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Abstract

This study investigates the performance and emissions of a single-cylinder diesel engine fueled with a ternary fuel mix-
ture of hybrid nanoparticles such as ferric chloride (FeCl;) and graphene. The fuel mixture consists of 70% diesel, 20%
Madhuca longifolia biodiesel and 10% ethanol. Hybrid nanoparticles at concentrations of 50 and 75 mg/L were added to
the ternary fuel mixture, with Cetyltrimethylammonium Bromide (CTAB) and QPAN added in a 1:1 ratio to increase the
stability of the nanoparticles. The stability was measured according to the principle of photo spectroscopy and the fuel
properties were evaluated according to American Society for Testing and Materials (ASTM) standards. The experimental
methodology included varying the injection pressures to 200, 225, and 250 bars, along with different loads of 3, 6, 9, and
12 kgf, in a diesel engine to evaluate its performance and emission characteristics. The results showed that the addition of
nanoparticles led to an improvement in brake thermal efficiency (BTE) and a reduction in brake specific fuel consumption
(BSFC) as well as a reduction in carbon monoxide (CO), unburnt hydrocarbons (UHC), oxides of nitrogen (NO,), and
smoke opacity compared to diesel and ternary fuel blend. Of all the fuel samples, D70B20E10NPs75 mg/L QPAN75 mg/L
performed best, achieving a BTE of 33.26% and a BSFC of 0.206 kg/kWh, while CO, UHC, NO,, and smoke opacity at
an injection pressure of 250 bar were 0.019%, 21 ppm, 833 ppm, and 36.25% respectively.
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NPs Nanoparticles (hybrid
nanoparticles of FeCl,

and graohene)

BTE Brake thermal Effi-
ciency (%)

BSFC Brake specific fuel
consumption (kg/
kWh)

CO Carbon monoxide (%)

UHC Un burnt hydrocar-
bons (ppm)

NO, Oxides of nitrogen
(ppm)

ppm Part per million

ASTM American standards
for testing materials

SEM Scanning electron
microscope

XRD X-Ray diffraction

FeCl, Ferric chloride

RSM Response surface
methodology

IP Injection pressure
(bar)

Introduction

As urbanization increases around the world, so does the
need to reduce the amount of pollutants released into the
environment, particularly in the transport sector. A nation’s
economic standing is influenced by a number of key fac-
tors, including the ease with which energy can be gener-
ated and converted. In contrast to other methods of energy
conversion, compression ignition engines are characterized
by a number of features [1-3]. In view of the depletion of
conventional energy sources and the high pollutant emis-
sions of combustion engines, the transition to sustainable
fuels is becoming increasingly important. Researchers are
actively exploring innovative approaches to minimize fuel
consumption and emissions [4, 5]. Biodiesel has emerged
as a promising and environmentally friendly alternative
for internal combustion engines, offering the potential to
increase performance while reducing emissions. Its inher-
ent oxygen content improves combustion efficiency, result-
ing in lower pollutant emissions compared to conventional
diesel. While numerous studies confirm that biodiesel
reduces exhaust emissions, its impact on engine perfor-
mance remains marginal [6, 7]. Another shortcoming of bio-
diesel is the increase in oxides of nitrogen (NO,) emissions.
Gaseous fuels, alcohols and nanoparticles can be added
to reduce emissions and improve performance [8, 9]. A
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promising future development for the use of diesel engines
is the possibility of improving the fuel properties of nano-
fuel by increasing the dispersion of nanoparticles in diesel/
biodiesel blends. Carbon nanotubes, metal oxides, ferrous,
and inorganic materials are among the possible sources
of nanofuels. The oxidation of metal particles can gener-
ate more heat than conventional diesel and biodiesel fuels
combined, but has a major stability disadvantage. However,
there are a number of ways to mitigate this disadvantage
[10—12]. Simhadri et al. [13] experimented with titanium
dioxide (TiO,) nanoparticles on Mahua biodiesel. They
noticed an improvement in combustion and performance
as well as a reduction in pollutants. Garugubilli et al. [14]
investigated how copper oxide (CuO) nanoparticles and
Azadirachta indica biodiesel. They reported that the brake
thermal efficiency (BTE), brake specific fuel consumption
(BSFC), cylinder pressure (CP), and net heat release rate
(NHRR) were improved while the emissions of carbon
monoxide (CO), unburnt hydrocarbons (UHC), NO,, and
smoke were reduced. Kunchi et al. [15] discovered the use
of multi-ferrite nanoparticles for Terminalia bellirica bio-
diesel. According to the study, both performance and com-
bustion indices were improved. In addition, a remarkable
reduction in pollutant levels was observed compared to the
emissions of standard diesel fuel. Kari et al. [16] studied the
impact of chromium oxide (Cr,0;) nanoparticles on Mesua
ferrea biodiesel using both experimental and theoretical
methods. The researchers found that the actual performance
of the experiment closely matched the predicted results indi-
cated by the response surface methodology (RSM). Ansari
et al. [17] studied the role of Jatropha biofuel and aluminum
oxide (Al,0;) nanoparticles on diesel engine. The research-
ers found that biodiesel with nanoparticles worked better
than regular fuel and produced fewer emissions. Janakira-
man et al. [18] explored the role of TiO, nanoparticles in
ternary mixes of diesel, biodiesel, and bioethanol in a diesel
engine. The research discovered that the BTE reduced as
compared to mineral diesel, while the brake specific energy
consumption (BSEC) enhanced. The research also revealed
a considerable drop in UHC and CO emissions, although
NO, increased.

Since ternary fuel blends can be used instead of regu-
lar diesel, they have recently gained enormous popularity
worldwide. One important oxygenated source is ethanol, a
sustainable fuel. However, it cannot be used as the main fuel
source for diesel engines. In addition, this fuel is blended in
varying proportions with diesel or biodiesel for further use.
Diesel fuel is poorly soluble in ethanol, so an intermediate
product such as biodiesel must be used for blending. The
stable mixture that forms is created by the biodiesel dispers-
ing the ethanol particles in the diesel fuel. Nevertheless,



Nanotechnology for Environmental Engineering (2025) 10:33

Page30of 18 33

Table 1 Details of materials and chemicals

Product Company name City/Town Coun-
try

M. longifolia oil Sivaroma Natu- Noida, Uttar India
rals Pvt. Ltd Pradesh

Ferric chloride Nano Research  Jamshedpur, India

(FeCl;) and graphene Lab (NRL) Jharkhand

nanoparticles

CTAB and QPAN 80 Otto Chemie Sativali, India
Pvt. Ltd. Mabharashtra

NaOH, Hexane, etha- Vizag Visakhapatnam India

nol, methanol, and chemicals

other chemicals international

biodiesel must be used as an intermediate in diesel engines
in order to run on ethanol [11, 19, 20].

Denbratt et al. [21] investigated the effects of various
higher alcohol types added to engines on their exhaust and
combustion properties. Their results showed a significant
reduction in CO and smoke compared to diesel. It was also
found that the blends had a higher BSFC. Yesilyurt et al.
[22] investigated how various parameters of diesel engines
are affected by safflower-diesel blends. According to their
results, the use of a ternary fuel blend lowered the BSFC
while increasing the BTE. Furthermore, emissions were
minimized by the addition of pentanol. Yilmaz et al. [23].
conducted an emissions test with a ternary blend whose eth-
anol content was gradually increased. The researchers found
that higher ethanol concentrations led to lower emissions.
At high and medium loads, in addition to the reduction in
NO, emissions, there was also a notable reduction in HC
and CO. The effectiveness of diesel/biodiesel blends con-
taining oxygenated alcohols and fuel additives in the form
of nanoparticles was investigated in diesel engines by Muj-
taba et al. [24]. It was found that alcohols and B30 reduced

Thermometer

# Methyl ester
Mad huca longifolia oil+
+Methanol+NaOH cataly st

Hot plate magn etic sfirrer

Glycerine
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Transesterification reaction Methyl ester separation

Fig. 1 Biodiesel preparation using transesterification process

NO, emissions, while carbon nanotubes (CNTs) and B30
reduced CO and HC emissions.

Previous studies have shown that while biofuels and alco-
hol additives in combination with nanoparticles contribute
significantly to reducing emissions, the use of fossil fuels in
diesel engines leads to environmental pollution. Therefore,
the aim of this work was to investigate the effects of hybrid
nanoparticles of ferric chloride (FeCl;) and graphene in a
ternary fuel blend on the evaluation of diesel engine per-
formance and emission characteristics by varying injection
pressure and load. The combination of hybrid nanoparticles
and ternary fuel mixture in diesel engines is a completely
new approach.

Materials and methods
Materials

The crude Madhuca longifolia oil was obtained from local
traders. The chemicals such as methanol, sodium hydrox-
ide (NaOH), hexane, surfactant (CTAB), dispersant (QPAN
80), FeCl; nanoparticles, graphene nanoparticles, and etha-
nol were procured from various chemical laboratories/ven-
dors. All chemicals were procured with a purity of 99.99%.
The details of all the chemicals/materials were presented in
Table 1.

Transesterification process
Figure 1 shows the graphical representation of biodiesel
production. The transesterification process was used to pro-

duce biodiesel from M. longifolia. Crude M. longifolia oil
was heated to 500C in a beaker. It was then combined with a
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NaOH catalyst and methanol. The magnetic stirrer ensured
better mixing of the mixture so that a state of equilibrium
was reached. The process lasted one hour at 60 °C. After the
chemical reaction, glycerol and methyl ester were separated
using a separating funnel. The methyl ester was then washed
and heated again to remove the moisture it contained. The
yield of biodiesel was determined using Eq. (1), and the cal-
culated yield was 98%.

Biodiesel yield (%)
[ Weight of biodiesel produced
N Weight of oil used

()
x 100

Nanoparticles characterization

XRD characterization was performed separately for FeCls
and graphene oxide nanoparticles. The XRD pattern of
FeCls nanoparticles is shown in Fig. 2(a), while Fig. 2(b)

Fig.2 (a) XRD patterns of
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shows the pattern for graphene oxide. In Fig. 2(a), a prom-
inent peak at 20=79.28° can be seen, along with several
smaller peaks, confirming the hexagonal crystal structure of
FeCls nanoparticles with an interplanar spacing of d=1.207
A. In contrast, Fig. 2(b) shows a sharp and well-defined
peak at 20=26.23°, which is characteristic of the graphitic
crystal structure with an interlayer spacing of d=3.3947 A.

The average crystallite sizes of graphene oxide and FeCls
nanoparticles were determined from XRD data using the
Scherrer equation: D=K A /  cosf, where D represents the
particle size, K is the shape factor, A is the wavelength of
the incident X-ray beam, 0 is the Bragg diffraction angle,
and f is the full width at half maximum (FWHM). Based on
the calculations, the crystallite sizes of graphene oxide and
FeCls nanoparticles were found to be 25.956+0.04 nm and
70.18+0.08 nm, respectively.

Nanoaprticles added ternary fuel blends
Preparation

In this study, a ternary fuel blend (D70B20E10) was pro-
duced with a volume ratio of 70% conventional diesel, 20%
M. longifolia biodiesel and 10% ethanol. Hybrid nanopar-
ticles, consisting of FeCls and graphene, were added at
concentrations of 50 mg/L and 75 mg/L, respectively. The
hybrid nanoparticles were divided into two groups: one
group was mixed with hexane alone, while the other group
was combined with equal proportions of a surfactant and a
dispersant together with hexane. The mixtures were soni-
cated for 35 min at a constant temperature of 35 °C in an
ultrasonic bath and then dried to remove the solvent (hex-
ane). After drying, the hybrid nanofuel was prepared by
mixing the ternary fuel mixture with the sonicated hybrid
nanoparticles. The procedure was carried out with each
sample for 20 min at a frequency of 30 kHz. The nanofuel
samples used for the analysis are: D70B20E10NPs50 mg/L,
D70B20E10NPs75mg/L,D70B20E10NPs50CTAB50mg/L,
D70B20E10NPs75CTAB75 mg/L, D70B20E10NPs50Q-
PANS50 mg/L, and D70B20E10NPs75QPAN75 mg/L.

Stability analysis

The increased stability of nanoparticles in liquid fuels can
be attributed to their ability to improve combustion proper-
ties and promote even combustion of the fuel. However, the
introduction of nanoparticles into liquid fuels can lead to
the formation of deposits and clogging. Proper dispersion
ensures the separation of nanoparticles and prevents their
deposition at the bottom of the tank. In this study, ternary
fuel blends (D70B20E10) with hybrid nanoparticles were
prepared both with and without the addition of dispersants
and surfactants. UV spectroscopy was used to evaluate the

stability of the nanoparticles by measuring the light trans-
mittance in the wavelength range of 200-1100 nm. Fig-
ures 3(a)-(b) show the change in light transmission with
wavelength for different fuel samples over two different
time intervals.

The stability of the nanofuel samples was evaluated
at two specific time intervals, on the 7th and 14th day. A
decrease in transmittance indicates an improved stability of
the hybrid nanoparticles in the mixture D70B20E10. The
inherent haze of the nanoparticles results from their ability
to obstruct the light transmittance of the fuel sample. There-
fore, a reduction in transmitted light intensity indicates
improved stability and dispersion of the nanoparticles. To
further improve stability, QPAN and CTAB were added to
the hybrid nanoparticles as dispersants. The nanoparticles
exhibited effective dispersion, resulting in significant entrap-
ment in the B20 mixture. Since QPAN acts as a dispersant
that prevents the agglomeration of nanoparticles by reduc-
ing the cohesive forces between the particles. It enhances
the repulsive forces between the nanoparticles, resulting in
improved separation and uniform dispersion within the fuel
matrix. This homogeneous distribution reduces sedimenta-
tion at the bottom of the tank and increases the stability of
the nanoparticles over a longer period of time. In addition,
CTAB is a cationic surfactant that forms a protective layer
around the nanoparticles, reducing their surface energy
and preventing aggregation. This modification improves
the dispersion of the nanoparticles in the liquid fuel. It
also promotes better interaction between the nanoparticles
and the fuel, improving the overall stability of the nano-
fuel mixture. Of the samples tested, the fuel combination
D70B20E10NPs75QPAN75 mg/L in conjunction with an
equal dosage of dispersant (75 mg/L) exhibited the lowest
transmittance, indicating superior stability. However, an
increase in transmittance was observed on day 14, which
was due to the gradual increase in nanoparticle deposition.
In addition, the fuel samples were subjected to physico-
chemical analysis in according to the ATSM standards (see
Table 2).

Experimental setup

The four 4-stroke research diesel engine was used for the
experimental analysis. The engine operates with greater
ease due to a phenomenon known as eddy current loading.
The technical data are listed in Table 3, while the schematic
diagram of the test setup is shown in Fig. 4. A performance
evaluation was carried out by analysing the fuel consump-
tion time. In addition, a MARS gas analyzer was used to
measure gaseous emissions such as CO, UHC, and NO,.
The gas analyzer uses advanced non-dispersive infrared
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Fig. 3 Stability of nanoparticles

at (a) Day 7 (b) Day 14
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technology for CO and UHC measurement, while chemi-
luminescence detection was used for precise NO, quanti-
fication. For smoke opacity measurement, a MARS smoke
meter based on the principle of optical light absorption was
used to determine smoke density. To ensure accuracy and
consistency, all emission meters were regularly calibrated
before and after the tests. All sensors related to the operat-
ing parameters were connected to the computer via the data
acquisition system.
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The tests were carried out for 20 min under steady-state
operating conditions, with no preload applied. Performance
and emissions data were then recorded at various load lev-
els (3, 6, 9, and 12 kgf) and injection pressures (200, 225
and 250 bar), while maintaining a constant engine speed of
1500 rpm. By testing different pressure levels, the effects
of different operating conditions could be thoroughly evalu-
ated, while the selection of specific fuel proportions allowed
a detailed investigation of the synergistic effects between
fuel properties and engine behaviour. The selected injection
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Table 2 Properties of fuel Fuel property Density (kg/m®) Kinematic Cetane index Heating

samples viscosity (cSt) value (kJ/kg)
Method ASTMD1298 ASTMDA445 ASTMD976  ASTMD4809
ASTM range 860-900 2.5-6 48 (min) 42,000
D100 839 3.2 52 42,936
D70B20E10 878 3.82 57 41,233
D70B20E10NPs50 mg/L 880 3.88 58 42,981
D70B20E10NPs75 mg/L 882 3.89 58 43,028
D70B20E10NPs50CTAB50 mg/L 884 3.91 59 43,449
D70B20E10NPs75CTAB75 mg/L 884 3.93 60 43,672
D70B20E10NPs50QPAN50 mg/L 887 3.96 60 43,855
D70B20E10NPs75QPAN75 mg/L 889 3.98 61 43,905

Table 3 Specifications of the experimental setup

Constraint Details

BP (kW) and Make 3.5 and Kirloskar
Speed (RPM) 1500

Engine load (kgf) 3,6,9,and 12
Injection pressure (bar) 200, 225, and 250
Number of cylinders Single
Compression ratio 17.5

Bore (mm) 87.5

Stroke (mm) 110

pressure range of 200 bar to 250 bar kept the pressures
within the parameters of normal diesel injection systems,
preventing excessive wear of the injectors. Higher injec-
tion pressures improve atomization of high viscosity fuels,
such as biodiesel blends, provide better air-fuel mixing
and reduce incomplete combustion. The tests also included

Temperature

sensor

Fig. 4 Pictorial representation of experimental setup

conventional diesel fuel, followed by B20 and ternary fuel
blends with nano-fuel as a base. To ensure accuracy, mul-
tiple measurements were taken at each test point and the
results were averaged to minimise random error. Error
bars representing the standard deviation were added to the
graphs for clarity and reliability. The BTE measures the
effectiveness of converting the chemical energy of the fuel
into usable mechanical energy at the engine output shaft,
while the BSFC measures the fuel consumption per unit of
brake power generated. The BTE and BSFC were calculated
using the following Egs. (2) and (3):
BP

H Fuelinjector
l Fuel filter
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tfc

BSFC = — 3

SEC 5P 3)
Where,

AVy x (BD X ppidiesel 7 D X P gieser) X 3600}
tfc= G ,

tx 10

BP:%X N x W x L,kW

60000

Where the BTE is brake thermal efficiency, BP denotes brake
power (kW), tfc is total fuel consumption, BSFC is brake
specific fuel consumption, V; is Volume (m3), Phiodiesel =
Density of biodiesel (kg/m3), Pdiesel = Density of diesel (kg/
m®), t is Time (seconds), BD is quantity of biodiesel in %,
D is quantity diesel in %, N is the speed in rpm, W is the
weight in kg and L is the arm length in metres.

Results and discussion
Performance characteristics
BTE

The variations in BTE as a function of load at different injec-
tion pressures are shown in Fig. 5(a)-(c). It has been shown
that lower fuel atomization and shorter ignition delay lead to
alower BTE of D70B20E10 than that of conventional diesel
[16, 20, 21, 25]. The BTE is significantly increased when
hybrid nanoparticles are added to D70B20E10 together with
surfactants and dispersants. This is due to the phenomenon
of micro-explosions and the higher thermal conductivity of
the nanoparticles. The addition of nanoparticles improved
the combustion process by increasing the thermal con-
ductivity and catalyzing the oxidation of the fuel, result-
ing in a more complete and efficient combustion process.
In addition, the presence of ethanol in the ternary mixture
decreased viscosity and improved atomization, which also
contributed to better combustion [26-28]. The improved
BTE is the result of the more efficient utilization of the
fuel’s chemical energy, enabled by the higher surface-to-
volume ratio of the nanoparticles compared to conventional
diesel-biodiesel blends [25, 29-31]. Since higher cylinder
pressures and temperatures can lead to lower heat losses to
the surrounding components and coolant, the BTE was also
increased with increasing load. The energy converted into
productive power corresponds to these heat losses [25, 32].
As the injection pressure was increased, the BTE improved
significantly. This can be attributed to improved fuel atomi-
zation and faster evaporation. The formation of smaller fuel
droplets increases the surface area available for combustion,
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which leads to better fuel-air mixing. This improved atomi-
zation enables a more complete and efficient combustion
process [30, 33, 34].

At full load and 250 bar, the BTE of D100, D70B20E10,
D70B20E10NPs50 mg/L, D70B20E10NPs75 mg/L,
D70B20E10NPs50mg/LCTABS50mg/L,D70B20E10NPs75
mg/L CTAB 75 mg/L, D70B20E10NPs50 mg/L QPANSO0
mg/L, D70B20E10NPs75 mg/L QPAN75 mg/L are 26.98%,
26.08%, 28.79%, 31.26%, 31.98%, 33.14%, and 33.26%,
respectively. With a higher BTE of 33.26% among all is
D70B20E10NPs75 mg/L QPAN75 mg/L.

BSFC

The BSFC is shown in Fig. 6(a)-(c) as a function of load
and injection pressure. It can be observed that the BSFC is
higher with D70B20E10 than with normal diesel. This is
explained by the higher kinematic viscosity of D70B20E10
compared to regular diesel [16, 20, 25, 27] and its lower
energy content. The addition of hybrid nanoparticles to the
D70B20E10 fuel blend resulted in a greater reduction in
BSFC compared to conventional diesel fuel. This improve-
ment can be attributed to the improved fuel properties,
particularly the increased heating value, which promotes
more efficient and energy-rich combustion by produc-
ing high-quality fuel droplets upon atomization [26, 35,
36]. In addition, the higher surface-to-volume ratio of the
nanoparticles and better thermal conductivity enable better
heat transfer and combustion kinetics, which contributes to
lower fuel consumption. The use of dispersants and surfac-
tants, such as QPAN and CTAB, improved the stability of
the hybrid nanoparticles in the fuel. This improved stabil-
ity provided uniform dispersion, resulting in more complete
combustion and a significant reduction in the BSFC of the
biodiesel blend [30-31, 37]. At higher loads, higher cylin-
der pressures and temperatures improved the combustion of
the fuel-air mixture, resulting in a decrease in BSFC. This
decrease can be attributed to higher combustion efficiency,
which allows higher energy recovery from each unit of fuel
consumed [25, 27-32]. In addition, the increase in injection
pressure led to a further decrease in BSFC due to improved
atomization, which increased combustion efficiency while
minimizing heat rejection. Ultimately, the lower BSFC
reflects a more efficient conversion of fuel energy into use-
ful work achieved by reducing heat losses during the com-
bustion process [30, 33, 34].

At 250 bar injection pressure and full load, the
BSFC of D100, D70B20E10, D70B20E10NPs50
mg/L, D70B20E10NPs75 mg/L, D70B20E10NPs50
mg/L CTAB 50 mg/L, D70B20E10NPs75 mg/L CTAB
75 mg/L, D70B20E10NPs50 mg/L QPANS0 mg/L,
D70B20E10NPs75 mg/L. QPAN75 mg/L were 0.223 kg/
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Fig.5 (a)-(c) BTE against load for different injection
pressures
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Fig. 6 (a)-(c) BSFC against load at different injection

pressures
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kWh, 0.235 kg/kWh, 0.222 kg/kWh, 0.222 kg/kWh,
0.217 kg/kWh, 0.224 kg/kWh, 0.206 kg/kWh. The lowest
BSFC was shown by D70B20E10NPs75 mg/L QPAN7S5
mg/L.

Emission characteristics
co

Figures 7(a)—(c) depict the relationship between CO emis-
sions, load, and injection pressure. The use of a ternary fuel
blend resulted in lower CO emissions compared to pure die-
sel, primarily due to the higher oxygen content in biodiesel
[20,21,24,25]. This additional oxygen promotes better com-
bustion by facilitating the oxidation of carbon monoxide to
carbon dioxide, thus reducing CO emissions. The addition
of hybrid nanoparticles to the D70B20E10 fuel blend further
contributed to a significant reduction in CO emissions. This
improvement can be attributed to the effective dispersion of
the nanoparticles, which ensures uniform mixing of the fuel
and improves its consistency. The improved homogeneity of
the fuel-air mixture leads to more efficient combustion and
minimizes the formation of CO as a result of incomplete
combustion [14, 33, 34, 36-38]. At higher engine loads,
additional fuel is injected into the combustion chamber to
cover the increased power requirement. However, if the fuel-
air ratio becomes too rich, this can lead to incomplete com-
bustion, resulting in an increase in CO emissions [25, 32].
Finally, higher injection pressures improve the atomization
of the fuel into smaller droplets, which improves the fuel-air
mixing process and creates a more even and homogeneous
mixture in the combustion chamber. This better mixing
leads to more efficient and more complete combustion and
therefore to a reduction in CO emissions, even at higher
loads [30, 33, 34, 39]. At full load and 250 bar injection
pressure, the CO of D100, D70B20E10, D70B20E10NPs50
mg/L, D70B20E10NPs75 mg/L, D70B20E10NPs50
mg/L CTAB 50 mg/L, D70B20E10NPs75 mg/L CTAB
75 mg/L, D70B20E10NPs50 mg/L QPANS0 mg/L,
D70B20E10NPs75 mg/L QPAN75 mg/L were 0.119%,
0.069%, 0.049%, 0.039%, 0.029%, 0.027%, and 0.019%. In
the fuel samples, D70B20E10NPs75 mg/L QPAN75 mg/L
has the lowest CO.

UHC

The UHC is shown in Fig. 8(a)—(c) as a function of load and
injection pressure. It has been found that the UHC value of
the ternary fuel blend is lower compared to regular diesel
fuel due to the higher oxygen content [20, 21, 23, 24]. A
further reduction in UHC emissions was observed with the
addition of hybrid nanoparticles. This is due to the improved

combustion process, which provides a larger surface area
for fuel and air mixing, allowing for better and more com-
plete combustion. The larger surface-to-volume ratio of the
nanoparticles allows for a finer distribution of fuel drop-
lets, resulting in a more even and thorough combustion.
This reduces the number of unburned hydrocarbons in the
exhaust gas as more of the fuel is fully oxidized during the
combustion process [14, 15, 38]. At higher loads, the fuel-
air ratio can become richer, which increases the likelihood
of incomplete combustion and thus leads to an increase in
UHC [25, 32]. Finally, increasing the injection pressure can
effectively reduce UHC through better atomization, result-
ing in more thorough combustion of the fuel-air mixture [30,
33, 40]. UHC of D100, D70B20E10, D70B20E10NPs50
mg/L, D70B20E10NPs75 mg/L, D70B20E10NPs50
mg/L CTAB 50 mg/L, D70B20E10NPs75 mg/L CTAB
75 mg/L, D70B20E10NPs50 mg/L QPANS50 mg/L,
D70B20E10NPs75 mg/L. QPAN75 mg/L were 47 ppm, 44
ppm, 40 ppm, 34 ppm, 35 ppm, 30 ppm, 24 ppm, and 21
ppm at full load and an injection pressure of 250 bar. The
lowest UHC was achieved with D70B20E10NPs75 mg/L
QPAN75 mg/L compared to the other fuel samples.

NO,
The change in the NO, value with load and injection pres-
sure is shown in Fig. 9(a)—(c). The NO, of the ternary fuel
blend D70B20E10 produced more NO, compared to regu-
lar diesel because it burns at a higher temperature, has a
higher cetane number and contains more oxygen. However,
the addition of nanoparticles in D70B20E10 leads to lower
NO, emissions [1, 20, 24]. This reduction is due to a higher
convective heat transfer in the combustion chamber, which
lowers the average combustion temperature. In addition, the
nanoparticles improve catalytic efficiency and effectively
remove nitrogen oxides [25, 29, 31, 34, 37]. Higher loads
lead to higher NO, values, as more fuel is fed into the com-
bustion chamber to cover the higher power requirement.
Higher combustion temperatures and pressures caused by
the combustion of more fuel promote the formation of NO,
[25, 32, 34]. Finally, NO, emissions increased with rising
injection pressure due to improved fuel atomization, which
enhanced combustion efficiency and elevated tempera-
tures, resulting in higher NO, formation [30, 33, 34, 40]. At
250 bar, the NO, of D100, D70B20E10, D70B20E10NPs50
mg/L, D70B20E10NPs75 mg/L, D70B20E10NPs50
mg/L CTAB 50 mg/L, D70B20E10NPs75 mg/L. CTAB
75 mg/L, D70B20E10NPs50 mg/L QPANS50 mg/L,
D70B20E10NPs75 mg/L QPAN75 mg/L were 1126 ppm,
1193 ppm, 1069 ppm, 952 ppm, 916 ppm, 894 ppm, 862
ppm and 833 ppm, respectively.
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Fig. 7 (a)-(c) CO against load at different
injection pressures
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Fig. 8 (a)-(c) UHC against load at different
injection pressures
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Fig.9 (a)-(¢) NO, against load at different
injection pressures
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Smoke opacity

The smoke opacity as a function of the load and the injec-
tion pressure is shown in Fig. 10(a)—(c). It was found that
the smoke opacity of the ternary fuel blend (D70B20E10)
was reduced compared to normal diesel fuel due to the
higher oxygen content [1, 25, 32]. When nanoparticles
were dispersed in D70B20E10, a further reduction in
smoke opacity was observed compared to diesel and ternary
fuel blends. This was due to the fact that a higher surface
area to volume ratio, which increases the ignition proper-
ties of the fuel samples [14, 15, 25, 32]. In addition, the
smoke opacity showed an increasing tendency with load,
which is due to higher temperatures and pressures dur-
ing combustion, which increase with increasing engine
load [25, 32]. Finally, the smoke opacity decreased with
increasing injection pressure. This is because the fuel is
atomized more finely, which means that more fuel comes
into contact with oxygen during combustion [30, 33]. The
smoke opacity of D100, D70B20E10, D70B20E10NPs50
mg/L, D70B20E10NPs75 mg/L, D70B20E10NPs50
mg/L CTAB 50 mg/L, D70B20E10NPs75 mg/L. CTAB
75 mg/L, D70B20E10NPs50 mg/L QPANS50 mg/L,
D70B20E10NPs75 mg/L QPAN75 mg/L were 47.94%,
46.09%, 44.53%, 41.53%, 41.14%, 39.94%, 37.49%,
and 36.25%, respectively. At full load and 250 bar,
D70B20E10NPs75 mg/L QPAN75 mg/L produced the low-
est smoke value.

Conclusions

The performance and emissions of a diesel engine employ-
ing a combination of ternary fuel blends of M. longifolia
biodiesel/diesel/ethanol and FeCl; and graphene hybrid
nanoparticles were examined in this work. From this analy-
sis, the following findings were made:

e The stability of a nanofuel based on D70B20E10 was
significantly increased by the addition of dispersant and
surfactant. D70B20E10NPs75QPAN75 mg/L showed
the highest stability of all fuel samples. In addition, the
physicochemical properties of the ternary fuel blend
were improved by the addition of nanoparticles and ac-
complish the ASTM standards.

e Compared to diesel, D70B20E10 performs poorly; how-
ever, the hybrid nanoparticles perform better. The maxi-
mum BTE for D70B20E10NPs75QPAN75 mg/L was
33.26% at peak load and 250 bar injection pressure; the
lowest BSFC was 0.206 kg/kWh.

e When hybrid nanoparticles were added to D70B20E10,
emissions fell significantly compared to normal diesel

fuel. Furthermore, of all the fuels tested, the one with
a concentration of D70B20E10NPs75QPAN75 mg/L
showed the lowest reduction in emissions.

e The lower CO, UHC, NO,, and smoke emissions for
D70B20E10NPs75QPAN75 mg/L were 0.019%, 21
ppm, 833 ppm, and 36.25% respectively at maximum
load and 250 bar injection pressure.

The results show that the addition of dispersants to nanofuel
promotes complete combustion of the fuel and thus reduces
engine exhaust emissions. It is recommended to use hybrid
nanoparticles in a direct injection diesel engine fuelled with
a combination of M. longifolia biodiesel, diesel and ethanol
without additional modifications to improve engine perfor-
mance in conjunction with a surfactant and dispersant.

The results of this study can form the basis for fur-
ther developments in the creation of alternative fuels and
research into the possibilities of more environmentally
friendly diesel engine technology. The long- term sustain-
ability of the transportation industry could be improved by
these developments.
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Fig. 10 (a)-(c) Smoke opacity against load at

different injection pressures
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