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Abstract: This study examined the use of waste plastic oil (WPO) combined with biodiesel as an
alternative fuel for diesel engines, also commonly known as compression ignition engines, and focused
on comparison of the basic physical and chemical properties of fuels, engine performance, combustion
characteristics, and exhaust emissions. A preliminary study was conducted to determine the suitable
ratio for the fuel blends in consideration of fuel lubricity and viscosity, and these results indicated that
10% biodiesel—derived from either palm oil or castor oil—in waste plastic oil was optimal. In addition,
characterization of the basic properties of these fuel blends revealed that they had higher density and
specific gravity and a lower flash point than diesel fuel, while the fuel heating value, viscosity, and
cetane index were similar. The fuel blends, comprised of waste plastic oil with either 10% palm oil
biodiesel (WPOP10) or 10% castor oil biodiesel (WPOC10), were selected for further investigation
in engine tests in which diesel fuel and waste plastic oil were also included as baseline fuels. The
experimental results of the performance of the engine showed that the combustion of WPO was
similar to diesel fuel for all the tested engine loads and the addition of castor oil as compared to palm
oil biodiesel caused a delay in the start of the combustion. Both biodiesel blends slightly improved
brake thermal efficiency and smoke emissions with respect to diesel fuel. The addition of biodiesel to
WPO tended to reduce the levels of hydrocarbon- and oxide-containing nitrogen emissions. One
drawback of adding biodiesel to WPO was increased carbon monoxide and smoke. Comparing the
two biodiesels used in the study, the presence of castor oil in waste plastic oil showed lower carbon
monoxide and smoke emissions without penalty in terms of increased levels of hydrocarbon- and
oxide-containing nitrogen emissions when the engine was operated at high load.

Keywords: waste plastic oil; biodiesel; castor oil; emission; diesel engine

1. Introduction

The demand for and consumption of energy is expected to increase, especially for fossil fuels.
In Thailand, fossil fuels, also known as conventional energy, are widely used in various forms of
transportation and industrial plants because of their convenience and ability to provide a high heating
value. Fossil fuels are a nonrenewable resource which continues to be used by humans, with demand
steadily increasing. Thus, these fossil fuels will soon be entirely consumed. For this reason, many
countries are beginning to rely more on alternative energy or renewable energy sources.

Thailand still lacks any significant alternative sources of energy. Moreover, it produces insufficient
energy to meet the demand, resulting in the import of over 49% of its consumed energy in 2017 [1].
The value of crude oil and imported petroleum products in Thailand increased by 39.8% and 23.0%, in
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2016 and 2017, respectively, due to the higher oil demand. Thailand has mainly imported crude oil
from Middle Eastern countries. In Thailand, the share of energy from renewable sources is expected
to increase steadily. To increase this share and reduce primary energy consumption, waste plastic
oil has been proposed as a new option for use in transportation. While there is less demand for
transportation energy, this initiative represents a move toward the direction of diversification of fuels
through energy conversion technologies. It also focuses on using oil from plastic waste in diesel
engines. Plastic waste is a petroleum waste that comes from both household and industrial sectors,
leading to a large amount of plastic waste. These wastes require hundreds of years for decomposition
and are a burden to manage. Most plastic is recycled using mechanical recycling, while only 2% of
chemicals are recycled [2]. Generally, the waste management process that is currently popular is the
landfill method, which normally requires a lot of landfill space and has an impact on the environment,
resulting in soil pollution.

Plastic waste is composed of hydrocarbons, which are the main component of conventional fuels.
This raises the possibility of recycling these plastic wastes through their conversion into fuel. Products
can also be obtained from the production process, in addition to being used as an energy source similar
to conventional fuels. It is also able to provide environmental benefits in terms of waste management
for maximum benefits and reduction in the amount of plastic waste, reduced plastic waste disposal,
and also minimizing the problem of finding places for garbage landfills. The use of plastic waste as a
renewable energy feedstock also helps in mitigating the energy crisis.

Several studies have investigated the use of waste plastic oil in diesel engines as an alternative
fuel. Waste plastic pyrolysis oil has properties that are similar to diesel fuel, including the heating
value, density, and cetane index, and can be used as a substitute for diesel fuel [3]. The literature
also shows that diesel engines use waste plastic oil to provide stability in performance and a similar
efficiency [4]. The different types of plastics are also basically impacted by their different compositions.
Recent studies have shown that the oil product of HDPE (high-density polyethylene), mixed with
LDPE (low-density polyethylene), has a higher heating value than LDPE, PP (polypropylene), and
HDPE alone. It was revealed that LDPE produces the highest yields [5]. Waste plastic oil has also
been studied with regard to engine power, and it was found that there was no significant difference
from diesel fuel [6]. The thermal efficiency of waste plastic oil was higher when compared to diesel
fuel [7,8]. However, one study examined the exhaust emissions of a four-cylinder, direct-injection
diesel engine running on diesel blended with different ratios of waste plastic oil and found that the
amount of nitrogen oxides increased because of the longer ignition delay [9] and that there was greater
hydrocarbon emission in comparison to diesel fuel [10].

In addition, it is expected that biodiesel will be used as a renewable energy source in the energy
transportation sector. A great deal of research supports the use of biodiesel as a suitable alternative in
replacing diesel fuel. The presence of oxygen in fuel molecules is expected to result in cleaner biodiesel
combustion, leading to improvements when considering emission. However, there are only a few
reports on the use of biodiesel mixed with waste plastic oil. For example, Ramesha et al. [11] reported
that B20 algae biodiesel blended with waste plastic oil can be a suitable fuel for diesel engines. The
waste plastic oil-biodiesel blend showed an increase of 16% in brake thermal efficiency with respect to
diesel engines. Additionally, the carbonaceous gas emissions, including hydrocarbons and carbon
monoxide, were decreased, but nitrogen oxides slightly increased, as compared to diesel fuel. In the
study by Senthilkumar et al. [12], waste plastic oil was mixed with Jatropha biodiesel for diesel engines.
The brake thermal efficiency and brake specific fuel consumption of the waste plastic oil-biodiesel blend
were higher than the waste plastic oil. The hydrocarbon and carbon monoxide emissions decreased
when waste plastic oil was blended with Jatropha biodiesel.

In the present work, waste plastic oil-biodiesel blends were used as an alternative fuel in a diesel
engine without any engine modifications. The selected biodiesels were produced from castor oil and
palm oil through a transesterification process and were then blended with waste plastic oil. Palm is an
important economic crop and main feedstock for biodiesel production in Thailand. To avoid the use
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of edible feedstock, castor oil was considered because of its benefits of high oxygen content in fuel
molecules and excellent fuel lubricity. These properties are attributed to the presence of ricinoleic acid,
which is the main component of castor oil [13]. The oxygen in the fuel molecules contributes to better
combustion processes in terms of emissions. In this study, we evaluated the effect of biodiesel addition
to waste plastic oil in terms of basic physical and chemical fuel properties of the resulting fuel mixture,
mainly focusing on fuel lubricity and viscosity, engine performance, combustion characteristics, and
exhaust gas emissions of a single-cylinder diesel engine. In the section of combustion characteristics,
basic parameters comprised of in-cylinder pressure and crank angle were recorded during the engine
test. After that, heat release rate of test fuels was calculated on the basic principles of the first law of
thermodynamics, which the specific heat ratio was calculated based on the in-cylinder pressure and
combustion chamber volume through the assumption of polytropic process.

2. Materials and Methods

As part of this research, some physical and chemical properties of test fuels were determined.
Experimental tests were carried out on a single-cylinder diesel engine (model Kirloskar TV1 with
product code 240PE). The engine was connected to an eddy current dynamometer to simulate the load
and was tested at a constant speed of 1500 rpm under variable load conditions, i.e., low, medium,
and high load conditions (25%, 50%, and 75% of the maximum torque). The gas detector was used to
determine the levels of carbon monoxide (CO), nitrogen oxides (NOX), hydrocarbon (HC), and smoke.
The fuel consumption of the engine was tested by adjusting the load of the diesel engine. Therefore,
the scope of this research project was limited to the following:

• To find a suitable ratio of the fuel blend by mainly considering fuel lubricity and viscosity; the fuel
blends were prepared at various ratios, i.e., 0%, 5%, 10%, and 15% (by volume) of the biodiesel to
the waste plastic oil.

• To test the suitable fuel blends with a single-cylinder diesel engine without any engine
modifications. The objective of this test was to evaluate engine performance, combustion
characteristics, and exhaust emissions.

2.1. Materials

In this experimental investigation, waste plastic oil (WPO) was used as the main fuel, whereas the
other fuels included castor oil methyl ester (COME) and palm oil methyl ester (POME) as components
for blending with WPO. The diesel fuel was commercial diesel fuel (B7) containing 7% biodiesel,
according to the department of energy business in Thailand. The waste plastic oil used in this research
project was produced from waste plastic by the pyrolysis method. The pyrolysis process is a chemical
process of heating that decomposes plastics in the absence of oxygen. The master plant that processes
waste plastic to oil is located at Suranaree University of Technology.

2.1.1. Waste Plastic Oil

The raw materials used in this study were from plastic waste, such as plastic waste bags collected
from waste in Suranaree Subdistrict, Nakhon Ratchasima, Thailand. The composition of these plastics
includes polyethylene (PE) and polystyrene (PS) and about 70% was contaminated organic matter. The
waste plastics obtained from mechanical biological treatment (MBT) were processed into raw materials
using an agglomerator, which processed the plastic into small pieces that could be continuously
fed into the oil processing plant. The waste plastic oil was recycled using pyrolysis and did not
undergo distillation.

The pyrolysis process involves the breakdown of large molecules into smaller molecules by
chemically decomposing organic matter through heating in an oxygen-free environment. Waste plastic
is processed to maintain a temperature of 300–350 ◦C inside the reactor, where the waste plastic is then
vaporized and the outlet gas condensed through the condenser unit at this high temperature. The
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obtained liquid was taken as fuel, and this process happened constantly in converting the waste plastic
back into usable oil. All gases from this process were treated before being released into the atmosphere.
The exhaust gas was treated through scrubbers and chemical treatment for neutralization. From the
pyrolysis process, the following output products were collected: Waste plastic oil (70%), gas (10%), and
solid (20%), with values based on the weight of the input. The plastics yielded approximately 600 L
per ton.

2.1.2. Production of Castor Oil Biodiesel and Palm Oil Biodiesel

The experimental work was carried out in a laboratory at Suranaree University of Technology.
Castor oil was used in the transesterification process to convert castor oil into castor oil methyl ester.
Methanol and potassium hydroxide (KOH) catalyst were used for the reaction. The reaction was
carried out using methanol and castor oil in a 9:1 molar ratio with 0.5% KOH (by weight of oil). The
KOH was first dissolved in methanol and was then mixed with the castor oil. This mixture was heated
and stirred using an electric heater and a magnetic stirrer. The reaction was carried out at a constant
temperature of 50 ◦C for about 120 min. Then, the mixture was poured into a separating funnel to
separate the methyl ester of castor oil and glycerol. The layers were separated and were allowed to
settle for a minimum period of 8 h, with glycerol at the bottom layer and the ester at the top layer. The
castor oil methyl ester was then washed with water to remove any traces of methanol or potassium
hydroxide that was not reacted. The castor oil methyl ester was heated to 120 ◦C for moisture removal.

However, palm oil was also used with methanol and potassium hydroxide (KOH) in the reaction.
The reaction was carried out by taking methanol and palm oil in a 12:1 molar ratio and 2% KOH
(according to the weight of the oil). KOH was dissolved in methanol and this mixture was then mixed
with palm oil. This mixture was heated and stirred using an electric heater and a magnetic stirrer. The
reaction was carried out at a constant temperature of 60 ◦C for about 30 min. Then, the mixture was
poured into a separating funnel to separate the methyl ester of the palm oil and glycerol. The layers
were separated and allowed to settle for 24 h, with glycerol at the bottom layer and the ester at the
top layer. The palm oil methyl ester was then washed with water to remove any traces of methanol
or potassium hydroxide that was not reacted. The palm oil methyl ester was heated to 120 ◦C for
moisture removal.

2.2. Gas Chromatography Analysis

The column for GC–MS analysis was a DB-wax capillary column (60 m length × 0.25 mm inner
diameter, 0.25 µm film thickness). Helium was used as a carrier gas with a constant flow rate of
1.0 mL/min. The oven temperature was programmed to operate from 70 ◦C to 250 ◦C, with the initial
temperature of 70 ◦C that was held for 3 min, followed by a rate of heating of 3 ◦C/min to a temperature
of 180 ◦C and then a rate of 10 ◦C/min to a final temperature at 250 ◦C, which was held for 25 min. The
inlet was held at 250 ◦C with a split ratio of 20:1. The injection volume was 1 µL per sample. The mass
spectrometer was scanned from mass to charge ratio (m/z) of 35 to 550 with the source at 250 ◦C.

2.3. Experimental Setup

An experimental investigation was tested to evaluate and compare the results obtained for the use
of different types of test fuels. This study aimed to investigate the effect of waste plastic oil blended
with biodiesel on engine performance and the emission of a single-cylinder diesel engine. WPOC10
and WPOP10 were selected for experimental comparison based on initial experiment data regarding
the lubrication and viscosity of the blended fuels, whereby 10% biodiesel and 90% waste plastic oil was
determined to be the optimal ratio for further testing in the engine. The total number of samples was
four test fuels (using either WPOC10, WPOP10, WPO, diesel), which were prepared for testing with
the equipment and measuring tools used in the laboratory as follows: A four-stroke, single-cylinder
diesel engine (Kirloskar TV1) with a water cooler system, direct injection, and a rated output power of
3.5 kW at 1500 rpm, unmodified and under different loading conditions. The engine was mounted
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on a fixed bed floor in the laboratory room and the load was applied on the engine. A picture of the
experimental setup is shown in Figures 1 and 2, and the engine specifications are given in Table 1.

Figure 1. Experimental setup for engine testing.

Figure 2. A schematic diagram of the experimental installation.

Table 1. Test engine specifications.

Engine Specification

Model Kirloskar TV1

Engine type Single cylinder, 4 stroke, Water cooler, Direct injection

Bore 87.5 mm

Stroke 110 mm

Connecting rod length 234 mm

Swept volume 661 cc

Rate output 3.5 kW at 1500 rpm

Compression ratio 12–18

Dynamometer Eddy current, Water cooler

The observation results during testing in the engine were used to evaluate the use of different fuel
blends in comparison to the commercial diesel fuel and waste plastic oil as a reference. Three repetitions
were carried out in each test to obtain the average values for analysis. The used confidence intervals
corresponded to a 95% confidence level with respect to statistical significance of the result trends.
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2.3.1. Testing by Adjusting Engine Load

Engine tests were done by loading the engine to a level that simulated the workload condition of
the engine. Three engine loading conditions (25%, 50%, and 75% of the maximum engine torque) were
chosen for engine experiments, and the engine loads were adjusted by the eddy current dynamometer,
which acted as a brake and an enabling measurement of the engine’s torque. The knob on the
dynamometer loading unit was rotated to gradually adjust the engine load to ensure that the load on
the load indicator gradually changed for each load value before the test. The experiment was performed
using various blends at different loads, from low to high loads, at a constant speed. Furthermore,
before testing the engine output with different fuels, the engine was always cleaned prior to installing
the fresh oil to ensure the new oils were tested according to the intended compositions.

The fuel consumption was measured using a burette and stopwatch to determine the change in
the fuel volume divided by the testing time. The burette with a unit of volume in mL was used to
determine the volume of spent fuel. The tests were performed by counting the time needed using a
stopwatch to determine the length of time before the fuel ran out. This required a fixed test fuel volume
in a burette of 10 mL, and this measurement was repeated three times. The determination of each
output value, such as the brake-specific fuel consumption, thermal efficiency, combustion, and amount
of gas emission, was based on recordings at each engine load change using the four tested fuels.

2.3.2. Emission Testing

In each engine test, the engine load was gradually adjusted using the knob, and the actual engine
speed was measured through encoder wheel monitoring, to measure the tested value of the exhaust
gas emission of fuel blends.

The data corresponding to the parameters of engine combustion characteristics were collected
through the signals from an in-cylinder pressure sensor and shaft encoder, both of which were
analyzed using IC Engine Soft of Apex Innovations’ software. The amount of nitrogen oxides (NOX),
hydrocarbon (HC), carbon monoxide (CO), and smoke in emissions was measured by the engine
exhaust emission analyzer using a Testo 350 Gas analyzer for CO, NOX, and HC, and a Testo 308 for
smoke by installing the equipment for the experiment, as shown in Figure 2.

The Testo 350 and Testo 308 exhaust gas analyzers were used to measure the exhaust gas. The
exhaust emission probe was placed in the tailpipe of the engine and the exhaust gas emissions were
measured. The test engine was run to idle for approximately 10 min in order to ensure the stability
of the engine before measuring the exhaust gas emissions. The Testo 350 was analyzed by using a
nondispersive infrared and electronic chemical method. Furthermore, the Testo 308 was analyzed
using the principles of absorption photometry.

3. Results and Discussions

3.1. Test Fuels

In order to improve the properties of waste plastic oil by combination with biodiesel, such as
through increasing the oxygen content in the waste plastic oil for better combustion and to improve the
viscosity and lubricity of the waste plastic oil, COME and POME were blended with waste plastic oil at
different volumetric ratios, ranging from 0% to 15%, and the basic physical and chemical properties of
the blended fuels were investigated, which mainly focused on fuel lubrication and viscosity. It can be
concluded that the presence of 10% biodiesel in waste plastic oil is the optimal ratio because the smallest
scar diameter was obtained after lubrication testing and the viscosity was within the acceptable criteria
prescribed by the standard specification for diesel fuel, as shown in Figure 3. The lubricity testing
was evaluated by a high-frequency reciprocating rig (HFRR) and was conducted according to EN ISO
12156 [14]. From the preliminary experiment, 10% biodiesel was enough to maintain the lubrication
of the blended fuel and there was no significant improvement in the lubrication of the blend when
exceeding this percentage of biodiesel in waste plastic oil. Therefore, a combination of either 10% castor
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oil biodiesel or 10% palm oil biodiesel with 90% waste plastic oil (WPOC10 and WPOP10, respectively)
was selected for further investigation in the engine test to study the effect of biodiesel addition to waste
plastic oil on engine performance, combustion characteristics, and exhaust emissions.

Figure 3. Lubricity and viscosity of biodiesel blending.

The fatty acid profile of castor oil and palm oil are summarized in Table 2, which confirms that the
most abundant fatty acid in castor oil is ricinoleic acid, comprising about 85% by weight of the total
fatty acid content, while the major constituents of palm oil are palmitic and oleic acid, at about 46%
and 37% of the weight. Palmitic acid is a fatty acid that naturally occurs in vegetable and animals, and
it is the main component of human milk fat. Furthermore, oleic acid is also the major component of
many oils and fats.

Table 2. Fatty acid composition of palm oil and castor oil.

Fatty Acid % wt.

POME COME

Lauric C12:0 0.92 0.02

Myristic C14:0 1.28 0.06

Palmitic C16:0 46.29 1.63

Stearic C18:0 4.63 1.66

Oleic C18:1 37.07 3.85

Ricinoleic C18:1 OH - 85.6

Linoleic C18:2 8.67 6.04

Linolenic C18:3 0.03 0.43

Arachidic C20:0 0.36 0.08

Other 0.75 0.63

The physicochemical properties of fuels were carried out, based on the ASTM standards, and the
properties of the test fuels are given in Table 3.
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Table 3. Properties of the test fuels.

Properties Test Method Diesel WPO POME COME WPOP10 WPOC10

Kinematic viscosity at 40 ◦C (cSt) ASTM D445 4.19 3.76 6.46 18.61 4.11 4.29

Specific gravity at 15.6 ◦C ASTM D1298 0.828 0.825 0.875 0.910 0.830 0.845

Density at 15.6 ◦C (kg/m3) ASTM D1298 827 824 874 909 829 844

Flash point (◦C) ASTM D93 68 41 96 108 45 48

Gross calorific value (MJ/kg) ASTM D240 42.45 40.58 36.79 37.95 39.18 39.64

Cetane index ASTM D976 60.2 60.0 48.7 39.4 59.6 54.5

Characterization of Waste Plastic Oil

The waste plastic oil or pyrolysis oil used in this study was extracted from mixed plastic wastes.
The chemical compounds contained in the waste plastic oil were analyzed by gas chromatography–mass
spectrometry (GC–MS), using a gas chromatograph Agilent 7890A coupled to a mass spectrometer
Agilent 7000B. The results of the GC–MS analysis of waste plastic oil and diesel are presented in
Figure 4, and it is an important chemical compound contained in plastic oil and the percentage of the
area is shown in Table 4.

Figure 4. Total ion current chromatogram for: (a) Waste plastic oil and (b) diesel.

Table 4. Components identified from waste plastic oil and diesel by GC–MS analysis.

Carbon Content
% Area

WPO Diesel

C4–C11 12.85 17.56

C12–C20 74.39 73.28

>C20 12.76 9.16
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The waste plastic oil consisted of different hydrocarbons contents, which separate according to
the light and heavy fractions, from the lowest carbon atom (C4) to the highest carbon atoms (>C20) and
can be divided into three groups. The C4–C11 group represented the light fraction or gasoline, and
typical gasoline consists of hydrocarbons between five and nine carbon atoms. The C12–C20 group
represented the middle fraction or diesel. Diesel has a high percentage of carbon atoms of C16–C20 [15].
Table 4 presents the results of the comparison between fuels, and a similar trend was observed between
waste plastic oil and diesel. The waste plastic oil and diesel produced the highest C12–C20 fraction.

3.2. Engine Performance

Figure 5 illustrates the results of the brake specific fuel consumption (BSFC) of the engine for
four kinds of test fuels according to three engine-operating loads. The results showed that the BSFC
increased at the low loading (25% of the maximum torque) rather than at medium and high loading,
respectively (50% and 75% of the maximum torque). The results also showed that the increment in
the engine load seems to result in less specific fuel consumption for all the fuels [16,17]. The increase
in engine loading resulted in an increase of fuel flow rate, brake thermal efficiency, and exhaust gas
temperature while also decreasing the brake specific fuel consumption at the same time.

Figure 5. Variation of brake specific fuel consumption.

The brake specific fuel consumption was slightly increased for biodiesel-waste plastic oil. In
general, brake specific fuel consumption was found to increase when the biodiesel quantity of the
blends was increased, which was due to its lower heating value [16,18–20].

Figure 6 shows the variation of brake thermal efficiency (BTE) and engine load. Higher BTE was
obtained with the use of waste plastic oil and its blends. The addition of biodiesel tended to improve
the combustion of waste plastic oil. This may be attributed to the increase in oxygen content, due to
oxygen in the fuel molecule of the fatty acid in biodiesel, resulting in more effective combustion [20–25].
In addition, the proper lubricating properties of biodiesel may play a role in reducing the friction to
the level that the brake efficiency was enhanced from pure waste plastic oil [26,27].
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Figure 6. Variation of the brake thermal efficiency.

3.3. Combustion Characteristics

The combustion characteristics were examined as in-cylinder pressure and the rate of heat release
based on the basic principles of the first law of thermodynamics, as shown in Figure 7. It was found
that the combustion of waste plastic oil was similar to diesel fuel for all tested engine loads. The
addition of castor oil biodiesel to waste plastic oil caused a delay in the start of the combustion rather
than the addition of palm oil biodiesel. This was explained by the lower cetane number in castor
oil. Additionally, the higher viscosity of castor oil biodiesel can be used to justify the delay in the
combustion process due to the difficulty of fuel injection and the quality of fuel spray [27,28]. When
considering peak of heat release rate, it was found that a higher peak was obtained for fuel blends
with castor oil as biodiesel compared to palm oil. The accumulation of fuel volume during the longer
ignition delay, which impacted the higher peak of premixed combustion, was used to justify the higher
peak of the heat release rate obtained by the combustion of WPOC10 with respect to WPOP10 [29,30].

Figure 7. Cont.
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Figure 7. In-cylinder pressure and rate of heat release at different levels of maximum torque: (a) 25%;
(b) 50%; (c) 75%.

3.4. Emissions

From Figure 8, the blends of the biodiesel-waste plastic oil showed a disadvantage in carbon
monoxide emissions because of the higher viscosity and lower calorific value. Therefore, the combustion
temperature was lowered due to ineffective atomization of the fuel blends, leading to an increase in
carbon monoxide emissions. Comparing the two biodiesels used in this study, the presence of castor oil
in fuel blends showed lower CO emissions. Although, castor oil possesses higher viscosity than palm
oil, which can generate poor fuel atomization that results in more incomplete combustion. The higher
oxygen content of castor oil may improve the quality of the combustion and can be compensated for
by the effect of higher viscosity, leading to lower CO emissions by the addition of castor oil biodiesel to
waste plastic oil as compared to the addition of palm oil biodiesel.

From Figure 9, it can be seen that the amount of nitrogen oxide emissions increased with increasing
engine load, and the nitrogen oxide emission levels of plastic waste oil were higher compared to diesel
fuel. Comparing waste plastic oil and its blends, lower NOx emissions were found when biodiesel was
added. The reduction in the peak of the heat release in the premixed combustion phase was caused by
the combustion of biodiesel blends, which tended to attenuate the increase in combustion temperature
and did not favor NOx formation. The results of biodiesel addition were similar to diesel fuel blends
and resulted in NOX reduction, which was also observed in another study by Pumpuang et al. [22]
using blends of diesel with castor oil ethyl ester biodiesel. Considering the addition of castor oil and
palm oil biodiesel, the castor oil biodiesel blends showed higher NOx emissions than those of palm oil
biodiesel. The longer ignition delay due to the lower cetane value, caused by the addition of castor oil
biodiesel, led to a higher combustion temperature, and this can explain the higher NOx emissions
observed with the combustion of waste plastic oil blended with castor oil biodiesel.
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Figure 8. Carbon monoxide emissions.

Figure 9. Nitrogen oxide emissions.

The variation of hydrocarbons with engine loads is shown in Figure 10. Higher levels of
hydrocarbon emissions were found with the combustion of waste plastic oil with respect to diesel fuel.
However, the addition of biodiesels may have contributed to reducing hydrocarbon emissions [31]. In
the case of palm oil biodiesel, the shorter ignition delay due to the lower cetane index, in comparison
to castor oil biodiesel, can improve (reduce) hydrocarbon emissions by allowing more time for the
combustion process, resulting in lower levels of hydrocarbon emission. However, the blend with castor
oil biodiesel, containing a higher oxygen content for the same volumetric percentage when comparing
the two biodiesels, was blended with the waste plastic oil. This is expected to promote lower levels of
hydrocarbon emission compared to the blend of palm oil biodiesel. The effect of the extremely high
viscosity of castor oil, however, tended to increase the emission of hydrocarbons and could counteract
the beneficial reductions in hydrocarbon emission due to the higher oxygen content [32]. These effects
were more obviously seen at low engine operating loads where the temperature in the combustion
chamber was not high enough to vaporize all the injected fuels. Consequently, WPOC10 produced
higher hydrocarbons with respect to WPOP10.
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Figure 10. Hydrocarbon emissions.

Figure 11 shows the smoke emissions obtained by the combustion of the tested fuels. The
combustion of the waste plastic oil was evidently associated with less smoke emission than diesel
fuel. The addition of biodiesels to waste plastic oil tended to result in increased smoke emissions of
these fuel blends. This increase in smoke emissions was apparent when the engine was operated at
higher load conditions. Comparing castor oil and palm oil biodiesel, it was found that lower smoke
emissions were obtained with the use of castor oil biodiesel. The two main factors had opposing
effects on particulate matter emission, which was directly related to the smoke emissions. First, the
higher viscosity of castor oil biodiesel caused more difficulty in fuel injection. The ineffective fuel
atomization resulted in more incomplete combustion, which was related to a higher amount of unburnt
fuel, resulting in higher smoke emissions. Second, the higher oxygen content present in the castor
oil biodiesel and hydroxyl group belonged to ricinoleic acid as the primary fatty acid of castor oil
can contribute to the enhancement of combustion quality, leading to less smoke emission [33]. It was
notable that the effect of higher oxygen content may be more likely to reduce smoke emissions in this
study as a result of lower smoke emissions associated with the combustion of WPOC10 compared
to WPOP10.

Figure 11. Smoke emissions.

4. Conclusions

The effects of biodiesel addition on fuel properties, combustion characteristics, engine performance,
and exhaust emissions of crude waste plastic oil were studied. Two types of biodiesel, palm oil biodiesel
and castor oil biodiesel, were selected as components for blending with waste plastic oil. The findings
can be summarized as follows:

• Considering fuel lubricity and viscosity, the presence of 10% (v/v) biodiesel was the optimal ratio
for improving the waste plastic oil.
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• The brake thermal efficiency of the engine was slightly improved with the addition of biodiesel to
waste plastic oil.

• The addition of castor oil as compared to palm oil biodiesel caused a delay in the start of the
combustion, resulting in a higher peak of heat release rate.

• The reduction in the level of hydrocarbon- and oxide-containing nitrogen emissions was found
with the addition of biodiesel, while carbon monoxide and the smoke emissions were increased.

• Comparing the two tested biodiesels, the presence of castor oil in waste plastic oil showed lower
carbon monoxide and smoke emissions without any penalty regarding the levels of hydrocarbon-
and oxide-containing nitrogen emissions when the engine was operated at a high load.

• Future studies on engine modification, such as to the piston, injection timing, and injection
pressure, can be considered for further improvements through the reduction of exhaust emissions
by the use of biodiesel as a blend component in waste plastic oil.
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Nomenclature

BSFC brake-specific fuel consumption
BTE brake thermal efficiency
CO carbon monoxide
COME castor oil methyl ester
HC hydrocarbon
HDPE high-density polyethylene
HFRR high-frequency reciprocating rig
KOH potassium hydroxide
LDPE low-density polyethylene
MBT mechanical biological treatment
NOX nitrogen oxides
PE polyethylene
POME palm oil methyl ester
PP polypropylene
PS polystyrene
WPO waste plastic oil
WPOC10 fuel blend of 10% castor oil biodiesel and 90% waste plastic oil
WPOP10 fuel blend of 10% palm oil biodiesel and 90% waste plastic oil
GC-MS gas chromatography–mass spectrometry
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