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Abstract: Biodiesel produced from waste cooked oil (WCO) resources mixed with various nanoparti-
cle additives and used as a fuel blend in diesel engine combustion is a hopeful research trend. All
previous studies indicate that alternative fuels can provide better fuel properties with enhanced en-
gine combustion, performance, and lower emissions than fossil diesel fuel. This study uses three fuel
blends to compare the diesel engine’s combustion, performance, and emissions attributes at different
loading values. Pure diesel fuel, B40, which is a blend of 40% WCO biodiesel and 60% diesel fuel,
and mixtures of 40% WCO biodiesel, 56% diesel, and 4% toluene with carbon nanotubes (B40-CNTs)
or graphene oxide nano-additive (B40-GO) at three concentrations of 50, 100, and 150 ppm were used.
The results show enhancements in the diesel engine attribute values using B40-CNTs and B40-GO
blends at different concentrations and engine load values better than the diesel engine attribute
result values using B0 or B40 without nanoparticle additives. The combustion, performance, and
emission attribute showed improvements using nanoparticles due to the increase in the evaporation
rate, the oxygen rate, the surface area to volume ratio, and the thermal properties of the mixture. The
highest in-cylinder peak pressure is recorded at 61 bar in B40 with 150 PPM of GO nanoparticles. The
brake thermal efficiency records 43.6%, with the highest percentage found using B40-150GO at the
maximum engine load value. The NOx emissions are dropped from 1240 PPM using pure diesel fuel
to 884 PPM using B40 with 150 PPM of GO nanoparticles at the maximum engine load due to the
lower combustion temperatures and duration.

Keywords: diesel engine; waste cooking oil biodiesel; carbon nanotubes; graphene oxide nanoparticles

1. Introduction

Nowadays, the massive consumption of fossil fuels in internal combustion engines
can lead to fossil fuel depletion. The combustion of fossil fuels produces harmful exhaust
gases that can change the climate and deteriorate the health of humans [1]. Diesel fuel
can be wholly or partially substituted with biodiesel fuel from various resources in diesel
engines, which is a green fuel with good combustion properties, including high burning
ability and oxygenation [2,3].

Biodiesel can be produced cheaply using modernized technologies from various
resources such as edible oil and nonedible and animal fat [4]. Note that direct oil from
biodiesel resources cannot be applied to diesel engines as a fuel before converting to
biodiesel fuels due to their high density, viscosity, and water content values [5]. The high
viscosity can cause gum for the combustion chamber and injection components. The water
content can cause corrosion and wear to the engine components [6].

Biodiesel from waste cooking oil can be produced using multiple manufacturing tech-
niques such as pyrolysis, dilution, transesterification, and micro-emulsion [7]. Dilution can
be achieved by mixing WCO at a maximum allowable percentage of 20% with fossil diesel
fuel. Dilution for WCO can prevent engine damage causes [8]. Pyrolysis is an anaerobic
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decomposition of the oil by heating without oxygen [9]. The micro-emulsion is a colloidal
dispersion of fat combined with methanol or ethanol as a solvent to reduce viscosity and
increase spraying quality [10]. Transesterification converts biodiesel resources to fatty acid
methyl ester (FAME) and glycerol using alcohol like methanol and a catalyst [11]. There
are four types of catalysts: acid, base, nano-catalyst, and enzyme [12]. Base catalysts have
several benefits, such as availability, less energy requirement, fewer corrosion issues for
engine components, and faster action than acid catalysts [13].

In a recent study [14], Cyclohexane was added by volume at 5, 10, and 15% as a
flammable liquid to WCO biodiesel and diesel fuel in three blends: B60:D35C5, B60D30C10,
and B60D25C15. The results showed that the engine performance and emission attributes
improved if fuel blends were used compared to fossil diesel fuel. In addition, by increasing
the injection pressure from 150 bars to 250 bars, the UHC, CO, and BSFC decreased.
An experimental study was conducted using a single-cylinder diesel engine to compare
the differences between two combustion modes, blend, add fuel combustion, and RCCI
combustion. The blended fuel was biodiesel/n-butanol at various EGR rates, various
timings of injection, and various loads of the engine. The optimum EGR percentage
was 30%. The blended fuel mode maintained high BTE and low emissions but with
high NOx [15,16]. In addition, the advanced technology suggestions for improving the
combustion and emissions characteristics were applied in conventional diesel engines
[17,18]. The PPC engine concept was applied using an oxygenated and high-octane rating
fuel such as methanol with different fuel injection strategies. In addition, the emissions
reductions from using a low-carbon fuel such as alcohol reached 10% in some conditions
compared with conventional engines.

Nanoparticles are the main elements in nanotechnology. Nanoparticles have a range
of sizes from 1 nm to nearly 100 nm and have many shapes: cylindrical, spherical, and
flat [19]. They can be crystalline or amorphous with zero, one, two, and three dimen-
sions [20]. Nanoparticles can be classified according to their physical and chemical proper-
ties as organic, metal, ceramic, semiconductor polymeric, lipid, carbon-based, or composite
nanoparticles [21]. The organic type is used mainly in medicine [22,23]. Metal nanoparticles
and their oxides have good specifications for combustion in compression ignition engines
due to their oxygen content, which can reduce harmful emissions and increase the surface
area to volume ratio to increase the evaporation rate of the mixture [24–27].

Nanoparticles can be prevented from crumbling in the base fuel by using solvent and
surfactant to increase the dissolving and guarantee the stability of the blend. Nanoparticles
can be characterized and inspected through tests like X-ray diffraction (XRD), Brunauer–
Emmett–Teller (BET), scanning electron microscopy (SEM), and transmittance electron
microscope (TEM) tests. The nanoparticle production methods include the top-down and
bottom-up production processes [28]. The top-down approach is a damaged technique
for the most significant molecules that are transformed into small ones and converted to
nanoparticles [29,30]. Moreover, a bottom-up process is a reverse approach for building up
nanoparticles via spinning and atomic condensation.

The effect of using CeO2 nanoparticles dispersed in biodiesel on the elemental carbon
(EC), organic carbon (OC), size distribution, combustion, and emissions of the CRDI diesel
engine is explored [31]. The diesel engine operated without a diesel particulate filter to
prove that the emissions depend on the filter. The results indicated that adding CeO2
nanoparticles to the biodiesel improved the in-cylinder pressure and the heat release
rate. Using B15 with CeO2 at 20 PPM, the Co and UHC significantly decreased, but NOx
emission increased compared to pure diesel. It was also observed that the B0 and B0C20
fuels produced particles with diameters more significant than the diameters of B10C20
and B15C20. The EC soot was higher than the OC for all fuels. The influence of CeO2
nanoparticles on dual fuel and varied loads of diesel engines was studied. The CeO2
nanoparticles were dispersed in methanol at 25 ppm and 100 ppm concentrations (MCN).

The diesel engine was operated in three modes: The first was direct injection mode.
The second mode was injecting the methanol in the intake manifold, and the diesel fuel
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was directly injected. The third mode injects the MCN in the intake manifold and injects
the diesel fuel directly. It was observed that there was an increase in the peak in-cylinder
pressure and the peak heat release rate using the MCN mode. The BTE and the BSFC
were enhanced using the MCN compared to methanol mode. Most of the emissions were
reduced using the MCN mode [32]. This paper [33] investigated the characteristics of the
direct-injection diesel engine. Pure diesel fuel (D), WCO biodiesel (B), n-butanol (But),
and titanium dioxide (TiO2) nanoparticles were used. The test fuels were D100, B20,
B20+ TiO2, B20But10, and B20But10+TiO2. Adding TiO2 increased the brake power and
torque compared to using TiO2 nanoparticles. Adding n-butanol and TiO2 to the test fuels
improved the peak in-cylinder pressure and the peak heat release rate compared to pure
diesel. The CO, UHC, and smoke opacity emissions were reduced, and the NOX emissions
were reduced using n-butanol.

Carbon nanotubes (CNTs) are one of the significant nanoparticles. CNTs are described
as nonmetal nanoparticles. CNTs have properties better than metal nanoparticles, such as
high thermal conductivity [34]. CNTs can be used as a catalyst to nanofuels, improving
the attributes of diesel engines by increasing the surface area to volume ratio, and thus the
cetane number of the fuel [35]. The BTE of the diesel engine can be enhanced by adding
CNTs due to the high chemical reactivity [36]. CNTs added to the diesel-water emulsion
can produce better BTE than diesel-water only. Using CNTs in diesel engines can increase
the peak in-cylinder pressure and shorten the combustion duration [37]. The peak heat
release rate increases by dosing CNTs compared to base fuel only due to the high surface
area to volume ratio, evaporation rate, and chemical reactivity [38].

CNTs have effective influences on the emissions produced by the diesel engine. CO
emissions decreased with CNTs due to complete combustion, resulting from good blended
fuel atomization and high surface area to volume ratio [39]. Also, the UHC emissions
decreased due to combustion completion [40]. The reductions in NOx emissions depend
on the fuel type, the combustion duration, and the combustion temperatures. Low soot
emissions are also observed using CNTs in diesel engines because of the high surface area
to volume ratio and complete combustion.

Multiwalled carbon nanotubes (MWCNTs) were used with C. Inophyllum biodiesel
and diesel blend (CIB20) to investigate the characteristics of diesel engines [41]. The
MWCNTs were dispersed in the mix at 20, 40, 60, and 80 ppm concentrations. The results
showed that the combination with MWCNTs at 60 ppm gave the highest percentage of BTE.
All emissions were reduced with MWCNT compared to using CIB20 alone. Silicon dioxide
(SiO2) nanoparticles were used with methanol in diesel engine operation. The test fuels are
diesel, diesel fuel with methanol, and finally, methanol diesel fuel with SiO2 nanoparticles
(MSN). The MSN fuel was injected into the intake manifold. It was observed that the peak
in-cylinder pressure and heat release rate are increased in addition to enhancements in
the BTE [42]. Nitrogen-doped multiwalled carbon nanotubes (N-doped MWCNTs) were
used to enhance the attributes of the diesel engine. The MWCNTs were used as a reference
for comparing with N-doped MWCNTs. The results showed enhancements in the engine
attributes using N-doped MWCNTs [43].

Graphene oxide (GO) nanoparticles can be used in various applications, such as heat
transfers. As nanoparticle additives, GO nanoparticles are used in diesel engine combustion
due to their energy density, high thermal conductivity, and environmentally friendly [44,45].
GO nanoparticles can complete the combustion process due to the increased surface area
to volume ratio, high chemical reactivity, and the existence of oxygen atoms [46]. GO
nanoparticles were dispersed in biodiesel at B0, B10, and B20, and the GO concentrations
were 30, 60, and 90 ppm, distributed via ultra-sonication [43]. The attributes of the diesel
engine were investigated, and it was observed that GO nanoparticles enhanced the BTE and
torque and reduced the BSFC. Also, reductions in CO and UHC emissions were observed,
while increased CO2 and NOx emissions were reported.

Three nanoparticle additives GO, TiO2, and GO with TiO2, were used to study the
characteristics of a cylinder diesel engine [47]. There was a reduction in BSFC of 12%
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using diesel with TiO2 fuel compared to pure diesel. The in-cylinder peak pressures
using nanoparticle additive fuels were higher than those using pure diesel. Using TiO2
and GO-TiO2 with diesel fuel reduced the NOx emissions formation and increased the
CO emissions. In another study [48], GO nanoparticles at varying doses of 30, 60, and
90 PPM were added to the Oenothera lamarchiana biodiesel and diesel fuel (B20) blend
to investigate the attributes of diesel engines. The results showed that the brake power,
exhaust gas temperature, and CO2 and NOx emissions increased while the UHC and CO
emissions were reduced. Single-walled carbon nanotubes, graphene oxide, and cerium
oxide were used to investigate the characteristics of diesel engines at different loads [37]. A
reduction in the combustion duration of 10.3%, the combustion advancing by 18.5%, an
improvement in the BSFC of 15.2%, and a decrease in CO and UHC of 23.4% and 24.1%,
respectively, were observed using single-walled CNTs at 25 PPM concentration.

In preparing the nanofuels, the dispersion of nanoparticles in the base fuel is one of
the drawbacks. The method of nanoparticle distribution inside the original fuel is essential
for enhancing the surface changes of nanoparticles due to the repulsion forces between
all nanoparticles. Electrostatic dispersion is one method that can be attempted by coating
the nanoparticles with a dispersing agent or surfactant [49,50]. The nanoparticle’s surface
is covered with the surfactant. Some changes are generated, producing repulsive forces
between the nanoparticles in the base fuel. The surfactant amount must be maintained to
act as the suitable coating, prevent repulsion, and compensate for the attraction forces of
van der Waals. The type of surfactant can be classified into ionic surfactants and cationic
surfactants [51,52].

The present study uses toluene (T) as a surfactant for dispersing GO or CNT nanopar-
ticles in the fuel. Toluene was experimented with three percentages of the blend volume:
2%T, 4%T, and 6%T. It is observed that the ideal volume percentage is 4%T due to the sta-
bility and homogeneity of the blend and its ability to prevent the repulsion forces between
the nanoparticles as much as possible.

The recent research aims to study the influence of nanoparticles dispersed in different
blends of WCO biodiesel and diesel fuel on the combustion, performance, and emission
attributes of single-cylinder, constant-speed diesel engines at varying loads. The nanopar-
ticle types are CNTs or GO nanoparticles dispersed individually using toluene at 4% by
volume in 56% fossil diesel fuel and 40% WCO biodiesel. The tested fuels are pure diesel
(B0), a blend of WCO biodiesel at 40% and 60% diesel fuel (B40), and B40 with 50, 100, and
150 PPM of CNTs or GO nanoparticles.

2. The Procedure and the Experimental Setup
2.1. The Experimental Setup

A single-cylinder diesel engine test bench performs all the scheduled experiments.
The tested engine is assembled with all the necessary equipment to measure the engine
attributes. The test engine schematic diagram is presented in Figure 1. However, the whole
system is pictured as shown in Figure 2. In addition, the tested engine specifications are
displayed in Table 1. The engine is connected to an “ATE-160 LC” hydraulic dynamometer
using a coupling to load the diesel engine and calculate the brake power at four specific
loads. The hydraulic dynamometer’s technical specifications are listed in Table 2. The
diesel engine is supplied with Kistler 6125C01U20, an in-cylinder pressure transducer, to
measure the in-cylinder pressure. The in-cylinder pressure transducer is connected to the
charge amplifier and data acquisition system. The data acquisition is triggered with an
optical crank angle encoder and is correlated with the top dead center (TDC) signal using a
software application.
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Table 1. The technical specifications of the ZS1115 diesel engine.

Parameter Description

Model ZS1115NM

Displacement 1.194

Bore × stroke 115 × 115 (mm)

Power rated 16.2/2200/min (kw/r/min)

Consumption of the fuel ≤242.1 (g/kW·h)

Cooling system Condenser>

Starting method Electric starting>

Lubrication system Pressure/splash>

Net weight 185 (kg)

Compression ratio 17>

Table 2. “ATE-160 LC” hydraulic dynamometer technical data.

Dynamometer Trade Name ATE-160 LC

Load cell capacity (0–1050) (N·m)

Weight sensor Load cell

Length of calibration lever arm 0.7645 m

Type of absorption Water/Hydraulic

Dynamometer with engine connecting Using half coupling

2.2. The Diesel Fuel and WCO Biodiesel Manufacturing

The specifications for the pure diesel fuel and WCO biodiesel are given in Table 3. The
specifications of waste cooked oil biodiesel-diesel blend at 40% with 100 PPM of CNT or GO
nano-additives are shown in Table 4. Waste cooked oil must be treated before being used
as a biodiesel fuel. In this study, WCO is converted to biodiesel using a transesterification
process. Transesterification is an approach to convert vegetable oil resources to fatty acid
methyl ester (FAME) and glycerol. The transesterification approach has three steps, as
shown in Figure 3: reaction, separation, and washing. The process was attempted by
placing six liters of waste cooking oil with 1.2 L of methanol and 54 g of NaOH as a catalyst.
Afterward, the mixing and heating of the ingredients are performed for an hour using a
mixer rotating at a speed of 450 rpm and heated at 65 ◦C. In the separation process, the
mixtures are left for one day to separate the biodiesel fuel from the glycerol. Finally, the
washing process is attempted by feeding hot water at 100 ◦C with the biodiesel. After an
hour, the WCO biodiesel will separate from the water and, by opening the bottom valve,
the washing water gets out from the washing tank; the final product of WCO biodiesel fuel
is then obtained.

2.3. The Carbon Nanotubes and Graphene Oxide Nanoparticles

Two nanoparticle additives used in this study are CNTs and GO nanoparticles pur-
chased from NanoTech Egypt CO, City of 6 October, Al Giza, Egypt. CNTs or GO nanoparti-
cle additives used in the experiments are dispersed at 50, 100, and 150 PPM concentrations.
The CNTs are inspected using transmittance electron microscope (TEM), as indicated in
Figure 4, for size and structure inspection. Thermal gravimetric analysis (TGA) is used to
inspect the thermal decomposition of the CNTs, as shown in Figure 5.
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Table 3. Specifications of diesel and waste cooking oil biodiesel.

Specification Diesel WCO Biodiesel

Calorific value 42.10 MJ/kg 39.51 MJ/kg

Density 830 kg/m3 875 kg/m3

Cetane number 55 52

Flashpoint 45 ◦C 158 ◦C

Kinematic viscosity(cSt)@ 25 ◦C 3.14 5.13

Specific gravity 0.85 0.88

Auto ignition temperature 263 ◦C 273 ◦C

Cloud point 0 ◦C 6 ◦C

Oxygen content 0 (wt.%) 9.414 (wt.%)

Water content 0.05 (vol. %) 0.05 (vol. %)

Table 4. Specifications of diesel and waste cooking oil biodiesel with nano-additives.

Specification B40 + 100 CNT B40 + 100 GO

Calorific value 43.73 MJ/kg 44.4 MJ/kg

Density 846 kg/m3 834 kg/m3

Cetane number 55.8 56.1

Kinematic viscosity(cSt)@ 25 ◦C 5.07 5.02
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The GO nanoparticles are inspected using transmittance electron microscope (TEM)
for size and structure inspection, as indicated in Figure 6. X-ray diffraction (XRD) is used to
study the crystallographic structures. Surface-enhanced Raman spectroscopy (SERS) uses a
Lab RAM HR 800 Laser Raman analyzer to inspect the surface properties. The properties of
carbon nanotubes (CNTs) and graphene oxide (GO) nanoparticles are indicated in Table 5.
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Table 5. Carbon nanotubes and graphene oxide specifications.

Specification CNTs GO

Color Black Brown black

Form Powder Powder

Ability of Solubility Dispersed in water Dispersed in water

Average Size (L: >660 nm) and (D: 15 ± 7 nm) Microns in length and a few
nanometers in thickness

Purity 94.5% -------------

Shape (TEM) Tubular-like shape Sheets

Expiration Date 10/2023 11/2023

2.4. The Uncertainty Test

The produced temperatures in the experiments are measured using K-type thermo-
couples, and the data are viewed using a data logger. The thermocouples are placed
to measure the cooling water temperatures, lubrication oil, and exhaust gases. Exhaust
emissions such as oxygen (O2), nitrogen oxides (NOx), carbon monoxide (CO), carbon
dioxide (CO2), and un-burned hydrocarbon (UHC) emissions are measured using a Gas
board 5020 analyzer. The smoke opacity is calculated using an AVL 415 S smoke meter. The
errors are caused by factors like equipment error, measurements, the surroundings, and the
measurement methods. All attributes are measured providing the diesel engine’s stability
and the uncertainties are calculated using the square root method and are listed in Table 6.

The uncertainity =
√[

(3)2 + (0.5)2 + (1)2 + (1)2 + (1)2 + (0.4)2
]
= ±3.522

Table 6. The uncertainty of the measuring equipment and performance.

Equipment Uncertainty

Exhaust gas analyzer ±0.5%

Smoke meter ±3%

In-cylinder pressure transducer ±1%

In-cylinder pressure transmitter ±1 Kpa

Temperature transmitter ±1 deg.

Brake thermal efficiency ±0.4%

3. Results and Discussions

The present study investigates the effects of using pure diesel, a blend of WCO
biodiesel with diesel fuel (B40), and combining CNTs or GO in B40 at various concentrations.
The CNTs or GO concentrations are 50, 100, and 150 PPM. The experiments are carried out
at different engine load values (0, 2, 4, 6, and 8 kW) at a constant engine speed of 1400 rpm.
The diesel engine’s combustion, performance, and emission attributes prove the benefits
of using two different types of nanoparticles in addition to the waste cooked oil biodiesel
in enhancing the characteristics of the diesel engine over and above the reduction in all
emissions compared with the pure fossil diesel fuel.

3.1. Combustion Attributes

The influence of different nano-additives on pure diesel, B40, and B40 with vari-
ous concentrations of GO nanoparticles or CNTs on diesel engine combustion is studied.
Figure 7a illustrates the variations in the in-cylinder pressure for the tested fuels with
varying crank angles at a constant diesel engine load of 4 kW. In contrast, Figure 7b shows
the in-cylinder heat release rate at the tested conditions. From the graph, it is observed
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that the peak in-cylinder pressures are recorded when using B40 with different concen-
trations of GO nanoparticles in comparison to the other fuels; the enhancement made in
the combustion process was due to the high surface area to volume ratio and the high
evaporation rate of the fuel droplets inside the combustion chamber which advances the
ignition delay (ID) period and completes the combustion process in the controlled combus-
tion phase. The highest in-cylinder peak pressure was recorded using B40 at 150 PPM of
GO nanoparticles. Also, Figure 7b illustrates the relationship between the heat release rates
(HRR) and varying the crank angle at constant load in the diesel engine. The graph shows
HRRs are recorded using GO nanoparticles at different concentrations compared with the
other fuels, and the highest value for the peak HRR occurred with B40 added by 150 PPM
of GO nanoparticles. This phenomenon is observed due to GO nanoparticles that improve
the premixed phase combustion, reducing the blended fuel’s auto-ignition. However, the
higher air-fuel utilization due to the micro explosion of the fuel droplets will dramatically
increase the evaporation rate and shorten the combustion duration. However, because of
the advancement of the reaction surface area and the increasing heat transfer rate of the
fuel droplets by adding nanoparticles, it is easier to start the primary stage of combustion.

The combustion progression can be expressed by the combustion energy released,
which is characterized by the location of the CA50. The combustion phasing can also be
known by the crank angle position when 50% of the injected fuel was burned. The CA50
location is a significant factor through which we can predict the enhancement of the engine
brake thermal efficiency and reduce all emissions. However, Figure 8 shows the location of
CA50 at different engine loads for B0, B40, and B40 with various concentrations of CNTs or
GO nanoparticles. From the graph, the areas of CA50 for fuels increase with an increase in
the engine loads due to the rise in the amounts of the injected fuel mixture, although the
turbulence in the mixture formation, the reduction in the ignition delay period, and the
advances in the injection timing also have an impact. The locations of the CA50 in the case
of using B40 with different concentrations of CNTs or GO nanoparticles were advanced
compared to B40 or B0 at any specified engine loads. This is due to the enhancement
in the fuel blend’s thermal and physical properties using CNTs or GO nanoparticles. As
mentioned, the high evaporation rate for the mixtures, the increase in the surface-to-volume
ratio, the high oxygen content for the GO nanoparticles, and the predicted improvement
for the spray characteristics will promote the combustion phasing or CA50 locations
advancement when using CNTs or GO nanoparticles.

3.2. Performance Attributes

The influences of using pure diesel (B0), B40, and B40 at different concentrations of
CNTs and GO nanoparticles on the engine performance were studied. Figure 9 shows the
variation of BSFC for all the tested fuel blends at other engine loads and fixed speeds of
1400 RPM. It is noted that at the same engine load, by converting the fuel from B0 to B40,
the BSFC increased due to increased WCO kinematic viscosity. This will reduce the spray
characteristics inside the engine cylinder. By adding CNTs or GO nanoparticles to B40, the
BSFC gradually decreased by increasing the concentrations due to the high evaporation
rate of the fuel droplets and the increase in the surface area to volume ratio for B40-CNTs or
B40-GO. With engine load increasing, the BSFC decreased, and the effect of using B40-GO
can be compared with B40-CNT at varying concentrations due to oxygen atoms in the GO
nanoparticles.
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The BTE is the ability to convert the energy of combustion into mechanical work.
Figure 10 indicates the influence of the fuel blends with different engine loads on the BTE.
The BTE depends on the fuel properties like evaporation rate and chemical reactivity. It
is observed from Figure 10 that at the same engine load, the BTE using B40 decreased
compared to pure diesel. When CNTs or GO nanoparticles are added to B40 at different
concentrations, the BTE percentages are increased compared to B0 and B40 due to the
high evaporation rate, high oxygen content, advances in the ignition delay period and the
increase in the surface area to volume ratio for B40-CNTs or B40-GO. By increasing the
engine load, the BTE increased, and note that the effect of using B40-GO with different
concentrations shows better results than that of B40-CNTs owing to the oxygen atoms in
the GO nanoparticles.

The exhaust gas temperature (EGT) values are displayed in Figure 11. It is noted that
by increasing the engine load values, the EGT values increase. EGTs for B0 have values
higher than those of B40. Using nanoparticle fuels at different concentrations produces
lower EGTs than B0 and B40 blends due to the decreased combustion duration and the
advances in the ignition delay period. It is interesting to note that the B40-GO blends at



Processes 2023, 11, 3204 12 of 19

different concentrations give lower EGTs than B40-CNT. The previous research and results
supported the present results [53].
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3.3. Emission Attributes

The influence of applying the fuel blends of B0, B40, B40-CNTs, and B40-GO on CO2
emission is shown in Figure 12. The main variables influencing CO2 emission are the
temperature of combustion and the presence of oxygen atoms in the fuel blends. It is
important to remember that the CO2 level increases with completion of the combustion
process inside the engine cylinder. As seen in Figure 12, the level of CO2 increases with
the increase in engine load due to the high combustion temperature and more combustion
completion. The value of CO2 using B40 is lower than that of B0 at the same engine load
due to the reduction in evaporation rate for the fuel droplets inside the engine cylinder and
the late ignition delay period of B40 compared to B0. Using B40-CNTs or B40-GO fuels at
various concentrations will increase the combustion phasing and temperatures, increasing
the CO2 levels. Also, using B40-GO at different concentrations gives high CO2 levels due
to the existence of oxygen atoms and high evaporation rates in B40-GO, which increase the
combustion temperatures.
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NOx emissions, which include NO, N2O2, and NO2, have catastrophic effects on
the environment and human beings. Several factors, such as fuel mixture properties,
engine loads, combustion temperatures, and combustion duration, affect NOx emissions.
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Figure 13 shows that the NOx emissions increase by increasing the engine load. However,
with the use of B0, more NOx emissions are produced compared with B40 due to the high
combustion temperatures of B0. The NOx emissions decrease once the nanoparticles are
added due to the lowered combustion duration, which dramatically reduces the residence
time of combustion, and the high thermal conductivity of the nanoparticles, representing
as a heat sink and decreasing combustion temperatures [54].
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Figure 13. The relationship between NOx emissions and engine load.

Unburned hydrocarbon (UHC) emissions are formed partly due to the lack of evapora-
tion of the fuel and incomplete combustion. Figure 14 shows the influence of the fuel blends
on UHC emissions at different engine loads at a fixed speed of 1400 RPM. It can be seen that
UHC emissions increase with an increase in the engine load due to expanding the charge
richness. By using B40 fuel, the UHC emissions were reduced again compared with B0
because of the existing oxygen content in WCO biodiesel, thus facilitating more complete
combustion. Moreover, using nanoparticles decreases UHC emissions due to the high
surface-to-volume ratio and enhancement made in the fuel droplets inside the engine. The
UHC emissions decrease using B40-GO nanoparticles more than using B40-CNTs because
of the increased oxygen content in the B40-GO nanoparticle blends [55].
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The smoke opacity emission percentage decreases as a result of the complete com-
bustion. Figure 15 shows the influence of the fuel quality on the smoke opacity emission
percentage. It can be seen that the smoke opacity percentage increases with increasing the
engine load. At the same load value, using B40 fuel, an oxygenated fuel, reduces the smoke
opacity percentage emission compared with B0 because of the existing oxygen content in
WCO biodiesel. Moreover, using nanoparticles decreases the smoke opacity percentage
emission due to the high surface-to-volume ratio, which increases the chemical reactivity.
The smoke opacity percentage emission decreases with the use of B40-GO nanoparticles
compared with the help of B40-CNTs because of the high oxygen content in the B40-GO
nanoparticle blends, and quicker completion of the combustion.
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4. Cost Analysis

The cost of using CNTs or GO nanoparticles at various concentrations in diesel engine
combustion to investigate the combustion, performance, and emission attributes can be
analyzed as follows: The cost of one kg of B40 can cost 1.5 USD. The price of one gram of
CNTs or GO nanoparticles is 33.5 USD. The concentrations of nanoparticles are 0.050 g,
0.100 g, or 0.150 g for one kg of 40% WCO biodiesel-diesel blend so can cost 3.175 USD,
4.85 USD, or 6.525 USD, respectively. The total cost for using B40 with 150 PPM of CNTs
or GO nanoparticles at the maximum load (8 kW) according to the calculated BSFC is
1.5021 USD and 1.320 USD, respectively. The cost of using B40 only without nanoparticles
at the total load (8 kW), according to the BSFC, is 0.437 USD. Therefore, the total cost of fuel
is increased by adding nanoparticles because the nanoparticles are purchased commercially,
which is so expensive. Still, the price will be lower if the nanoparticles are produced
for mass production. Therefore, adding nanoparticles in diesel engine combustion has
high utilities in conditions using low concentrations of nanoparticles in addition to lower
produced emissions and lower BSFC. However, the total cost for B40 and 150 PPM of CNTs
at 8 kW maximum engine load for one hour of the engine operation can be calculated as
follow:

The total cost o f B40 + 150PPM CNTs =
(total cost o f one gm o f B40 and 150PPM CNTs)× BSFC =( 6.525

1000
)
× 230.22 = 1.5021 USD
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Also, the total cost for B40 and 150 PPM of GO at 8 kW maximum engine load for
one-hour operation is calculated as follows:

The total cost o f B40 + 150PPM GO =
(total cost o f one gm o f B40 and 150PPM GO)× BSFC =( 6.525

1000
)
× 202.35 = 1.320 USD

Finally, the total cost of B40 only at 8 kW maximum engine load is performed as
follows:

The total cost o f B40 =
(total price o f one gm o f B40)× BSFC =(

1.5
1000

)
× 291.78 = 0.437 USD

5. Conclusions and Future Work

A comprehensive study on the influence of using pure diesel (B0), B40, B40-CNTs, and
B40-GO at three concentrations of 50, 100, and 150 ppm on the diesel engine attributes is
investigated. From the results of the experiments, the conclusions are as follows:

1. The peak in-cylinder pressures are increased using different concentrations of nanopar-
ticles due to the high surface area to volume ratio and the high evaporation rate.

2. The BSFC and BTE of B40-CNTs and B40-GO improved gradually with increasing
nanoparticle concentrations and engine load compared to pure diesel (B0 and B40).
Nanoparticle fuels also enhance exhaust gas temperatures (EGTs) due to the higher
surface area to volume ratio oxygen content and the lowered combustion duration,
which reduced the EGTs compared to B0 and B40.

3. The percentages of CO2 levels increased with the increasing engine loads and with
the use of nanoparticle fuels. B40-GO gives the highest CO2 levels at different concen-
trations due to its high oxygen content, facilitating more complete combustion. Due
to their high cetane number and oxygen content, NOx emissions values are also low
for the B40-CNTs and B40-GO nanoparticle fuels. Furthermore, the UHC emissions
are significantly reduced using B40-CNTs and B40-GO nanoparticle fuels due to the
increased surface area to volume ratio, increased evaporation, and more complete
combustion.

The suggestions for future studies are to increase the concentrations of nanoparticles,
use different types of nanoparticles, use different types of biodiesel, raise the percentage
of biodiesel-diesel blends, use error bars in the Section 3, and use the response surface
methodology (RSM) to examine numerous factors affecting the response variables of diesel
engine combustion, performance, and emission attributes.
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