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The study explores the potential of waste plastic oil (WPO) as a sustainable alternative fuel,
aiming to enhance engine performance and emission characteristics by incorporating zinc
oxide (ZnO) nanoparticles. The ZnO nanoparticles were characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and energy-dispersive X-ray
analysis. Using an ultrasonicator, they were dispersed in WPO20 blends at 30, 60, 90,
and 120 ppm concentrations. Engine experiments conducted at 1500 rpm revealed that the
WPO20 blend with 120 ppm ZnO exhibited a 23.53% increase in cylinder pressure and a
12.5% enhancement in heat release rate compared to WPO20. The brake thermal efficiency
(BTE) of WPO20+ 120 ppm ZnO improved by 6.54%, while brake-specific fuel consumption
(BSFC) decreased by 16.02%. Emission analysis showed reductions in carbon monoxide
(CO), hydrocarbons (HCs), and smoke opacity by 14.86%, 35.71%, and 12.5%, respectively,
with a slight 2.65% rise in nitrogen oxide (NOx) emissions compared toWPO20 at peak load.
Tribological evaluations using a four-ball tribometer demonstrated significant improve-
ments, including a 20.79% reduction in the coefficient of friction (COF), a 28.09% decrease
in wear scar diameter (WSD), and a 58.65%enhancement in the flash temperature parameter
(FTP) compared to WPO20. SEM analysis of worn surfaces confirmed reduced wear and
surface damage in blends containing ZnO nanoparticles, with WPO20+ 120 ppm ZnO
exhibiting superior overall performance in both engine and tribological tests.
[DOI: 10.1115/1.4068582]
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1 Introduction
The rapid growth in industry, transportation, and mobile life-

styles has significantly increased global energy demand [1]. This
surge in energy consumption, coupled with a rising global popula-
tion, has led to higher demand and prices for petroleum-based
fuels [2]. The growing interest in alternative fuels is a response to
these pressing challenges [3]. Plastic has become an integral part
of our everyday lives, particularly in the form of single-use items.
The amount of plastic produced worldwide has increased dramati-
cally, from 275 MT in 2012 to 460 MT in 2019. At this alarming
rate, it could reach a staggering 1231 MT by 2060 [4]. Disposing
of this plastic has become a significant environmental issue [5].
In response to this crisis, researchers have investigated the conver-
sion of discarded plastic into waste plastic oil (WPO) through a
pyrolysis process [6]. This method not only serves as an alternative
source of energy but also helps reduce plastic waste [7]. The double-

bonded carbon structures and aromatic groups in plastic oil limit its
blending ratio with diesel, as these features can negatively impact
fuel compatibility. Meanwhile, the high aromatic content of waste
plastic oil contributes to increased emissions. Its high viscosity, ele-
vated density, and low volatility further complicate its use, raising
concerns about fuel stability and efficient combustion [8–11].
Due to the complex design of diesel engines, making structural
changes can be challenging [12,13]. As a result, using fuel blends
and nanoparticles is often a more accessible and cost-effective
approach to improve performance, combustion, and lower emis-
sions. Due to their growing popularity, nanoparticles are frequently
used in waste plastic oil. These nanoparticle additives have garnered
significant attention within the energy and transportation sectors for
their potential to enhance fuel performance and efficiency. Exten-
sive research suggests incorporating nanoparticles can improve
fuel characteristics, leading to more efficient combustion and
enhanced engine performance. The most often used nanoparticles
include CeO2, ZnO, MgO, La2O3, TiO2, CuO, Al2O3, and carbon
nanotube [14–18]. This improvement in fuel performance can be
attributed to the nanoparticles’ large surface area relative to their
volume and superior capacity for heat and mass transfer. In
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addition, their catalytic properties help to reduce emissions. Com-
pared to other metal oxide nanoparticles, ZnO particles possess
unique properties, including high surface energy, strong adsorption,
excellent chemical stability, and distinctive electrical, optical, and
tribological characteristics. Likewise, ZnO offers a large surface
area, high diffusion rates, and antimicrobial activity. In addition,
ZnO is nontoxic, environmentally friendly, cost-effective, and bio-
compatible [19,20].
Table 1 compares the effects of differentmetal oxide nanoparticles

containing plastic oil blends on engine performance, combustion,
and emissions [21–29]. Transforming waste plastics into lubricating
oils presents a promising solution formachinery lubrication, offering
a viable alternative to traditional oils. Waste plastic-derived oils can
effectively act as lubricants, reducing friction and wear in machinery
components due to their composition. In contrast, petroleum-based
lubricants release carbon into the environment, increasing surface
carbon levels and disrupting the carbon cycle. Several researchers
focus on alternative resources for producing lubricants that
minimize environmental harm. By using a four-ball tribometer,
they analyzed waste tire pyrolysis oil’s friction and wear character-
istics as a lubricant and compared it with diesel and biodiesel. The
findings indicated that the coefficient of friction (COF) for waste
tire plastic oil was 22.3% less than diesel and 10.6% less than biodie-
sel, with smaller worn surfaces observed [30]. They conducted tri-
bology experiments using a four-ball tribometer to study waste
plastic oil’s friction and wear characteristics in combination with
synthetic lubricant at 15% and 30% concentrations. The results
revealed that the synthetic lubricant that contains 30% waste
plastic oil exhibited the lowest frictional coefficient, smaller wear
scar diameter, improved wear morphology, and increased viscosity
than the other lubricants [31].
Furthermore, incorporating nanoparticles can enhance the perfor-

mance and efficiency of lubricants. These nanoparticles extend the
range of applications by enhancing thermal stability and antiwear
properties. Their small size enables them to penetrate contact
zones effectively, enhancing lubrication [32,33]. Nanoparticles
create a protective tribofilm on contact surfaces that reduces friction
and wear, acting as highly efficient nanolubricants to improve the
overall performance of the lubricant [34]. Several studies have
investigated ways to improve the performance of these lubricants,
with nanoparticles playing a significant role in enhancing their tri-
bological properties. Table 2 illustrates the comparative analysis
of the tribology performance of pyrolysis oils with different nano-
particles [35–38]. The comprehensive literature review underscores
the notable potential of metal oxide nanoparticle blends in enhanc-
ing wear resistance and reducing friction. Also, the literature review
reveals limited research on using metal oxide nanoparticles in waste
plastic oil.
This study presents an innovative approach to enhancing waste

plastic oil with zinc oxide nanoparticles, addressing the dual chal-
lenges of plastic waste management and the demand for renewable
energy. Comprehensive characterization of ZnO nanoparticles was
performed using advanced techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and
energy-dispersive X-ray spectroscopy (EDX), providing detailed
insights into their structural and compositional properties. The
research evaluates the effects of various fuel blends, including
pure diesel, WPO20 (80% diesel and 20% waste plastic oil), and
WPO20 enhanced with ZnO nanoparticles at concentrations of
30, 60, 90, and 120 ppm, on engine performance, combustion,
and emission characteristics. Additionally, a four-ball tribometer
was employed to analyze the friction and wear behavior of WPO
with ZnO nanoparticles, offering a thorough understanding of its tri-
bological properties.

2 Materials and Methods
2.1 Conversion of Waste Plastics Into Oil. The current study

concentrated on low-density polyethylene plastic, used as the

primary raw material, to investigate its potential for producing
alternative fuels. Pyrolysis is a thermal decomposition process
that decomposes organic materials into smaller molecules by
applying heat without oxygen [39]. This process converts
biomass and other feedstocks into valuable products such as
bio-oil, gas, and char, which can be used for energy generation
or as feedstock for chemical production [40]. The collected
plastic waste is first sorted to remove nonrecyclable materials.
The recyclable plastic is then shredded into smaller pieces using
a waste plastic cutting machine. The plastic waste is first cut
into small pieces, typically 1–2 cm2, using a cutting machine.
These smaller, uniformly sized pieces are loaded into a fixed
bed reactor. The smaller particle size enhances the efficiency of
the thermal decomposition process, ultimately leading to a
higher oil yield. In the case of shredded plastic, it is heated in
an oxygen-free environment, causing it to decompose into more
minor hydrocarbon (HC) compounds, producing liquid plastic
oil, gaseous, and solid byproducts like char. Figure 1 illustrates
the schematic representation of a pyrolysis plant comprising a
reactor and a condenser. This is the laboratory-scale plant. The
reactor features a stainless steel drum with a diameter of
1300 mm, insulated with a thin sheet. The unit features three
1500 W electrical heating coils that warm the reactor walls. The
thin sheet and the reactor are separated by a layer of glass wool
for insulation. The reactor setup consists of several key compo-
nents, including a mechanical stirrer with a motor housing, a
control valve, and a pressure gauge. It also features a feed
hopper with a control valve, a K-type thermocouple for tempera-
ture measurement, a hand hole for manual access, a control
panel for operation management, and a safety valve. The temper-
ature was maintained at 550 °C for 30 min under isothermal con-
ditions, with a heating rate of 20 °C per minute from ambient
temperature. Temperatures are monitored using thermocouples
and displayed on a control panel indicator, which the controller
operates. During pyrolysis, a hand hole with a stopcock is situated
at the bottom of the reactor, allowing for the removal of approxi-
mately 20–25% of the waste material after it has undergone pyrol-
ysis. The condensers comprise cooling coils and water containers
connected to the reactor outlets to condense plastic vapor. The
cooling coil is made of stainless steel, with a total length of
1800 mm and an inner diameter of 20 mm. The container
housing the coil measures 500 mm in height and has a diameter
of 300 mm. There are two valves for proportioning and returning
water in this sink. The pyrolysis liquid is stored in a corrosion-
resistant stainless steel fuel accumulator, and the spraying takes
3.5 h. AVL 444 Di Gas analyzer measures unburned hydrocarbon
emissions as uncondensed gases passing through the flame
arrester. Here, water is utilized to prevent the possibility of back-
fires. The uncondensed gas is supplied to the burner at the end,
where the waste is burned, producing a blue flame that cleans
the air. Briefly, the distillation unit fractionates the denatured
liquid from the pyrolysis plant and produces waste oil from
plastic. From 1 kg of waste plastic, the process generated 690 g
of plastic oil, accounting for 69% of the total weight, 7% by
weight of gaseous fractions, and 24% of solid coke residue.

2.2 Characterization of ZnO Nanoparticles. The zinc oxide
nanoparticles were thoroughly characterized utilizing a TESCAN
OXFORD scanning electron microscope and energy-dispersive
X-ray analysis. The scanning electron microscope was in an acceler-
ation voltage range of 15–20 kV, offering magnification capabilities
from 1000 × to 100,000 ×, and employed VEGA 3 INCA software for
image acquisition and elemental mapping. ZnO nanoparticles were
examined using an analytical electron microscope, JEM-2100, oper-
ating at 200 kV.

2.3 Fuel Preparation. The fuel preparation process flow is
shown in Fig. 2. The WPO20 fuel blend was prepared using a mag-
netic stirrer. The zinc oxide nanoparticles (Sigma Aldrich,
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Table 1 The impact of different metal oxide additives on the performance, combustion, and emission characteristics of waste plastic oil with different nanoparticles

Sample and nanoparticle
/testing samples SEM/TEM/EDX

Testing
conditions HRR (%) CP (%) ID (%)

SFC
(%) BTE (%) CO (%) Smoke (%) HC (%) NOX (%) References

Waste plastic oil blends
(ULDP20) and graphene
quantum dot

NA 4.4 kW at
1500 rpm/23 deg

CA BTDC/
200 bar

49.8 J/deg
CA for

ULDP 20

59.3 bar for
ULDP20

7.29 deg CA
for ULDP 20

▾
6.85

▴
5.71

▾
7.04

▾
2.33

▾
3.71

▾
1.63

[21]

1. Diesel
2. ULDP20 (Reference)
3. ULDP20G30
4. ULDP20G40
5. ULDP20G50
Waste cable pyrolysis oil
(WCPO) and boron oxide
(B2O3)

SEM 7 Hp at 3000 rpm NA NA NA ▾
12.3

▴
14.1

▾
18.3

NA ▾
16.1

▴
4.31

[22]

1. Diesel (Reference at
3000 rpm)
2. WCPO20
3. WCPO20+B2O3/0 ppma

4. WCPO20+B2O3/40 ppm
5. WCPO20+B2O3/60 ppm
From RSM methods:
Engine load: 1500 W, B2O3:
22 ppma

Waste plastic oil and zinc oxide
(ZnO)

XRD/TEM
—

45.89 nm/
spherical

5.2 kW
1500 rpm/23 deg
CA BTDC/17.5:1

NA NA NA 12.8
▾

2.47
▴

5.7
▾

11.8
▾

28
▾

14.9
▾

[23]

1. WPO20 (Reference)
2. WPO20ZnO50
3. WPO20ZnO100a

4. WPO20ZnO150
Waste plastic oil and
magnesium oxide (MgO)

XRD
—

30 to 40 nm/
SEM
—

20 nm/EDX

5.2 kW at
1500 rpm/23 deg
CA BTDC/17.5:1

24
▴

1.20
▴

— 12.5
▾

7.93
▴

0.03 by vol
▾

11.9
▾

4.28
▾

3.06
▴

[24]

1. Diesel
2. PPO (Reference)
3. PPO+ 25MNA
4. PPO+ 50MNA
5. PPO+ 75MNA a

6. PPO+ 100MNA
Neat plastic oil and titanium
oxide (TiO2)

— 17.5:1 — 3.5
▴

— — — 51.1
▾

— 15.0
▾

— [25]

1. PO (Reference)
2. POAL100
3. POAL150
4. POAL200 a

Plastic oil and titanium oxide
(TiO2)

SEM
—

15 and 22 nm

3.7 kW at
1500 rpm/23 deg

BTDC/17:1

9.9
▴

3.4
▴

— — 2.6
▴

45.4
▾

150 ppm
TiO2 NPs

38
▾

18
▾

5.2
▴

[26]

1. Diesel
2. PO (Reference)
3. POAL100
4. POAL150
5. POAL200a

Plastic pyrolysis oil and
titanium oxide (TiO2)

XRD
–

5.2 kW at 23.8
▴

— — 12.5
▾

2.1
compared to

66% PPO+
100 ppm

1
▾

6
▾

PPO+
100 ppm

[27]
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Bangalore, India) were then incorporated into the waste plastic oil
through ultrasonication. An ultrasonicator, operating at 120 watts
and 40 kHz, was used to uniformly disperse the ZnO nanoparticles
throughout the waste plastic oil over 45 min to achieve a homoge-
neous mixture. Ultrasonication was used to evenly distribute ZnO
nanoparticles in the WPO20 blend at 30, 60, 90, and 120 ppm con-
centrations. The test fuels produced were designated as WPO20+
30 ppm ZnO, WPO20+ 60 ppm ZnO, WPO20+ 90 ppm ZnO,
and WPO20+ 120 ppm ZnO. The physicochemical properties of
the WPO20-ZnO nanoparticle blend, evaluated according to
ASTM standards, are presented in Table 3. Using nanoparticle cat-
alysts reduces the activation energy for combustion, enhancing fuel
molecule decomposition and oxidation, thus facilitating combus-
tion, improving efficiency, and elevating the calorific value [41].

2.4 Experimental Setup and Methodology. The experimen-
tal setup is shown schematically in Fig. 3. This study used a Kirlos-
kar four-stroke, water-cooled direct injection diesel engine with a
single cylinder and four strokes. In the testing engine, 1500 revolu-
tions per minute were rotated at maximum, delivering 5.2 kW
of power. It featured a water jacket system designed to regulate
wall temperatures by circulating coolant around the combustion
chamber. Key engine specifications included a displacement of
661cc, a compression ratio 17.5:1, and fuel injection timing
of 23 deg before the top dead center at an injector pressure of
210 bar. Fuel flow, air flow, fuel consumption, and cylinder pressure
were recorded using a data acquisition system connected to various
parts of the experimental test rig. The data acquisition system is inte-
grated with a computer running “ENGINE SOFT” software to collect
combustion parameters, performance characteristics, and cylinder
pressure during combustion. This data collection device is con-
nected to all relevant sensors, enabling the real-time display of the
gathered information on a personal computer. Emissions and
smoke levels were measured using the AVL 444N DiGas analyzer
and AVL smoke meter. Baseline performance data were first col-
lected with the engine running on diesel fuel at 1500 rpm under
no-load conditions for 30 min, with cooling water and lubricating
oil temperatures maintained constant. The performance of various
test fuels was evaluated by analyzing metrics such as brake
thermal efficiency (BTE), brake-specific fuel consumption (BSFC),
cylinder pressure, heat release rate, and emissions (carbon monoxide
(CO), HC, smoke opacity, and nitrogen oxide (NOx)) under load
conditions ranging from 0% to 100%. Three trials were conducted
for every test, and the mean values were recorded. Table 4 presents
the engine’s technical specifications.

2.5 Four-Ball Tribometer. Under controlled conditions, the
four-ball tribometer is a versatile testing device used to examine
the tribological characteristics of lubricants and materials, such as
friction, wear, and lubrication performance. The current research
utilized a TR-30L-IAS four-ball tribometer. This device operates
by placing four steel balls in contact, three stationary and one rotat-
ing, allowing for accurate measurement of parameters such as wear
scar diameter, coefficient of friction, and frictional torque. Figure 4
depicts a visual representation of the experimental setup for the
four-ball tribometer. Before testing, the steel balls and the oil cup
underwent a thorough cleaning process utilizing toluene to ensure
the removal of any residual contaminants. After cleaning, the
bottom steel balls were placed inside the oil cup. The collet
launched a single steel ball through the machine. Specimen balls
measuring 1/2 in. in diameter and 1 in. in thickness were prepared
according to the ASTM-D4172 standards. The specimens were fab-
ricated from chrome alloy steel that met the AISI E-52100 Grade 25
EP (Extra Polish) standard, with a Rockwell hardness between 64
and 66 on the C scale. All specimens were thoroughly cleaned
using an ultrasonic bath sonicator immersed in ethanol for 5 min,
with a fresh wipe used only once. The oil cup was filled with
10 ml of test fuel during the test, ensuring the complete coverage
of the three test balls. The testing was carried out at a consistent
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Table 2 Tribology characteristics of pyrolysis oil with different nanoparticles

Sample and nanoparticles/testing
samples

SEM/
TEM/
XRD/
EDX

Tribological
experiment/operating

conditions COF (%)
WSD
(%)

FTP
(%)

Roughness
(%)

Worn surface
analysis References

Filtered tire pyrolysis oil (MgO,
graphene, Al2O3)

NA Four-ball tribo-tester,
ASTM-D4172
Load: 40 kg

Speed: 1200 rpm
Temperature; 75 °C

Time: 10 min

Al2O3

—
0.1%
▾

2.83

Al2O3

—
0.1%
▾

22.09

NA MgO: 0.2%
▾

36.9

SEM/EDX [35]

1. PB20FTPO10 (Reference)
2. MgO: 0.1%
3. MgO: 0.2%a

4. G: 0.1%,
5. G: 0.2%,
6. Al2O3: 0.1%

a

7. Al2O3: 0.2%
Plastic oil and graphene
nanoplatelets (GNPs) and
hexagonal boron nitride (hBN)

NA A ball on disk 54
▾

85
▾

NA NA Raman spectra
analysis

[36]

1. PO (Reference)
2. PO+ 0.5% GNP
3. PO+ 1.0% GNP
4. PO+ 1.5% GNPa

5. PO+ 2.0% GNP
6. PO+ 0.5% hBN
7. PO+ 1.0% hBN
8. PO+ 1.5% hBN
Waste plastic oil (PO) and CuO SEM/

XRD
A ball on disk PO+

1.0%
CuO
▾
20

PO+
0.5%
CuO
▾
44

NA NA SEM/EDX [37]
1. PO (Reference)
2. PO+ 0.5% CuO a

3. PO+ 1.0% CuO a

4. PO+ 1.5%CuO
5. Mineral oil
Waste PO and GNP and hBN SEM A ball on disk PO+

0.5%
hBN
▾
63

PO+
0.5%
GNP
▾
3

NA NA SEM/EDX/
Raman spectra

analysis

[38]
1. PO (Reference)
2. PO+ 0.5% GNPa

3. PO+ 1.0% GNP
4. PO+ 1.5% GNP
5. PO+ 2.0% GNP
6. PO+ 0.5% hBNa

7. PO+ 1.0% hBN
8. PO+ 1.5% hBN
9. PO+ 2.0% hBN

aBold indicates base and best samples.
XRD: X ray diffraction.

Fig. 1 Schematic diagram of pyrolysis plant
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shaft speed of 1200 revolutions per minute, a constant temperature
of 75 °C, and a load of 40 kg for a duration of 3600 s.

2.5.1 Coefficient of Friction. The four-ball tribometer was con-
nected to a computer equipped with WINDUCOM 2010 software,
which recorded and measured the friction torque and coefficient
of friction. The coefficient of friction was calculated based on the
frictional torque, as outlined in Eq. (1):

μ =
T ×√6
r × 3w

(1)

where T represents the frictional torque, expressed in kg ·mm; W
represents the applied weight in kg, and the contact surface of the
spheres is located 3.67 mm perpendicularly from the axis of rota-
tion, with this distance represented by r.

2.5.2 Wear Scar Diameter. The wear scar diameter of the three
test balls was measured using an optical microscope with a 0.01 mm
resolution to assess the lubricant’s effectiveness.

2.5.3 Flash Temperature Parameter. Flash temperature is one
of themost important parameters that protect themachineryof a lubri-
cant against wear and damage during high-pressure and high-
temperature conditions. When the flash temperature parameter

(FTP) value is maximum, it protects the contact surfaces from wear
and damage. The formula is often used to calculate the FTP value.

FTP = (axial load in kg)/(wear scar diameter in mm)1.4

3 Results and Discussion
The present study investigates how blending waste plastic oil

with ZnO nanoparticles influences engine performance, combus-
tion, and emissions characteristics. The primary fuel blend com-
prises 20% waste plastic oil and 80% diesel by volume, with zinc
oxide nanoparticles incorporated at 30–120 ppm concentrations.
The experimental investigation was conducted at various fuel
blend compositions while maintaining a constant engine speed of
1500 revolutions per minute. The findings of the experimental
study and a detailed analysis of the observed outcomes are pre-
sented in the subsequent sections.

3.1 The Morphology of Zinc Oxide Nanoparticles. The
scanning electron microscope was operated at a magnification of
10,000X and a potential of 20 kV, as shown in Fig. 5. In
Fig. 5(a), visual examination using the SEM revealed the presence
of possible zinc oxide nanoparticles and aggregated particles. The
ZnO nanoparticles exhibited a spherical shape. The transmission

Fig. 2 The outline of fuel preparation processes

Table 3 Physicochemical properties of various fuel blends

Property Method Diesel WPO20
WPO20+ 30 ppm

ZnO
WPO20+ 60 ppm

ZnO
WPO20+ 90 ppm

ZnO
WPO20+ 120 ppm

ZnO

Density at 15 °C, kg/m3 ASTM
D4052

830 0.763 0.782 0.809 0.824 0.828

Kinematic viscosity at
40 °C

ASTMD445 3.12 3.31 3.26 3.09 2.84 2.72

Calorific value (kJ/kg) ASTMD240 42,500 41,387 41,780 41,912 42,193 42,271
Flashpoint (°C) ASTM D93 58 62 62 56 53 51
Cetane number ASTM

D4737
51 30 31 34 36 39
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electron microscopy analysis in Fig. 5(b) revealed that the zinc
oxide nanoparticles possessed a size range extending from 31 to
49 nm. The existence of ZnO nanoparticles was confirmed
through energy-dispersive X-ray analysis, with the elemental com-
position indicated by the relevant peaks in the EDX mapping.
Prominent peaks at 0.5 keV and 1 keV in the EDX analysis
confirm the presence of elements in the ZnO nanoparticle. The
EDX spectrum in Fig. 5(c) discovered the weight percentages of
Zn (46.14%), C (23.93%), and O (29.93%).

3.2 Cylinder Pressure. Cylinder pressure depends on the fuel,
engine type, and air–fuel ratio. The cylinder pressure is determined
by analyzing data collected from a data acquisition system, which
measures fluctuations in pressure and volume during crankshaft
rotation. The software “ENGINE SOFT” collects data from a pressure
sensor connected to a computer. Figure 6(a) shows the fluctuation
in in-cylinder pressure for different fuel blends under peak load con-
ditions. The findings indicated that, under full-load conditions, the

cylinder pressures for diesel, WPO20, WPO20+ 30 ppm ZnO,
WPO20+ 60 ppm ZnO, WPO20+ 90 ppm ZnO, and WPO20+
120 ppm ZnO were 72.47 bar, 58.2 bar, 64.05 bar, 69.01 bar,
71.38 bar, and 71.85 bar, respectively. Based on the outcomes, the
diesel blend exhibited the maximum cylinder pressure, whereas
the WPO20 blend showed a comparatively lower pressure than the
other tested blends. In comparison with diesel, the percentage
decreases in-cylinder pressure was 19.69% for WPO20, 11.63%
for WPO20 with 30 ppm ZnO, 4.77% for WPO20 with 60 ppm
ZnO, 1.5% for WPO20 with 90 ppm ZnO, and 0.85% for WPO20
with 120 ppm ZnO. Adding ZnO nanoparticles to WPO20 blends
enhances cylinder pressure due to the improved thermal conductivity
of the nanoparticles. At maximum load, the blendsWPO20+ 30 ppm
ZnO, WPO20+ 60 ppm ZnO, WPO20+ 90 ppm ZnO, and WPO20
+ 120 ppm ZnO showed cylinder pressure increases of 10.06%,
18.57%, 22.56%, and 23.53%, respectively, compared to WPO20.
This improvement has led to more effective fuel–air mixing and a
faster combustion process, significantly boosting the engine’s
power output. Supporting our findings, other studies have

Fig. 3 Schematic illustration of engine experimental setup

Table 4 Technical specification of engine

Title Detail

Manufacturer and model Kirloskar, TV1, 4-Stroke
No. of cylinders 1
Speed (rpm) 1500
Compression ratio 17.5:1
Ignition timing 23 deg BTDC
Rod length (mm) 234
Displacement volume (cc) 661.45
Rated output (kW) 5.2
Injection pressure (bar) 210
Cooling method Water- cooled
Lubricating oil SAE40
Maximum brake power (kW) 5.2
Bore and stroke (mm) 87.5 & 110
Injection type Direct
Flywheel diameter (mm) 1262
Load cell Liquid-cooled eddy current dynamometer
Dynamometer arm length
(mm)

185

Orifice diameter mm 20
Piezo sensor Design PCB, USA Combustion, and diesel line, capable of handling pressures up to 350 bar while incorporating low-noise

cable
Crank angle sensor 1 deg resolution, capable of speeds up to 5500 rpm, with top dead centre pulse detection
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demonstrated that adding graphene oxide nanoparticles to fuel mix-
tures can greatly enhance combustion efficiency. The high surface
area-to-volume ratio of ZnO nanoparticles enhances heat exchange
between the nanoparticles and fuel droplets, improving combustion
efficiency and resulting in more thorough and efficient combustion
as cylinder pressure increases with the incorporation of nanoparticle
blends [42].

3.3 Heat Release Rate. The heat release rate, an important
combustion characteristic, is determined from the in-cylinder gas
pressure. This metric can be used to describe different combustion
phases. The general equation for the heat release rate in thermody-
namics, particularly for combustion processes, is derived from the
first law of thermodynamics and energy conservation principles.
By excluding crevice effects, the rate of heat emission can be deter-
mined using an appropriate heat release analysis equation [2]. The
heat release rate during combustion is measured using the following
equation:

dQn

dθ
=

γ

γ − 1
P
dV

dθ
+

1
γ − 1

V
dP

dθ
(2)

Here, the variables P, V, and θ refer to cylinder pressure, volume,
and engine crank angle in the combustion equations for a diesel
engine. Meanwhile, γ denotes the specific heat ratio within the cyl-
inder. The heat release rate during the premixed combustion phase
in the engine’s combustion chamber is affected by several important
factors. These include the ignition delay, the air–fuel mixing rate,
and the fuel’s calorific value. These parameters are crucial in deter-
mining the overall combustion dynamics and efficiency within the
engine’s operating cycle. Analyzing the heat release rate is critical

for understanding how fuel injection methods, fuel types, and oper-
ating conditions impact design features such as cylinder geometry,
combustion dynamics, and overall engine performance. Figure 6(b)
depicts the variation in heat release rate with a crank position at full
load, highlighting that the WPO20 fuel blend results in a lower heat
release rate than the other blends. The HRR values for diesel, WPO20,
WPO20+30 ppm ZnO, WPO20+60 ppm ZnO, WPO20+90 ppm
ZnO, and WPO20+120 ppm ZnO were 35.01 J/deg, 29.78 J/deg,
31.76 J/deg, 32.53 J/deg, 32.65 J/deg, and 33.51 J/deg, respectively.
The conventional diesel fuel blend exhibited a superior heat release
rate than the other blends. In comparison to diesel, the heat
release rate decreased by 14.67% for WPO20, 9.12% for WPO20
+ 30 ppm ZnO, 7.06% for WPO20+ 60 ppm ZnO, 6.74% for
WPO20+ 90 ppm ZnO, and 4.29% for WPO20+ 30 ppm ZnO.
ZnO nanoparticles serve as a catalyst, accelerating the oxidation
process and releasing heat more efficiently, resulting in a faster
energy release that improves engine performance. Under full-load
conditions, WPO20+ 30 ppm ZnO, WPO20+ 60 ppm ZnO,
WPO20+ 90 ppm ZnO, and WPO20+ 120 ppm ZnO showed
heat release rate increases of 6.66%, 9.18%, 9.68%, and 12.5%,
respectively, compared to WPO20. The results showed that the
WPO20+ 120 ppm ZnO blend exhibited the highest heat release
rate, as the increased ZnO concentration improved fuel oxidation,
leading to a faster temperature rise and quicker combustion.
These findings align with previous studies, where aluminum
oxide nanoparticles were incorporated into fuel blends to enhance
thermal conductivity and ignition quality, accelerating fuel combus-
tion and increasing the heat release rate [43].

3.4 Brake-Specific Fuel Consumption. Figure 7(a) reveals
the effect of different tested fuel samples and load conditions on
brake-specific fuel consumption. According to the findings, when
engine load increases, BSFC is reduced. Specifically, the BSFC
decreases as the load increases because more fuel is needed to
operate the engine. At full-load conditions, the BSFC values were
0.235, 0.287, 0.268, 0.259, 0.247, and 0.241 kg/kW-h for the
diesel, WPO20, WPO20+ 30 ppm ZnO, WPO20+ 60 ppm ZnO,
WPO20+ 90 ppm ZnO, and WPO20+ 120 ppm ZnO blends,
respectively. The addition of ZnO nanoparticles to WPO20 blends
increases fuel atomization and combustion efficiency, lowering
brake-specific fuel consumption. Furthermore, nanoparticles act as
oxygen donors, enhancing oxygen availability during combustion
and facilitating more complete and efficient fuel burning. When
operating at a peak load, the brake-specific fuel consumption
increased by 22.12%, 14.04%, 10.21%, 5.1%, and 2.55% for
WPO20, WPO20+ 30 ppm ZnO, WPO20+ 60 ppm ZnO,
WPO20+ 90 ppm ZnO, and WPO20+ 120 ppm ZnO blends,
respectively, compared to conventional diesel. The catalytic effi-
ciency of ZnO nanoparticles improves considerably with higher
concentrations, enhancing the combustion process. This improve-
ment reduces BSFC, allowing the engine to deliver the same
power output while using less fuel. These results align with
earlier research, which indicates that nanoparticle-infused fuel
blends achieve lower BSFC than those without nanoparticles,
owing to their heightened reactivity [44].

3.5 Brake Thermal Efficiency. Figure 7(b) compares brake
thermal efficiency across different fuel blends at varying engine
loads. The notable increase in BTE at high-load conditions can be
attributed to factors such as engine load, speed, and the higher con-
centration of nanoadditives. These factors enhance heat transfer,
reduce combustion delay, and improve combustion efficiency.
During peak load conditions, the brake thermal efficiency was
observed to be 33.87% for diesel, 30.86% for WPO20, 31.46%
for WPO20+ 30 ppm ZnO, 32.02% for WPO20+ 60 ppm ZnO,
32.46% for WPO20+ 90 ppm ZnO, and 33.02% for WPO20+
120 ppm ZnO. The addition of ZnO nanoparticles to mixed fuel
blends improves brake thermal efficiency through multiple mecha-
nisms. The small amount of nanoparticles generates higher

Fig. 4 Illustration of the four-ball tribometer test setup
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pressures, which increase cylinder pressure during combustion.
This pressure increase accelerates combustion and reduces ignition
delay, resulting in more efficient energy conversion and enhanced
BTE [45]. Compared to diesel, the percentage decreases in BTE
were 8.88% for WPO20, 7.11% for WPO20+ 30 ppm ZnO,
5.46% for WPO20+ 60 ppm ZnO, 4.16% for WPO20+ 90 ppm
ZnO, and 2.5% for WPO20+ 120 ppm ZnO. Incorporating ZnO
nanoparticles into a waste plastic oil blends improves heat transfer,
increasing the localized temperature of the fuel–air mixture. This
facilitates faster ignition and more complete combustion. The
higher temperatures enhance flame propagation, resulting in more
thorough combustion and improved energy conversion.

3.6 Carbon Monoxide Emission. Carbon monoxide is
released as a result of incomplete combustion, which is caused by
insufficient air–fuel mixing. The following factors consider CO for-
mation: oxygen availability, ignition delay, temperature, and spray
characteristics. Figure 8(a) illustrates the trends in carbon monoxide
emissions for different fuel mixtures with respect to engine load.
Under maximum load, the CO emissions for the blends were
0.078% for diesel, 0.074% for WPO20, 0.071% for WPO20+
30 ppm ZnO, 0.068% for WPO20+ 60 ppm ZnO, 0.065% for
WPO20+ 90 ppm ZnO, and 0.063% for WPO20+ 120 ppm ZnO.
The zinc oxide nanoparticles enhance the combustion process,
leading to a more thorough oxidation of carbon into carbon
dioxide, reducing carbon monoxide emissions. The WPO20+
120 ppm ZnO blend demonstrated the most significant reduction
in carbon monoxide emissions compared to other fuel blends. At
maximum load, carbon monoxide emissions were reduced by
5.1%, 8.97%, 12.82%, 16.6%, and 19.23% for WPO20, WPO20
+ 30 ppm ZnO, WPO20+ 60 ppm ZnO, WPO20+ 90 ppm ZnO,
and WPO20+ 120 ppm ZnO blends, respectively, compared to
diesel. Due to the enhanced fuel oxidation facilitated by the

presence of nanoparticles and the additional oxygen they provide,
CO emissions have been reduced [46].

3.7 Hydrocarbon Emission. This formation of hydrocarbon
emission is attributed to an inadequate supply of oxygen and a
reduced oxidation reaction during combustion. The variations in
hydrocarbon emissions, as influenced by different load and fuel
blends, are shown in Fig. 8(b) At maximum load, the HC emissions
for the various blends were 76 ppm for diesel, 70 ppm for WPO20,
63 ppm for WPO20+ 30 ppm ZnO, 56 ppm for WPO20+ 60 ppm
ZnO, 52 ppm for WPO20+ 90 ppm ZnO, and 45 ppm for
WPO20+ 120 ppm ZnO. Using ZnO nanoparticles resulted in
enhanced combustion efficiency and reduced hydrocarbon emissions.
The WPO20+ 120 ppm ZnO exhibited the most significant decrease
in hydrocarbon emissions among the samples tested. At peak load,
the hydrocarbon emission decreases for the blends WPO20,
WPO20+ 30 ppm ZnO, WPO20+ 60 ppm ZnO, WPO20+ 90 ppm
ZnO, and WPO20+ 120 ppm ZnO were 7.89%, 17.11%, 26.32%,
31.58%, and 40.79%, respectively, compared to conventional
diesel. An inverse relationship exists between the reduction in HC
emissions and the increase in the mass concentration of ZnO nano-
particles. This can be attributed to the beneficial effects of ZnO
nanoparticles on the combustion process, such as reduced ignition
delay and improved combustion characteristics. Likewise, ZnO
nanoparticles may function as catalysts, facilitating more complete
combustion and thereby reducing HC emissions [47].

3.8 Smoke Opacity. Smoke formation in internal combustion
engines primarily occurs due to incomplete combustion, often
caused by poor fuel atomization, overfueling, or a low air–fuel
ratio that limits oxygen availability. The smoke opacity of various
engine loads and fuel blends is shown in Fig. 8(c). Under full con-
ditions, smoke opacity was 77.4% for diesel, 74.4% for WPO20,

Fig. 5 Characterization of ZnO nanoparticles: (a) SEM, (b) TEM, and (c) EDX
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72.3% for WPO20+ 30 ppm ZnO, 70.1% for WPO20+ 60 ppm
ZnO, 68.5% for WPO20+ 90 ppm ZnO, and 65.1% for WPO20
+ 120 ppm ZnO. The results show that the WPO20+ 120 ppm
ZnO blend reduced the most significant smoke opacity compared
to the other blends examined. Incorporating ZnO nanoparticles
helps reduce smoke opacity by increasing oxygen availability, pro-
moting more complete combustion, and lowering unburned hydro-
carbons and particulate matter levels. Smoke opacity at full-load
decreased by 3.88%, 6.59%, 9.43%, 11.50%, and 15.89% for the
blends WPO20, WPO20+ 30 ppm ZnO, WPO20+ 60 ppm ZnO,
WPO20+ 90 ppm ZnO, and WPO20+ 120 ppm ZnO, respectively,
relative to diesel. The increased surface area-to-volume ratio and
higher cetane number of ZnO nanoparticles promote more complete
combustion. Additionally, the higher oxygen content in the fuel
blend improves the combustion process, reducing smoke opacity.
Furthermore, the elevated sulfur and oxygen content of the nanopar-
ticles in the blend further contribute to lowering smoke opacity [48].

3.9 Nitrogen Oxide Emission. Higher oxygen content and
combustion chamber temperatures promote the generation of NOx.
Figure 8(d) illustrates the differences in NOx emissions across differ-
ent blends and load conditions. Nitrogen oxide emissions progres-
sively increase as engine load tends to rise. The NOx emissions
at full-load conditions were observed in diesel for 1497 ppm,
1501 ppm for WPO20, 1511 ppm for WPO20+ 30 ppm ZnO,
1528 ppm for WPO20+ 60 ppm ZnO, 1532 ppm for WPO20+
90 ppm ZnO, and 1542 ppm for WPO20+ 120 ppm ZnO. When
comparing the NOx emissions of the various tested fuels, the

WPO20+ 120 ppm ZnO blend exhibited the highest levels. At
maximum load, the increase in nitrogen oxide emissions compared
to pure diesel was 0.27% for WPO20, 0.94% for WPO20+ 30 ppm
ZnO, 2.07% for WPO20+ 60 ppm ZnO, 2.34% for WPO20+
90 ppm ZnO, and 3.01% for WPO20+ 120 ppm ZnO. The
maximum nitrogen oxide emission was reported for WPO20+
120 ppm ZnO. Incorporating zinc oxide nanoparticles into
WPO20 blends enhances combustion completeness by increasing
oxygen content. However, this raises cylinder temperatures,
leading to higher nitrogen oxide emissions. Additionally, including
nanoparticle blends extends the ignition delay, promoting faster-
premixed combustion. As a result, higher combustion temperatures
are reached, further increasing nitrogen oxide emissions [49].

4 Tribological Behaviors
This study evaluates waste plastic oil’s tribological performance

by incorporating ZnO nanoparticles at 30, 60, 90, and 120 ppm con-
centrations, using a four-ball tribometer to assess the results. The
small size of ZnO nanoparticles allows them to effectively penetrate
the contact points between surfaces, enhancing lubrication and
reducing wear. The comprehensive findings of this assessment are
detailed in the following section.

4.1 Coefficient of Friction. Figure 9(a) illustrates the variance
in the coefficient of friction for various fuel blends. The coefficient
of friction for the tested samples, including diesel, WPO20, WPO20
+ 30 ppm ZnO, WPO20+ 60 ppm ZnO, WPO20+ 90 ppm ZnO,

Fig. 6 (a) Cylinder pressure and (b) heat release rate variations across the crank angle at full load condition

Fig. 7 (a) BSFC and (b) BTE variation with load
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and WPO20+ 120 ppm ZnO, were found to be 0.08633, 0.08321,
0.07634, 0.07182, 0.06972, and 0.06591, respectively. Compared
to other test fuel samples, diesel fuel exhibits a maximum coefficient
of friction. In comparison to pure diesel, the coefficient of friction
was reduced by 3.61% for WPO20, 11.59% for WPO20+ 30 ppm
ZnO, 16.79% for WPO20+ 60 ppm ZnO, 19.25% for WPO20+
90 ppm ZnO, and 23.69% for WPO20+ 120 ppm ZnO. The fatty
acids in waste plastic oil contribute to its superior lubrication proper-
ties by helping form a stable lubricating film. Meanwhile, waste
plastic oil extracted through the pyrolysis process typically contains
residual organic materials, including fatty acids, which enhance its
lubrication properties compared to conventional petroleum-based
oils. Furthermore, it has been shown that adding ZnO nanoparticles
enhances the fuel’s lubricating properties. Due to their small size
and spherical shape, ZnO nanoparticles can penetrate surface imper-
fections, reducing the contact area between sliding surfaces and
thereby lowering friction. Increasing the ZnO concentration further
decreases the coefficient of friction by providing more nanoparticles,
which help create a smoother and more lubricated interface. Similar
findings have been reported in other studies. For instance, incorporat-
ing a GO/CeO2 nanohybrid material into rapeseed oil resulted in a
36.5% decrease in COF with the addition of 0.1% GO/CeO2 com-
pared to neat rapeseed oil [50]. In another study, adding CuO and
SiO2 nanoparticles to coconut oil significantly decreased the COF
by 93.75% and 93.25%, respectively [51].

4.2 Flash Temperature Parameter. The flash temperature
parameter helps predict the risk of lubricant breakdown and poten-
tial failure of lubricated surfaces under high stress. The flash

temperature parameter exhibits an inverse relationship with the
wear scar diameter: a lower value may cause lubrication film break-
down, whereas a higher value enhances lubrication efficiency. The
flash temperature parameter for the various tested fuels is displayed
in Fig. 9(b). Based on the outcomes, the flash temperature parame-
ter, the values observed for the samples diesel, WPO20, WPO20+
30 ppm ZnO, WPO20+ 60 ppm ZnO, WPO20+ 90 ppm ZnO, and
WPO20+ 120 ppm ZnO were 51.94 °C, 54.82 °C, 63.95 °C,
67.94 °C, 81.07 °C, and 86.99 °C, respectively. The highest con-
centrations of ZnO in WPO20 exhibited higher flash temperature
parameters. The findings indicate that ZnO nanoparticles in waste
plastic oil blends enhance fuel thermal stability, improving fuel per-
formance at elevated temperatures. Compared to diesel fuel, the
flash temperature parameter was increased by 5.54% for WPO20,
23.12% for WPO20+ 30 ppm ZnO, 30.8% for WPO20+ 60 ppm
ZnO, 56.08% for WPO20+ 90 ppm ZnO, and 67.48% for
WPO20+ 120 ppm ZnO.

4.3 Wear Scar Diameter. The variations inwear scar diameter
for the different fuel blends are shown in Fig. 9(c). According to
graph, wear scar diameters for the samples diesel, WPO20,
WPO20+ 30 ppm ZnO, WPO20+ 60 ppm ZnO, WPO20+
90 ppm ZnO, and WPO20+ 120 ppm ZnO were 0.8324 mm,
0.7984 mm, 0.7152 mm, 0.6849 mm, 0.6037 mm, and 0.5741 mm,
respectively. Experimental results indicated that the pure diesel
blend had a significantly larger wear scar diameter than the
WPO20 and WPO20 blends containing nanoparticles. The wear
scar diameter reductions for WPO20, WPO20+ 30 ppm ZnO,
WPO20+ 60 ppm ZnO, WPO20+ 90 ppm ZnO, and WPO20+

Fig. 8 (a) CO, (b) HC, (c) smoke, and (d ) NOx variation with load
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Fig. 9 (a) COF, (b) FTP, and (c) WSD variation with different fuel blends

Fig. 10 SEM characterization of wear scar surface morphologies in steel balls lubricated by (a) WPO20, (b) WPO20+
30 ppm of ZnO, (c) WPO20+60 ppm ZnO, (d ) WPO20+90 ppm ZnO, (e) WPO20+120 ppm ZnO, and (f ) diesel
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120 ppm ZnO blends were 4.08%, 14.07%, 17.73%, 27.56%, and
31.05%, respectively, in comparison to diesel fuel. Thefindings indi-
cated that blendswith higher nanoparticle concentrations reduced the
wear scar diameter, as the tiny ZnO nanoparticles filled surface
imperfections, thereby minimizing wear [52]. Furthermore, ZnO
nanoparticles exhibit strong antiwear properties as a result of their
ability to form protective tribofilms under sliding conditions. Com-
pared to WPO20, the wear scar diameter was reduced by 10.42%
for WPO20+ 30 ppm ZnO, 14.21% for WPO20+ 60 ppm ZnO,
24.39% for WPO20+ 90 ppm ZnO, and 28.09% for WPO20+
120 ppm ZnO fuel blends. These tribofilms help decrease the wear
scar by preventing metal-on-metal contact, while ZnO’s high
thermal conductivity efficiently absorbs the heat produced during
friction. As a result, higher concentrations of ZnO in waste plastic
oil blends provide superior surface protection, progressively reduc-
ing the wear scar diameter. Other researchers have reported similar
results, showing that the analysis of CuO nanoparticles in castor
oil resulted in an almost 28.3% reduction in wear scar diameter [53].

4.4 Scanning Electron Microscopic Analysis. Scanning
electron microscopy revealed several distinct features on the worn
surfaces of the steel balls tested using the four-ball tribometer.
Figures 10(a)–10( f ) show SEM images of the worn surface of
the tested balls and depict the wear scar diameter for the different
fuel blends. The presence of ZnO nanoparticles in the WPO20
blend formed a protective film on the surface asperities, preventing
direct friction and enhancing the ball surface. This resulted in a
smoother surface compared to the WPO20 and diesel samples.
Figures 10(a) and 10( f ) show that the worn surface exhibits notice-
able oxidation in the SEM images of WPO20 and diesel, appearing
as dark patches scattered across the surface. These dark regions
indicate the presence of oxidation. The SEM images indicated
more severe wear, delamination, deep furrows, and pits compared
to WPO20 blends with nanoparticles. The lack of nanoparticles
implies increased surface damage, possibly due to inadequate lubri-
cation and increased frictional forces. In contrast, Figs. 10(b)–10(e)
show that the SEM images of worn surfaces with ZnO nanoparticle
blends exhibit fewer deep furrows and pits, indicating enhanced
surface protection and reduced wear. There is a protective tribofilm
formed by the ZnO nanoparticles that improve lubrication and
reduces direct contact between the steel surfaces, which contributes
to the observed reduction in wear. The SEM analysis of the WPO20
with nanoparticle samples confirms fewer pits and cracks, indicat-
ing improved surface integrity under load conditions. The results
demonstrate that nanoparticles in waste plastic oil significantly
reduce wear, as shown by a smoother, less-damaged surface than
diesel and WPO20.

5 Conclusion
This study comprehensively examined the impact of zinc oxide

nanoparticles on the performance, combustion, and emission prop-
erties of a diesel engine fueled by waste plastic oil. The experimen-
tal findings provide valuable insights into how ZnO nanoparticles
influence engine characteristics. Additionally, a four-ball tribometer
was used to analyze the tribological characteristics. Key conclu-
sions from the study are as follows:

• SEM, TEM, and EDX analyses revealed the morphological
features of ZnO nanoparticles.

• Among the tested fuel samples, the diesel fuel blend exhibited
the maximum cylinder pressure and heat release rate, achieving
72.47% and 35.01 J/deg, respectively, compared to other blends
at maximum load conditions. In comparison, the WPO20+
120 ppm ZnO showed a 23.53% increase in cylinder pressure
and a 12.5% improvement in heat release rate relative to
WPO20. This enhancement is attributed to the catalytic effect
of ZnO nanoparticles, which improved the fuel’s thermal con-
ductivity and facilitated more efficient combustion.

Consequently, this led to better energy release and pressure gen-
eration, particularly under maximum load conditions.

• Among the evaluated fuel samples, the diesel fuel blend demon-
strated the lowest brake-specific fuel consumption at 0.235
kg/kW-h, highlighting its superior fuel economy and high
brake thermal efficiency of 33.87%. In comparison, the
WPO20+ 120 ppm ZnO blend surpassed the standard
WPO20 blend by achieving a 6.54% increase in BTE and a
16.02% reduction in BSFC. These improvements are attributed
to the catalytic effects of ZnO nanoparticles, which enhanced
combustion efficiency by promoting better atomization and
fuel–air mixing, leading to optimized energy utilization.

• At maximum load, the blend of WPO20+ 120 ppm ZnO dem-
onstrated a 19.23% reduction in carbon monoxide emissions.
This improvement can be attributed to the catalytic properties
of ZnO nanoparticles, which promote more complete combus-
tion during engine operation. Hydrocarbon emissions dropped
by 40.79%, reflecting improved combustion efficiency and
reduced unburnt fuel in the exhaust, while smoke opacity
decreased by 15.89%, likely due to minimized soot formation
compared to pure diesel.

• However, a slight 3.01% increase in nitrogen oxide emissions
was observed, primarily resulting from higher combustion
temperatures and increased oxygen availability associated
with biodiesel combustion compared to conventional diesel
under peak load.

• Tribological evaluations using a four-ball tribometer demon-
strated significant improvements in the WPO20+ 120 ppm
ZnO. The coefficient of friction was reduced by 23.69%, indi-
cating improved lubrication properties due to the ZnO nanopar-
ticles forming a protective film on the contacting surfaces.
Additionally, the wear scar diameter decreased by 31.05%,
highlighting the enhanced antiwear characteristics of the
nanoparticle-enriched blend. Furthermore, the flash tempera-
ture parameter improved by 67.48%, reflecting superior
thermal resistance and surface protection under high-
temperature conditions compared to conventional diesel.

• SEM analysis revealed that the diesel and WPO20 blends
exhibited more severe wear, surface damage, oxidation, and
delamination, indicating poor tribological performance. In
contrast, the WPO20+ 120 ppm ZnO blend showed smoother
surfaces with less wear and minimal signs of damage, confirm-
ing the protective and lubricating effects of ZnO nanoparticles.

Despite the increase in NOx emissions, ZnO nanoparticles
notably improved engine performance, combustion efficiency, and
emission reductions when blended with waste plastic oil. This
study kept the engine configuration unchanged. Future research
should investigate the effects of modifying the injection nozzle
design and adjusting the injection pressure. Moreover, applying
coatings to the piston and assessing the resulting engine perfor-
mance could offer valuable insights. Long-term studies are also
needed to evaluate the impact of engine wear.
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BTE = brake thermal efficiency
BSFC = brake-specific fuel consumption
CeO2 = cerium oxide
CO = carbon monoxide

COF = coefficient of friction
CuO = copper oxide
EDX = energy-dispersive X-ray analysis
FTP = flash temperature parameter
GNP = graphene nanoplatelet
hBN = hexagonal boron nitride
HC = hydrocarbon
kg = kilogram
kW = kilowatt

La2O3 = lanthanum oxide
MgO = magnesium oxide
MT = metric ton
NOx = nitrogen oxides

O = oxygen
PO = plastic oil

PPO = plastic pyrolysis oil
ppm = parts per million
rpm = revolutions per minute
SEM = scanning electron microscope
TEM = transmission electron microscope
TiO2 = titanium oxide
WPO = waste plastic oil

WPO20 = 20% waste plastic oil
WPO20+ 30 ppm ZnO = 80% diesel+ 20% waste plastic oil+

30 ppm zinc oxide
WPO20+ 60 ppm ZnO = 80% diesel+ 20% waste plastic oil+

60 ppm zinc oxide
WPO20+ 90 ppm ZnO = 80% diesel+ 20% waste plastic oil+

90 ppm zinc oxide
WPO20+ 120 ppm ZnO = 80% diesel+ 20% waste plastic oil+

120 ppm zinc oxide
WS2 = tungsten disulfide
Zn = zinc

ZnO = zinc oxide
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