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Effect of different configurations 
of hybrid nano additives blended 
with biodiesel on CI engine 
performance and emissions
M. S. Gad 1, H. M. Abu Hashish 2, Ahmed Kadhim Hussein 3, 
Mohamed Bechir Ben Hamida 4,5,6*, Rasheed Abdulkader 7 & Mahmoud Hassan Nasef 1

The use of nano additives to improve the cold properties of biodiesel is encouraged by its drawbacks 
and incompatibility in cold climate. Waste cooking oil (WCO) was transesterified to create biodiesel. 
A 20% by volume was used for combination of diesel and methyl ester. Current study aims to evaluate 
diesel engine emissions and performance. TiO2, alumina, and hybrid TiO2 + Al2O3 nanoparticles are 
added to WCO biodiesel mixture at 25 mg/liter. When B20 combined with nano materials such as TiO2, 
Al2O3, and hybrid nano, the highest declines in brake specific fuel consumption were 4, 6, and 11%, 
respectively. As compared to biodiesel blend, the largest gains in thermal efficiency were 4.5, 6.5, 
and 12.5%, respectively, at maximum engine output power. Introduction of TiO2, Al2O3, and hybrid 
nano particles to B20 at 100% load resulted in the highest decreases in HC concentrations up to 7, 
13, and 20%, and the biggest reductions in CO emissions, up to 6, 12, and 16%. Largest increases 
in NOx concentrations at full load were about 7, 15, and 23% for B20 + 25TiO2, B20 + 25 Al2O3, and 
B20 + 25TiO2 + 25 Al2O3, respectively. Up to 8, 15, and 21% less smoke was released, correspondingly, 
which were the largest reductions. Recommended dosage of 25 ppm alumina and 25 ppm TiO2 
achieved noticeable improvements in diesel engine performance, combustion and emissions about 
B20.
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Due to risks from global warming, fossil fuel resources shortage, stronger environmental laws in the global energy 
market and the use of renewable energy sources have been increased during the past ten years. Biodiesel is one 
of the forms of sustainable energy. Biodiesel is frequently used by scientists as a substitute fuel. Because of its 
higher density, lower cetane number, and lower calorific value, pure biodiesel cannot fully replace conventional 
diesel in diesel engines. However, it may be utilized in diesel engines. Using biodiesel in cold areas might cause 
problems with the fuel filter and injection system. Issues with fuel atomization and spray were observed1.

Numerous studies indicate that high viscosity fuels have a number of detrimental consequences on diesel 
engines. Opium poppy (OP) oil methyl ester-diesel mixtures’ impact on the efficiency and emissions of CI engines 
was investigated. The thermal efficiency of the OP10 and OP20 blend ratios fell were decreasesd by roughly 5.73% 
and 13.05% related to crude diesel due to the lower calorific value of OP biodiesel. CO emissions were reduced by 
OP10 and OP20, however NOX emissions were raised. In low temperature and cold start circumstances of diesel 
engine, impact of iron nano materials added to B20 on carbon monoxide and HC concentrations was studied2. 
Using biodiesel in marine operations offers benefits such as reduced carbon emissions, enhanced air quality, 
increased energy security, support for sustainable agriculture, and alignment with global environmental goals. 
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Using biodiesel in the marine industry is a viable opportunity to significantly advance environmental steward-
ship and sustainability3. Since most engines use extra biodiesel and has a reduced thermal efficiency due to its 
high viscosity and carbon residue, it is imperative to determine the appropriate alternative fuel and ideal mixture 
percentage for diesel engine combustion. When rubber seed oil (RSO) was used in dual fuel mode with hydrogen 
and diethyl ether, smoke and nitrogen oxides were greatly decreased and engine performance was improved4.

By using nano materials, these problems are remedied while also improving engine performance, combus-
tion, and exhaust pollution reduction. Another breakthrough in fuel development is the result of advances in 
nanotechnology. Nanoparticles are blended with liquid fuel using a novel process known as modified fuel. Iron 
nanoparticles were combined with palm methyl ester and B20 to create 500 ppm diluted homogenous mixture. 
The viscosity of blend biodiesel was reduced by 14% with the use of iron nanoparticles. BSFC, CO, and hydrocar-
bons emissions were decreased by 10%, 42%, and 54%, respectively.The declines in CO and HC emissions from 
0 to 10 °C were up to 31% and 23.7%, respectively, while the increase in nitrogen oxide emissions were from 79 
to 90 ppm5. Various diesel fuel/mono ethylene glycol supported emulsion (MEGSE) molar ratios was studied. 
At 15.6% MEGSE, the engine’s output was at its peak and its exhaust emissions were at their lowest6.

 The experiments were done to find the best blending for enhanced fuel characteristics, improved engine com-
bustion, and declined exhaust emissions. Impact of hybrid ZnO:TiO2, TiO2:Al2O3, CeO2:CuO, and MnO2:Al2O3 
in various ratios was examined. The biofuel and the sol–gel process were used to create the nanoparticles, which 
were then characterised by scanning electron microscopy (SEM).By combining nanoparticles with the gasoline, 
BTE was raised from 1.11 to 2.21%. In comparison to standard diesel oil, the combined biodiesel with nano addi-
tions had lower NOx, HC, and CO emissions by 16.29–23.76%, 14.07–17.32%, and 5.51–8.27%, respectively7. 
The impact of biodiesel-diesel blends of 25 and 50% on the emissions of marine diesel engines at varying loads 
was investigated. Biodiesel blends increased nitrogen oxides emissions while reducing HC and smoke concen-
trations are due to the oxygen concentration in fuel8. Limits of using methyl ester in CI engines were evaluated 
by included high NOx, cold weather, low cetane number, high viscosity, engine parts, fuel tanks, and fuel filters 
replacement9. Methyl ester properties may be enhanced by the utilization of nano materials. Impact of magnetic 
nanoparticles inclusion to biofuel (40 and 80 vol.%) on emissions and CI engine performance were studied. With 
the inclusion of nano materials, the engine’s performance and combustion considerably were enhanced, and NOx 
emissions significantly were decreased10.

Diesel engine emissions and performance using mixed of waste frying oil (WFO) methyl ester and crude 
diesel at blended ratios of 0%, 5%, 20%, and 100% were studied. As the biodiesel mixture ratio increases, the 
engine brake power and thermal efficiency were decreased11. WFO biodiesel use results in higher NO, lower 
CO2 and CO emissions12. Areca nut husk (ANH) nano additive impact on engine pollutants and performance 
were displayed13. PGB-derived oil water diesel emulsion (D10EPO) mixture was used to power the engine. 
ANH was combined at 5, 10, and 15 ppm concentrations. Compared to D10EPO, the specific fuel consumption 
was reduced by 9.1% and NOx emissions was increased. In comparison to D10EPO, CO, HC, and smoke for 
D10EPO of 15 ppm dose were declined by 17.9, 14.7, and 17.6% at full load, respectively. Experimental research 
on the effects of titanium dioxide (TiO2) addition to Mahua oil biodiesel on engine’s emissions and performance 
was done. When compared to the other blends, the Mahua oil biodiesel mixture with 150 ppm TiO2 reduced 
CO emissions. When compared to other mixtures, biodiesel containing TiO2 (150 ppm) has the lowest NOx 
emissions. Nano titanium oxide at a concentration of 150 ppm can be utilised as a useful addition to reduce 
emissions while boosting engine performance14. Effects of main alcohols as ethanol, methanol, n-butanol and 
aluminium inclusions on emissions at various loads and constant speed were examined. Al2O3 nanoparticles 
were introduced to alcohol/diesel blends at ratios of 25–100 ppm. The lowest levels of carbon dioxide, nitrogen 
oxides, and smoke were produced by inclusion of methanol and nano additives15.

The use of silver thiocyanate from 7.23 to 7.98 nm as a supplement to enhance diesel engines’ performance and 
emissions was studied. Several diesel/WCO biodiesel (D50B50) blends containing 200, 400, and 600 ppm silver 
thiocyanate nanoparticles were created. In comparison to other mixtures, a dose of 400 ppm nanosized silver 
thiocyanate exhibits greater performance and emissions.If 400 ppm concentration of nanoparticles were utilised, 
the improvement rate in brake thermal efficiency was 11.6%. Dose of 600 ppm of silver thiocyanate nanoparticles 
produced 20.7% decrease in exhaust gas temperature. At 600 ppm and 200 ppm, respectively, concentrations 
of carbon monoxide and UHC were lowered by ratios of 50.3% and 40.0%. In compared to pure diesel D100B0 
and a D50B50 mixture, 400 ppm of silver thiocyanate nano materials reduced the smoke opacity by 55.3% and 
32.0%, respectively16. Aluminium oxide nanoparticles at various dose levels were studied for their impact on 
honge oil biodiesel and diesel oil mixtures. Preparation of nanofuel blends involved dispersing of aluimena in 
HOME(B20). Sodium dodecyl sulphate (SDS) was utilised to stabilise the diffusion of these nanoparticles in 
fuel mixtures. Aluiminum oxide nano additives doses of 20, 40, and 60 ppm were found in B20. Nano materials 
at a concentration of 40 ppm in methyl ester blend significantly reduced CO, HC, and smoke concentrations by 
47.43%, 37.72%, and 27.84%, respectively. All nanofuel blends’ higher NOX emissions are brought on by higher 
flame temperature and oxygen content17.

Influence of introducing nanoparticles to biodiesel and diesel mixtures on diesel engine and exhaust con-
centrations were described. In comparison to methyl ester, application of nanofuel resulted in an increase in 
NOXemissions from 2.78 to 19.01%. The decline was brought on by the nanoparticles catalytic activity and 
secondary atomization which raise the rate of oxidation18. Utilization of nanoparticles in CI engine using B20 
waste frying oil was studied. BTE, soot, and CO concentrations were increased by nano particles addition19. 
Engine performance and emissions powered by B20 WCO biodiesel-diesel mixtures doped with nanomaterials 
were depicted20. At 10 N.m engine load and nano additive concentration of 98 ppm, the engine operates at its 
best condition. Inclusion of NPs improves the biodiesel’s HC, CO, and NOX emissions. Impact of mixed nano 
particles on diesel engines was studied. High performance fuel (HPF), combination of biodiesel, diesel, and 
ethanol that also contains alumina nanoadditives, was used to power the engine. Different injection timings of 
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21°, 22°, 23°, and 24° TDC are applied to HPF. The ideal working condition was blending with a 20 ppm alumina 
nano addition at 22° TDC because it boosted performance while minimising HC and CO emissions21. Impact 
of nano TiO2 and Al2O3 inclusions to crude diesel in percentages of 25, 50, 100, and 150 ppm was shown. BTE 
was raised from 18.9 to 24.25%22. The behaviour of C. racemosa algal oil biodiesel with nano additive in diesel 
engines was researched. Due to the lowered viscosity and enhanced volatility of the blend, which improves 
atomization, vaporisation, and air–fuel mixing formation, C. racemosa algal oil biodiesel-diesel mixture with 
nano additions can be used as substitute fuel in CI engine23. The impact of ternary blend of 80% D80E10nB10, 
10% ethanol, and 10% n-butanol on engine combustion and emission was studied. Nano TiO2 addition increased 
the thermal efficiency by 23.24%24.

The effects of adding Fe2O3 and Al2O3 nanoparticles (30, 60, and 90 ppm) as well as Fe2O3–Al2O3 hybrid 
nanoparticles to pure diesel fuel on diesel engine’s performance, combustion, and emission characteristics were 
studied. The findings demonstrated that the inclusion of the nanoparticles enhanced the peak cylinder pressure 
by 4% and improved the heat release rate by 15% when compared to pure diesel. The effects of Fe2O3 fuel blends 
on brake power, BTE, and CO emissions were greater than those of Al2O3 fuel blends; they increased power and 
thermal efficiency by 7.40 and 14%, respectively, and decreased CO emissions by 21.2%. Additionally, blends 
containing Al2O3 nanoparticle additives performed better in reducing of BSFC (9%), NOx (23.9%), and SO2 
(23.4%) than blends without such additives25. Among the most well-known biofuels for use in diesel engines is 
biodiesel. Because free fatty acids, monoglycerides, and diglycerides are components of biodiesel and contrib-
ute to improve its lubricating characteristics and reduce friction more than other mixtures. The friction coef-
ficient was decreased as the proportion of biodiesel increased. Because lower viscosity leads to oxidation, which 
facilitates the biodiesel’s exposure to air at higher temperatures, friction and wear of diesel mixtures including 
biodiesel increase at higher rotational speeds. When it comes to lubricity, biodiesel outperforms conventional 
fuel mixtures26.

It is clear from the previous evaluation of the literature review, several research investigations have been 
done to show and further throwlight on the effect of introduction different types with different configurations 
of nanoparticles to biodiesel blended with diesel oil on the emissions and performance characteristics of diesel 
engines. Pure biodiesel may be used in diesel engines, but it cannot completely replace conventional diesel due 
to its greater density, lower cetane number, and lower calorific value. Injection system and fuel filter issues arise 
when biodiesel is used in cold climates. There were produced problems in fuel atomization and spray. These issues 
are resolved by adding nano compounds, which also enhance engine performance, combustion and lower exhaust 
emissions. The introduction of nano additives highlights the disadvantages and limitation of using biodiesel. 
Disposal of waste cooking oil (WCO) requires higher cost and causes pollution and risks in water sources and 
environment. Other studies do not see waste cooking oil as edible, despite the assertions made in prior studies by 
several other researchers that it is not edible. Consequently, it might be argued that utilising the oil as a feedstock 
for biodiesel in safer application. Waste oil can be transformed to useful energy. The analysis reveals that, how-
ever, no studies on the performance and emissions of diesel engines employing mixtures of WCO methyl ester 
and diesel with nanoparticle additions such TiO2 and aluimena have been documented. Previous research has 
mostly concentrated on analyzing different types of nano additives or their concentrations. Nevertheless, not all 
of the intended benefits could be obtained by using a single kind of nano additive. Investigating the combination 
of these two nanoadditives as Al2O3 and TiO2 is necessary to fill in any research gaps that may emerge. Hybrid 
nanoparticles can improve a base fluid’s physical, chemical, thermal, evaporation and heat transfer characteristics. 
As a result, the present experimental investigation specifically uses B20 diesel mixture with biodiesel to examine 
how hybrid nanoparticles TiO2 and Al2O3 additions affect CI engine emissions, combustion and performance 
characteristics. Waste cooking oil was converted to biodiesel and blended with diesel oil in 20% by volume. 
Aluimena and TiO2 nano additives of 25 mg/litre concentrations were blended with B20.

Materials and methods
Biodiesel production
WCO can not be utilised directly in CI engines due to its high viscosity, so it is converted to biodiesel. The methyl 
ester and the oil are divided during transesterification. By preheating the oil to 110 °C, WCO was filtered and the 
moisture iseliminated. After that, the oil was added to a flask that was held steady by a thermometer, condenser, 
and magnetic stirrer. 1.5% of potassium hydroxide (KOH) by weight was dissolved in 1:9 molar solution of 
methanol and alcohol to obtain methoxide. To create the glycerin and methyl ester, the oil and methoxide com-
bination were vigorously agitated for 90 min at 60 °C27. Mixture was left to sit for 24 h in the separating funnel in 
order to separate the ester about glycerin28. The catalyst, impurities, and unreacted methanol were flushed away 
with warm water. After the water had been removed, the biodiesel was dried using a rotary evaporator. Biodiesel 
and diesel oil were combined at a volume ratio of 20%.

Biodiesel blends with nano additives preparation
The biodiesel mixture included titanium oxide (TiO2) and alumina (Al2O3) as additions. The nanomaterials were 
supplied by Nanotech Egypt. Scanning electron microscope (SEM) (Model: Quanta FEG250) and a transmis-
sion electron microscope (TEM) (Model: JOEL JEM-2100) were used to examine the internal structure of nano 
additives. Figures 1 and 2 display TEM and SEM photos, respectively. Alumina and titanium oxide both have 
typical diameters of 10 and 35 nm in TEM images, indicating their spherical form. By using ultrasonication, the 
nano additives were evenly distributed throughout the biodiesel mixture. The mixture was continually stirred for 
30 min to ensure even dispersion of additives. A biodiesel mixture with nano material content of 25 mg per litre 
was created. Using good dispersion and stability conditions, titanium and alumina nanoparticles were mixed in 
the current study with WCO biodiesel of 20% (B20), B20 + 25 TiO2, B20 + 25 Al2O3, and B20 + 25 Al2O3 + 25 TiO2. 



4

Vol:.(1234567890)

Scientific Reports |        (2024) 14:19528  | https://doi.org/10.1038/s41598-024-69957-5

www.nature.com/scientificreports/

Nano materials were supplied from Nanotech company, Egypt in the form of powder, water soluble, spherical 
shape and white color. The bulk densities of TiO2 and Al2O3 are 0.24 and 3.95 gm/cm3, respectively. The averge 
size from TEM images of aluimena and titanium oxide are 10 ± 2 nm and 35 ± 5 nm, respectively. Methyl ester 
and diesel oil blend with nano additives characteristics were stated in Table 1. Viscosity and density of Al2O3 were 
lower than TiO2. Lower calorific value and cetane number of Al2O3 were greater than TiO2. Improved physical 
and chemical properties of alumina about TiO2 were shown. Average size of alumina is lower than titanium 
oxide which improves the dispersion, homogeneity and air- fuel mixing. Higher oxygen content in alumina 
about TiO2 leads to the highest emissions reductions. All these advantages of Al2O3 about TiO2 lead the highest 
engine performance improvement and emissions reduction.

Experimental test rig
A four-stroke, single-cylinder, air-cooled diesel engine with a maximum output of 7.5 kW at 1500 rpm was used 
for the testing. The engine has 100 mm diameter, 105 mm stroke, and 17.5:1 compression ratio. Figure 3 displays 
a schematic description of the experimental equipment used in this investigation. AC generator with highest 
power of 10.5 kW was connected with the test engine to show the engine’s maximum output power. Flow rate of 
intake air is observed using an air box equipped with an orifice. The amount of time needed to consume a fixed 
measured fuel volume of 25 cm3 was used to compute the fuel flow rate. In order to evaluate the intake air and 
exhaust temperatures, K type calibrated thermocouples were utilised. A gas analyzer (Germany’s MRU DELTA 

Figure 1.   SEM image of Al2O3 and TiO2.

Figure 2.   TEM image of TiO2 and Al2O3.

Table 1.   WCO methyl ester and its mixtures properties.

Fuel properties Biodiesel Diesel oil B20 B20 + 25 TiO2 B20 + 25 Al2O3

Density at 15 °C, kg/m3 (D1298) 878 830 844 849 847

Kinematic viscosity at 40 °C, cSt (D445) 4.2 2.73 2.8 3.1 3

Flash point, °C (D92) 148 58 79 80 81

Cetane number 52 48 49 50 51

Pour point, °C (D2500) − 7 − 33 − 21 − 20 − 20

Lower heating value, MJ/kg (D240) 39.8 42.7 41.9 42.1 42.2
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1600-V model) was used to monitor the emissions of HC, NOx, and CO. To measure smoke emission, a smoke 
metre (Model: OPA, France) was employed. When fully loaded, an engine operating between 800 and 1800 rpm 
was used for the testing. A water-cooled piezoelectric pressure transducer with an accuracy of 1.118% and sen-
sitivity of 16.5 pc/bar was used to monitor cylinder pressure up to 250 bar. The piezoelectric pressure transducer 
was flush mounted with the cylinder head. The pressure measurements across 125 engine cycles were averaged. 
Using a data acquisition system, the pressure crank angle diagrams were recorded and examined to determine 
the combustion parameters. The engine was then warmed until the exhaust temperature was consistent without 
loading with pure diesel fuel. After switching the fuel line that was being tested, the engine load was then man-
aged. Readings were eventually recorded after the steady state condition was reached. Each test was measured 
three times to check for repeatability errors.Calculations showed that the greatest degree of uncertainty for the 
entire experiment was 3.33%. To decrease repeatability errors, each measurement was repeated three times. 
Biodiesel engine performance indicators including BSFC, EGT, BTE, as well as exhaust CO, HC, smoke, and 
NOx concentrations were tested.

Throughout the testing, the load fluctuated between no load and full load, yet the rated speed of 1500 rpm 
was consistently maintained. To ensure the stability of the engine’s state, pure diesel fuel was first used for the 
warm-up, and the engine was run without load until the exhaust temperature was stabilised. To ensure the 
precision and coherence of the results, each test was conducted three times. The thermocouples had a notable 
range of 0–1300 K, with an uncertainty of ± 0.15 and a precision of ± 1 °C. The load indicator covered a range of 
250–5000 Watt with an accuracy level of ± 10 Watt and an uncertainty of ± 0.2. The following ranges were used 
to test exhaust gases: NO (1–4000 ppm), HC (0–20,000 ppm), and CO (0–10%). There was ± 0.2 uncertainty 
and ± 1, ± 1, and ± 0.5 accuracy for each gas. With a precision level of ± 1 and an uncertainty of ± 2, the pressure 
transducer measured pressure between 0 and 250 bar. Based on the calculation of Eq. (1), the total uncertainty 
of the experiment was found to be maximum of 3.33%.

The whole uncertainty of the test rig is represented by WR. The independent and dependent measurements 
are indicated by the parameters R and x, respectively.

Results and discussions
At constant loads of 0%, 20%, 40%, 60%, and 80%, the engine was put through the tests while running at rated 
speed of 1500 rpm. WCO biodiesel-diesel mixture (B20) with TiO2 and Al2O3 nanoparticle concentrations of 
25 mg/l are the two fuels utilised to run the engine. In order to achieve best fuel utilisation in diesel engines, 
the calorific value and kinematic viscosity requirements for effective atomization, vaporization and combus-
tion are met by the 20% blending ratio. These experimental tests are used to evaluate the engine emissions and 
performance parameters.

Carbon monoxide (CO) emission
Figure 4 studies how CO concentrations of methyl estermixtures blending with nano additives varies with load. 
Up to around 60% load, CO concentration steadily declines with the load increase; after that, the trend shifts to 
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Figure 3.   Test setup schematic diagram.
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increased CO concentration with load. More fuel was delivered to the engine under situation of high load, this 
may be the result of incomplete combustion. Rich combustion conditions at high loads results in increased CO 
emissions for all evaluated fuels. Due to the increased oxygen content of biodiesel compared to conventional 
diesel fuel, there was a drop in CO emissions at all engine loads23. The nanomaterial’s increased surface contact 
area reduces the ignition delay and increases chemical reactivity. The surface reactivity of nanoparticles ensures 
that combustion is complete and lowers CO when combined with the nano additive’s oxidation capabilities. It 
is important to note that, compared to B20, blended biodiesel with TiO2 and Al2O3 nanoadditives has much 
lower carbon monoxide concentrations. This can be explained by the fact that the decreased ignition delay of 
nanoparticles boosts rapid combustion processes29. When compared to diesel without nanoparticles, the neces-
sary fuel–air mixing and improved fuel atomization to ensure complete combustion have a significant impact 
on lowering CO concentrations30. Increasing the amount of titanium oxide and alumina nanoparticles lowers 
the CO emission. Hybrid nano additives of aluiminum and titanium oxides improve the thermal, physical and 
chemical properties about single nano material. At 100% engine load, the combination of alumina and titanium 
oxide nanoparticles reduces CO on average respectively by 6% for B20 + 25 TiO2, 12% for B20 + 25 Al2O3, and 
16% for B20 + 25 TiO2 + 25 Al2O3.

Oxides of nitrogen (NOx)
Maximum heat release rate, combustion time, and burning temperature all have major impact on NOx generation 
in engines. Figure 5 depicts the variance in NOx emission for B20 engine running at constant speed with and 
without titanium dioxide and alumina nanoparticles. Because of the higher cylinder temperature and adiabatic 
flame temperature produced under high load, NOx emissions were increased with load for all examined fuels31. 
When mixtures of biodiesel feedstock are used, the higher combustion temperatures that result from the greater 
heat released rate cause the increase in NOx emissions. Across the whole engine load range, the B20 emits more 
NOx. At all operating circumstances, NOx emissions for B20 with nanoparticles were steadily higher than for B20 
without nanoparticles32. The catalytic behaviour of nanoparticles, which encourages heterogeneous combustion 
and lessens the breakdown of hydrocarbon molecules, is most likely to increase the likelihood of thermal NOx 
generation.With increasing engine load, this impact is lessened and the likelihood of thermal NOx generation is 
increased. Nitrogen oxides are created in the reaction zone during the diffusion combustion phase. Amount of 
nanoparticles has very an impact on biodiesel blends’ ability to increase NOx33. Aluiminum and titanium oxide 
hybrid nanoadditives enhance the thermal, physical, and chemical characteristics of a single nanomaterial. At 
peak load, the nano materials mixing with methyl ester mixture B20 exhibits average increase in NOx of 7% for 
B20 + 25 TiO2, 15% for B20 + 25 Al2O3, and 23% for B20 + 25 TiO2 + 25 Al2O3.

HC emission
Figure 6 displays the HC emissions of a biodiesel blend containing nanoparticles at various engine brake power. 
Since there is substantially less oxygen and more fuel at higher loads, HC trends showed decreased emissions 
at lower engine loads followed by an increase at greater engine loads. The greatest levels of HC were released 

Figure 4.   Impact of nano materials mixed with B20 on carbon monoxide emission.
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at greater engine loads due to decreased oxygen availability and increased fuel consumption. In comparison to 
diesel oil, all of the assessed biodiesel feedstock blends have lower HC emissions due to their shorter ignition 
delay, higher cetane number and higher oxygen content34. Adding nano additions to the biodiesel blend increases 
its surface to volume ratio, air–fuel mixing degree, vaporization, and catalytic activity. These improvements 
contribute to an efficient burning process with reduced HC emissions. The fast ignition of biodiesel resulted in 
the decrease in HC emissions from diesel oil. Nano additions improve fuel–air homogeneity and vaporisation 
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when added to biodiesel blends35. The subsequent fuel atomization is encouraged by the nanoparticles’ lower 
size. This enables complete combustion and enhances reactant mixing. Catalytic activity, surface reactivity and 
surface-to-volume ratio all promote combustion and lessen the amount of unburned hydrocarbons produced36. 
The introduction of nanoparticles led to the improvements in fuel oxidation and lower activation temperature 
for carbon combustion. Aluiminum and titanium oxide hybrid nanoadditives enhance the thermal, physical, 
and chemical characteristics of a single nanomaterial. When compared to a biodiesel mixture, nanoparticles 
of B20 + 25 TiO2, B20 + 25 Al2O3, and B20 + 25 TiO2 + 25 Al2O3 each reduced HC emissions by 7, 13, and 20%, 
respectively when used at highest engine brake power.

Smoke opacity
Variations in smoke of tested fuels across the engine output power is shown in Fig. 7. Due to rising fuel con-
sumption and rich air–fuel mixture, smoke concentrations were increased with the engine load increase. Because 
biodiesel blends include more oxygen than crude diesel, they burn more efficiently and produce less smoke. 
High concentrations of nano additives enhance fuel–air homogeneity and accelerate vaporization development 
when applied to biodiesel37. Furthermore, the nanoscale size of nano aluminum oxide enhances the secondary 
fuel atomization. As a result, this enhances reaction mixing and guarantees improved combustion. Difference 
in smoke concentrations between the waste cooking biodiesel blend and crude diesel is because of the oxygen 
presence which improves combustion24. Improved combustion, shorter ignition delay and higher fuel combustion 
during the combustion diffusion stage are responsible for the decrease in smoke. Utilization of nano particles 
results in catalytic reactivity and larger surface area to volume ratio, which also enhance ignition, combustion 
characteristics, and minimise smoke28. Hybrid nano additives of aluiminum and titanium oxides improve the 
thermal, physical and chemical properties about single nano material. In relation to B20 at full load, addition 
of TiO2, Al2O3, and hybrid nanoparticles to waste cooking biodiesel blends reduces smoke by up to 8, 15, and 
21%, respectively.

Brake specific fuel consumption (BSFC)
This section discusses the performance aspects of methyl ester mixture in tested engine, both with and without 
nanoparticles. Figure 8 illustrates how BSFC varies depending on engine load and the different used fuels. All 
fuels shown an inverse connection between specific fuel consumption and engine load.

Brake specific fuel consumption was increased for biodiesel blend about diesel oil due to the greater density, 
viscosity and lower calorific value. All these leads to the problems in fuel atomization and vaporization. Because 
of how nanoparticles affect the physical characteristics of fuel and shorten the ignition delay, the blended bio-
diesel’s BSFC was lower than diesel and WCO biodiesel. Because of the better combustion and catalytic activity 
brought about by the higher surface/volume ratio, less fuel was used38. By adding nanomaterials, the fuel’s physi-
cal delay and evaporation time were decreased, and its attributes relative to pure biodiesel were enhanced. The 
air–fuel mixing and micro-explosion are enhanced by the addition of alumina and titanium oxide. Additionally, 
it falls with the addition of nanoparticles, and this fall becomes more dramatic with higher nanoparticle concen-
trations since titanium oxide and aluimena nano additives improve combustion efficiency and the atomization 

Figure 7.   Smoke emissions of nano materials blended with B20.
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process39. The higher oxygen supply provided by nanoparticles, which is required to complete the chemical 
processes, may be the cause of drop in BSFC. Incorporating nanoparticles lessens the buildup of carbon residue, 
which lowers the cylinder’s friction losses and lowers fuel consumption. The engine requires more fuel than 
diesel engine to yield the same output power because of biodiesel’s higher molecular weight and lower calorific 
value. Decrease of BSFC for blending biodiesel with nano may be ascribed to the quick evaporation, which led 
to the enhancement in combustion efficiency40. Aluiminum and titanium oxide hybrid nanoadditives enhance 
the thermal, physical, and chemical characteristics of a single nanomaterial. In comparsion to B20 at full load, 
waste cooking biodiesel blends with nano additions B20 + 25 TiO2, B20 + 25 Al2O3, and B20 + 25 TiO2 + 25 Al2O3 
achieve BSFC reductions of up to 4, 6, and 11%, respectively.

Brake thermal efficiency (BTE)
Figure 9 illustration of BTE for methyl estermixture and nano fuels at varying engine loads shows that it rises 
as engine load rises. This is true since BSFC decreases as engine output power rises. The higher density, higher 
viscosity, and lower calorific value of biodiesel mixture over diesel oil resulted in the increase in brake-specific 
fuel consumption. All of them contribute to the atomization and vaporization issues with fuel. The efficient 
combustion and energy conversion of fuel is enhanced by the use of nanomaterials. An increase in the surface 
to volume ratio of the nanoparticles led to an increase in the rate of heat transfer23. The dispersion and spread 
of injected fuel droplets are facilitated by the presence of nano additives. Both fuel air mixing and combustion 
properties are enhanced by the presence of nanoparticles. Carbon deposits were oxidized and less fuel was used 
when nanoparticles were present. Compared to pure diesel, the diesel–biodiesel nano mixtures have higher 
thermal efficiency41. The dose of nanoparticles in the fuel was increased, resulting in enhanced combustion and 
efficient energy transfer from fuel to usable work. Higher oxygen supply provided by nanoparticles, which is 
required to complete the chemical processes, may be to blame for the decline in BSFC. By using nanoparticles, 
the accumulation of carbon residue is reduced, which minimizes friction losses in the cylinder and reduces fuel 
consumption22. Hybrid nano additives of aluiminum and titanium oxides improve the thermal, physical and 
chemical properties about single nano material. At full load, biodiesel mixture B20 with titanium oxide nano 
materials (B20 + 25 TiO2, B20 + 25 Al2O3, and B20 + 25 TiO2 + 25 Al2O3) demonstrates average increases in BTE 
of 4.5%, 6.5%, and 12.5%.

Exhaust gas temperature (EGT)
Figure 10 displays EGT for mixtures of diesel–biodiesel, and nano additives at various engine loads. The exhaust 
gases temperature increases with the load rise. This rise may be the consequence of the engine cylinder’s tem-
perature rising, which causes more fuel to be used to accommodate the increased load requirements. As the peak 
output power, there is a rise in the exhaust gas temperature. Fuel usage was increased due to the biodiesel mix-
ture’s higher viscosity, and lower calorific value compared to diesel oil15. They’re all part of the problems with fuel 
atomization and vaporization. Because of the greater engine cylinder temperature and increased fuel burning to 

Figure 8.   Nano additives inclusion effect on BSFC.
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meet the higher output power demand, the exhaust gas temperature rises with engine load. The small nanoparticle 
dispersion shortens the igniting delay, increasing the exhaust’s enthalpy24. A greater cylinder temperature was the 
outcome of the reduction in ignition time due to the homogeneity impact of nanoparticles. The temperature of 
the exhaust was increased by nanoparticles mixing with biodiesel. As a result of improved combustion, improved 
engine thermal efficiency, and enthalpy loss in the exhaust was decreased due to tha addition of nano particle42. 
Hybrid nano additives of aluiminum and titanium oxides improve the thermal, physical and chemical properties. 
WCO biodiesel blends with nano additions B20 + 25 TiO2, B20 + 25 Al2O3, and B20 + 25 TiO2 + 25 Al2O3 achieve 
EGT increases up to 5, 7, and 12%, respectively related to biodiesel blend at 100% of engine load.

Figure 9.   Effect of nano materialsintroductionon BTE.
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Cylinder pressure
Figure 11 shows the changes in cylinder pressure as a function of crank angle for all the fuels. Lower cylinder 
pressure is associated with biodiesel due to the lower calorific value, higher density and viscosity about diesel oil. 
Atomization and vaporization problems of biodiesel produced the lower cylinder pressure. Higher peak cylinder 
pressure is correlated with the maximum rate of pressure increase, which may be explained by the significant 
amount of fuel consumed during the premixed combustion phase. Premixed combustion involves burning a large 
percentage of the fuel, which raises the pressure inside the cylinder and causes it to rise quickly. This occurrence is 
a sign of quick and effective combustion processes, which are frequently linked to the addition of nanoparticles14. 
Moreover, nano additives are essential for improving the characteristics of biodiesel combustion, mostly because 
of their catalytic actions and the increased surface area to volume ratio21. Nano additives were added to biodiesel 
blends to improve their properties, primarily by reducing physical delay and evaporation time. Nanoparticles 
play a critical role in improving micro-explosion, air–fuel mixing, and thermal characteristics while also reduc-
ing fuel consumption. Together, these elements encourage the premixed combustion phase, which raises the 
maximum cylinder pressure and enhances evaporation rates, heat transfer, and thermal conductivity43. Hybrid 
nano additives of aluiminum and titanium oxides improve the thermal, physical and chemical properties.The 
maximum cylinder pressures rise for B20 + 25 Al2O3, B20 + 25 TiO23, and B20 + 25 Al2O3 + 25 TiO2 were 1.3%, 
2%, and 2.5%, respectively.

Heat release rate (HRR)
The Heat Release Rate (HRR) of nanoparticle-enhanced biodiesel blends at various crank angles under full load 
is shown in Fig. 12. As compared to crude diesel, heat release rate is lowered by the atomization and vaporiza-
tion difficulties biodiesel mixtures due to higher viscosity amd lower calorific value. Addition of nanoparticles 
to these mixtures increases the HRR by improving the catalytic reactivity. Moreover, the enhanced thermal 
characteristics, heat transfer, and the availability of high surface area to volume ratio were shown for biodiesel 
with nano additives44. A greater heat release rate is the end consequence of combustion processes progressing 
considerably as more fuel is used during the premixed combustion phase. Additionally, owing to the enhanced 
fuel–air mixing and combustion characteristics brought about by nanoparticles, less fuel is consumed21. The 
inclusion of nanoparticles has a noteworthy impact of oxidizing carbon deposits, which further reduces fuel use. 
Reactive surfaces on nanoscale particles improve their catalytic potential23. The parameters of combustion and 
fuel air mixing were enhanced by the nanoparticles addition. Hybrid nano additives of aluiminum and titanium 
oxides improve the thermal, physical and chemical properties.When 25 ppm of Al2O3, TiO2 and hybrid additions 
were mixed with B20, respectively, the maximum HRR values increases were 1.3%, 2.2%, and 3.3% relative to 
biodiesel blended at peak load.

Figure 11.   Cylinder pressure against crank angle variation for B20 with nano additives.
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Ignition delay
The effect of nano materials inclusion on the ignition delay period is shown in Fig. 13. The amount of time that 
passes between the start of fuel injection and the start of combustion is known as the ignition delay. The decrease 
in ignition delay with increasing engine load is one noteworthy trend that has been seen. Ignition delay was 
decreased for biodiesel about pure diesel due to the higher cetane number21. The reduction of igniting delay 
is facilitated by the concentration of nanoparticles. This decrease is explained by the air–fuel mixture’s greater 
homogeneity, higher catalytic activity, and improved surface area to volume ratio, all of which work together to 

Figure 12.   HRR of methyl ester with various nano materials at different crank angles.

Figure 13.   Ignition delay for biodiesel with nano additives at different loads.
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improve burning chracteristics and combustion efficiency. Premixed combustion uses more fuel, which causes 
the pressure within the cylinder to rise quickly. This phenomenon suggests that the combustion processes linked 
to the inclusion of nanoparticles are both efficient and fast. Hybrid nano additives of aluiminum and titanium 
oxides improve the thermal, physical and chemical properties23. It is clear from comparing these findings to 
the baseline reference case of biodiesel blend that the maximum ignition delay reductions for B20 + 25 Al2O3, 
B20 + TiO2 and B20 + TiO2 + Al2O3 were 7%, 10%, and 14%, respectively.

Burning analysis (CA50)
The combustion process may be shown by using the location of the CA50, which characterizes the energy released 
during combustion. The combustion phasing can also be ascertained by looking at the crank angle position at 
which 50% of the injected fuel was utilized. The location of CA50 for tested fuels at various engine loads is shown 
in Fig. 14. Because of the larger volumes of injected fuel mixture, the areas of CA50 for fuels grow with engine 
loads; however, other variables including turbulence in mixture formation, shorter ignition delay time, and 
improved injection timing may also be at play. Due to the fast rate of mixture evaporation, increase in surface-
to-volume ratio, high oxygen content of nanoparticles, and expected improvement in spray characteristics, when 
using B20 in different proportions, delay the combustion phasing or CA50 sites. Diesel oil’s ignition delay was 
lowered by adding biodiesel, although this had a negative impact on the reaction rate and combustion properties. 
Its reduced ignition time may be attributed to the greater cetane number, increased oil viscosity, and inadequate 
air–fuel mixing. Diesel oil had higher ignition delays and combustion periods than biodiesel. At full load, the 
degrees for CA50 were 484.5, 484, 483.5, 482.5, and 482 CA, respectively (Fig. 14).

Comparative analysis
Table 2 compares emissions and performance CI engine burning B20 with TiO2, Al2O3 and hybrid nano.

Conclusion
Biodiesel was created by converting waste cooking oil. Physical and chemical characteristics of methyl esters 
complied with ASTM requirements. Diesel oil was blended with biodiesel at a volume ratio of 20%. A titanium 
dioxide (TiO2) and alumina (Al2O3) fueled diesel engine’s performance and emissions were evaluated experi-
mentally. WCO biodiesel blend (B20) has hybrid titanium dioxide and alumina nanoparticles added at 25 mg/l 
dose. At steady state conditions with load variation at 1500 rpm engine speed, all parameters were assessed. 
Conclusions that were addressed were as follows:

•	 When B20 was combined with nanomaterials such as TiO2, Al2O3, and hybrid nano, the corresponding 
decreases in brake-specific fuel consumption were 4, 6, and 11%, respectively. However, as compared to a 
biodiesel blend, the largest gains in thermal efficiency were 4.5, 6.5, and 12%, respectively, at maximum load.

Figure 14.   CA50 of biodiesel with various nano materials at different loads.
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At 100% of output power, the waste cooking oil methyl ester blends including nanoparticles B20 + 25TiO2, 
B20 + 25 Al2O3, and B20 + 25TiO2 + 25 Al2O3 exhibited greater increases in EGT up to 5, 7 and 12%, respec-
tively, than B20.

•	 When TiO2, Al2O3, and hybrid nanoparticles were introduced to biodiesel blends with 100% engine load, 
HC emissions were reduced by 7, 13, and 20% but CO emissions were reduced by 11, 24, and 30%.

•	 For B20 + 25TiO2, B20 + 25 Al2O3, and B20 + 25TiO2 + 25 Al2O3, the largest increases in NOx emission at 
maximum engine load were up to 7, 15, and 23%, respectively. Up to 8, 15, and 21% less smoke was released, 
correspondingly, which were the largest reductions.

•	 The maximum cylinder pressures rise for B20 + 25 Al2O3, B20 + 25 TiO2, and B20 + 25 Al2O3 + 25 TiO2 were 
1.3%, 2%, and 2.5%, respectively but the maximum HRR values increases by 1.3%, 2.2%, and 3.3%, respec-
tively. the maximum ignition delay reductions for B20 + 25 Al2O3, B20 + TiO2 and B20 + TiO2 + Al2O3 were 
7%, 10%, and 14%, respectively. At full load, the degrees for CA50 were 484.5, 484, 483.5, 482.5, and 482 CA, 
respectively.

•	 While pure biodiesel may be used in diesel engines, its higher density, lower cetane number, and lower 
calorific value prevent it from fully substituting regular diesel. Using of biodiesel in cold climate leads to 
problems in injection system and fuel filter. Addition of nano additives solves these problems, improves 
engine performance and reduces exhaust emissions. Fuel consumptions with high costs were significantly 
reduced by using nano additives such as alumina, TiO2, and hybrid nano additives. Nanomaterials are used 
in small percentages with biodiesel. The cost difference between using nanomaterials with biodiesel and 
conventional fuel is compensated by the decrease in harmful emissions, fuel consumption and thermal 
efficiency improvement. Nanoparticles comprise a smaller portion of the fuel cost. Utilizing the suggested 
nano-based fuel has favorable environmental effects that meet the requirements of the Sustainable Develop-
ment Goals (SDGs). Combination of biodiesel with low concentration of nanoparticles demonstrated lower 
fuel consumption, environmental, and financial aspects for the practical use in engines. In cold climate, this 
application promotes the usage of pure biodiesel.

•	 The recommended dosage of 25 ppm alumina and 25 ppm TiO2 achieved a noticeable improvement in 
diesel engine emission, combustion and performance about WCO biodiesel mixture B20. When alumina 
and TiO2 were added at a concentration of 25 ppm, WCO blend B20 shows the highest engine performance, 
combustion characteristics, and emissions reductions when compared to biodiesel blend. This study supports 
the relevance of hybrid nano additives in improving B20 thermal conductivity, evaporation rate, catalytic 
reactivity, and heat transfer rate. Therefore, it is highly recommended to utilize waste cooking oil biodiesel 
blend B20 with 25 ppm of nano alumina and titanium oxide as alternative fuel in diesel engine.

Data availability
The data presented in this study are available on request from the corresponding author.
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