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The present paper addresses the critical quest for a viable substitute fuel for compression-ignition engines. With rising crude oil prices and 
the increasing urgency to reduce emissions, our study indicates the substantial potential of nano-additives. Through a succession of extensive 
experiments, we have discovered their high degree of effectiveness. In our tests, nano-additives were introduced into the fuel, and their effects 
were closely monitored using sophisticated methods such as gas chromatography. We have identified significant gaps in current research, partic-
ularly regarding the timing of nano-additive application and the streamlining of the testing methodology. The findings are quite promising: the 
addition of novel nano additives not only enhances engine performance but also drastically reduces harmful emissions. The study is particularly 
noteworthy because it thoroughly examines the use of various nano-additives combined with biodiesel, demonstrating their versatility and 
suitability across diverse applications. These coatings reduce the amount of heat loss, increase combustion temperatures, and result in significant 
emission cuts: carbon monoxide emissions were reduced by 20%, hydrocarbons by 24.5%, and nitrogen by a staggering 27.8% over conventional 
diesel fuel. This study not only moves alternative fuel research in a whole new direction but also sets the stage for more efficient and cleaner diesel 
engines. With these new solutions, we can make significant strides toward a promising, sustainable energy future.
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1. Introduction

Internal combustion engines are more acceptable to engineers 
because of their low emissions, and diesel engines are espe-
cially known for economical fuel consumption. Diesel engines 
are designed to maximize fuel efficiency. Recent testing has 
demonstrated cleaner combustion. Biodiesel also leads to bet-
ter air quality and safety, since it has a higher cetane number, 
which allows engines to start faster. Additionally, biodiesel en-
hances fuel lubricity, thereby reducing premature wear of en-
gine parts by 3–5%. In the United States, biodiesel is used less 
for vehicle transportation. This paper is dedicated to changing 
the fuel used in diesel engines. Blending biodiesel and diesel 

fuel so that they can be used interchangeably is possible and 
large amounts of biodiesel are being generated [1]. Exhaust 
contributed to sustaining and engine performance leading to 
the reduction of pollutants emitted and the overall efficiency 
[2]. Engine biodiesel performance, structure and biodiesel 
blends have been discussed in many review papers since the 
launch of the biodiesel blend [3]. These studies have also found 
positive results regarding injection timing and its effects. The 
study conducted in [4] is simple and has shown that there 
are considerable gains. The effects of using different levels of 
biodiesel in diesel engines were investigated using four types 
of biodiesels, specifically on indicated power and NOx emis-
sions. Most literature reviews highlight energy production, 
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which focuses on emissions control and the products of combustion 
to optimize the energy that can be extracted from exhaust gases. 
The purpose of this work is to introduce the biodiesel blends, their 
injection properties, and nano-additives. The results of past studies 
that tested nano additives on combustion performance have been 
reported to be excellent, although the intended purpose of the add-
ed nano additives is modest.

The objective of the research is to systematically evaluate, synthesize, 
and critically appraise the existing scientific and modeling literature 
on nanotechnology additives in biodiesel blends, with the aim of 
identifying consistent emission patterns, theoretical limitations, and 
priority areas for further research and commercialization. The Par-
ticular aims of this study is v Gather rigorous scientific and model-
ing research that examines microscopic contents, in renewable fuels 
or diesel-biodiesel mixtures, in the last 20 years and obtain universal 
records such as tiny particle category, size, percentage, extraction, 
combustibility, transmission properties, and results tracked. Com-
pare and contrast the effects of different types of tiny particles metal 
compounds, carbon-based, and multipurpose on key indicator 
values brake energy use, some fuel use, utilization measures and 
pollutants (nitrogen oxides, carbon monoxide, hydrogen cyanide, 
PM, CO2 with a focus on consistent patterns and exceptions.  De-
termine the degree of methodological and reporting rigor: including 
consistency of collection, dissemination, assurances, monitoring 
methodology, statistical evaluation: identify common sources of 
bias and lack of consistency. Summarize physiological explanation 
thermal, enzyme-surface, and even vaporization within the scientif-
ic community, and assess the degree to which field research supports 
these theories.  Develop a detailed list of practical suggestions for 
the best approaches to testing, evaluation criteria, and key research 
questions relevant to empirical research on growth. Point out social, 
behavioral, and biological variables that have been poorly addressed 
or omitted in the available literature on nanoscale presence, haz-
ards, recycling, and economic evaluations. The objectives of this 
study relate to pressing issues in mechanical engineering, such as 
compatibility with the latest CI engine technology, the affordabil-
ity of additives, and the optimization of combustion followed by 
advanced continuous integration engine technology compatibility. 
Modern CI engine designs also require fuels and compounds that 
do not compromise engine functionalities, such as the high-perfor-
mance conventional-rail injectors, turbochargers, recirculation of 
exhaust gases (EGR), and recuperation devices. Many conventional 
fuels and changes cause injector plugging, impeded filtration, or in-
creased attrition. Evaluating the additions of nanotechnology (TiO2, 
Al2O3, CNTs) in biodiesel blends is indirectly related to fuel- engine 
performance, ensuring effective vaporization, reduction in accumu-
lation, and uniform behavior of the complex CI technology. 

There are many fuel additives that have proven effective in small-
scale experiments, but have failed in industrial use because of the 
high costs of generation, processing, or dosing. Carmakers also 
need technologies that are cost-effective, scalable, and that enhance 
biofuels without raising production costs. Introduction: The study 

will help to maximise profitability through a comprehensive analysis 
of the efficacy of nanotechnology prescriptions, the dependability 
of distribution, and the merging techniques to determine nanoma-
terials or hybrid combinations that provide the greatest benefit at 
the lowest cost. Compression combustion machines face a trade-off 
between performance and emissions: ethanol has been shown to im-
prove respiration, but increase NOx emissions, and nanocrystals can 
potentially affect combustion retardation, heat evacuation rate, or 
flaming velocity. Achieving a balance among braking effectiveness, 
piston pressure specifications, and pollution remains a fundamental 
challenge.  The study’s focus on nanotechnology additions facilitates 
combustion, aiming to improve vaporization, increase the amount 
of heat released, reduce ignition retardation, and decrease gaseous 
emissions (CO, HC, nitrogen oxides) and smoke.

This paper follows a systematic approach to categorize data based on 
the key engine operating variables: brake heating efficiency (BTE), 
brake-specific mileage, cylinder inflation, and pollutants (nitrogen 
oxides, carbon monoxide, hydrocarbons, carbon dioxide, smoke). 
This study explains special trends and outcomes by considering the 
combination of these variables in vast amounts of nanoparticles and 
mixes, which have been previously under-researched. Much of the 
scientific literature is based on single-cylinder, compression-ignition 
test engines, which are useful for study under controlled conditions 
but may not reflect real-world conditions. This discussion brings 
together the results of various engine designs and biofuel feed-
stocks, identifying connections between small-scale tests and the 
potential to scale up to larger automobiles, agricultural vehicles, and 
permanent vehicles. It also distinguishes better performances that 
are conditional on the combustion process from those that are not 
related to feedstock and are therefore more general. Critical Analy-
sis of Nanoparticle Incorporation: The summary provides a critical 
evaluation of nanoparticle concentration, dispersion strength, and 
integrated tenacity, rather than merely reporting positive results. It 
places greater emphasis on the trade-offs between sustainability and 
affordability, as well as on the concrete obstacles to business devel-
opment, and links scientific findings to business application.

2. Nano additives

The addition of nano additives in biodiesel blends has been per-
formed, and it has been observed that it does not produce adverse 
effects. The addition of nano compounds and of the engine during 
testing. Water renders the fuel colourless and tasteless, thereby pro-
ducing uniform improvements. These nano-additives have a high 
surface area; hence, their effects are concentrated in the engine. 
Some of the nano-sized materials include in the food industry e.g. 
nano salt which is added in small amounts. Also, nano polyline oxi-
dation occurs, in which tooth oil is the source of particulates, owing 
to the introduction of nano-gradients. These substances are in high 
demand across different countries. The stomach receives a boost 
of nano minerals and one food item is of minimal size at 100 nm, 
leading to an increase in levels of performance. Bioactive proteins 
help to enhance nutritional value. Increasing the concentrations of 
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nano-based beneficial probiotic bacterial species, lycopene, vita-
mins, and nanoparticles in the gastrointestinal tract is of increasing 
interest. Products with nano additives are gaining popularity food 
dairy products. In a study [5] involving Calophyllum Inophyllum 
methyl ester biodiesel, engine trials revealed that its use resulted 
in 100 percent engine improvement with addition of the additives. 
Nano-sized functional herbs stabilize polysaccharides,  (such as 
pectin and inulin, ), carrots, and cryo powder of red sheets. These 
formulations also include butter. Further research [6] nanoparticles 
found that they enhance, with three different nanoparticles utilized 
in experiments. Such varied properties draw our attention on the 
importance of nano additives as an important step in the biodiesel 
preparation that can be made out of the residual cooking oil by us-
ing alkaline transesterification [7]. The biodiesel mixture in different 
weight proportions was sprayed with aluminium oxide and small-
sized cerium oxide particles using an ultrasonic cleaning bath. In 
this paper, the evaluation fuels were prepared using different con-
centrations of nanomaterials (260 milligrams to 780 mg/millilitre, 
in steps of 260 mg/l). Inquiries showed that a highly aggressive 
surface promoted chemical reaction, which better ignited. One per 
cent and eight per cent improvements were observed in the brake 
thermal efficiency and specific combustibility of the biodiesel mix-
ture, respectively, when nanoparticles were dispersed. Moreover, 
the partial combustion byproducts such as carbon dioxide, unburnt 
hydrocarbons and smoky volume decreased by five per cent, 9 per 
cent and sixteen per cent, respectively. On the other hand, the re-
sult of the full combustion(nitrogen oxides)was reduced by up to 
eight percentage points [8]. Recent research has demonstrated the 
integration of minute fragments that are conductive, non-conduc-
tive, fresh, amorphous, or combinations thereof in diesel-biodiesel 
fuel emulsions. The findings indicated a modification. The effect of 
the dispersion of the pellets to the enhancement of efficiency pa-
rameters leading to a subsequent reduction of the emissions in a CI 
engine using diesel-biodiesel blends is investigated. The next goal 
is the establishment of a low cost and viable particulate additive to 
biodiesel and fuels [9]. To evaluate performance and emissions, a 
test rig was mounted on a single-cylinder diesel engine. The combi-
nation of biodiesel and nano Al2O3, termed as J20Al100, was shown 
to increase the average heat transfer by 6.5 percent in comparison to 
all the other fuels used. The Jatropha, or biodiesel blend with CNTs, 
referred to as J20CNT5030D,differed  by approximately thirty-six 
per cent and half-twenty, respectively, relative to all other fuels. The 
Jatropha bio-diesel blend with titanium dioxide reduces hydrocar-
bons and fumes by about 22 per cent and 50 per cent, respective-
ly, relative to other fuel types. Jatropha biodiesel mixed with the 
nanomaterials named J20 exhibited improvements in acceleration 
and a reduction in pollutants when compared to the rest of the 
biofuels tested [10]. Adding 50 ppm cerium oxide to diesel-ethanol 
reduced the penetration length by two per cent and increased the 
spray funnel inclination by 4.3 per cent, compared with 25 ppm. 
Mahua biofuel was treated with 40, 80, and 120 ppm of iron oxide 
nanoparticles, which increased its BTE by 1.58%, 1.62%, and 2.34%, 
respectively. Compared to pure diesel, carbon emission reduced 
by 10 percent in case of TiO2 combinations, 22 percent in case of 

Al2O3 combinations, 18 percent in case of CuO combinations and 
7.2 percent in case of cerium oxide. Nonetheless, there are other 
outstanding issues, which are among the key issues that need to be 
addressed to make nanotechnology hydrocarbons economically 
viable for producing energy [11]. A combination of biodiesel made 
from Jatropha with different ingredients has been reported to be 
under investigation. Tiny particles studied experimentally include 
aluminium, copper, zinc oxide, carbon, graphite oxide, graphene in 
the form of tiny plates, and multiwalled graphite nanotubes. Except 
for jatropha biodiesel and blends, nanoparticle additions reduced 
ignition delay. The burning process was initiated early, which led to 
a decrease in fuel consumption by the brakes and an increase in the 
brakes’ thermal effectiveness. Much research has shown that biofu-
els have certain drawbacks, such as high density, low fluctuation, 
low calorific value, and high nitrogen oxide emissions, although. 
Certain scientists know that these drawbacks can be alleviated with 
the help of using compounds and the increased use of biofuels [12]. 
Nano-additives used in biofuel blends have been shown to enhance 
fuel efficiency and reduce emissions. Nevertheless, a number of gaps 
in research remain. The first significant issue is whether these small 
additives, when combined with biodiesel, remain stable over the 
long term. The interactions of these additives with the components 
of biodiesel and the degradation or agglomeration that can occur 
over time should be understood. Although nano-additives can in-
crease combustibility, their impacts on the environment, such as 
potential toxicity and disposal, need to be considered. Whether the 
commercial, large-scale use of nano-additives in biodiesel produc-
tion is economically viable  is not yet well established, and . Stan-
dardized protocols for the production and use of nano-additives in 
biodiesel formulations do not exist, making it difficult to compare 
findings across studies. Moreover, the impact of nano-additives on 
engine operation and their compatibility with the existing power-
train systems require additional research. Lastly, the risks linked 
to the manipulation of nano-additives during production, use, and 
burning are not well understood at present. The gaps identified re-
inforce the need to undertake interdisciplinary studies to integrate 
nano-additives into biodiesel mixtures safely and effectively.

Table 1. Examples of some nano additives in added to biodiesel 
blends

Engine Nano 
additives Engine speed Bio diesel 

blend References

Four stroke  
cylinder Cerium oxide 1500 rpm Momordica [13]

Four stroke Alumina 
oxide 1500 rpm Schleichera 

oleosa [14]

Four stroke Zinc oxide 1500 rpm Jatropha 
methyl ester [15]

Four stroke Titanium 
dioxide 2000 rpm CVOME [16]

Four stroke Copper oxide 1500 rpm Pongamia 
methyl ester [17]
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Studies on the use of nano-additives are now being directed more 
towards their potential to improve the performance and environ-
mental qualities of bio-diesel blends. Some of the most significant 
would be listed below. They use Metal oxide nanoparticles such as 
titanium dioxide and cerium oxide. The substances improve fuel ef-
ficiency and reduce greenhouse gas emissions, including unburned 
pollutants and nitrogen oxides. Carbon-Based Nanomaterials: 
Graphite oxide and carbon nanotubes are characterized by high 
thermal conductivity, which enhances the performance of biodiesel 
blends. Table 1 lists examples of nanoadditives, and Table 2 presents 
observations and the amounts present in nano additives.

Table 2. Nano additives and observations.

Nano additives Observation and result References

CeO2
Completely eliminate 

NOx emissions [18]

AlO2 Reduced emissions found [19]

TiO2 
TiO2 nanoparticles results 

in lower emissions. [20]

ZnO CO, HC and smoke are 
seen less [21]

CUO Gain in BTE while 
significantly BSFC lower.  [22]

2.1. Cerium oxide 

CeO2 nano additive containing 25ppm of NOx has been added to 
blends of fuel. The brakes performed better in this period, in partic-
ular with regard to thermal efficiency [23]. CeO2 nano additives led 
to lower emissions, which were tested on the BCM20 and BCM40 
blends. The studies emphasized in [24] are aimed at reducing the 
pollutants with the help of cerium oxide nanoparticles. Research has 
shown that the incorporation of CeO2 into the nanoparticle fuels 
improves the physicochemical properties of the fuel demonstrated 
to enhance engine enhancement upon the use of CeO2 [25].

2.2. Alumna oxide 

Based on the research [26] explored the application of B20 biodiesel 
blended with different amounts of aluminium oxide (Al2O3) that is, 
0.05 and 0.01. The aim of this study was to get a result comparing 
these Al2O3 and B20 blends. Also, the paper evaluated such key per-
formance indicators like brake specific fuel consumption (BSFC), 
brake torque efficiency (BTE), and nitrogen oxide (NOx), hydro-
carbons (HC) and carbon monoxide (CO) emissions. Study [27,28] 
investigated with aluminium oxide, such as B10 with 20 ppm Al2O3, 
B20 with 20ppm Al2O3 and B30 with 20ppm Al2O3. As mentioned in 
[29], the primary aim of using nanotubes. Also, the study conducted 
in [30] proved that the combination of PBD and 50 ppm Al2O3 had 
the best mean fuel burnout (MFB).This mixture also exhibited the 

shortening of ignition delay time. The particle size distribution(PSD)
analysis showed that the PBD mixed with 25 ppm Al2O3 resulted in 
the smallest particles in different engine load conditions. Lastly, the 
paper in [31] examined the use of plastic oil combined with Al2O3 
as a nano additive, and was able to analyse the emissions of CO, 
CO2, and NOx. The results of the addition of aluminium oxide  were 
agreeable with the available data in [32].

2.3. Titanium dioxide

Metal nanoparticles, titanium oxide, and various fuel blend ratios 
are tested in this research on diesel engines [33]. This is because the 
emissions are lowered as they perform better and combust more 
[34]. The findings of biodiesel percentage 60% with 10% bioetha-
nol had the optimal blend due to its low BTE and a more extensive 
BSEC range. Such emission due to the attaching TiO2 nanoparticles 
has been reduced [35]. Based on [36], the effort to different engine 
factors was explored. The experiments gave predominant results. 
The value of carbon emission is reduced because of more TiO2 nano 
additive in the research [37,38]. The modified fuel blend has TiO2 
nanoparticles which can be used as fuel without altering the func-
tioning or design characteristics [39]. 

2.4. Zinc oxide

The experiment showed changes in fuel composition when several 
additives, such as zinc oxide nanoparticles [40], were added. It was 
found that, under full-load conditions, this modified fuel had higher 
brake thermal efficiency and lower brake-specific fuel consumption 
than a biodiesel-ethanol blend [41]. The study of Ag-ZnO nanopar-
ticles and biodiesel mixtures with zinc oxide also demonstrated 
considerable changes.

2.5. Bismuth oxide

The microalgae oil behaviour and their mixtures with Bi2O3 nano 
additives have been examined. The study demonstrates that the 
addition of Bi2O3 lowers the viscosity and raises the volatility and 
leads to increased atomization, vaporization and mixing. Also, these 
blends are supplemented with metal nanomaterials, like silver (Ag) 
and other metal nanostructures, to enhance the quality of sparks 
and minimize the emission of particles. Moreover, hybrid nano-ad-
ditives that involve the combination of aluminium oxide with car-
bon-based materials, such as silica  and iron oxide are being used to 
improve the ignition and dispersion properties.  

2.6. Copper oxide

The experiment was on the application of copper oxide (CuO) 
nano-additives in Braunii algae oil, which analyzed the engine op-
eration parameters. The CuO nano-additives were experimented 
at 25, 50, 75 and 100 parts per million(ppm). They were applied 
to B20 biodiesel mixtures and run at different loads to test engine 
performance. The results indicated a reduction in emissions. Par-
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ticularly, the blends to be tested were B20 + 100 of the CuO nano 
additive. Furthermore, the study will seek to know the effects of 
CuO nanoparticles on the combustion properties and emissions of 
diesel fuel. The results indicate that the addition of nanoparticles to 
biodiesel leads to reduce NOX emissions. Table 3 is a representation 
of CeO2, TiO2 and Al2O3 Nanoparticles combustion-emission dy-
namics.

Table 3. CeO₂, TiO₂, and Al₂O₃ Nanoparticles combustion-
emission dynamics

SNO Nano 
Additive Mechanism Physicochemical Effects

1 TiO₂ Dispersed 
management.

Improves the dispersal of combustion

2
Al₂O₃ Rise in Pollution. Enhanced fuel-air interaction

3 CeO₂ oxygen buffering Enhances the supply with oxygen

Micro-additions improve brake thermal efficiency through sever-
al complementary mechanisms. Enhancement of Heterogeneous 
Emission Nanostructures of metal oxides, CeO2 and Al2O3 pro-
motes the complete energy reduction and reduces the number of 
remaining hydrocarbons during combustion. A high presence of 
Breathable CeO2 enhances a more complete burn of the fuel by lib-
erating oxygen during combustion through Ce4+•Ce3+ oxidation 
recycling. Enhancements in Nanostructures improve the transmis-
sion of heat to the chamber, enhancing combustion heat transfer, ac-
celerating and distributing the flame. Enhanced Atomised and Spray 
Properties. Nanotechnology stabilisers enhance fuel-air contact and 
aerosol dispersion by reducing friction and rigidity. A faster igni-
tion speed will improve the BTE, thereby enhancing the combustion 
cycle’s efficiency and raising maximum tensions.Very good Heat de-
gree of conductivity. Mineral oxides like Al2O3 and CeO2 are better 
than base combustibility, and carbon nanotubes can have conduc-
tivity of over 3500 W/mk. The outcome enhances flame spread and 
minimises isolated scalding by hastening heat evacuation from the 
furnace bowl. Carbon nanotubes  have been discovered at up to 22.5 
per cent, implying that burning occurs faster and more efficiently. 
Brake Thermal Effectiveness improves, and optimal chamber levels 
increase as a result. Enhanced Dispersion of In-Cylinder Warmth. 
By reducing temperature gradients and facilitating continuous 
burning, nanocrystals serve as thermal intermediaries, spreading 
heat more equally throughout the burning region. The small parti-
cles improve combustion by deteriorating, which consequently leads 
to more complete combustion and greater energy release. Enhanced 
fragmentation reduces the combustibility of waste by enhancing the 
fuel-air blend. Increased calorific significance: The energetic con-
tent of the composite is enhanced by certain components, such as 
CNTs and CeO₂. Make Engine Load Profiling Universal. Reliable 
load cycles are to be repeated during trials with programmed dy-
namometers. The result is a reduction in emission bursts and a shift 
in the timing of burning. Regulate the Timing of Injections: Inject 

at specific timing in 20 -30 and 27 -30 BTDC with an electronically 
controlled infusion system at 20 -30 BTDC, enriched with TiO2, 
shows superior BTE and reduced NOx, as per research. Controllable 
conditions: Control the temperature and humidity of the immediate 
surroundings by putting the test equipment in a controlled climate 
chamber. These considerations affect the lag between ignition, along 
with the behaviour of nanoparticles [42].

3. Experimental set up

Figure 1. Actual Experimental set up [43]

Figure 1 shows a schematic of the actual trial rig that is to be used 
in conducting experiments on various blending trial combustibility, 
the effectiveness of the motor, in terms of braking thermal efficacy, 
specific fuel and pollutant characteristics, ranging under different 
loads of 0 per cent, 25 per cent, 50 per cent, 75 per cent, and full 
load conditions through a breathing oxygen analysis. To give dif-
ferent loads to the engine, the eddy current dynamo is connected 
to the engine flywheel. The calorie gauge is used to sustain thermal 
equilibrium between the amount of exhaust gas and the flow of wa-
ter using a pipe-in-pipe system. The fluid pump is used to pump 
the liquid from the storage tank to the generator, the thermome-
ter, and the device for cooling. An ignition detector in the engine’s 
combustion chamber measures ignition characteristics, such as the 
internal pressure and exhaust temperature. Engine specifications are 
specified in Table 4.
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Table 4. Engine specifications
Type Four strokes, Direct Injection diesel engine

Piston geometry Hemispherical

Swept volume 663 cc

Injection timing 23 deg before Top Dead Center (static)

Number of nozzles and spray hole diameter 6 and 0.4 mm

Bore 90 mm 

Rated power and speed 5.2 kW at 1500 rpm

Stroke 120 mm

Compression ratio 18:1

4. Nano additives added to biodiesel blends effects

Numerous studies agree that adding nano additives to fuel enrich-
ment is an excellent option. Nano additives are used to improve fuel 
quality, enhance performance characteristics, and achieve reason-

able emission control without modifying the compression-ignition 
engine. Table 5 illustrates the nano additives added to biodiesel 
blends.

Table 5. Nano additives added to biodiesel blends effect

Diesel Mixing Percentage of blends Nano additive PPM Main effect References

Jatropha 25 Alumina 25 Accelerated combustion [44]

Polanga 25 Alumina 25 Reduced emissions [45]

Cooking Oil 20 Titanium 50 Reduced emissions [46]

Algae 100 Zinc 100 Reduced emissions [47]

5. Nano additive on engine performance and emissions

Nano-additives in performance fuel have created a host of new 
opportunities for engineers to reduce fuel consumption and over-
come some of the performance trade-offs that accompany the use 

of internal combustion engines and biofuels [48]. Table 6 presents 
the emission performance outcomes for different nano additives. 
Table 7 is Measures of the Performance of Traditional Nanoparticle 
Additives.

Table 6. Nano additives added Emission performance and emission result

Blended oil Nano additives BTE SFC HC CO NOx Smoke Reference

Calophyllum CeO2 ↓ ↑ ↓ ↓ ↓ ↓ [49]

Palm Oil CeO2 ↓ ↑ ↓ ↓ ↓ ↓ [50]

Polanga    Al2O3 ↓ ↑ ↓ ↓ ↓ ↓ [51]

pinnata CuO ↑ ↑ ↓ ↓ ↓ ↓ [52]

Karanja  TiO2 ↓ ↑ ↓ ↓ ↓ ↓ [53]
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Table 7. Measures for the Performance of Conventional Nanoparticle Additives

S.No Catalyst Dispersion Durability Lifetime cost analysis Combustion Stability

1 CeO₂ Better dispersion Higher cost Excellent oxygen 

2 ZnO Thermally stable Low-to-moderate Improves atomization 

3 MgO Moderate dispersion Moderate cost Catalytic effect 

4 Al₂O₃ sedimentation Relatively cheap Enhances oxidation 

5 TiO₂ Tends to agglomerate Abundant oxygen delay 

6. Nano additives added to biodiesel blends that different 
research work

The research method used by the researchers in testing engines is to 
look for decreases and improvements in thermal efficiency and fuel 
consumption. Significant fuel savings, higher thermal efficiency and 
elimination of all available emissions. Due to operating conditions, 
the time emission was also reduced. Adjustment blends performed 
very well, and further tests have demonstrated that biodiesel is work-
ing in combustion and that emissions are again reduced [54]. Based 
on [55], who experimented with algal biodiesel and noted reduced 
emissions, resulting in improved performance, and re-studied the 
timing of injection. This was due to smoke testing and BTE testing. 
There are many experimental studies that have reduced NOx and 
smoke and decreased other BTE reactions. Developing [56] work 
on alumina nanoparticles, testing alternative injection conditions 
and blending times. The three alternate injection methods are called 
23 deg bTDC, advanced timing 27 deg bTDC advanced timing 
and 19 deg bTDC retarded timing . The consequences of the ex-
periment were based on [57], who researched emission quality and 
neochloro-rich methyl ester. The successful recipes were zinc oxide 
nanoparticles, and the final nano additive (ZnO) turned out to be 
satisfactory, though not accepted, as the nano blend was not quite.

7. Worked for optimization

The purpose of the experiment is to reduce smoke, capacity, NOx 
emissions, efficiency, and brake-specific fuel consumption [58]. Re-
gression models were created, achieving an accuracy of 4%. It was 
observed that a 10% diesel injection is optimum for operation and 
that a 21° CA before top dead centre (bTDC) cyclohexanol/diesel 
mixture reduced NOx emissions by 43.1 per cent, smoke capacity 
by 32.4 per cent, and increased BSFC by 4 per cent. The cylinder 
temperature is lowered by the later injection timing, which slightly 
reduces NOx emissions [59]. The optimisation focus is on partial 
combustion. The obtained results were more precise compared 
to the simulated results. Further, the biodiesel emission method-
ology included the effects of 10- and 20-nanometer cerium oxide  

nanoparticles of different sizes. Other fuels have been studied, and 
the needed emission-reducing techniques have been developed. 
The study suggests that the effects of graphene nanoparticle com-
posites on mixed oils should be investigated; this will be explored 
in the present investigation. The MINITAB statistical software and 
the Taguchi method were used to optimise, resulting in the iden-
tification of the best operating conditions for improving biodiesel 
performance [60].

8. Measurement of engine performance

8.1. Brake thermal efficiency

Brake thermal efficiency is improving, and the addition of nanopar-
ticles enhances combustion by increasing the surface-to-volume 
ratio. Although brake thermal efficiency has increased, it still re-
mains lower than that of pure diesel [61]. This is because alumina 
nanoparticles improve thermal efficiency but do not reduce fuel 
consumption. Operating the engine at a fixed speed of 1000 rpm 
results in a higher surface-to-volume ratio of the nanoparticles. 
Experimental studies indicate that the brake thermal efficiency val-
ue for B20 fuel blends is very low compared to that of pure diesel. 
However, incorporating nanoparticles, which facilitates greater fuel 
evaporation, increases BTE. When alumina nanoparticles are added 
to the blend, the brake thermal efficiency improves in comparison 
to pure diesel [62].

8.2. Brake specific fuel consumption

BSFC is calculated by dividing the required amount of fuel by the 
available brake power. The same diesel fuel and mixes were used. Spe-
cific fuel consumption is very low; get the diesel, loads peaking, and 
changes in blends, more loads [63].  According to [64], this research 
helps to identify the properties of blends and to increase the densi-
ty of combined fuels. In a fuel-burning condition, BSFC decreases 
with load. The fuel sample CB5 has the lowest BSFC, SB10CB10 has 
the highest, and CB20 has the second-highest in the current study. 
From [65], fuels are well kept in brake-specific fuel consumption. 
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The addition of nanoparticles to the injection timing increased the 
combustion rate and decreased ignition delay. Because of the time of 
the injection when adding nanoparticles, there is a high heat release 
rate and low cylinder pressure. Reducing the ignition delay and early 
fuel injection ensures complete BDE combustion, increasing com-
bustion duration and lowering BSFC. The results show that studies 
on BSFC for diesel values are very few [66,67].

9. Effect of emission properties

9.1. Hydrocarbon

A method of staying under the HC on a precompute carbureted car. 
This will make the idle slow down, and the burn will take longer 
and be hotter. The engine is being tested to determine whether it 
can reduce hydrocarbon emissions and lower the flammability limit. 
Molecular forms are hard to comprehend, and fossil fuels are used to 
generate energy. Emissions of ethylene, isoprene, and monoterpene 
HC compounds can be minimised, as demonstrated by numerous 
experiments. This is among the properties of diffusion combustion. 
There is also a shrinking and closing down of hydrocarbon distanc-
es. When HC levels are high, it enhances the burning of lubricating 
oil. Nano additions are compared with an HC that has a very low 
value, and diesel is compared with the emission, which is also very 
low. Oxygen buffer is supplied by nanoparticles and oxygen. It also 
produces a stoichiometric mixture, and nanoparticles are highly 
efficient at reducing hydrocarbon emissions [68].

9.2. Carbon monoxide

Nanoparticles enhance combustion performance by increasing tem-
perature and increasing the availability of molecular oxygen, leading 
to lower carbon monoxide (CO) emissions. The presence of metal 
oxide nanoparticles in blends increases the oxygen content, as CO 
levels are very low. The molecular oxygen content increases while the 
cylinder temperature rises, promoting oxidation and reducing vis-
cosity. These factors collectively contribute to lower CO emissions in 
diesel-algal fuel blends, with incomplete combustion as the only sig-
nificant finding reported [69]. Compared with other nano-additive 
blends and regular diesel, CO emissions from the diesel-algal mix 
are lower. The CO emissions from diesel engines at various loads are 
reported as 0.21 g/kWh for blends [70,71].  Adding nanoparticles to 
the fuel increases combustion efficiency, reducing CO emissions. In 
particular, the CO emissions of the blends are reduced by 9.3, 16.27, 
34.88, and 51.16, respectively, compared with plain diesel fuel. Also, 
a combination of B20 and TiO2 gave good results.

9.3. Nitrogen oxide 

Oxidation of nitrogen and oxygen occurs during chemical reactions 
to form NOx. In most experiments, very high temperatures were 
found to be the major cause of NOx emissions. The reaction tem-
peratures are important factors that affect the concentrations of ox-
ygen and NOx. The high temperatures not only reduce the ignition 

delay but also aid in reducing NOx emissions. Also, a low quantity 
of water is formed due to the presence of NOx. The NOx emissions 
have a very short duration, and this short period affects the perfor-
mance of different oxidation processes [72].

9.4. Smoke

Two of the emissions-reduction techniques are using cleaner, less 
damaging materials and installing carbon-sequestering systems on 
factory smokestacks to eliminate pollutants. There are various fuel 
mixtures in smoke [73]. Combustion efficiency is normally higher 
when the fuel is burned at full load, which increases combustion 
and decreases smoke production. Smoke Opacity is a ratio used to 
compare the emissions of various fuels; it is produced by rich fuel 
and carbon-rich areas.

10. Safety aspects

Examples of nanoparticles that can lead to allergic reactions, tox-
icity, or the production of reactive oxygen species include titanium 
dioxide, aluminium oxide, magnesium oxide, cerium oxide, and 
Zinc. Dry particles are very dangerous; their safe storage requires 
implementation of safeguards, secure mixing processes and proper 
waste management procedures. In energy preparation, ultrasonica-
tion and the integration of surfactants may pose additional risks, 
such as residual contaminants and unpredictable mixtures. Nano-
crystals formed during agglomeration can block filtration units and 
injection apparatus, leading to service issues. Sediments caused by 
storage impede operations and can increase employee vulnerabili-
ty during redemption. Nanoparticles in exhaust and lubricant oils 
could pose ecological risks to communities due to the remnants. 
Nanomaterials (unlike CO2 or NOx) are persistent and can be bio 
accumulative. Nanoscale exposure regulations are still in develop-
ment and therefore pose uncertainty for the business.

11. Conclusions

The experiments above have explored the effects of mixing biodiesel 
with nanoparticles as additives. The issue of alternative fuels and dif-
ferent biodiesel-nanoadditives mixtures has been studied extensive-
ly. The blending of biodiesel with diesel engines also helps reduce air 
pollution, and biodiesel mixed with water has optimal emulsifying 
capabilities. The majority of these experiments were confined to sin-
gle-cylinder engines, focusing on the efficiency and performance of 
the products. Heat transfer may even limit the engine’s performance, 
as insulation is required at high temperatures. The combustion and 
performance outcomes indicate that engine development considers 
the duration of testing and optimisation of the combustion process 
in diesel engines. The delay at injection is closely related to injec-
tion timing, as the air-fuel mixture takes longer to undergo com-
bustion. To test various injection methods using biodiesel blends, 
experiments were carried out to measure injection timings, delays, 
and developments, and these became standard. Most investigations 
have sought to measure the effects of nanoparticles in fuel blends 
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in engines. Adding nanoparticles has been shown to enhance the 
combustion characteristics while decreasing ignition time. This 
will also lead to a decrease in cylinder pressure and brake-specific 
fuel consumption due to changes in injection timing. Moreover, the 
use of microparticles helps reduce emissions and enhances overall 
performance. The use of nanoadditives in biodiesel has several in-
teresting benefits.

•	 Oxides that catalyse the conversion of carbon monoxide 
and hydrocarbons into carbon monoxide gas and hydro-
gen peroxide, respectively, enhance the level of effective-
ness of ignition.

•	 The buffering processes. When burned, CeO₂ and copper 
oxide produce air to circulate, which helps the fuel oxidise 
completely, and CeO2 completely reduces NOx by 22.3%.

•	 Improved Thermal Properties, like TiO2 and Al2O3, re-
duce the tendency for cold spots and enhance the homo-
geneity of facades in flaming by improving heat transfer.

•	 Improved spray breakup, minuscule droplets, and en-
hanced air-fuel blending are all results of fragmentation of 
backing components like TiO₂ and Al₂O₃, which reduce 
NOx by 12.2% for TiO₂ and 15.6% for Al₂O₃, respectively.

•	 Multi-Institutional Partnerships Collaborate on the de-
velopment of small additives specifications, assessment 
methods and information sources through collaborating 
academic institutions, businesses, and government agen-
cies.

•	 Integrating virtual twins reduces the cost of actual test-
ing and speeds up licensing by validating nano-additive 
performance across platforms, combustibility, and regions 
through simulation-based virtual twins.

•	 Nano-additives have the potential to enhance fuel proper-
ties and maximise combustion, and show significant po-
tential in the study and application of biodiesel.

•	 Their incorporation into biofuel compositions may im-
prove energy efficiency, reduce pollutants, and enhance 
thermodynamic stability, all essential for the broader ac-
ceptance of blended biodiesel.

•	 The focus will be on the mathematical consequences of 
micro-additives and their significance in a society with 
diverse backgrounds.

•	 In discussing developments such as enhanced oxidising 
resilience and reduced pollutants like NOx, it is imper-
ative to emphasise their contribution to sustainability, 
tackling global issues such as minimising environmental 
impacts and promoting healthier energy alternatives.

Copyright and permission statement

Figure 1. Actual experimental setup [43] is reproduced with permis-
sion from Results in Engineering. All other figures used in this study 
belong to the authors.

Appendices
AlO2		  Aluminum oxide
ASTM		  American Society for Testing and Materials
B20		  20% biodiesel +80% diesel
NOx		  Nitrogen Oxide
BTE		  Brake thermal efficiency
BSFC		  Brake Specific fuel consumption
BSEC		  Brake Specific Energy Consumption
CNT		  Carbon Nano tubes
bTDC		  Before top dead Centre
CIME		  Calophyllum Inophyllum Methyl Ester 
CO		  Carbon monoxide
CI		  Compression Ignition 
CO2		  Carbon dioxide
CeO2		  Cerium Oxide
EGR		  Exhaust gas recirculation
J20		  20% Jatropha oil + 80% diesel
J20CNT5030D	 20% Jatropha oil +50% Carbon Nanotubes +30% 	
		  diesel
MWCNTs	 Multiwalled graphite nanotubes 
100Al		  100% Alumium oxide
SiO₂		  Silica Oxide
Fe₂O₃		  Iron oxide 
HC		  Hydrocarbons
HRR		  Heat Release Rate
PPM		  Parts per million 
ZnO		  Zinc Oxide
TiO₂		  Titanium Oxide
PSD		  Particle size distribution 
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