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A B S T R A C T   

This study aims to ascertain the operating parameters of a Copper oxide nanoparticle and Azadirachta indica 
biodiesel-powered diesel engine. Copper oxide nanoparticles were considered at 75 ppm, and three dispersants 
were added at the same ratio as nanoparticles. An ultrasonic bath sonicator was used to sonicate the nano-
particles, and later, the ultrasonicator was used to prepare the nanofuel. The experiment was conducted on a 
diesel engine with different injection timings, such as 21 ◦bTDC, 23 ◦bTDC, and 25 ◦bTDC at full load. The 
performance was slightly improved by mixing nanoparticles with B20, and it got even better by adding dis-
persants. The combustion parameters were also changed compared to diesel. Finally, the emissions of carbon 
monoxide, unburnt hydrocarbons, nitrogen oxides and smoke opacity were significantly reduced by the 
dispersion of nanoparticles. Increasing the injection timing also led to better results, and 25 ◦bTDC showed better 
results. The B20+CuO75+QPAN 75 has shown the most remarkable effects among other samples. At 25◦bTDC, 
the brake thermal efficiency, brake specific fuel consumption, cylinder pressure, net heat release rate, were 35.03 
%, 0.391 kg/kWh, 66.23 bar, and 89.39 J/◦CA, respectively, while carbon monoxide, unburnt hydro carbons, 
smoke, and oxides of nitrogen were 0.089 %, 32 ppm, 19.351 %, and 1238 ppm.   

1. Introduction 

Diesel engines have many uses across several sectors, including in-
dustrial, agricultural, energy, and transportation. The superior produc-
tivity, reduced fuel consumption, and enhanced safety of the diesel 
engine account for this phenomenon. Furthermore, empirical research 
has shown that diesel engines are significant sources of harmful pol-
lutants. These emissions have been shown to have harmful effects on the 
welfare of living species, so it is imperative that measures are taken to 
prevent their release. Today, global reserves of conventional fuels are 
running out and governments are increasingly prioritising the use of 

environmentally sustainable energy sources with potential for fuel 
production [1,2]. In recent years, global production and trade in bio-
diesel has increased significantly. Due to fluctuating crude oil prices and 
the uncertain supply of fuel over the past decade, coupled with the 
escalating cost of petroleum, there has been renewed interest in 
exploring vegetable oil alternatives for diesel engines. As biodiesel is an 
oxygenated fuel, unlike diesel, it can improve combustion characteris-
tics and reduce pollutant emissions [3–5]. Basha et al. [6] investigated 
the production and combustion of biodiesel from a range of edible and 
non-edible vegetable oils. Despite its inedibility, Azadirachta indica oil 
has significant potential for production and availability, among other oil 
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options. The transesterification-based biodiesel synthesis from Azadir-
achta indica and Pongamia oils was optimised by Vinayaka et al. [7] 
using Response Surface Methodology (RSM). Using a fuel blend con-
taining gaseous fuels, alcohols, and nanoparticles can potentially 
improve performance and reduce emissions. Several tests have shown 
that the use of nanoparticles in biodiesel leads to improved combustion 
and lower emissions [8,9]. Nanoparticles that are stable in liquids are 
necessary for their application as a thermophysical and heat transfer 
medium in liquid fuels. Various complex approaches are described in the 
scientific literature to increase nanoparticle stability while suspended in 
the base liquid. Some of these methods include surface modification and 
ultrasonic treatment [10,11]. Nema et al. [12] included cetyl-
trimethylammonium bromide (CTAB) in the process of producing 
nanofuel using Al2O3 nanoparticles as an additive. They discovered that 
the dispersion stability of the particles prepared from Al2O3 was suffi-
cient. Jagadish et al. [13] investigated the stability of chromium oxide 
(Cr2O3) nanoparticles in Mesua ferrea biodiesel. They found that when 
QPAN 80 was combined with CTAB, both the dispersant and the nano-
fuel were more stable. The addition of Cr2O3 nanoparticles to the fuel 
also improved its properties. Madhavi et al. [14] used Titanium oxide 
(TiO2) nanoparticles to study the effects of using Semecarpus anacardium 
biodiesel. They found that the dispersant is crucial for achieving the 
desired level of stability and that it is impossible without it. Praveena 
et al. [15] investigated how the properties of grape seed biodiesel 
change when Zinc oxide (ZnO) and Cerium oxide (CeO2) nanoparticles 
are added to the fuel. They found that the calorific value was signifi-
cantly altered, and other measured variables were also dramatically 
affected. This discovery was in addition to the fact that there was an 
effect on the calorific value. 

Jaikumar et al. [16] investigated the effects of Cr2O3 nanoparticles in 
linseed biodiesel in a diesel engine. They found a significant improve-
ment in combustion characteristics. Engine performance was improved 
while environmental pollution was reduced. Nanthagopal et al. [17] 
investigated ZnO and TiO2 nanoparticles and biodiesel. It was shown 
that the brake thermal efficiency could be enhanced while engine 
emissions were significantly decreased. In addition, the addition of 
nanoparticles increased the cylinder pressure. Perumal et al. [18] 
investigated the effects of adding nanoparticles of metal oxides such as 
Silicon dioxide (SiO2), Aluminium oxide (Al2O3), and Titanium oxide 
(TiO2) to a mixture of used cooking oil and biodiesel. They noted that 
the positive results for combustion and performance were established 
together with emissions. The researchers discovered significant im-
provements in nanoparticle dispersion and combustion characteristics. 
In addition, pollutant emissions have been reduced, and engine perfor-
mance has improved. Praveen et al. [19] studied pongamia biodiesel and 
Copper oxide (CuO) nanoparticles. It was found that the performance 
was enhanced, and emissions were reduced. Illipilla et al. [20] studied 
Semecarpus anacardium biodiesel dispersed with TiO2 nanoparticles. 
They concluded that performance increased markedly and exhaust 
emissions decreased significantly. Jaikumar et al. [21] studied the ef-
fects of Al2O3 nanoparticles with dispersants in biodiesel. They found 
that the increased stability was the main reason for the observed more 
significant improvement in combustion characteristics. Pala et al. [22], 
who also looked at the physicochemical properties, examined the sta-
bility of graphene oxide (GO) nanoparticles in mahua biodiesel blends. 
They showed that stability was increased by adding dispersant to the GO 
nanoparticles. Reddy et al. [23] investigated biodiesel in diesel engine 
using SiO2 nanoparticles and Abrus precatorius. They reported that per-
formance and combustion parameters were improved while emissions 
were reduced. Moreover, the output parameters predicted by Response 
Surface Methodology (RSM) agree well with the experimental results. 

Several studies have been carried out on the effects of various 
nanoparticles in biodiesel, building on earlier findings. Nevertheless, the 
stability properties of nanoparticles introduced into liquid fuels need to 
be further investigated. Several studies have been conducted with 
different oxide nanoparticles, but very few studies [18,22,23] have dealt 

with the surface modifications by surfactants and dispersants in terms of 
stability. Moreover, the CuO nanoparticles have higher thermal con-
ductivity, which could improve the combustion properties, and higher 
catalytic activity than the other oxide nanoparticles, which enhances the 
combustion properties. So, this study looked at adding different sur-
factants, like TRITONX, QPAN80, and TWEEN80, to Azadirachta indica 
biodiesel blend (B20) to stabilize the CuO nanoparticles. In addition, the 
operation of diesel engine with CuO nanoparticles dispersed in Azadir-
achta indica biodiesel was evaluated by changing the injection timing. 
The influence of injection timing is also a new combination with 
nanofuel in diesel engine applications. 

2. Materials and methods 

This section deals with the materials used, the production of bio-
diesel from crude Azadirachta indica oil, the characterisation of nano-
particles, the production of nanofuel, stability tests, tests of physico- 
chemical properties and experiments with direct injection diesel 
engines. 

2.1. Materials 

The oil from the seeds of Azadirachta indica (Fig. 1) was used in this 
study and was obtained from Sivaroma Naturals Pvt. Ltd., India. Other 
materials and chemicals like NaOH catalyst, methanol as alcohol, hex-
ane as solvent, CuO nanoparticles, TRITONX, QPAN80 and TWEEN 80 
as dispersant were used in the present study. The CuO nanoparticles 
were obtained from Nano Research Lab (NRL), Jharkhand, India. 

2.2. Transesterification process 

The purified seed oil of Azadirachta indica was used to produce bio-
diesel through a chemical transesterification process. The crude neem 
oil was subjected to a thermal process in which the temperature was 
raised to 50◦C. It was then subjected to chemical treatment with a 
catalyst of sodium hydroxide (NaOH) and a mixture of methanol. To 
achieve homogeneity, the entire solution was stirred with a magnetic 
stirrer. The reaction was carried out over 60 min under isothermal 
conditions at a fixed temperature of 65oC. After completion of the re-
action, the glycerol was separated from the methyl ester using a sepa-
rating funnel. The moisture content of the biodiesel was removed by 
washing with hot water at a temperature of 90◦C. Fig. 2 shows a sche-
matic representation of the biodiesel production process. 

2.3. Characterization of CuO nanoparticles 

2.3.1. SEM 
The nanoparticles were characterised using a scanning electron mi-

croscope (SEM). Fig. 3 shows the SEM images of the CuO nanoparticles. 
The image shows the surface morphology of the material, which results 
from the complicated interaction of atoms and electrons inside the 
substance. The determination of the crystalline structure of the CuO 
nanoparticle can be deduced from the areas of lower intensity in the 
image. 

2.3.2. XRD 
The XRD pattern of the copper oxide nanoparticles is shown in Fig. 4. 

The pattern shows a sharp and rigid peak (2θ = 35.628◦) corresponding 
to the typical cubic crystal structure, with the dominant peaks at (110), 
(111) and (220), as shown in the figure. The observed strong peak is in 
good agreement with the estimated intercellular distance derived from 
the XRD results for these nanoparticles: d = 2.5180 Å for the (1 1 1) 
plane. 

The Scherrer equation was applied to the XRD data to determine the 
mean size of the CuO nanoparticles. The particle size is calculated using 
the following Eq. (1): 
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D = K λ/β cosθ (1) 

Where K stands for the shape factor, λ for the wavelength of the X-ray 
beam, the Bragg diffraction angle and the FWHM value. The determi-
nation of the crystallite size of CuO nanoparticles resulted in a value of 
20.86±0.08 nm. 

2.4. CuO nanofuel preparation 

First, a solution containing 75 ppm CuO nanoparticles was placed in 
a small container and subjected to ultrasonic treatment with the solvent 
hexane. Additional CuO nanoparticles were added to the system with 
various dispersants, including TRITONX, QPAN80 and TWEEN 80. The 
sample was subjected to a drying process at a temperature of 35, for 30 
min. Also, 20 % Azadirachta indica biodiesel (B20) and copper oxide 
(CuO) nanoparticles were mixed to make the nanofuel samples. The 
procedure was carried out using an ultrasonic probe sonicator at a fre-
quency of 45 Hz. 

2.5. Stability test 

The stability of the test fuel samples was evaluated with a UV spec-
trophotometer using the spectral transmission method in a wavelength 
range of 200–1100 nm over a period of three consecutive weeks. Fig. 5 
(a)-(c) illustrates the relationship between absorbance with respect to 
wavelength. Instability of the CuO nanoparticles was observed over the 
period from week 1 to week 3, independent of the fuel samples. 

The light transmittance of B20+CuO75, B20+CuO75+TRITONX 75, 
B20+CuO75+QPAN75, and B20+CuO75+TWEEN75 was 93.75 %, 
89.29 %, 86.03 %, and 91.56 % at week 1, 95.75 %, 90.29 %, 88.03 %, 
and 93.56 % at week 2, and 98.75 %, 94.29 %, 92.06 %, and 96.56 % at 
week 3, respectively. 

2.6. Properties of fuel samples 

The nanofuel samples’ properties were evaluated according to the 

Fig. 1. Azadirachta indica plant and seeds.  

Fig. 2. Transesterification procedure.  
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criteria established by the American Society for Testing and Materials 
(ASTM). The results of this evaluation are shown in Table 1. Nano-
particles have been suggested as a potential approach to improve the 
calorific value and cetane number of fuels. Conversely, density, kine-
matic viscosity, and flash point have been shown to have a minor un-
favorable character. Incorporating CuO nanoparticles in conjunction 
with using various dispersants resulted in a significant increase in both 
the calorific value and cetane number of B20. In addition, dispersants 
such as TRITONX, QPAN 80 and TWEEN 80 in CuO nanoparticles were 
found to improve the properties of B20, particularly in terms of cetane 

number and heating value. The observed phenomenon can be attributed 
to the improved stability of B20 and the homogeneous dispersion of the 
nanoparticles in the material. In addition, it is worth noting that the 
dispersants had HLB values in the range of 8–15, suggesting a homo-
geneous distribution of the oil in the solution. The maintenance of sta-
bility and improvement of physicochemical properties of CuO 
nanoparticles can be reasonably inferred from their dispersion. The fuel 
containing nanoparticles significantly increases calorific value and ce-
tane number. The fuel blend of B20, CuO75 and QPAN 75 exhibited 
higher cetane number and heating value of 60 and 40,012 kJ/kg K, 
respectively. 

2.7. Experimental setup 

Fig. 6 is a schematic representation of the experimental setup. A 
single-cylinder four-stroke engine with direct injection and compression 
ignition is used in this study. Table 2 contains the technical data for the 
engine. Diesel and the nanoparticle-based fuel were stored in special 
tanks. A load bank fed dynamometer had the engine connected to it. 
Exhaust emissions were measured with a gas analyser (model MARS 5) 
and a smoke metre. A personal computer (PC) was connected to all 
measurement sensors via an analogue-to-digital converter (ADC). Ten 
PC cycles were used to analyse the combustion parameters with the 
integrated Enginesoft software. The net heat release can be calculated 
with Eq. (2) according to the first law of thermodynamics. 

ΔQ
Δθ

=
ΔP
Δθ

1
γ − 1

+ P
ΔV
Δθ

γ
γ − 1

+
ΔQ HEAT

Δθ
(2) 

Where, γ = CP
CV , ΔP

Δθ is pressure variation compared to crank angle (m3 

/degree), ΔV
Δθ volume variation versus crank angle (m3/degree), ΔQ HEAT

Δθ is 
the rate of heat transfer along the walls of the combustion chamber (J/ 
◦CA), V and Pare the cylinder’s instantaneous volumes (m3) and pres-
sures (bar), CV and CP. 

Before commencing the test, the engine was operated using diesel 
fuel for 15 min to achieve a stable condition. The entire test was per-
formed at full load (100 %) and a speed of 1500 rpm. The standard diesel 
was tested first, then the BD20, and finally, the nano fuels. The entire 
study was conducted with three different injection times (ITs) of 21 
◦bTDC, 23 ◦bTDC, and 25 ◦bTDC. The engine was run for 10 min before 
each measurement, and the experiments were repeated multiple times 
and presented the average values for accuracy. 

3. Results and discussions 

The present section deals with the discussion of the experimental 
results regarding the performance, combustion and emission charac-
teristics of a direct injection diesel engine operated with different 

Fig. 3. SEM images of CuO nanoparticles.  

Fig. 4. XRD of CuO nanoparticles.  
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Fig. 5. Transmittance at (a) week 1 (b) week 2 (c) week 3.  
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injection timings. BTE and BSFC are the performance parameters, CP 
and NHRR are the combustion characteristics and CO, UHC, NOx and 
smoke are the emission characteristics. 

3.1. Performance parameters 

3.1.1. BTE 
Fig. 6 shows the variation in BTE against injection timing. The BTE of 

B20 was similar to that of conventional diesel due to the undesirable 
atomization of the fuel and lower heating value [22,23]. However, the 
BTE increased sharply when CuO nanoparticles were introduced into 
B20. The dispersion of CuO nanoparticles increased the calorific value of 
the fuel mixture. Also, the enhancement of thermal conductivity of CuO 
nanoparticles leads to improved combustion characteristics and 

increased heat transfer, both of which improve BTE [26,27]. Therefore, 
using B20 fuel containing dispersed CuO nanoparticles instead of con-
ventional diesel fuel can effectively improve the production and con-
version of chemical energy. As a result, the BTE has been significantly 
improved. The increased surface-to-volume ratio is one of the factors 
contributing to higher BTE [28–30]. Due to their greater stability with 
added surfactants and dispersants, nanoparticles have further improved 
BTE. This is associated with the improved ignition properties of B20 [31, 
32]. The increase in BTE can be attributed to the improved combustion 
resulting from the injection timing increase, which led to better atomi-
zation and vaporization. The highest BTE, regardless of the test fuels, 
was noted at an IT of 25 ◦bTDC. Diesel, B20, B20+ CuO75, 
B20+CuO75+ QPAN75, B20+CuO75+TRITONX75, B20+CuO75+
TWEEN75 had BTEs of 29.97 %,30.89 %,31.92 %,33.81 %,32.76 %, and 
35.03 %, respectively, at an IT of 25 ◦bTDC. BTE of the tested fuel B20+
CuO+75+QPAN75 was higher than that of the other test samples. 

3.1.2. BSFC 
Fig. 7 shows the BSFC regarding injection timings. Because of its 

greater viscosity and lower calorific value, B20 has been found to 
possess more BSFC over regular diesel fuel [33]. Unlike conventional 
diesel fuel, the dispersion of CuO nanoparticles in B20 decreased BSFC 
due to enhanced fuel properties, especially calorific value. When CuO 
nanoparticles were mixed with B20 diesel fuel, the BSFC went down 
because the fuel’s properties got better, especially its calorific value 
[34]. Because the fuel mixture contained more oxygen, combustion was 
much more complete when CuO nanoparticles were used, contributing 
to the lower BSFC. Nanoparticles could also lead to a decrease in 

Table 1 
Fuel properties.  

Fuel property Relative density at 15 ◦C (kg/m3) Calorific value (kJ/kg) Viscosity at 40◦C (Cst) Cetane number Flash point 
( ◦C) 

Copper corrosion 

Testing method ASTMD-1298 ASTMD-4809 ASTMD-445 ASTMD-976 ASTMD-92 ASTMD-130 
ASTM range 860–910 42,000 2.4–7 48 (min) 135 (min) 1a 
B20 862 38,719 3.68 57 146 1a 
B20+CuO75 869 39,928 3.95 58 144 1a 
B20+CuO75+TRITONX 871 39,944 3.962 59 142 1a 
B20+CuO75+QPAN 75 868 40,012 3.944 60 143 1a 
B20+CuO75+TWEEN 75 872 39,942 3.96 59 141 1a  

Fig. 6. Pictorial view of test rig.  

Table 2 
Specifications of the engine.  

Parameter Description 

Type of engine TAF-1, Kirloskar, VCR diesel engine 
Brake power (kW) 3.5 
Cylinders 1 
Engine load 100 % load 
Bore (mm) 87.5/110 
Stroke (mm) 110 
Compression ratio and Injection pressure 

(bar) 
17.5 and 200 bar 

Injection timings 21 obTDC, 23 obTDC, and 25 obTDC 
Speed (rpm) 1500  
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brake-specific fuel consumption (BSFC). Nanoparticles provide many 
benefits compared to the basic fuel, including an increased 
surface-to-volume ratio, enhanced thermal conductivity, and improved 
utilization of the chemical energy present in the fuel [1,9]. Furthermore, 
the addition of dispersants and surfactants led to a significant decrease 
in BSFC due to the exceptional stability of CuO nanoparticles in liquid 
fuel [9,10,25]. BSFC decreased with the increase of injection timing 
from 21 ◦bTDC to 25 ◦bTDC due to better fuel atomization, resulting in 
more efficient combustion. 

The BSFC of diesel, B20, B20+CuO75, B20+CuO75+ QPAN75, 

B20+CuO75+TRITONX75, B20+CuO75+TWEEN75 were 0.417 kg/ 
kWh,0.421 kg/kWh, 0.415 kg/kWh, 0.395 kg/kWh, 0.401 kg/kWh, and 
0.391 kg/kWh at an injection timing of 25 ◦bTDC, respectively. The 
samples with the lowest BSFC were B20+ CuO75+QPAN75. 

3.2. Combustion parameters 

3.2.1. Cylinder pressure (CP) 
Fig. 8(a) and (b) illustrate the variation of the CP as a function of 

crank angle and injection timing. B20 has a slightly higher CP than 

Fig. 7. BTE against injection timing.  

Fig. 8. BSFC against injection timing.  
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standard diesel, which is due to the fact that it has a higher cetane 
number and is more oxygenated than normal diesel [10]. 

However, due to the higher thermal conductivity and the larger 
surface-to-volume ratio of the nanoparticles, their dispersion in B20 led 
to an even greater increase in CP. [25,27]. Due to better fuel mixing and 
uniformity, the oxygenated imprint of CuO nanoparticles in B20 may 
also significantly impact the growth of CP [3,16,26]. 

The increased stability of the CuO nanoparticles in the B20 mixture 
led to a significant improvement in CP when a dispersant and surfactant 
were used, possibly also improving combustion and mass transfer 
properties [3,9.16]. Improved oxidation and combustion was achieved 
by increasing the injection timing, allowing more fuel to accumulate and 
more time for better mixing. This allowed the cylinder pressure to be 
increased 

The cylinder pressure of diesel, B20, B20+CuO75, 
B20+CuO75+QPAN75, B20+CuO75+TRITONX75, B20+CuO75+
TWEEN75 were 58.38 bar, 60.84 bar, 64.43 bar, 62.83 bar, and 66.23 

bar respectively at an injection timing of 25 ◦bTDC. Comparing the test 
samples, BD20+ CuO75+QPAN75 was able to reach the highest cylin-
der pressure. 

3.2.2. Net heat release rate (NHRR) 
Fig. 9(a) and (b) show the change in NHRR as a function of crank 

angle and injection time, respectively. The NHRR for B20 is slightly 
better than that of conventional diesel. B20 has a slightly higher NHRR 
than diesel because it has a higher cetane number and contains more 
oxygen than diesel [3,20,21]. More fuel is formed due to the ignition 
delay, which increases the heat release rate [20]. There was significantly 
improvement in NHRR when the CuO nanoparticles were added to B20. 
This was due to the catalytic properties of the fuel and the enhanced heat 
transfer from the CuO nanoparticles to B20 [3,16]. In addition, the 
higher NHRR is due to the nanoparticles’ higher surface/volume frac-
tion [8,29]. The mixture of dispersant and surfactant also significantly 
improved the NHRR because of the increased stability of nanoparticles 

Fig. 9. CP versus (a) crank angle (b) injection timing.  
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in BD20 [25]. The NHRR increased with the increase in injection timing. 
This was due to increased fuel accumulation during advanced injection 
and subsequently increased fuel consumption during the premixing 
combustion phase, resulting in a higher heat release rate. This pattern 
was the same for all samples of blended test fuel. The result is a higher 
heat release rate due to temperature and pressure taking precedence in 
the cylinder. 

At an injection timing of 25 ◦bTDC, the NHRR of diesel, B20, B20+
CuO75, B20+CuO75+ QPAN75, B20+CuO75+TRITONX75, and 
B20+CuO75+TWEEN75 were 74.88 Jo/CA, 77.76 J/◦CA, 80.56 J/◦CA, 

83.91 J/◦CA,86.24 J/◦CA, and 89.39 J/◦CA, respectively. The highest 
NHRR was found in B20+ CuO75+QPAN75. 

3.3. Emission characteristics 

3.3.1. Carbon monoxide (CO) 
Fig. 10 displays the change in CO values for various test gasoline 

blends as a function of injection timing. The primary constraint on CO 
emissions is the stoichiometric air-fuel ratio. In addition, inefficient 
temperature and fuel-air mixture lead to an increase in CO generation 

Fig. 10. NHRR versus (a) crank angle (b) injection timing.  
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[8]. The CO content of B20 was lower than that of conventional diesel 
fuel. This was attributed to the higher cetane number and the oxygen-
ated fuel blend due to the higher oxygen availability [10,20,33]. The 
dispersion of CuO nanoparticles in B20 further lowered the CO values. 
The improvement of ignition properties, catalytic movement, surface 
area, improved chemical reactivity and reactive oxygenation [8,9,16, 
24]. 

CO production was further reduced in the case of dispersant-added 
non-fuel, as the CuO nanoparticles could persist in B20 [10,16,24,25]. 
Extending injection timing increases the cylinder temperatures and ac-
celerates the oxidation of carbon and oxygen, which leads to lower CO 
emissions even at high combustion rates. As a result, CO emissions are 
reduced. At an injection timing of 25◦bTDC Diesel, B20, B20+ CuO75, 
B20+CuO75+ QPAN75, B20+CuO75+TRITONX 75, 
B20+CuO75+TWEEN75 had CO of 0.138 %,0.129 %,0.119 %,0.101 
%,0.113 % and 0.089 % percent, respectively. The test sample BD20+
CuO75+QPAN75 had the least CO in compared to the other test 
samples. 

3.3.2. Unburnt hydrocarbons (UHC) 
The UHC for fuels containing distributed CuO nanoparticles with 

respect to injection timing is shown in Fig. 11. Oxygen deficiency and 
high combustion temperatures contribute to higher UHC emissions. 
Since incomplete fuel combustion produces more UHC [8] incomplete 
fuel combustion is harmful. 

UHC greatly reduced the ability of CuO nanoparticles to disperse in 
B20 [25]. UHC significantly reduced the ability of CuO nanoparticles to 
disperse in B20. The air-fuel mixture was more prominent, and the fuel 
burned more efficiently due to adding nanoparticles. Furthermore, the 
oxygen content of the CuO nanoparticles can improve combustion [25, 
31]. The increased surface area of the oxide group nanoparticles 
generated may promote complete fuel combustion [8,25], which was 
another factor for the reduced UHC. Due to better dispersion of the 
nanoparticles, the UHC of the surface-modified CuO nanoparticles in 
B20 was significantly reduced [25]. UHC also decreased substantially as 
a result of increasing the injection timing. This was cited as a cause of 

better fuel atomization. The same symptoms were also attributed to the 
full test patterns. The UHC of diesel, B20, B20+CuO75, B20+CuO75+
QPAN75, B20+CuO75+TRITONX75, B20+CuO75+TWEEN75 were 42 
ppm, 40 ppm, 38 ppm, 34 ppm,36 ppm, and 32 ppm. The UHC was lower 
in BD20+ CuO75+ QPAN75 than in the residual samples. 

3.3.3. Oxides of nitrogen (NOx) 
Fig. 12 shows the variation of NOx values as a function of injection 

timing. The NOx level of B20 is a little higher compared to regular diesel. 
B20 has more oxygen, higher combustion temperature, and higher 

cetane number [8]. However, a significant reduction in NOx levels was 
observed when CuO nanoparticles were mixed with B20. This phe-
nomenon is due to improved heat transfer and the ability of nano-
particles to store thermal energy, resulting in a lower average 
temperature of the cylinder compared to conventional diesel fuel [25]. 
The NOx values increased at higher injection timing due to the higher 
combustion temperatures. All test samples used in the analysis showed 
the same pattern, and higher injection timing followed the progressive 
reduction. NOx at an injection timing of 25 ◦bTDC was 1502 ppm, 1467 
ppm, 1387 ppm, 1286 ppm,1304 ppm and 1238 ppm for Diesel, B20, 
B20+CuO75, B20+CuO75+ QPAN75, B20+CuO75+TRITONX75, 
B20+CuO75+TWEEN75, respectively. The combination of test fuels 
with the lowest NOx emissions was B20+CuO75+QPAN75. 

3.3.4. Smoke 
Fig. 13 shows the variation of the injection timing for the smoke. The 

smoke opacity was significantly lower with B20 than with diesel. 
The main reason for the reduction in smoke generation was the 

oxidised nature of B20 [16,20,32]. Since B20 contains CuO nano-
particles, the amount of smoke generated by excessive oxygen was 
reduced. Also, the dispersant-added CuO nanoparticles in B20 had lower 
smoke production due to improved dispersion of the nanoparticles [25]. 
The larger injection timing also helped to lower the expected smoke for 
all test samples by improving combustion. At an injection timing of 25 
◦bTDC, the smoke of diesel, B20, B20+CuO75, B20+CuO75+ QPAN75, 
B20+CuO75+TRITONX75, B20+CuO75+TWEEN75 produced smoke 

Fig. 11. CO at different injection timings.  
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with respective smoke percentages of 36.312 %, 32.245 %, 29.239 %, 
22.124 %,26.396 % and 19.351 %. Among all the test fuels, BD20+
CuO75+ QPAN75 created the least smoke. Fig. 14 

4. Conclusions 

The aim of this study was to evaluate the combustion, performance, 
and emission characteristics of diesel engines using biodiesel samples 
with entrapped CuO nanoparticles. Upon completion of the study, the 
following findings were obtained:  

• Azadirachta indica biodiesel (B100) and its blend (B20) were found to 
have better cetane number than conventional diesel.  

• The dispersion of CuO nanoparticles in B20 using the dispersants 
improved the stability of the nanoparticles so that the nanoparticles 
were more stable overall. It was found that the dispersion had a 
better effect on the stability of the CuO nanoparticles than the base 
nanoparticles themselves. Dispersant and CuO nanoparticles were 
used as part of the formulation process to achieve the desired results 
of decreased permeability and increased absorption. On the other 
hand, the dispersant QPAN 80 added to biodiesel blend showed 

Fig. 12. UHC at different injection timings.  

Fig. 13. NOx at different injection timings.  
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greater particle stability than the additional particles of TRITONX 
and TWEEN 80 in B20. The permeability of the combination 
B20+CuO75+QPAN75 was lower at 86.03 %, while the absorption 
was higher at 4.08 %.  

• Both the calorific value and the cetane number were estimated to be 
higher than they were 40,012 kJ/kg and 60, respectively. 

• The BTE increased while the BSFC decreased when CuO nano-
particles were mixed with B20. At an injection time of 25 ◦bTDC, 
B20+CuO75+QPAN75 exhibited developed BTE and minimum 
BSFC of 35.03 % and 0.391 kg/kWh, respectively.  

• The dispersion of nanoparticles in B20 significantly increased CP and 
NHRR of combustion. The best results were obtained with the com-
bination of B20+ CuO75+QPAN75. The extreme CP and NHRR of 
B20+CuO75+QPAN75 were 66.23 bar and 89.39 J/◦CA, respec-
tively, at an injection time of 25 ◦bTDC.  

• The B20+ CuO75+QPAN75 has portrayed the inferior CO, UHC, 
NOx, and smoke of about 0.089 %, 32 ppm, 1238 ppm, and 19.351 %, 
respectively, at an injection time of 25 ◦bTDC. 

According to the results, a compression ignition engine can be 
operated without modifications with the dispersion of CuO nano-
particles in Azadirachta indica biodiesel blend (B20) combined with the 
dispersants. 
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