products formed.
However, it is possible that some of the pyrolysis oil products
may condense early and enter the tar trap. The gas trap is
addedwithasoapsolutionto trapthegases formedsotheydo
not escape and pollute the environment. This study focuses
on characterizing the pyrolysis products, specifically the oil,
found in the container and tar trap.

2.3 Physical properties analysis

2.3.1 Density analysis

Density (specific gravity) is a measure of the ratio of mass of
anobject per unit volume. The analysis is conducted todeter-
mine themoleculardensity of POTandPOP. Thedensity anal-
ysis utilizes a 5mL-sides pycnometer. The analysis including
the blank (deionized water) and all PO samples. The density
calculation is performed using the following equation.

ρ =
W1 − W0

v
(1)

Where:

1. ρ = density (g/mL)
2. W0 =weight of pycnometer (g)
3. W1 =weight of pycnometer + sample (g)
4. v = sample volume (mL)

2.3.2 Viscosity analysis

Viscosity analysis is carried out to determine the viscosity of
POT and POP. The viscosity analysis is conducted using an
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FIGURE 2. Pyrolysis products of Tire C1 (A), Tire C2 (B), Tire T (C), HDPE C (D), HDPE T (E), PP C (F), and PP T (G).

Ostwald viscometer with deionized water as the reference
substanceat a temperatureof 30 °C. Theviscosity analysis in-
cluding dynamic and kinematic viscosity. Dynamic viscosity
is calculated using the following equation.

µ = µ0
t1 − ρ1
t0 − ρ0

(2)

Where:

1. µ = dynamic viscosity of sample (cP)
2. µ0 = dynamic viscosity of the reference substance (cP)
3. t1 = sample flow time (s)
4. ρ1 = sample density (g/mL)
5. t0 = flow time of the reference substance (s)
6. ρ0 = density of the reference substance (g/mL)

Meanwhile, kinematicviscosity is calculatedusing the follow-

ing equation.

v =
µ

ρ
(3)

Where:

1. v = kinematic viscosity of the sample (cSt)
2. µ = dynamic viscosity of the sample (cP)
3. ρ = sample density (g/mL)

2.3.3 Calorific analysis

Analysis of the calorific value of pyrolysis products is con-
ducted using bomb calorimeter. The purpose of this analysis
is to determine the heat of fusion value of pyrolysis product.
This information is crucial for determining thequality andef-
ficiency properties of the fuel in the pyrolysis oil.

FIGURE 3. Experiment results for the physical properties analysis of pyrolysis oil.
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FIGURE 4. Experiment results for the flash point test of PO Tire T (a), Tire C1 (b), Tire C2 (c), HDPE T (d), HDPE C (e), PP T (f), and PP J (g).

2.3.4 Flammability test

The flammability test is conducted to determine how easily
the pyrolysis oil can be ignited by flame. The flash point anal-
ysis is performed in a simplemanner by ignitingPOproducts
using an open flame. Awooden stick is dipped into the pyrol-
ysis oil with a depth of 2.50 cm, and then it is ignited using
flame. The results of the flash point analysis on the pyroly-
sis oil are identified based on whether a flame occurs or not,
serving as an indicator.

2.4 GC/MS analysis

Gas Chromatography-Mass Spectrometry (GC-MS) analysis
is performed to identify the chemical compound present in
the pyrolysis oil (PO). The GC-MS instrument used is the
QP2010S Shimadzu. The capillary column employed is the
Agilent DB-5MSwith a length of 30m, internal diameter (ID)
of 0.250 mm, and a film thickness of 0.250 µm. The anal-
ysis process starts at an initial temperature of 40°C with a
hold timeof 4minutes, followedby a column temperature in-
crease until it reaches 300°C. Helium (He) is used as the car-

rier gas at a constant flow rate of 0.780mL/min.

3. RESULTS AND DISCUSSION

The pyrolysis process in this research was influenced by the
conditions during pyrolysis, particularly high temperatures
for decomposing these materials. Higher temperatures can
speed up the process, although they require a sufficiently
high heat energy input. In this research, pyrolysis was car-
ried out at temperature of 350°C, at which point the rawma-
terial can undergo decomposition. For the purpose of char-
acterizing pyrolysis oil (PO), this temperature is chosen for
energy efficiency, and variations in pyrolysis temperature do
not significantly affect the chemical composition of the PO
(Figueiredo et al. 2009). Prior to the pyrolysis process, tires
andplasticwastearewashedanddried first to remove the im-
purities. If not cleaned, impurities in the raw materials can
evaporate and condense, contaminating the (PO). Contami-
nants cancause changes in the characteristic of thePO. Table
1 belowshows theproducts obtained to facilitateunderstand-
ing in naming the pyrolysis oil products.

FIGURE 5. GC/MS chromatogram of Tire C1, Tire C2, and HDPE C.
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TABLE 2. Pyrolysis oil products obtained.

Chemical compound Chemical formula
% Area

Tire C1 Tire C2 HDPE C

1-hexane C6H14 0.46 - 2.07

1-heptane C7H16 0.42 - 6.25

1-octane C8H18 - - 6.68

1-nonane C9H20 0.33 - 4.13

1-decane C10H22 0.31 - -

Dodecane C12H26 - - 6.33

4-methyl heptane C8H18 - - 1.99

2,2,4-trimethyl pentane C8H18 1.28 - -

2,4-dimethyl heptane C9H20 - - 0.34

4-methyl decane C11H24 - - 0.53

Methyl cyclopentane C6H12 0.43 - 1.02

1,2,3- trimethyl cyclopropane C6H12 0.46 - -

Methyl cyclohexane C7H14 - - 1.67

Ethyl cyclohexane C8H16 - - 0.45

1,4-dimethyl cyclohexane C8H16 0.54 - -

1,3,5-trimethyl cyclohexane C9H18 - - 0.78

1-heptene C7H14 0.47 - 7.18

2-heptene C7H14 - - 0.85

1-hexene C6H12 0.43 - 5.58

1-octene C8H16 - - 8.2

1-nonene C9H18 - - 7.51

1-decene C10H20 0.3 - 5.46

Dodecene C12H24 - - 2.02

Undecene C11H22 - - 2.77

2-methyl-2-butene C5H10 1.51 - -

3-methyl-2-pentene C6H12 0.69 - -

2,3-dimethyl-2-butene C6H12 0.51 - -

2,4-dimethyl-1-pentene C7H14 - - 0.66

2,3,4-trimethyl-2-pentene C8H16 0.63 - -

Dimethyl heptene C9H18 - - 8.97

4,6,8-trimethyl nonene C12H24 0.87 - -

3-methyl cyclopentene C6H10 0.27 - -

3-ethyl cyclopentene C7H12 0.36 - -

3,5-dimethyl cyclopentene C7H12 2.27 - 1.18

Cyclohexene C6H10 0.36 - 0.28

1-methyl cyclohexene C7H12 0.58 - 0.74

1,3-dimethyl cyclohexene C8H14 2.49 - -

Decadiene C10H18 - - 0.56

Undecadiene C11H20 - - 0.39

1,4-hexadiene C6H10 0.45 - -

2,4-hexadiene C6H10 1.54 - -

1,7-octadiene C8H14 - - 0.27

2-methyl-1,3-butadiene C5H8 0.71 - -

2-methyl-1,4-hexadiene C7H12 1.07 - -

4,4-dimethyl-1,2-pentadiene C7H12 0.91 - 1.02

3-methyl-1,3,5-hexatriene C7H10 2.15 - -

2,5,6- trimethyl-1,3,6-heptatriene C10H16 0.69 - -

Benzene C6H6 1.16 - -

Ethyl benzene C8H10 4.58 - -

Dimethyl benzene C8H10 7.91 - -

Trimethyl benzene C9H12 2.13 - -

Propyl benzene C9H12 5.01 - -

Toluene C7H8 7.12 - -

Limonene C10H16 20.03 - -

Others - 28.57 100 14.12

Total

Paraffins 2.8 - 28.32

Naphthenes 1.43 - 3.92

Olefins 39.29 - 53.64

Aromatics 27.91 - -

A total of seven PO product were obtained that are col-
lected from the tar trap (PO T) and container (PO C). In the
container, these tire-derivedPOswereseparated into two im-
miscible layers, Tire C1 and Tire C2. Tire pyrolysis generally

produces two separate layers. This is due to the complexity
of the compounds that make up tires. These layers are the
aqueous phase (bottom layer) and the organic phase (upper
layer). The organic phase contains a lot of oil, while the aque-
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TABLE 3. Pyrolysis oil products obtained.

Hydrocarbon groups
Chemical composition (%)

Tire C1 Tire C2 HDPE C PPa Keroseneb Gasolinec Dieseld

Paraffins 2.8 - 28.32 66.55 ∼55.20 29-48 ∼75

Naphthenes 1.43 - 3.92 7.58 ∼40.90 7-Mar -

Olefins 39.29 - 53.64 25.87 - 5-Feb -

Aromatics 27.91 - - - ∼3.90 20-50 ∼25

Sources:
aAhmad et al. (2014)
b Energy Education
c Hussain (2022)
d Agency for Toxic Substances and Disease Registry (ATSDR) (1995)

ous phase generally contains a lot of aldehydes, ketones, and
phenolic compounds (Shen et al. 2021).

The PO products exhibit distinct characteristics. PO T
tends to have a darker color than PO C. PO T contains a mix-
tureof tar andoil that condensesearlier, resulting inahigher
content of heavy products. Figure 2 illustrates that the PO
fromtires, bothTireTandTireC,hasadarkercolor compared
to PO from plastics. This can be explained by components in
tires such as rubber, carbon black, and filler (Alsaleh and Sat-
tler, 2014), which contribute to the black color of tire-derived
PO. On the other hand, PO from plastics, both HDPE and PP,
exhibits a clearer color. This is due to the fact that both types
of plastic contain a higher proportion of unsaturated hydro-
carbon and typically has fewer impurities. HDPE and PP plas-
tics can produce PO with a clear color even at high pyrolysis
temperatures (Fulgencio-Medrano et al. 2022). It is impor-
tant to note that commercial fuels such as gasoline, diesel,
and kerosene typically have a clear color, aligning with the
characteristics of the PO produced from HDPE and PP plas-
tics.

3.1 Physical properties analysis

Physical property analysis aims to evaluate various physical
parameters of pyrolysis oil to determine the characteristics
of the oil produced. Thedensity, viscosity, calorific value, and
flash point were analyzed. Figure 3 below illustrates the re-
sults of the physical property analysis of PO.

3.1.1 Density

From figure 3, it is evident that Tire C2 has the highest den-
sity, specifically 1.16 g/mL, while PP C has the lowest den-
sity, amounting to 0.796 g/mL. When compared to the den-
sity of commercial fuels, such as gasoline with a density
in the range of 0.715-0.850 g/mL, diesel is around 0.820-
0.850 g/mL, and kerosene is approximately 0.780-0.810 g/mL
(Damayanti et al. 2023; Vempatapu et al. 2019). PO from
plastics, both HDPE and PP, shows densities similar to gaso-
line andkerosene, around0.807-0.809g/mLand0.796-0.809
g/mL respectively. In contrast, all PO tires have densities sig-
nificantly different from the three commercial fuels. Tire-
derived PO tends to contain heavy products such as high car-
bon deposits and tar, resulting in higher density. The pres-
ence of these heavy fractions is undesirable in combustion
engines due to incomplete combustion, leading to the for-
mation of carbon and tar deposits on the engine’s internal
surfaces (Wa̧drzyk et al. 2020). Therefore, understanding PO
density is key in evaluating this potential as an alternative
fuel.

3.1.2 Viscosity

The viscosity analysis indicates that both dynamic and kine-
matic viscosities of PO derived from tires tend to be higher
than those PO from plastics. Dynamic viscosity is a mea-
sure of a fluid’s resistance or friction to flow under exter-
nally applied forces. This parameter has a significant impact
on the fuel’s performance as it influences the fuel’s ability
to flow, atomize, and undergo combustion processes (Mar-
tyr and Rogers 2021). In this context, the dynamic viscosity
of kerosene is approximately 1.54 cP (The Engineering Tool-
Box2008), gasoline isaround0.600cP (TheEngineeringTool-
Box 2023), and diesel is about 3.35 cP (Hartman 2015), mea-
sured at room temperature. Tire-derived PO, especially Tire
T, exhibits dynamic viscosity close to kerosene, about 1.63
cP, while HDPE C approaches the viscosity of gasoline, about
0.623 cP. For comparison, the dynamic viscosity of diesel re-
mains significantly higher than all PO products.

Unlike dynamic viscosity, kinematic viscosity measures
a fluid’s internal resistance to flow under the influence of
gravity (Troyer 2002). Commercial fuels contain specific
chemical components with high purity, resulting in specific
kinematic viscosities. The kinematic viscosity of gasoline
is in the range of 0.710-0.880 cSt (The Engineering ToolBox
2003), kerosene is around 2 cSt (Dusling), and diesel is ap-
proximately 4.09 cSt (Hartman, 2015). HDPE C has kinematic
viscosity similar to gasoline, around 0.771 cSt, while Tire C2
approaches the kinematic viscosity of kerosene, around 1.92
cSt. However, the kinematic viscosity of the other POs differs
from the commercial fuels.

3.1.3 Calorific value

Calorific analysis is used to determine the amount of en-
ergy contained in PO and provides insights into energy effi-
ciency and its potential as an alternative fuel. From figure 3,
it can be observed that Tire T has the highest calorific value,
about 72.54MJ/kg, while HDPE T has the lowest calorific vale,
about 3.07 MJ/kg. Pyrolysis of tires can result in PO with a
high calorific value due to the complexity of the tire com-
position that breaks down at high temperatures, forming
heavy products. Tire C1 and C2 tend to have lower calorific
values due to their relatively high-water content. This also
applies to HDPE-derived PO, which has the lowest calorific
value. The presence of water in the PO can attributed to
moisture in the raw materials, this water content in PO can
reduce the calorific value as energy during combustion is
used to vaporize water. In contrast, PP-derived PO has a
relatively high calorific value. The calorific values of gaso-
line are 47.30 MJ/kg, diesel is 46.50 MJ/kg, and kerosene is
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43 MJ/kg (Damayanti et al. 2023). Among the POs obtained,
the calorific values of PP T and PP C approach the calorific
value of kerosene, about 37.67 MJ/kg and 38.23 MJ/kg respec-
tively, indicating theirpotential asalternative fuelswithasuf-
ficiently high calorific value.

3.1.4 Flammability test

The flammability test is a simple yet important analysis in
understanding the characteristics of PO. This test provides
information about the flammability of PO when exposed to
an openflame. Fuels containing volatile compounds that are
generally highly flammable. Figure 4 below shows the ap-
pearance of POwhen burned by an open flame.

Based on Figure 4, it is evident that all pyrolysis oils can
ignitewhenexposed toanopenflame, except forTireC2. This
indicates that the overall PO products have potential uses as
fuel. TireC2 likelycontainsasignificantamountofwater, pre-
venting it from burning. Factors such as higher density com-
pared to other POs, the presence of non-combustible heavy
components, and a lack of volatile compounds in Tire C2may
contribute to its inability to burn.

3.2 GC/MS analysis

Gas Chromatography/Mass Spectrometry (GC/MS) is a highly
valuable analyticalmethod for identifying the chemical com-
ponents present in pyrolysis oil (PO). GC/MS it is not only ca-
pable of identifying the chemical compounds in PO, but also
measuring the concentrations of these compounds. Figure
5 below shows the GC/MS chromatogram of several PO prod-
ucts.

The GC/MS chromatogram shows several peaks indicat-
ing the presence of each chemical component in the pyrol-
ysis oil. In Tire C1, 95 components were identified, Tire C2
had 14 components, and HDPE C had 61 components. These
chemical components are categorized as paraffin (includ-
ing iso-paraffins), naphthenes, olefin, aromatic (containing
at least one aromatic ring), and other components besides
these four groups. This categorization is based on the ma-
jor components found in fuels. Gasoline typically consists
of a mixture of C4-C12 hydrocarbons, kerosene consists of
C6-C12, while diesel consists of C8-C21 or more (Malik et al.,
2013). More specifically, gasoline has paraffin content up to
48%, naphthenes 3-7%, olefin 2-5 %, and aromatic 20-50 %
(Hussain, 2022). Kerosene has paraffin content of 55.20 %,
naphthenes 40.90 %, and aromatic 3.90 % (Energy Educa-
tion). Meanwhile, diesel consists of paraffins 75% and aro-
matics 25% (ATSDR, 1995). Tables 2 below show the chemical
components identified in Tire C1, Tire C2, andHDPE C.

Table 2 shows that the chemical composition of Tire C1
(organic phase) is predominantly composed of the olefin
group, reaching 39.29%. Aromatics are also present in a sig-
nificantly substantial amount, accounting for 27.91%, while
the paraffin content are present in a relatively small amount,
at 2.80%, and naphthenes at 1.43%. The high content of
olefins in engine fuels can be problematic as olefin com-
pounds tend to accumulate and formdeposits in the fuel sys-
tem (Ahadiat and Semar 2022). Therefore, olefin content in
fuels is typically kept low tomaintain engine cleanliness. On
the other hand, paraffin content can enhance fuel ignition
quality, while aromatics have a high-octane number, allow-

ing the fuel to be compressed more before ignition (Petro-
chemical Chemical & Energy 2019). Tire C1 has a high olefin,
which may not be favorable for engine cleanliness. Tire C1
contains limonene (monoterpene olefin), with a content of
approximately 20%. This compound is a major product gen-
erated from the pyrolysis of rubber, including tires (Pakdel
et al. 2001). Although limonene is not found in commercial
fuels, it has potential as a bio-additive due to its ability to in-
crease the calorific value of fuels (Kumar et al. 2022).

The chemical composition of Tire C2 differs significantly
formTireC1 (seeTable2). Noneof the three functionalgroups
were detected. This strongly supports the suspicion that
there are no volatile compounds present in Tire C2 (aqueous
phase). Hence, the flash point test for Tire C2 indicates that
this PO cannot burn when exposed to an open flame. The
highest compound detected in Tire C2 is caprolactam, with
percentage of 78%. This compound is not commonly found
in fuels. Additionally, other compounds such as acetic acid,
propanone, and cyclopentanone were detected. This is con-
sistent with the literature that the aqueous phase in tire py-
rolysis contains a lot of ketones (Shen et al. 2021).

PO HDPE C, derived from plastic, has major compounds
in the form of paraffins and olefins, with 53.64% belonging
to the olefin group (Table 2). Similar to Tire C1, a high con-
tent of olefins in the fuel is not favorable for engine cleanli-
ness. Meanwhile, the paraffin content in HDPE C is signifi-
cantly higher than in Tire C1. However, there is no presence
ofaromatics inHDPEC.Othercompounds, suchasdioctylph-
thalate and heptadienol, are present at 14.12%.

According to the research by Ahmad et al. (2014), PO PP
contains 66.55% paraffin, 7.58% naphthenes, 25.87% olefin,
and no aromatic compounds. This data was obtained from
PP pyrolysis at temperature ranging from 250-400°C with-
out theuseofacatalyst. POPPhasahigherparaffinandnaph-
thenes content, and a lower olefin content than POHDPE C.

Table 3 shows the comparison of the chemical composi-
tion between PO and commercial fuels. Although commer-
cial fuels contain varying compounds, paraffin compounds
exhibit the highest concentration. The paraffin group pro-
vides higher energy compared to other groups during com-
bustion (Ahmad et al. 2014). PO PP has the highest paraffin
content compared to other POs, making PP-derived PO the
most promising for use as fuel.

4. CONCLUSIONS

In this research, pyrolysis oil (PO) derived from tires andplas-
tic waste demonstrates potential to be utilize as an alterna-
tive engine fuel. Physical property analysis reveals that PO
HDPE C exhibits physical properties similar to gasoline, with
a density of 0.807 g/mL, dynamic viscosity of 0.623 cP, and
kinematic viscosity of 0.771 cSt. However, the calorific value
of HDPE C is significantly lower compared to gasoline, at 5.71
MJ/kg. PO PP C approaches the calorific value of commercial
fuels, reaching 38.24 MJ/kg. Unfortunately, all tire-derived
POsexhibit physical properties andcalorific value that donot
meet fuel criteria. GC/MS analysis reveals that Tire C1 has
a high content of olefin and aromatic compounds, around
39.29% and 27.91% respectively. Tire C2 contains very small
amount of chemical compounds typical of fuel. PO HDPE C
and PO PP has relatively high content of paraffin and olefin
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groups but lacks aromatic compounds. However, PO PP has
the highest paraffin content among other POs, about 66.55%.
The paraffin content in all commercial fuels tends to be the
highest because paraffin provides the most energy during
combustion. Therefore, PP derived Pyrolysis Oil is suggested
to bemore value-added for use as fuel.
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