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ABSTRACT: This research was aimed to examine the diesel engine’s performance and emission of secondary
fuels (SFs), comprising waste plastic oil (WPO) and palm oil biodiesel (POB), and to analyze their tribological
properties. Their compositions were analyzed by gas chromatography−mass spectrometry (GC−MS). Five SFs
(10−50% POB in WPO) were prepared by mechanical stirring. The results were compared to blank WPO
(WPO100) and Malaysian commercial diesel (B10). WPO90 showed the maximum brake power (BP) and
brake torque (BT) among the SFs, and their values were 0.52 and 0.59% higher compared to B10, respectively.
The increase in POB ratio (20−50%) showed a negligible difference in BP and BT. WPO70 showed the lowest
brake-specific fuel consumption among the SFs. The brake thermal efficiency (BTE) increased with POB
composition. The maximum reductions in emission of hydrocarbon (HC, 37.21%) and carbon monoxide (CO,
27.10%) were achieved by WPO50 among the SFs. WPO90 showed the maximum reduction in CO2 emission
(6.78%). Increasing the POB composition reduced the CO emissions and increased the CO2 emissions. All SFs
showed a higher coefficient of friction (COF) than WPO100. WPO50 showed the minimal increase in COF of
2.45%. WPO90 showed the maximum reduction in wear scar diameter (WSD), by 10.34%, compared to B10.
Among the secondary contaminated samples, SAE40-WPO90 showed the lowest COF, with 5.98% reduction compared to SAE40-
WPO100. However, with increasing POB content in the secondary contaminated samples, the COF increased. The same trend was
also observed in their WSD. Overall, WPO90 is the optimal SF with excellent potential for diesel engines.

1. INTRODUCTION

Since the start of the industrial age, the global energy
consumption has been growing continuously, corresponding
to mankind needs. Because the world population is increasing
and emerging nations’ economies are growing fast, energy
consumption is not projected to decline in this century. The
primary energy sources such as coal, oil, and natural gas, on the
other hand, appear to be reaching a critical point.1 The
petroleum fuels are presently the primary source of carbon
dioxide (CO2) emissions, greenhouse gases, and global
warming. Exploring sustainable alternatives to conventional
petroleum fuels has become necessary due to the depletion of
petroleum supplies and an increase in environmental pollution.
The vehicle population, industrialization, increased domestic
economic load, rising energy consumption, population growth,
pollution, and other factors all point to the need for alternate
fuels.2

Due to its superior characteristics (cetane number, oxygen
(O2) content, etc.) over diesel, biodiesel exhibits a significant
reduction in several key exhaust pollutants such as carbon
monoxide (CO) and hydrocarbons (HC). Palm oil biodiesel
(POB) is the most significant biofuel due to its enhanced
properties compared to other biodiesels: larger contribution
(35%), lower price ($660 USD/ton), higher oil content (5000

kg oil/ha), and better production output (4.2 MT/ha).3 Palm
oil is the major raw material for the manufacturing of biodiesel
in Malaysia, as it is the country’s main agricultural export
commodity. As a result, Malaysia has upped its current
biodiesel requirements to B10 (10% for POB and 90% for
diesel) in order to assist the palm oil sector.4

The yearly plastic trash created in the world and in Malaysia
is shown in Figure 1. In 2018, the global output of plastic trash
was estimated to be at 359 million tonnes, up by 3% from
2017. Malaysia produced about 1.83 million tonnes in 2018. In
comparison to 2018, the volume of plastic trash in Malaysia
would rise to 2.09 million tonnes by 2025.5 Due to a lack of
knowledge about the rising pollution caused by plastics in
modern life, the public continues to engage in environmentally
irresponsible dumping. Although there are a variety of
regulations in place to regulate waste, one typical method is
to collect solid waste from individual houses and then dispose
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it off in a landfill. As a result, land pollution, water
contamination, and environmental contamination occur. The
researchers are highly concerned about pyrolysis of plastic
waste to relieve pollution and energy catastrophes, since plastic
garbage is abundant and can be utilized effectively as energy.
In terms of viscosity, flash point, density, and calorific value,

waste plastic oil (WPO) is similar to diesel.6 As a result, WPO
has been investigated in terms of engine performance, with no
major changes found compared to diesel.7 Although the
resultant WPO has a lower viscosity (2.9 cSt) than diesel (3.1
cSt), it aids in the production of tiny droplets during
atomization, allowing for sufficient combustion.8 As a result,
WPO contributes to improvement of the BSFC.8 WPPO’s
BTE was likewise around 5% greater than that of diesel.7,9 In
fact, WPO is becoming one of the most popular alternative
fuels owing to its ability to increase the performance of diesel
engines.
However, WPO (38.3−44.9 MJ/kg) has a lower calorific

value than diesel (42.0−45.6 MJ/kg), according to most
research.8,10−14 The low calorific value of WPO was partly
attributable to the rise of the BSFC by 11.1, 3.0, and 5.7%
compared to diesel, according to Kalargaris et al.,10 Khatha et
al.,12 and Kumar et al.,13 respectively. Furthermore, Kalargaris
et al.10 and Mangesh et al.11 found that the low calorific value
of WPO reduced the BTE when compared to diesel. The poor
heating value of WPO also results in 33.7% greater CO
emissions as compared to diesel.13 According to Kalargaris et

al.,10 WPO contains a significant amount of aromatics, which
lowers the BTE by 5.7% when compared to diesel. When
compared to diesel, Kumar et al.13 and Kalargaris et al.10 found
that a significant quantity of aromatics in WPO also reduced
HC emissions by 43.8 and 85.1%, respectively. WPO
application increases emissions from diesel engines and may
impair diesel engine performance in general; therefore,
researchers should be mindful of this.
It has been claimed that utilizing WPO and biodiesel mixes

in diesel engines might become an alternative method to
achieve cleaner fuel combustion that leads to improvements,
taking into account the emissions caused by the presence of O2
in the fuel molecules. Kaewbuddee et al.7 investigated the use
of WPO in combination with biodiesel (POB) or castor oil
biodiesel (COB) as an alternative fuel for diesel engines and
discovered that adding 10% of each to WPO increased the
BTE by 2.07% and the BSFC by 1.27 and 1.66%, respectively,
when compared to blank WPO. These mixtures also reduced
the HC and NOx emission by up to 3.45 and 8.21%,
respectively, while CO emission increased by 8.47% (POB−
WPO mixture) and 15.33% (COB−WPO mixture) compared
to pure WPO. Ramesha et al.16 reported that B20 algae
biodiesel mixed with WPO can be a suitable fuel for diesel
engines. When compared to pure diesel, the BTE of the
WPO−biodiesel combination increased by 12.36%. In
addition, as compared to pure diesel, HC and CO emissions
were reduced, although NOx increased somewhat. WPO was
combined with 10 and 20% Jatropha biodiesel (JB) for diesel
engines in the research by Senthilkumar and Sankaranar-
ayanan.17 For both mixes, the BTE and BSFC were
approximately 9 and 6% higher than that of WPO, respectively,
whereas HC and CO emissions dropped.
The fuel pump and fuel injector, for example, are self-

lubricating diesel engine components. Lubricity, in fact, is
critical for improving the overall efficiency of engine
components.18,19 Using the high-frequency reciprocating rig
(HFRR) based on the ASTM D6079 standard, Awang et al.20

evaluated the lubricity of the WPO and reported the lowest
coefficient of friction (COF). WPO can be mixed with
biodiesel to increase the lubricity, according to Kaewbuddee et
al.7 When compared to blank WPO, they found that adding
10% POB and up to 15% COB to the WPO reduced the wear
scar diameter (WSD) by 1.10 and 2.62%, respectively.
In fact, WPO has the potential to be a source of fuel for the

automobile sector. For future prospects, because use of WPO
alone is not desirable owing to its physicochemical character-
istics, WPO will be combined with POB because of its benefits
and high O2 content in the fuel molecules. There are just a few
studies on diesel engine testing for WPO−biodiesel fuel
blends, according to the literature review, and the bulk of them
only use up to 20% of biodiesel. Therefore, up to 50% of POB
was combined with WPO to produce secondary blends for
diesel engine usage in this experiment to examine the effect of
the increasing biodiesel content in WPO on its performance,
emission, and lubricity. Only one research on the tribological
effects of WPO−POB fuel blends was published, and it only
provided the average change in WSD, which is insufficient to
explain the lubricity effects of these blends. As a result, the
impact of the percentage of POB in WPO on the tribological
characteristics of diesel engine components was thoroughly
examined in this study, in terms of COF during the run-in and
steady-state periods, average COF, and WSD. This study also
focused at the lubrication degradation caused by dilution using

Figure 1. Generation of plastic waste in (a) the world and (b)
Malaysia.15
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WPO−POB mixes, which has never been done previously.
After that, the effects of blending up to 50% POB in WPO to
produce secondary fuels (SFs) on diesel engine performance
(brake power (BP), brake torque (BT), BTE, and BSFC),
emissions (HC, CO, and CO2), and lubricity were thoroughly
investigated and compared to Malaysian commercial diesel
(B10) and blank WPO fuel (WPO100). The effects of SFs on
the lubricity and tribological characteristics of commercial
lubricants were also studied in depth.

2. RESULTS AND DISCUSSION

2.1. Gas Chromatography−Mass Spectrometry (GC−
MS) Analysis. Figure 2 shows the carbon number range of the
alkane and alkene products, and the composition of the
aromatic products of B10 and WPO100. Figure 2 shows that
most of the chemical components in B10 are alkanes. The B10
contains approximately 67.17, 11.49, and 6.54% of alkanes,
benzene, and naphthalene, respectively, and no alkenes are
detected in B10. Mangesh et al.11 also reported the same
results that diesel contains 50.00, 28.81, and 13.73% of alkanes,
benzene, and naphthalene, respectively. The GC−MS data of
WPO100 shows the presence of 60.70, 8.29, and 2.52% of
alkanes, alkenes, and benzene, respectively, and the absence of
naphthalene. Mangesh et al.11 also observed the same trend
that WPO100 shows the presence of alkenes but diesel
comparatively shows only traces of alkenes. Alkene compounds

contain unsaturated double bonds, which cause a high rate of
heat release during combustion in diesel engines.11

Figure 2a shows that the GC−MS data are ordered
according to the number of carbon atoms of the alkane
compounds present in B10 and WPO100. B10 contains 14.37
and 52.80% of the C8−C12 and C13−C32 ranges of alkanes,
respectively. WPO100 also shows the same trends as B10 that
most of the alkanes are in the range of C13−C32 (44.11%) and
C8−C12 (12.38%). The study also shows that the alkane
content of WPPO in the range of C13−C32 is 16.46% lower
than that of B10. This could be the reason why the viscosity of
WPO100 is lower than that of B10, as shown in Table 6, and is
therefore suitable for diesel injection in diesel engines.11 Figure
2b shows the GC-MS data, which are arranged according to
the carbon number range of the alkene compounds present in
WPO100. WPO100 contains heavier HC (C13−C32) (5.66%)
than the gasoline fraction content (C8−C12) (2.63%). Figure
2c shows the GC−MS data for the aromatic compounds
present in B10 and WPO100. The latter contains 2.52% of
aromatic compounds, which is lower than that in the literature
(39%).21 Compared with B10, WPO100 has 78.07% lower
benzene content without the presence of naphthalene. As
WPO100 contains fewer aromatic compounds than B10, it can
only be used as a mixed fuel with diesel.
The chemical compositions of POB, WCOB, and B10 are

shown in Table 1. Oleic acid has the highest level of fatty acid

Figure 2. Carbon number ranges of (a) alkane and (b) alkene products, and (c) composition of the aromatic products of B10 and WP0100.
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methyl esters (FAME) in POB (48.5%), followed by palmitic
acid (34.7%). Ali et al.22 (oleic acid (49.2%) and palmitic acid
(43.3%)), Razzaq et al.23 (oleic acid (45.0%) and palmitic acid
(39.9%)), and Kaewbuddee et al.7 (oleic acid (37.07%) and
palmitic acid (46.29%)) also observed the same results. In
general, the unsaturated fatty acids dominate the POB
composition (49.5%). Razzaq et al.23 reported the same
observation. However, this result does not agree with the result
of Ali et al.,22 which reported that the highest component of
POB is saturated fatty acids (50.6%). B10 contains 10% POB
and 90% petroleum diesel,4 so its FAME content is lower than
that of pure POB. Table 1 shows that B10 contains the highest
level of linoleic acid (3.83%), followed by palmitic acid
(3.83%). In the composition of B10, unsaturated fatty acids are
also the main component (4.39%). Table 2 shows the carbon

length distribution of saturated and unsaturated fatty acids
contained in POB and B10 from the previous studies. Most of
the fatty acids contained in POB are long-chain fatty acids
(LCFA), which can lead to an incomplete combustion.24 The
HC and CO emissions can increase as the length of the fatty
acid chain increases. This trend can be explained by the lower
O2 content in the longer fatty acid molecules, which leads to an
incomplete combustion. In addition, fatty acids with longer
chain lengths have higher boiling and melting points, making
them unlikely to be completely vaporized and burned, thereby
increasing HC and CO emissions.25

2.2. Engine Performance. 2.2.1. Engine Brake Power.
Figure 3a shows the engine BP of all samples as a function of
engine speed at 100% engine load. A significant variation in BP
of each fuel at the entire speeds is observed. It is clear that the
BPs of all samples show escalating trends with respect to the
rise in engine speed. For B10, WPO90, WPO80, WPO60,
WPO50, WPO70, and WPO100, the maximum power values
obtained at 2400 rpm are 7.41, 7.38, 7.03,6.97, 6.93, 6.89, and
6.82 kW, respectively. In all engine speed ranges (900−2400
rpm), the average BPs of WPO90, B10, WPO60, WPO50,
WPO80, WPO100, and WPO70 are 5.50, 5.47, 6.97, 5.36,
5.34, 5.34, and 5.33 kW, respectively. Figure 3b shows the
average BP value and the change in BP compared to B10 and
WPO100. The average BP of WPO90 increased slightly by
0.52% compared to B10. This result agrees well with the study
by Monirul et al.,26 who reported a 4.19% increase in BP when
10% POB was added to diesel compared to pure diesel. This is
due to the increase in O2 content, in the fuel molecule of the
fatty acid in POB, resulting in a more effective combustion.7,27

In addition, the lower density and viscosity of B10 can
influence the power loss due to higher leakages at the fuel
pump compared with WPO100.26 Meanwhile, Ali et al.22

reported a decrease of 0.49% in BP by adding 10% POB to
diesel compared to pure diesel. However, increasing the POB
composition up to 20% in the SFs decreased the BP.
The average BP of WPO60, WPO50, WPO80, WPO70, and

WPO100 decreased by 1.60, 2.03, 2.43, 2.43, and 2.44%,
respectively, compared to B10. As shown in Table 6, the
decrease in BP is attributed to their lower heating value and
higher viscosity than that of B10,28,29 dominated by the
increase of O2 content in the blends. WPO has a high energy
density because it consists of hydrogen and carbon. However,
the low calorific value of POB (39.98 MJ/kg) dominates the
high calorific value of WPO (45.61 MJ/kg). These results
agree with the study by Ali et al.,22 in which BP was lowered by
2.58% by adding up to 30% POB to diesel compared to pure
diesel. As a result of this, poor atomization and uneven
combustion occurred, which led to a decrease in BP.29

Compared with WPO100, the BP average of SF mixtures
(WPO90, WPO60, WPO50, WPO70, and WPO80) increased
by 3.03, 0.85, 0.42, 0.01, and 0.01%, respectively. The relatively
high BP of the quaternary mixture can be related to the higher
O2 content in the shorter fatty acid molecules of the WCOB,
which dominates the lower calorific value and leads to a better
evaporation and combustion.29,30 The ignition delay time is
increased in the case of SF mixtures, which resulted in a better
combustion performance due to the lower cetane number of
SF mixtures and the higher latent heat of vaporization. Similar
results have been reported with the use of O2-containing
alcoholic fuel additives.30,31 Figure 3b also shows that WPO80
has a 2.93% reduction of BP compared to WPO90. This
difference is due to the higher viscosity and lower calorific
value of WPO80 compared to WPO90.22 The results agree
well with Ali et al.,22 but Monirul et al.26 reported that the
addition of 20% POB to diesel fuel increased the BP value by
150.12% compared to 10% POB. An increase in the POB
content in the SF blends from 20 to 50% shows a negligible
difference in BP.

2.2.2. Engine Brake Torque. Figure 4a shows the engine
brake torque (BT) for all fuel samples with variable engine
speed at 100% engine load. All fuels tested that showed an
increase in the BT value were observed at low speeds, and then
a decrease was observed at medium speeds. The maximum

Table 1. Chemical Compositions of POB, WCOB, and B10

fatty acid area (%)

common name IUPAC name structure POB B10

caprylic acid octanoic acid C8:0 0.34
capric acid decanoic acid C10:0 0.10
lauric acid dodecanoic acid C12:0 1.28
myristic acid tetradecanoic acid C14:0 4.79
pentadecanoic
acid

pentadecanoic acid C15:0 0.29

palmitic acid hexadecanoic acid C16:0 34.74 3.83
heptadecanoic
acid

heptadecanoic acid C17:0 0.58

oleic acid cis-9-octadecenoic acid C18:1 48.45
linoleic acid cis-9,12-octadecatrienoic

acid
C19:2 4.39

arachidic acid eicosanoic acid C20:0 0.38
gondoic acid cis-11 eicosenoic acid C20:1 1.07
lignoceric acid tetracosanoic acid C24:0 1.23
total saturated fatty acids 43.35 4.21
total unsaturated fatty acids 49.52 4.39

Table 2. Carbon Length Distribution of Saturated and
Unsaturated Fatty Acids in POB and B10a

POB B10

length of carbon SFA (%) USFA (%) SFA (%) USFA (%)

SCFA (C1−C5) NP NP NP NP
MCFA (C6−C12) 1.72 NP NP NP
LCFA (C13−C21) 40.4 49.52 3.32 NP
VLCFA (C22 and above) 1.23 NP NP NP
aSFA = saturated fatty acid, USFA = unsaturated fatty acid, SCFA =
short-chain fatty acid, MCFA = medium-chain fatty acid, LCFA =
long-chain fatty acid, VLCFA = very-long-chain fatty acid, NP = not
present.
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torque values for all fuels tested were 33.27, 33.27, 33.24,
33.16, 33.05, 32.50, and 33.13 Nm and were obtained at 1200
rpm for WPO100, WPO90, WPO70, WPO50, B10, WPO80,
and WPO60 fuel, respectively. Figure 4b shows the average
value of BT and the change in BT compared to B10 and
WPO100. The average BT of all tested fuels (WPO90, B10,
WPO60, WPO50, WPO100, WPO80, WPO70) was 32.06,
31.87, 31.57, 31.47, 31.39, 31.26, and 31.09 Nm, respectively.
Compared to B10, the average BT value of WPO90 increased
by 0.59%, while the average BT value for WPO60, WPO50,
WPO100, WPO80, and WPO70 decreased slightly by 0.92,
1.23, 1.51, 1.89, and 2.44 Nm, respectively. Compared to
WPO100 fuel, the BT value of WPO90, WPO60, and WPO50
fuel increased by 2.14, 0.60, and 0.29%, respectively. This is
because the O2 content in POB is higher, which dominates the
higher viscosity and density, leading to the phenomenon of
complete combustion.22 Therefore, more power will be
generated, and the average pressure in the engine cylinder
will be higher, resulting in an increase in BT and piston force.32

Meanwhile, the average BT value for WPO80 and WPO70
decreased slightly by 0.39 and 0.95%, respectively. Due to the
lower heat generation, WPO80 and WPO70 have a lower BT
value compared with WPO100. As the engine speed increased
from 1200 to 2400 rpm, the average BT value of all measured
fuels decreased by 115.69%. This is due to the insufficient
filling of the combustion chamber during the intake stroke, and
the volumetric efficiency of valve is reduced due to the
complete opening of the valve, since there is not enough time
for a sufficient intake phase, which leads to a reduction of the
combustion chamber pressure.32,33 The increase in the POB
proportion in the SF mixture from 20 to 50% has a negligible
influence on BT.

2.2.3. Brake-Specific Fuel Consumption. Figure 5a shows
the BSFC results for all fuel samples under 100% load
condition with variable engine speed. The BSFC of all tested
fuels decreased with the increasing engine speed. The
minimum BSFC values of all tested fuels (B10, WPO60,
WPO50, WPO100, WPO70, WPO90, and WPO80) recorded

Figure 3. (a) Variation of BP for all tested fuels according to engine speed at full-load condition; (b) average BP and BP’s variation in comparison
with B10 and WPO100 for the tested fuels.
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at a speed of 2400 rpm were 0.34, 0.35, 0.35, 0.36, 0.38, 0.39,
and 0.42 kg/kWh, respectively. Figure 5b shows the average
value of BSFC and the change in BSFC compared to B10 and
WPO100. The average BSFC values of all tested fuels are 0.421
kg/kWh (WPO100), 0.438 kg/kWh (WPO70), 0.442 kg/kWh
(WPO60), 0.453 kg/kWh (WPO50), 0.455 kg/kWh
(WPO90), 0.458 kg/kWh (B10), and 0.475 kg/kWh
(WPO80). Compared to B10, the BSFC of WPO80 is 3.61%
higher, which is due to its lower calorific value, injector
performance, high viscosity, and O2 supply.

34 At the same time,
the BSFC of WPO100, WPO70, WPO60, WPO50, and
WPO90 decreased by 8.23, 4.42, 3.61, 1.18, and 0.78%,
respectively. Compared to B10, WPO100’s BSFC is 8.23%
lower, which is due to the lower viscosity, dominating its lower
calorific value, leading to better atomization and combustion
efficiency.35 The same trend (lower BSFC with lower calorific
value) was also observed by Imtenan et al.35

Compared to WPO100, the average increments in BSFC for
all SF mixtures (WPO80, WPO90, WPO50, WPO60, and
WPO70) are 12.90, 8.12, 7.69, 5.03, and 4.15%, respectively.
Mainly, increasing the BSFC of all SF blends leads to an
increase in fuel consumption due to decrease in the calorific

value of the fuel in order to achieve the corresponding power
output.36,37 In addition, the secondary mixtures show a higher
BSFC due to the higher viscosity and density values, which
leads to a deteriorated air−fuel mixture and a poor atomization
effect. The increase in volumetric efficiency reduces the
workload during the compression stroke and thus increases the
BSFC value of the SF mixture.38,39 The results are in good
agreement with the study by Kaewbuddee et al.7 They
reported that the addition of 10% POB to WPO increased
the BSFC by 1.27% compared to pure WPO.
All of the secondary blends based on the volumetric

efficiency required a larger fuel delivery to get the same
engine power output. Higher density and lower calorific value
are the main factors for this result. Higher fuel consumption
can be caused by the effect of volumetric fuel injection rate at a
higher viscosity of biodiesel blends.26 Therefore, WPO70
displays a lower specific fuel consumption than other
secondary mixtures. It is also reported by Monirul et al.26

that the diesel blended with 10% calophyllum inophyllum
biodiesel consumed less fuel. On the other hand, biodiesel is an
O2-containing fuel and leads to a more complete combustion.
Hence, BSFC is reduced. It can be seen from Figure 5b that

Figure 4. (a) Variation of BT for all tested fuels according to engine speed at full-load condition; (b) average BT and BT’s variation in comparison
with B10 and WPO100 for the tested fuels.
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the O2 content is more effective than the calorific value and
density in terms of lowering the BSFC for up to 30% POB
content in secondary blends.
2.2.4. Break Thermal Efficiency. Figure 6a shows the BTE

changes for all of the tested fuels under full engine load (900−
2400 rpm). All tested fuels showed an increase in the BTE at
2100 rpm, and then a slight decrease in the BTE at 2400 rpm,
due to a poor air−fuel mixture and spray characteristics at
higher engine speed. For all tested fuels (WPO50, WPO60,
WPO100, B10, WPO70, WPO90, and WPO80), the maximum
BTE values obtained at 2100 rpm were recorded at 23.95,
23.99, 23.39, 23.21, 21.36, 20.55, and 20.23%, respectively.
Figure 6b shows the average BTE value and BTE change
compared to B10 and WPO100. The average BTE values of
WPO100, WPO50, WPO60, WPO70, WPO90, WPO80, and
B10 at entire engine speeds (900−2400 rpm) are 20.41, 23.95,
19.70, 18.18, 18.10, and 17.75%, respectively. Compared to
B10 diesel, the BTE of WPO100, WPO50, WPO60, WPO70,
WPO80, and WPO90 increased by 14.99, 11.64, 10.96, 5.82,
2.42, and 1.96%, respectively. These differences are due to the
high O2 content of SFs compared to B10, which improves the
fuel combustion process, and the additional lubricity provided

by the POB. These results are in agreement with earlier
studies22,40 that found an improvement in the BTE with
increasing concentration of biodiesel in the blend with diesel.
Mujtaba et al.30 also reported similar results with ternary fuel.
Compared to WPO100, the BTE of all SF mixtures

(WPO50, WPO60, WPO70, WPO80, and WPO90) decreased
by 2.91, 3.50, 5.36, 7.97, 10.93, and 11.33%, respectively. The
high viscosity and density of SFs lead to poor atomization and
reduce the power and BTE. In addition, POB contains a high
content of long-carbon chain fatty acids (86.07%) in the C16−
C24 range. These long-chain fatty acid fractions burn late in the
expansion stroke and increase the heat dissipated from the
exhaust gases. At a certain power output, the fuel consumption
is increased, and the BTE is reduced.41 The ignition delay of
the WPO50 fuel blends is longer, resulting in the highest BTE
in all other SF mixtures. Due to the shorter combustion time
and improved combustion process, the higher O2 content in
the SF mixtures increases the BTE with increasing POB
composition.38 Sharon et al.42 reported a similar trend for the
BTE using n-butanol as a fuel additive. They believed that the
possible reason for the BTE improvement is due to the
effective combustion process, because n-butanol has a higher

Figure 5. (a) Variation of BSFC for all tested fuels according to engine speed at full-load condition; (b) average BSFC and BSFC’s variation in
comparison with B10 and WPO100 for the tested fuels.
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O2 content and thus improves the fuel−air ratio in the fuel-rich
zone during the diffusion combustion process.
2.3. Exhaust Engine Emissions. 2.3.1. Hydrocarbon

Emission. Figure 7a shows the effect of engine speed on the
HC emissions for the tested fuels. The HC emissions of all
fuels were found to decrease with increasing engine speed. The
maximum HC emissions of all tested fuels were recorded at a
speed of 900 rpm. All fuels showed a lower amount of HC
emissions when the engine speed was at the maximum
compared to the low engine speed. Monirul et al.43 also
observed the same trend. Figure 7b shows the average value of
HC emissions and the changes in HC emissions compared to
B10 and WPO100. The average value of HC emissions from
WPO50, WPO60, WPO100, WPO70, WPO80, B10, and
WPO90 are 27.00, 28.28, 29.28, 29.56, 42.44, 43.00, and
45.33% vol, respectively. As shown in Figure 7b, the HC
emission of WPO90 increased by 5.43% compared to B10
diesel. This is due to the higher viscosity in WPO90 fuel than
in B10 diesel, which leads to the formation of large droplets
and reduction in vapor pressure, resulting in the incomplete
combustion and increased HC emissions.8 Meanwhile, the HC
emissions of WPO50, WPO60, WPO100, WPO70, and
WPO90 decreased by 37.21, 34.24, 31.91, 31.27, and 1.29%,

respectively, compared to B10. WPO100 fuel has a lower HC
emission than B10 diesel due to its low viscosity value, which
leads to better atomization and combustion effect.
In addition, as shown in Figure 5c, WPO100 contains

86.02% less aromatics than B10, which extends the combustion
time and shortens the ignition delay time, thereby reducing its
HC emissions. Figure 7b shows that WPO70, WPO80, and
WPO90 fuels show increased HC emission by 0.95, 44.97, and
54.84%, respectively, compared to WPO100. This is due to
their high viscosity and density, which lead to large droplet
formation, improper mixing of fuel with air, and reduction in
vapor pressure, resulting in incomplete combustion and
increase in HC emissions.8,44 The SFs (WPO70, WPO80,
and WPO90) also consist of long-chain fatty acids with higher
boiling point and melting point, owing to which they are
unlikely to evaporate and burn completely, thus showing
increased HC emissions.25 In addition, the higher HC
emissions of the SFs (WPO70, WPO80, and WPO90) can
be associated with their low volatility.44 Nabi et al.44 also found
that adding up to 20% biodiesel (licella biodiesel) to diesel
increased the HC emissions by approximately 13.24%. In the
meantime, Kaewbuddee7 observed a different trend, in which
the addition of 10% POB to the WPO fuel reduced the HC

Figure 6. (a) Variation of BTE for all tested fuels according to engine speed at full-load condition; (b) average BTE and BTE’s variation in
comparison with B10 and WPO100 for the tested fuels.
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emissions by 2.12% compared to pure WPO. Meanwhile, the
HC emissions from WPO50 and WPO60 fuels are 7.78 and
3.42% lower than that of WPO100. Figure 7b also shows that
the HC emissions were decreased with increasing POB content
in the secondary blend. These results could be attributed to the
good conversion of HC, which is caused by the higher O2
content in fuels, leading to the higher viscosity. This
phenomenon is mainly because the biodiesel tends to provide
more O2 in the secondary blends, which leads to an increase in
the gas temperature and reduction in possible incomplete
combustion, and thereby reduction in the HC emissions.45−47

These results are in good agreement with the study by Monirul
et al.26

2.3.2. Carbon Monoxide Emission. Figure 8a shows the
effect of engine speed on the CO emissions for all of the tested
fuels. The maximum CO emissions of all tested fuels were
recorded at a speed of 900 rpm. The CO emissions are caused
by the partial combustion and partial oxidation of carbon
atoms in the fuel. The amount of CO emissions varies
depending on the air−fuel ratio in the engine cylinders.48 The
CO emissions decrease with increasing engine speed. As shown
in Figure 8a, due to the high air−fuel ratio and high
temperature at higher engine speeds, the rate at which CO is
converted to CO2 increases, thereby reducing the CO
emissions. All analyzed fuel samples (WPO100, WPO50,
WPO60, WPO70, WPO80, and WPO90) showed reduction in
CO emission compared to B10 (commercial diesel) by 30.80,
27.10, 24.90, 22.65, 18.71, and 14.92%, respectively. WPO100
showed lesser CO emission than the B10 diesel because its
lower fuel viscosity results in a better air−fuel mixing,

especially at high speeds, and the CO emissions decrease
during the sufficient fuel−air mixing, which leads to complete
combustion.38 In addition, B10 contains a large amount of
oxygenated compounds derived from 10% POB, which leads to
an increase in CO emissions.8 These results are in good
agreement with Ruhul et al.,29 who observed the same adverse
effect when JB was blended with diesel.
Compared to WPO100, all SF blends (WPO50, WPO60,

WPO70, WPO80, and WPO90) showed significantly increased
CO emissions by 5.34, 8.52. 11.78, 17.47, and 22.95%,
respectively. In Table 8, due to the combined effects of
palmitic acid (C16:0) and oleic acid (C18:1), the CO
emissions of B30a can be seen to be higher than those of
B40 and B30a. Long-chain FAME leads to a decrease in O2
content, a higher boiling point, and an increase in melting
point. This leads to poor evaporation, poor combustion, and
increased CO emissions.49 In addition, the higher viscosity of
SFs tends to result in poor fuel atomization, leading to
incomplete combustion and more CO emissions. The higher
viscosity could also compensate for the beneficial reduction in
CO emissions due to the higher O2 content.

7,50 Figure 8 also
shows that increasing the POB composition in the SF blends
reduces the CO emissions. It is the higher O2 content in the SF
mixtures, which causes higher viscosity, that leads to lean
combustion in the cylinder and effectively improves the
combustion efficiency.51,52 The same trend is also observed by
Kaewbuddee et al.7 that the addition of 10% POB to the WPO
increased the CO emissions by 8.47% compared to the blank
WPO. Most researchers also found that CO emissions
decreased with an increasing proportion of biodiesel.17,53−55

Figure 7. (a) Variation of HC emissions for all tested fuels according to engine speed at full-load condition. (b) HC emissions’ average and
variation in comparison with B10 and WPO100 for the tested fuels.
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2.3.3. Carbon Dioxide Emission. CO2 emission is the result
of complete combustion in which the carbon atoms contained
in the fuel are completely oxidized. It is generally not regulated
by emission legislations and is not considered a harmful gas.

However, since it is a greenhouse gas, there is a strong need to
reduce CO2 emissions.8,10 Figure 9a,b shows the CO2
emissions of all of the tested fuels. Figure 9a shows the
increasing trend of CO2 emissions for all mixtures with

Figure 8. (a) Variation of CO emissions for all tested fuels according to engine speed at the full-load condition. (b) CO emissions’ average and
variation in comparison with B10 and WPO100 for the tested fuels.

Table 3. Brief Comparison of the Performance and Emission Characteristics Resulted from the Present Study with Other
Research Works

performance emission

type of fuel blend ref fuel
BP
(%)

BT
(%)

BSFC
(%)

BTE
(%)

HC
(%)

CO
(%)

CO2
(%) ref

WPO90 WPO100 ↑ 3.0 ↑ 2.1 ↑ 8.1 ↓ 11.3 ↑ 54.8 ↑ 23.0 ↓ 4.1 this study
WPO50 ↑ 0.4 ↑ 0.3 ↑ 7.7 ↓ 5.4 ↓ 7.8 ↑ 5.3 ↑ 8.8
90% WPO + 10% POB WPO ↑ 1.3 ↓ 2.2 ↓ 2.1 ↑ 8.5 Kaewbuddee et al.7

90% WPO + 10% castor oil biodiesel ↑ 1.7 ↓ 2.1 ↓ 3.5 ↑ 15.3
90% WPO + 10% Jatropha oil biodiesel WPO ↑ 5.5 ↑ 4.8 ↓ 22.8 Senthilkumar and

Sankaranarayanan17

90% diesel + 10%POB diesel ↓ 0.5 ↑ 1.0 ↑ 1.4 Ali et al.22

90% diesel + 10%POB diesel ↑ 33.3 ↓ 25.5 ↓ 14.5 Kumar et al.63

Table 4. Brief Comparison of COF and WSD Resulted from the Present Study with Other Research Works

fuel sample composition reference fuel COF (%) WSD (%) ref

WPO90 90% WPO + 10% WPO WPO100 ↑ 7.0 ↓ 4.8 current study
WPO50 50% WPO + 50% WPO ↑ 2.5 ↑ 14.5
WPOP10 90% WPO + 10% POB NA ↓ 1.1 Kaewbuddee et al.7

WPOC10 90% WPO + 10% castor oil biodiesel NA ↓ 1.9
B50 50% POB + 50% diesel fuel ↓ 3.74 ↓12.18 Fazal et al.59

POME50 50% POB + 50% diesel fuel ↓ 13.90 NA Jamshaid et al.64

CPME50 25% castor oil biodiesel + 25% POB and 50% diesel ↓ 10.4 NA
B30 30% palm−sesame oil biodiesel + 70% diesel ↓ 31.10 ↓ 43.27 Mujtaba et al.65
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increasing speed. The average CO2 emissions from WPO50,
WPO60, WPO70, B10, WPO100, WPO80, and WPO90 were
9.97, 9.46, 9.45, 9.43, 9.16, 9.09, and 8.79% vol, respectively.
Compared to B10, the CO2 emissions of WPO50, WPO60,
and WPO70 increased on average by 5.77, 0.29, and 0.22%,
respectively. The same trend was observed by Sivakrishna,
Madhu, and Sivakumar.56 They pointed out that using POB
(20−40%) in diesel will increase the CO2 emissions compared
to blank diesel.
Meanwhile, the CO2 emissions of WPO90, WPO80, and

WPO100 decreased by 6.78, 3.60, and 2.82%, respectively,
compared to B10 diesel. WPO100 fuel has fewer CO2
emissions than B10 due to its lower BSFC than B10, which
is caused by a lower BTE, dominating the presence of higher
carbon number compounds in WPO100 than in B10
diesel.11,44 Kumar et al.13 also found that the WPO’s CO2
emission is 11.39% lower than that of blank diesel and WPO−
diesel blends. This result indicates a positive environmental
impact when using WPO as a fuel. However, most studies
reported that WPO caused higher CO2 emissions than

diesel.10,11,14 Compared to WPO100, the CO2 emissions
from WPO90 and WPO80 decreased by 4.07 and 0.81%,
respectively, while the CO2 emissions from WPO70, WPO60,
and WPO50 increased by 3.12, 3.20, and 8.83%, respectively.
As shown in Figure 9b, increasing the POB composition in the
SF blends increases the CO2 emissions. The main reason for
the higher CO2 emissions is the higher O2 content in the fuel
mixture, which leads to complete combustion of fuel and high
temperature in the cylinder.

2.4. HFRR Tribological Study. Figure 10a shows the COF
trend of all fuel samples tested by HFRR over time. In the early
stages of the experiment, the COFs of all samples were high
because there was no lubricating film between the contact
surfaces. It is called the running-in period. A lubricating film
forms between the mating surfaces, and the surface roughness
between the friction surfaces becomes smoother over time.
This phase of the experiment is called the steady-state
condition.57 The B10 fuel sample showed a low running-in
period. The results show that the wear and friction decrease
with increasing POB concentration in the SFs. Figure 10a,10b
shows the average values of COF and WSD of all tested
samples and their changes compared to B10 and WPO100.
The average COF values of all analyzed samples (B10,
WPO100, WPO50, WPO60, WPO70, WPO80, WPO90, and
POB100) were 0.0657, 0.0693, 0.0710, 0.0728, 0.0733, 0.0740,
0.0742, and 0.0747, respectively. The WSD values of all
analyzed samples (WPO90, WPO80, WPO100, POB100, B10,
WPO70, WPO60, and WPO50) were 1.121, 1.139, 1.178,
1.246, 1.250, 1.325, 1.334, and 1.348 mm, respectively. POB

Table 5. Composition of SF Blends

sample Code fuel composition (by volume)

WPO90 90% WPO and 10% POB
WPO80 80% WPO and 20% POB
WPO70 70% WPO and 30% POB
WPO60 60% WPO and 40% POB
WPO50 50% WPO and 50% POB

Figure 9. (a) Variation of CO2 emissions for all tested fuels according to engine speed at the full-load condition. (b) CO2 emissions’ average and
variation in comparison with B10 and WPO100 for the tested fuels.
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showed the highest COF among the tested fuels because of the
oxidation process, which converts the esters into various fatty
acids, including formic acid, acetic acid, propionic acid, caproic
acid, etc.58 The polyunsaturated content in POB, such as oleic

acid (Table 8), could be the most powerful factor that
influences the auto-oxidation. The oxidation process can lead
to fuel degradation, which causes reduced lubricity, enhanced
corrosion, and material deterioration.59

Figure 10. (a) COF during the run-in period and steady-state period, (b) average COF and WSD, and (c) variation of COF and WSD in
comparison with B10 and WPO100 for all tested fuel samples by HFRR.

Table 6. Physicochemical Properties of B10, WPO100, POB100, and SF Blends

properties of test fuel
test

method B10 POB100 WPO100 WPO90 WPO80 WPO70 WPO60 WPO50

density at 15 °C (kg/m3) ASTM D
4052

0.8026 0.936 0.832 0.8102 0.8175 0.8252 0.8323 0.8391

kinematic viscosity at
40 °C (mm2/s)

ASTM D
445

2.9181 5.5932 2.905 3.0073 3.109 3.228 3.3882 3.556

kinematic viscosity at
100 °C (mm2/s)

ASTM D
445

1.2449 1.7414 1.1999 1.2799 1.3134 1.3435 1.3958 1.4148

dynamic viscosity at
40 °C (mPa·s)

ASTM D
445

2.2901 3.9642 2.3649 2.3824 2.4854 2.6058 2.7583 2.9218

dynamic viscosity at
100 °C (mPa·s)

ASTM D
445

0.92366 1.4158 0.92521 0.95859 0.99282 1.0293 1.0754 1.1034

viscosity index ASTM D
2270

282.6 183.9 167.5 281.8 267.8 239.6 231.2 178.7

calorific value (MJ/kg) ASTM D
240

45.828 39.98 45.614 44.511 44.452 44.295 42.489 42.469

flash point (°C) ASTM D
93

40 174 80 44 50 53 59 61

oxidation stability at
110 °C (induction time/h)

ASTM D
7462

37.56 3.96 22.38 13.93 7.64 5.15 4.35
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Compared to B10 diesel, the COF increments in WPO100,
PO50, WPO60, WPO70, WPO80, and WPO90 are 5.44, 8.02,
10.80, 11.53, 12.59, and 12.84%, respectively. The WSD of
WPO90, WPO80, and WPO100 decreased by 10.34, 8.86, and
5.80%, respectively, while the WSD of WPO70, WPO60, and
WPO50 increased by 6.01, 6.72, and 7.82%, respectively,
compared to B10. Compared to WPO100, the COF of
WPO50, WPO60, WPO70, WPO80, and WPO90 increased by
2.45, 5.08, 5.78, 6.78, and 7.02%, respectively. WPO100
showed a lower COF than the secondary blend fuels because
of its lower viscosity, which minimizes engine friction.20 Figure
10b shows that the increasing POB composition in SF blends
lowers the COF value due to the higher concentration of
FAME, where the fatty acids create a protective layer between
the contact surfaces that counteracts the adverse effects of
unsaturated fatty acids.23,60

However, Figure 10b shows that the WSD value increased
with increasing POB composition in SF blends, with the WSDs
of WPO90 and WPO80 being 4.82 and 3.25%, respectively,
lower than that of WPO100, and those of WPO70, WPO80,
and WPO90 being 12.54, 13.29, and 14.46% higher than that
of WPO100, respectively. This phenomenon is known as
oxidative corrosion, which is caused by the various acids that
are produced when the esters in POB are oxidized. WPO90
shows the lowest WSD among the secondary blends. It can be
concluded that 10% biodiesel was sufficient to maintain the
lubrication of the mixed fuel, and there was no significant

improvement in the lubrication of the mixture by exceeding
this percentage of POB in WPO. The same observation was
made by Kaewbuddee et al.,7 that the presence of 10% POB in
WPO is the optimal ratio, since it gives the smallest WSD
(0.32 mm) among other tested fuels (5% POB in WPO, 0.32
mm; 15% POB in WPO, 0.33 mm).

2.5. Four-Ball Tribological Study. The effect of different
fuel samples on the lubricity of mineral lubricant is shown in
Figure 11. According to the previous literature, the lubricant is
contaminated with fuel by up to 5% due to the thinning of the
crankcase.61 The lubricant was contaminated with combustible
fuel, which changed the tribological properties of the lubricant
and resulted in poor lubricating properties due to the
degradation of the lubricant. Figure 11a shows the COF
trends for all tested samples. The running-in-period of the pure
mineral lubricant was much shorter due to its better lubricating
properties. The steady-state conditions were reached quickly
due to the formation of the lubricating film between the
metallic contacts in the initial phase of the experimental run.43

The mineral lubricant showed a much lower COF (0.0850)
compared to other contaminated lubricant samples with
different fuels (0.1013−0.1231). The same trend was observed
by Masjuki and Maleque.62 They reported that more than 5%
POB in the lubricant caused oxidation and corrosion. The
addition of combustible fuel to the lubricant changed its
lubricating properties and resulted in poor tribological
performance.

Figure 11. (a) COF during the run-in period and steady-state period; (b) average COF and WSD for the mineral lubricant and lubricant-
contaminated samples.
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Figure 11a also shows that the mineral lubricant
contaminated with blank WPO and SF mixtures exhibited
greater lubricant degradation than B10. The average COFs of
SAE40-WPO100, SAE40-WPO90, SAE40-WPO80, SAE40-
WPO70, SAE40-WPO60, and SAE40-WPO50 are higher than
that of SAE40-B10 by 15.74, 8.82, 20.25, 20.84, 20.97, and
21.51%, respectively. All contaminated lubricant samples
showed high COFs due to the decrease in viscosity, which
had a large impact on the fuel lubricity, compared to the
mineral lubricant. Among secondary contaminated samples,
SAE40-WPO90 showed the best COF with a reduction of
5.98% compared to SAE40-WPO100 due to the presence of
ester molecules. However, the COFs for other secondary
contaminated samples (SAE40-WPO80, SAE40-WPO70,
SAE40-WPO60, and SAE40-WPO50) increased by 3.89,
4.41, 4.52, and 4.98%, respectively, compared to SEA40-
WPO100. Thus, increasing the POB content in the secondary
contaminated sample increased the COF. The same trend is
also seen for the WSD. All secondary contaminated lubricant
samples showed an increment in WSD of 1.66, 1.75, 2.65, 7.84,
and 10.17% for SAE40-WPO90, SAE40-WPO80, SAE40-
WPO70, SAE40-WPO60, and SAE40-WPO50, respectively,
compared to SAE40-WPO100.

2.6. Comparative Study. To better confirm and explain
the experimental results, similar studies were reviewed. Table 3
shows the effects of various WPO−biodiesel and diesel−
biodiesel mixtures on the performance and emission character-
istics of diesel engines, derived from the results of this study
and other publications. In terms of the performance of diesel
engines like BP, BSFC, and BTE, this study shows trends that
are almost similar to most previous studies. However,
Senthilkumar and Sankaranarayanan17 observed that adding
10% JB to WPO improves the BTE by 4.8% compared to pure
WPO due to its superior properties (low viscosity and higher
calorific value) than POB fuel. Ali et al.22 also reported the
same results in their study in which they examined the
performance of the POB−diesel mixture in diesel engines.
Similarly, the CO, CO2, and HC emission characteristics of

the current study show the same trend as most of the previous
studies. Kaewbuddee et al.7 conducted a study to investigate
the impact of WPO−POB and WPO−castor oil biodiesel
blends on diesel engine performance and emission character-
istics. However, their results do not agree well with the current
study because they reported that adding 10% biodiesel to
WPO helped to reduce the HC emission. Kumar et al.63 also
reported the same results in their study that examined the
operation of the diesel−POB mixture in diesel engines. In this
study, it is possible to reduce the HC emission by increasing
the POB content in the secondary blend from 10 to 50%. It is
because the the higher O2 content of the SF tends to decrease
the HC emission and counteracts the disadvantageous
increment in HC emissions due to the higher viscosity. In
addition, Senthilkumar and Sankaranarayanan17 reported that
JB succeeded in reducing the CO emissions by 22.8%
compared to blank WPO. The reason for this may be that
the excess O2 present in JB is helpful for better combustion.
Therefore, JB could be a great candidate for making a ternary
blend (WPO−POB−JB blend) to minimize the CO emission.
Table 4 briefly lists the COF and WSD values that were

derived from this research and other research findings. For
WSD, similar trends were obtained for the addition of 10%
POB to POB. No study reports the effect of adding biodiesel in
WPO on the COF. Most studies have agreed that adding up toT
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50% biodiesel to diesel fuel improves the lubricity and
tribological properties, resulting in a lower COF and WSD
compared to diesel fuel.
2.7. Limitations of the Secondary Blend Fuel. Figure

12 shows the summary of the average parameter changes of the
WPO90 fuel compared with B10 diesel. WPO90 shows better
overall diesel engine performance and emission characteristics
than B10 with BP, BT, and BTE values increased by 0.52, 0.59,
and 1.96%, respectively, and BSFC decreased by 0.78%. To
further improve the diesel engine performance, Mujtaba et al.30

suggested using oxygenated alcohols such as dimethyl
carbonate (DMC) and diethyl ether (DEE) in the fuel blends.
Compared to B10 diesel, the CO and CO2 emissions of
WPO90 decreased by 14.92 and 6.78%, respectively, while the
HC emission of WPO90 slightly increased by 5.43%. WPO90
shows an increment of COF by 12.84 and lubricant
contamination by 8.82% compared to B10 diesel. The addition
of nanoparticles to fuel mixtures can improve the lubricity and
tribological properties, which leads to a lower COF compared
to fuel samples without nanoparticles.23,65 This is because the
nanoparticles act as a sacrificial layer between the friction
surfaces. Razzaq et al.23 reported that graphene oxide
nanoplatelets with diesel−biodiesel−alcohol fuel blends
showed a lower COF due to the presence of nanoparticles
between metallic contacts. The same observation was made by
Mujtaba et al.,65 who used titanium oxide nanoparticles in the
mixtures of palm−sesame methyl ester−diesel.

3. CONCLUSIONS
To investigate the impact of POB in WPO on the engine
performance, emission, and lubrication characteristics, five SF
mixes were created. Based on the findings, the following
conclusions are drawn.

• With the exception of WPO80, which exhibited a 2.75%
drop in BTE, the BTE values for SF mixes were greater
than B10. Among the SF blends, WPO90 had the
highest BP and BT.

• The BSFC of the SF mixes was lower than that of B10
diesel, with the exception of WPO80, which had a 3.61%
higher BSFC.

• The effect of increasing the POB percentage on BP and
BT was insignificant.

• WPO50 (37.21%) and WPO90 (6.78%) achieved the
highest reductions in HC and CO2 emissions when
compared to B10, respectively.

• WPO50 among the SF blends had the highest decrease
in CO emissions of 27.10% when compared to B10.

• The COF of all SF blends was greater than that of B10
diesel and WPO100. When compared to WPO100,
WPO50 showed the smallest COF increase of 2.45%.
WPO90, on the other hand, showed the greatest WSD
decrease of 10.34% when compared to B10.

• When compared to SAE40-WPO100, SAE40-WPO90
had the lowest COF value, with a reduction of 5.98%.
The COF values rose as the POB concentration in the
SF-contaminated sample increased. Regarding the WSD
values, the same patterns were found.

Thus, these factors strongly support the fact that WPO
combined with POB appears to be a viable fuel for diesel
engines that does not require any engine modifications, as it
has high efficiency, lower emissions, and enhanced wear
characteristics. WPO mixed with POB has also been proven to
be a good diesel substitute, with WPO90 being the best SF
combination with a great potential for diesel engine perform-
ance. The advantages of POB were examined, such as the high
O2 concentration in fuel molecules. The presence of O2 in the
fuel molecules helps to improve the combustion processes in
terms of performance and emissions. In the future, secondary
blends containing oxygenated alcohols and nanoparticles will
be investigated in diesel engines to improve the diesel engine
and wear characteristics.

4. MATERIALS AND METHODS
WPO was produced by Syngas Sdn Bhd, Kuala Lumpur,
Malaysia; meanwhile, POB and B10 were purchased from KL-
Kepong Oleomas Sdn Bhd, Selangor, Malaysia, and Petron
Jalan Universiti, Kuala Lumpur, Malaysia, respectively. In the
current study, a blend of WPO−POB was used to prepare the
SFs, and B10 and WPO100 were used as the reference oils. In
accordance with the ASTM D6079-11 dimensions, AISI 52100
Chrome hard-polished steel balls with a diameter of 6.2 mm,
15-mm SAE-AMS 6440 steel smooth diamond polish discs,
and 12.7-mm-diameter AISI 52100 steel balls with a hardness
of 64−66 Rc were bought from the local market.

4.1. WPO Production. The polypropylene and poly-
ethylene (PP−PE) wastes were collected and processed into
granules. The conversion of PP−PE granules into WPO was
carried out by pyrolysis in the absence of O2, the catalytic
reforming, and the condensation of the resulting gases. A
portable semibatch-type reactor was utilized. The PP−PE

Figure 12. Average percent change in the parameters measured for WPO90 fuel compared with B10 diesel fuel.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03073
ACS Omega 2021, 6, 21655−21675

21669

https://pubs.acs.org/doi/10.1021/acsomega.1c03073?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03073?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03073?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03073?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


granules were exposed to steam and then processed into
molten plastic. The molten plastic was heated in the pyrolysis
reactor at a controlled temperature (500 °C). Then, it was
flown through the catalytic chamber under the force of
vaporizing pressure. The gaseous product was further cracked
in the catalytic chamber and then expelled through the vent.
After passing through the chamber, condensation and
distillation of gaseous product occurred. The condensed oil
(WPO) was then stacked in the storage tank.
4.2. Gas Chromatography and Mass Spectrometry.

The WPO, POB, and B10 were analyzed by gas chromatog-
raphy and mass spectrometry (GC−MS) using a Hawlett-
Packard HP 7890 equipped with a 5975 quadrupole detector.
The capillary column of the gas chromatograph is measured at
a length of 30 m and a diameter of 0.25 mm, and is covered
with 0.25 μm of a 5% phenyl methyl polysiloxane (HP-5) film.
The initial oven temperature was set to 50 °C at a 2 min
interval, then increased to 290 °C at a rate of 5 °C/min, and
held isothermal for 10 min. The ion source and transmission
line temperature were maintained at 230 and 300 °C,
respectively, and the splitless injection temperature was
maintained at 290 °C. Data were collected in a full-scan
mode between m/z 33 and 533, and a solvent interval of 3 min
was used. Chromatographic peaks were identified by the
NIST08-based mass spectrum database or the reaction time of
standard compounds. They were calculated from the peak area
of the total ion chromatogram. These methods were adapted
from Juwono et al.66

4.3. Fuel Sample Preparation. 4.3.1. Fuel Sample
Preparation for HFRR and the Engine Test Rig. Several fuel
samples were prepared to examine the lubricity of the fuel and

the effect of SF mixtures on the characteristics of the diesel
engine. The prepared fuel samples were compared to
commercially available Malaysian diesel (B10). WPO was
mixed with POB to make various SF compositions as shown in
Table 5. Those SF mixtures were stirred at 700 rpm for half an
hour until they became homogeneous. The physicochemical
properties of B10, WPO100, and POB (POB100), as well as
the SF blends are listed in Table 6. The physicochemical
properties of WPO−POB biodiesel and B10 were estimated
according to the standard biodiesel methods (ASTM D6751
and EN 14214).

4.3.2. Lubricant Sample Preparation. Firstly, 5% of each of
the fuels listed in Table 6 were mixed with commercial SAE40
lubricant using a magnetic stirrer at a speed of 900 rpm for 30
min, since the lubricant mixing with the fuel occurred at 5%
due to the dilution of the crankcase.67 The physicochemical
properties of the SAE40 reference lubricant and all other
lubricant samples with different fuels were measured using a
viscometer (SVM 3000) as shown in Table 7.

4.4. Experimental Setup. 4.4.1. Experimental Setup of
the Diesel Engine. The study on the attribute diesel engine
from various fuel samples in this present study was carried out
by using a diesel engine test bed (model: Yanmar (TF 120
M)) from the University of Malaya. The schematic diagram of
this diesel engine test rig and its specification description are
represented in Figure 13 and Table 8, respectively.
To study the features of the internal combustion engine, the

fuel flow rate of B10 was measured. By using a graduated
measuring cylinder, three readings and their average per 10 mL
of fuel samples were recorded at every engine speed tested. In
the meantime, the time taken was recorded by a stopwatch.

Figure 13. Schematic view of the diesel engine setup.
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Then, the DAPSTEP8 software was used to analyze both the
BT and the BP. Table 9 summarizes the specifications of the

engine gas emissions (HC, CO, CO2, and O2), which were
determined by a BOSCH gas analyzer. These methods were
adapted from the study by Mujtaba et al.30 However, NOx
could not be measured due to the limitation of the gas
analyzer.
Firstly, a diesel engine was used to operate the B10 fuel

sample so that the operation could be kept in stable conditions.
Next, to examine the characteristics of the engine, the diesel
engine was loaded with WPO100 and SF blends. The fuel
samples tested were B10, WPO100, WP090, WPO80, WPO70,
WPO60, and WPO50. Under the full-load condition (100%), 7
different speeds (900, 1150, 1400, 1650, 1900, 2150, and 2400

rpm) were used to operate the experimental test rig diesel
engine. For all engine parameters (BSFC, BP, BT, BTE, CO,
HC, and CO2), the relative uncertainty percentages up were
calculated from different uncertainties of the equipment. The
formula in eq 1 below was used to predict the overall
uncertainty of the experiments, uoverall:

= + + + + +

= + + + + +

= ±

u u u u u u u

(1.3) (0.3) (0.7) (1) (1) (1)

2.23%

overall BSFC
2

BTE
2

BP
2

CO
2

CO
2

HC
2

2 2 2 2 2 2

2

(1)

4.4.2. HFRR Test Rig. A DUCOM’s HFFR equipment
(model: TR-281-M8) was used to evaluate the eight fuel
samples as shown in Figure 14. Several specimens were cut at
15 mm × 15 mm dimensions to serve as the test sample plates,
and they were polished with 600, 800, 1000, 1500, and 2000
silicon carbide papers using a polishing machine. Next, as a
layer of additional polish, a 1 μm × 3 μm diamond suspension
was applied onto the specimens. Then, a profilometer (Veeco
Dektak 150) was used to measure the surface roughness, and it
was kept in the range of 0.03−0.04 (Ra). To investigate the
tribological behavior of the fuel samples, a ball on a test sample
plate was used, in which the steel ball is let to slide on a steel
specimen, submerged in a 5.0 ± 0.2 mL fuel sample in a
reciprocating motion. The operating conditions during the
tribology test summarized in Table 10 are based on the

standard test method ASTM D6079-11. The conditions are
kept as follows: a stroke length of 2.0 ± 0.02 mm, a frequency

Table 8. Engine Specifications Used for the Experimental
Work

engine specification description

no. of cylinders 1
aspiration radiator cooling
cylinder bore × stroke (mm) 92 × 96
displacement (L) 0.638
compression ratio 17.7
maximum engine speed (rpm) 2400
maximum power (kW) 7.7
injection timing (deg) 17° BTDC
injection pressure (kg/cm2) 200
power take-off position flywheel side
cooling system radiator cooling
connecting rod length (mm) 149.5

Table 9. Gas Analyzer Specifications

equipment method measurement
measurement

range resolution

BOSCH
BEA 350

infrared
pulsating
light

HC 0−9999 ppm 1 ppm
CO 0−10% vol 0.001% vol
CO2 0−18% vol 0.01% vol

Figure 14. Schematic view of the reciprocating friction and wear monitor (HFRR) rig.

Table 10. HFRR Tribological Test Operating Conditions

test parameters standard value

sample temperature 60 °C
sample test duration 75 min
applied load 5 N
frequency 10 Hz
stroke length 2 mm
sample volume 10 mL
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of 10.0 ± 1 Hz for 75 min, an applied load of 5 ± 0.01 N, and a
constant fuel temperature of 60 ± 2 °C. These methods were
adapted from the study from Mujtaba et al.65

After the tribological experiments had been carried out,
optical microscopy (OM) was used to calculate the WSD of
both the worn steel ball and the steel plate. The WSD of the
worn surfaces and the COF were measured using eqs 2 and 3
shown below, respectively:

= +M N
WSD

2 (2)

in which M is the major axis (in μm) measured through OM
and N is the minor axis (in μm) measured through OM.

= N
N

COF
actual frictional force ( )

applied load ( ) (3)

4.4.3. Four-Ball Tribo Tester Rig. The relationship between
various fuels and their effects on the tribological properties of
the lubricant was examined by using a four-ball tribo tester
(FBT-3, Ducom Instruments, Bengaluru, India) as illustrated
in Figure 15. Firstly, the cup holder that contained three
stationary steel balls was attached to a temperature sensor and
then filled with 10 mL of the lubricant sample. For every
experiment tested, four new separated steel balls were used.
The working conditions in this study as summarized in Table
11 were used throughout all of the tests carried out in this
study, which are in accordance with the standard test method

ASTM D4172. Next, the WSD of the steel ball was measured
right after the tribological experiments using an OM. The
WSD of the worn surfaces and the COF were computed using
eqs 2 and 3.65
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Figure 15. Schematic view of the four-ball test rig.

Table 11. Four-Ball Tribological Test Operating Conditions

test parameters standard value

test duration 60 min
applied load 40 kg
oil temperature 75 °C
rotational speed of the spindle 1200 rpm
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■ ABBREVIATIONS
B10 Malaysian commercial diesel (90% diesel and 10

palm oil biodiesel)
BP brake power
BSFC brake-specific fuel consumption
BT brake torque
BTE brake thermal efficiency
CO carbon monoxide
CO2 carbon dioxide
COB castor oil biodiesel
COF coefficient of friction
CPME50 50% of cottonseed−palm oil mixture methyl ester in

diesel
DEE diethyl ether
DMC dimethyl carbonate
FAME fatty acid methyl ester
GC−MS gas chromatography and mass spectrometry
HC hydrocarbons
HFFR high-frequency reciprocating rig
JB Jatropha biodiesel
LCFA long-chain fatty acid
MCFA medium-chain fatty acid
NOx nitrogen oxide
NP not present
O2 oxygen
OM optical microscopy
POB palm oil biodiesel
PP−PE polypropylene and polyethylene
SCFA short-chain fatty acid
SF secondary fuel
SFA saturated fatty acid
USFA unsaturated fatty acid
VLCFA very-long-chain fatty acid
WPO waste plastic oil
WPO100 100% waste plastic oil
WPO50 50% WPO and 50% POB
WPO60 60% WPO and 40% POB
WPO70 70% WPO and 30% POB
WPO80 80% WPO and 20% POB
WPO90 90% WPO and 10% POB

WSD wear scar diameter
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