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Abstract
This comprehensive review examines the integration of nanoparticle additives (1-100 nm) to enhance biodiesel
properties. Recent advances in nanotechnology have enabled the development of nanoparticle-modified biodiesel
fuel blends that significantly improve combustion behavior, engine performance, and emission characteristics in
conventional diesel engines. The review analyzes how different nanoparticle types (metal oxides, carbon-based
materials, and hybrid nanostructures), sizes, and concentrations affect fuel properties. Key improvements include
enhanced thermal efficiency, combustion characteristics, and reduced emissions. The high surface-to-volume
ratio and increased reactive surface area of nanoparticles contribute to superior fuel performance. While
challenges remain in nanoparticle dispersion and long-term stability, this technology shows promise for
advancing sustainable fuel development and addressing environmental concerns in internal combustion engines.
The review also identifies critical research gaps and future directions for optimizing nanoparticle-enhanced
biodiesel systems.
Keywords: Renewable Energy, Biodiesel, Nanotechnology, Nanoparticles.

1. Introduction

The most abundant energy source is petroleum, and petroleum-derived goods are found all across
modern civilization. Given the close relationship between energy use, living standards, and global
population increase, there will likely be a greater need for crude oil and petroleum-based products in
the future. The consumption of petroleum products can lead to the world's crude oil supply running out
more quickly, an increase in greenhouse gas concentrations in the atmosphere, and costly and difficult
waste recycling problems [1].
The continued reliance on petroleum-based fuels presents significant challenges for both energy
security and environmental sustainability. This is particularly critical in developing regions, where 85%
of the rural population faces energy access challenges and depends heavily on fossil fuels. The
resulting rapid increase in CO2 emissions, driven by both fossil fuel consumption and population
growth, has accelerated the search for alternative energy sources. This global energy crisis has
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catalyzed the transition toward renewable energy solutions, with the International Energy Agency
projecting renewable energy's contribution to global electricity generation to reach 30% by 2024, up
from 26% in 2018. This shift represents a strategic response to both environmental concerns and
energy security challenges.

Significant climate change has been one of the 21st century's main challenges. Major effects
will also be eliminated if efforts are undertaken to overhaul current energy networks. Therefore,
scientists started looking for energy alternatives so that we could stop relying on imported fossilized oil
as a result of issues caused by the consumption of petro-products. Renewable energy sources have
gained increasing importance recently due to climate change and the depletion of non-renewable
resources. The primary advantage of clean energy sources is their ability to offset greenhouse gas
emissions caused by the burning of fossil fuels, therefore slowing down global warming [2] . The
International Energy Agency predicts that renewable energy will contribute to 30% of global electricity
generation by 2024, up from 26% in 2018.

Biodiesel, derived from renewable sources like vegetable oils and animal fats, emerges as a
promising alternative to conventional diesel. In 2019, global biodiesel production reached
approximately 34 billion liters, with an expected compound annual growth rate of 4.2% from 2020 to
2025, as reported by Mordor Intelligence. Biodiesel offers advantages such as enhanced engine
lubricity, reduced reliance on fossil fuels, and lower greenhouse gas emissions, particularly carbon
dioxide (CO2). According to a U.S. Department of Energy study, biodiesel usage can lead to a 57% to
86% reduction in CO2 emissions compared to conventional diesel fuel [3] . Additionally, it produces
less particulate matter (PM), carbon monoxide (CO), and sulfur dioxide (SO2) emissions than
traditional diesel, contributing to improved air quality and reduced respiratory health risks. An
Environmental Protection Agency study determined that biodiesel usage can decrease PM emissions by
up to 47%, CO emissions by up to 48%, and SO2 emissions by up to 100% [4].

Biodiesel production can provide economic opportunities for rural communities by creating
jobs and generating income from locally sourced feedstocks such as soybean, rapeseed, and palm oil.
According to a study by the Food and Agriculture Organization, the biodiesel industry can create jobs
in farming, transportation, processing, and distribution, and can stimulate local businesses and services
[5].
Biodiesel can enhance energy security by reducing dependence on imported fossil fuels and
diversifying the energy mix. This can help to mitigate geopolitical risks and volatility in energy prices.
A study by the European Commission found that the use of biodiesel can improve the energy security
of member states by reducing their dependence on crude oil imports from non-EU countries [6] .
However, biodiesel production and use are still associated with several challenges that need to be
addressed to realize its full potential as a sustainable energy source; some of the key challenges are [7]:
1- Feedstock availability and sustainability: Biodiesel is typically produced from vegetable oils,

animal fats, or used cooking oils, which can compete with food production and may have
environmental impacts if not sustainably sourced.

2- Processing and cost: Biodiesel production requires specialized equipment and processes, which
can be expensive and energy intensive. This can limit the scalability and competitiveness of
biodiesel as an alternative fuel source .

3- Quality and compatibility: Biodiesel properties such as viscosity, stability, and oxidation
resistance can vary depending on the feedstock and processing methods used, which can impact
engine performance and emissions. Additionally, biodiesel may not be compatible with certain
engine components, such as rubber seals and gaskets, which can result in leaks and other issues .

4- Cold weather performance: Biodiesel can gel or solidify at low temperatures, which can impact
its fluidity and cause engine starting problems in cold climates. This can be addressed by
blending biodiesel with conventional diesel or by using additives such as pour point depressants .

5- Storage and handling: Biodiesel can be more prone to microbial growth and oxidation
compared to conventional diesel, which can lead to fuel degradation and engine performance issues if
not stored and handled properly. This can be addressed by using proper storage and handling
procedures, such as avoiding water contamination and adding antioxidants .
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6- Policy and market barriers present significant challenges to biodiesel adoption. These barriers
manifest in several ways:
-Regulatory inconsistencies across different regions and jurisdictions create uncertainty for producers
and investors

-Limited infrastructure for biodiesel storage, transportation, and distribution restricts market growth
-Consumer awareness remains low, affecting market demand and acceptance
- Market competition from conventional fuels, particularly during periods of low oil prices, impacts
economic viability

Biodiesel, despite its benefits as a renewable fuel, faces several challenges requiring property
enhancements. Núbia et al. [8] outlined key fuel additive functions, including emission reduction,
oxygen concentration improvement, viscosity index enhancement, and fluid stability. Early research by
Valentine et al. [9] demonstrated improved performance using platinum bimetallic and cerium
additives, while Chao et al. [10] found that methanol-containing additives increased oxygen content but
had mixed emission effects.
Metal oxide studies progressed with Skillas et al. [11] investigating cerium effects on diesel particles,
and Gürü et al. [12] examining various metals, with manganese showing optimal results. Jung et al. [13]
further confirmed cerium's benefits for oxidation rates and emission reduction. De et al. [14] studied
ethanol and ETBE effects, noting cetane number reduction. Subsequent research [15-17] explored
alcohol and methyl ester combinations. Çelik et al. [18] investigated catalysts for combustion
improvement, while Shrestha et al. [19] examined various additives for cold flow properties.

Knothe [20] explored alternative esters and genetic modification approaches. Bhale et al. [21]
and Mohammadi et al. [22] studied cold flow improvements using various additives. Madiwale et al.
[23] demonstrated oxygen-rich additive benefits. Later studies by Devarajan [24] and Sajeevan and
Sajith [25] investigated ferrous fluid and pentanol effects. Unlu et al. [26] and Rahman et al. [27]
focused on ethyl levulinate and polymethyl acrylate impacts. Masjuki and Kalam [28] examined anti-
corrosion additives.

Recent research [29-32] has focused on nanoparticle additives, particularly metal oxides, and
carbon-based materials, highlighting their potential for property enhancement while acknowledging
dispersion and safety challenges. This field continues to evolve, with ongoing exploration of hybrid
systems and new nanoparticle applications.

2. Nanoparticle Additives
The most promising area of contemporary research is nanotechnology, which uses molecular

principles to create new technologies for the environmentally friendly generation of fuel and energy. In
this multidisciplinary field, problems pertaining to bioenergy and biofuel are solved at the nanoscale by
chemists, physicists, engineers, and biotechnologists working together. A lot of research is being done
on different nanomaterials to produce high-quality, economically viable biofuels. Nanotechnology
modifies the characteristics of the feed materials, improving the biofuels' quality and production rate.
Because of their distinctive structural, optical, mechanical, chemical, electrical, and magnetic qualities,
nanomaterials are essential for improving the production of biofuel. They have an excellent catalytic
action due to their small size and high specific surface area [33].

The term "nano" refers to a very small size, therefore these could be synthetic or natural particles
with a size range of 1 to 100 nm. They are employed in a wide range of industries, including
electronics, cosmetics, medicine, and many more. Different dimensionalities, such as zero, one, two,
and three dimensions, are possible for the nanoparticles. Numerous methods, mostly chemical, physical,
and mechanical ones, can be used to synthesize these nanoparticles. The surface-to-volume ratio
increases with decreasing nanoparticle size [34,35]. Nanomaterials offer higher surface reactivity due
to their enormous surface area. Nanomaterials gained popularity because to their exceptional qualities,
which included excellent thermal and electrical conductivity, a large surface area, chemical and
mechanical strength, elasticity, optical activity, tenacity, and chemical reactivity. With regard to their
reactivity, the nanoparticles are both extremely stable and sensitive where Nanoparticle additives in
biodiesel systems exhibit two key characteristics. Their stability is shown through maintained
molecular structure and thermal resistance (especially metal oxides like TiO2 and Fe2O3 at up to 800°C).
However, their sensitivity appears in dispersion behavior, responding to pH (6-8), temperature (20-
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60°C), and fuel composition. Understanding this dual nature is essential for optimizing their
performance in biodiesel applications [32].

Water purification, paints, cosmetics, antimicrobial, crop production, food, coatings, material
science, packaging, medical, and as a catalyst are just a few of the many uses for this remarkable
material properties [36,37]. The characteristics of a nanoparticle, including its colour, are determined
by its size, shape, and morphology (structure). Nanoparticles are therefore designed using advanced
procedures based on their intended uses. To achieve the right nanoparticles for a certain application and
to fine-tune the nanoparticles' characteristics, a number of procedures are used. Sol-gel, wet chemistry,
arc discharge, mechanochemical process, sol-gel, hydrothermal, direct precipitation, and solvothermal
processes are a few of the methods [33] . To improve productivity and quality in the manufacture of
biofuel, nanoparticles can be employed. They can function directly as heterogeneous catalysts or as a
carrier for catalysts that need to be immobilized. Catalysts are immobilized and then filtered out of the
liquid phase using nanoparticles as a carrier. Certain nanoparticles, such magnesium oxide, aluminum
oxide, and calcium oxide, can be utilized straight as heterogeneous catalysts with a high conversion
rate and minimal oil content [38].

Various types of nanoparticles have been investigated for their potential to enhance the
properties of biodiesel. These include metallic, metal oxide, carbon-based, and other inorganic
nanoparticles, as well as biodegradable and bio-based nanoparticles. Metallic nanoparticles, such as
gold, silver, and platinum, have been shown to improve the oxidative stability and cold flow properties
of biodiesel [39]. Metal oxide nanoparticles, such as titanium dioxide and zinc oxide, can act as
catalysts in the transesterification process, which is the chemical reaction that converts vegetable oils or
animal fats into biodiesel. Carbon-based nanoparticles, such as graphene and carbon nanotubes, have
high surface area and excellent mechanical strength, which make them useful for improving the
thermal and mechanical properties of biodiesel [40-41]. Other inorganic nanoparticles, such as clay and
silica nanoparticles, can improve the stability and viscosity of biodiesel. Biodegradable and bio-based
nanoparticles, such as chitosan and cellulose nanocrystals, have been investigated as sustainable
alternatives to traditional nanoparticles. These nanoparticles can improve the stability and viscosity of
biodiesel and reduce emissions [42]. The surface properties of nanoparticles, such as their charge and
functional groups, can also influence their interactions with biodiesel and affect their effectiveness as
additives. Overall, the selection of nanoparticle additives depends on the specific properties that need
to be improved in biodiesel and the compatibility of the nanoparticles with the biodiesel fuel [39-42].

Nanomaterials demonstrate significant capabilities in modifying feed materials through
various mechanisms and interactions. In catalytic enhancement, metal oxide nanoparticles, particularly
CeO2 and TiO2, play crucial roles in accelerating transesterification reactions. Nano-CaO has shown
remarkable effectiveness, achieving conversion rates of 95-98% in vegetable oil processing, while
magnetic Fe3O4 nanoparticles provide the additional benefit of simplified catalyst recovery and reuse.
Nano-sized ZnO contributes to process efficiency by reducing both reaction time and operating
temperature requirements [40-42]. The pre-treatment phase of feedstock processing benefits
substantially from nanomaterial applications. Nano-SiO2 effectively removes free fatty acids from
waste cooking oil, while carbon nanotubes enhance the filtration efficiency of crude feedstock. Nano-
alumina proves valuable in the degumming process of raw vegetable oils, and nano-membranes
significantly improve overall feedstock purification efficiency. These pre-treatment applications result
in higher-quality base materials for biodiesel production. [39-40].

Quality improvement and preservation of feed materials see notable advances through
nanomaterial integration. Silver nanoparticles serve as effective antimicrobial agents during feedstock
storage, while graphene oxide enhances oxidation stability. Nano-ZrO2 contributes to reducing sulfur
content, addressing a critical quality parameter. Nano-clay applications improve moisture resistance
during storage periods, helping maintain feedstock integrity over time [42]. Physical property
modifications through nanomaterials offer significant processing advantages. Nano-MgO effectively
reduces feedstock viscosity, while carbon-based nanomaterials enhance thermal conductivity. Nano-
CuO improves heat transfer efficiency during processing stages, and nano-TiO2 positively impacts pour
point characteristics. These physical modifications contribute to better processing efficiency and final
product quality [39]. Chemical modifications through nanomaterials represent another crucial aspect of
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feed material enhancement. Nano-Fe2O3 promotes increased oxygen availability during reactions, while
nano-cerium oxide effectively modifies fatty acid profiles. Gold nanoparticles facilitate selective
hydrogenation processes, and nano-platinum enhances molecular restructuring, leading to improved
feed material properties. These chemical modifications result in better-quality feedstock for biodiesel
production and enhanced final product characteristics [39-41].

In the following subsections, a more detailed description of the different types of
nanoparticles that have been used in biodiesel production, including their chemical composition, size,
shape, and surface properties will be provided.

2.1.Aluminum oxide
Several studies explored the impact of incorporating alumina nanoparticles into diesel-biodiesel

blends on engine performance, emissions, and combustion characteristics. The effects of diesel fuel
containing alumina nanoparticles on the engine's performance, emissions, and combustion parameters
were investigated experimentally. Crude diesel was combined with alumina nanoparticles in weight
fractions of 20, 30, and 40 mg/L. According to engine testing, adding 40 ppm of micro alumina to pure
diesel fuel increased its thermal efficiency by up to 5.5%. The average specific fuel consumption
decreased by 3.5%, 4.5%, and 5.5% at dosing levels of 20, 30, and 40 ppm, respectively, compared to
clean diesel fuel at full load. Smoke, Hydrocarbons (HC), Carbon monoxide (CO), and Nitrogen oxides
(NOx) emissions were observed to decrease by approximately 17%, 25%, 30%, and 33%, respectively,
when diesel operation was conducted with a 40 ppm nano-additive. Because of their tiny size,
nanoparticles improve fuel stability and avoid atomization issues and clogging in fuel injectors. While
cylinder pressure, temperature, and heat release rate increased when the amount of alumina
nanoparticles in diesel fuel increased, ignition delay and combustion duration decreased. To maximize
the enhancements in engine performance, combustion, and emission characteristics, a concentration of
40 ppm alumina nanoparticles is advised [43]

The effects of adding aluminum and cupric oxide (CuO) nanoparticles to pure diesel fuel on
engine performance and emissions were investigated. The study found that the incorporation of these
nanoparticles enhanced the storage and combustion properties of diesel fuel, leading to a slight increase
in engine torque and power [44]. Furthermore, the nanoparticles were observed to boost the oxidation
rate of the fuel and reduce its ignition temperature. These outcomes collectively suggest that the
inclusion of aluminum and CuO nanoparticles in diesel fuel holds potential for enhancing engine
performance and combustion behavior. The examination of diesel engine performance, specifically
when using a combination of butanol and diesel fuel with added alumina and silica nanoparticles,
revealed a decrease in soot emissions. Simultaneously, there was an observed increase in CO2 and
NOx emissions compared to the performance with pure diesel fuel [45] . The addition of AlO(OH)
nanoparticles to biodiesel (B100) was found to significantly reduce both fuel consumption and NOx
emissions in the study [46] . The addition of alumina nanoparticles to cashew nut shell-derived
biodiesel (B100) led to reduced CO, HC, NOx, and smoke emissions by 8.8%, 10.1%, 12.4%, and
18.4%, respectively. However, it also resulted in a 1.1% decrease in brake thermal efficiency (BTE)
and a 3.8% increase in brake-specific fuel consumption (BSFC) [47].

Using a constant speed direct injection diesel engine, the addition of aluminum oxide
nanoparticles at rates of 250 and 500 ppm to a blend of diesel and biodiesel resulted in a 1.32%
increase in BTE. Additionally, the proportion of HC and CO decreased by 17.5% and 20% at the 250
ppm rate. However, NOx emissions increased by 5%, while smoke opacity decreased by 27% [48]. A
mixture of 75% diesel fuel and 25% biodiesel from Zizipus Jujube, including aluminum oxide
nanoparticles (25 ppm and 50 ppm), was tested in a single-cylinder, direct injection diesel engine. The
results demonstrated increased BTE, reduced BSFC, and improved exhaust emissions, with notable
decreases in HC (5.62%) and smoke (60%). CO emissions declined, while there was a slight increase in
NOx emissions. Combustion characteristics indicated an elevated rate of heat release, signifying an
early start of combustion [49].

In a series of experiments examining the effects of incorporating biodiesel from chicken fat and
alumina nanoparticles into diesel fuels, notable advancements in engine performance were evident.
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Tests on a constant speed CI engine revealed heightened BTE, attributed to improved combustion
properties in the nanofuel mixture. However, a slight increase in BSFC was observed due to the lower
calorific value of biodiesel mixtures. Combustion properties, such as peak pressure, rate of heat release,
and pressure raise, exhibited positive trends. The addition of nanoparticles facilitated improved
hydrocarbon oxidation, resulting in shorter combustion durations. Exhaust emissions showcased
reduced CO and HC emissions by approximately 65%, while NOx emissions showed a slight increase
due to heightened combustion pressure and temperature [50] . Another investigation evaluated the
characteristics of the diesel engine, which is used at different speeds (1800, 2300, 2800 rpm) by using
different mixtures of nanofuels. These characteristics include torque, power, BTE, BSFC, exhaust gas
temperature and emissions of CO, CO2, HC and NOx. They have prepared nanofuels consisting of
diesel and biodiesel derived from waste cooking oil in different proportions (5% and 10% biodiesel
fuel) and different doses of alumina nanoparticles (30, 60, 90 ppm). The results showed that there was
an increase in torque, power, BTE, and exhaust temperature by 5.36%, 5.36%, 10.63%, and 5.8%,
respectively, but it was found that there was a decrease in BSFC by 14.66%. By testing exhaust
emissions, it was noted that there was a decrease in exhaust emissions of CO and HC by 2.94% and
2.56%, respectively, and an increase in NOx emissions by 43.61% [51].

Two modified fuel mixtures, namely B20 (80% diesel and 20% soybean biodiesel) and
D80SBD15E4S1 (80% diesel, 20% soybean biodiesel, 4% ethanol, and 1% surfactant), were subjected
to an investigation into their combustion, performance, and emission characteristics. Alumina
nanoparticles were introduced into both blends, resulting in heightened cylinder pressure and
combustion rate. This was attributed to the increased surface area of the nanoparticles supported by the
oxygen present in biodiesel fuel, facilitating faster combustion. The combination of oxygen and
nanoparticles in the fuel blends led to a reduction in CO and HC emissions, contributing to a decline in
harmful emissions. However, a slight increase in NOx emissions was noted under full load conditions.
[52] . In a separate study, aluminum oxide nanoparticles were added to a blend of diesel fuel and
spirulina microalgae biodiesel. Various fuel blends, such as B0 (100% diesel), B15 (15% spirulina
microalgae biodiesel + 85% diesel), B15N (B15 and 75 ppm Al2O3 nanoparticles), B30 (30% spirulina
microalgae biodiesel + 70% diesel), and B30N (B30 and 75 ppm Al2O3 nanoparticles), were assessed
for combustion performance and emission characteristics. The results revealed improved combustion
properties and reduced exhaust gas emissions with the incorporation of nanoparticles. BTE for B15N
and B30N surpassed that of B15 and B30, with B15N exhibiting the lowest BSFC among the tested
blends [53].

Alumina and multi-walled carbon nanotube nanoparticles (MWCNT) were introduced into diesel-
schleichera oleosa biodiesel blends to improve performance, combustion, and exhaust emissions. The
synthesis of nanoparticles and morphological analysis were conducted using Field-Emission Scanning
Electron Microscopy (FESEM) and X-ray Diffraction Spectroscopy (XRD). Diesel-biodiesel blends
were utilized to disperse test fuels containing 50 ppm and 100 ppm doses of nanoparticles, denoted as
D80B20A50, D80B20A100 (alumina nanoparticles), and D80B20C50, D80B20C100 ( (MWCNT).
Droplet size analysis using a Malvern Spraytec setup based on laser diffraction revealed that test fuels
with Nano additives exhibited smaller droplet sizes due to increased collision force between the
nanoparticles. Engine testing demonstrated that nanoparticle-containing test fuels could reduce exhaust
emissions by up to 60% and enhance BTE by 2–13%. Alumina outperformed MWCNT in terms of
increased BTE, decreased BSFC, and reduced exhaust emissions compared to diesel. Notably, (100
ppm) MWCNT achieved the maximum reduction in NOx emissions, as NOx act as superior sorbents
[54] . Figure 1 depicts the Scanning Electron Microscopy (SEM) image of aluminum oxide
nanoparticles.

Table (1) presents a comprehensive analysis of the impact of aluminum oxide nanoparticles on diesel
engine performance and emissions across varying concentration levels. It highlights studies conducted
at concentration ranges of 20-40 ppm, 50-100 ppm, and 200-500 ppm, detailing the engine types used,
performance metrics observed, and changes in emission types. The table showcases how nanoparticle
concentrations influence factors such as thermal efficiency, specific fuel consumption, emissions of CO,
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HC, and NOx, along with comparisons between single-cylinder, multi-cylinder, and direct injection
engines. Additionally, it provides insights into the relationship between nanoparticle concentration and
performance metrics, emphasizing the advantages of aluminum oxide nanoparticles over traditional
fueadditives in enhancing combustion efficiency and reducing harmful emissions in diesel engines.

Figure 1: SEM of aluminum oxide nanoparticles [49].

Table 1 Effects of Aluminum Oxide Nanoparticles on Diesel Engine Performance and Emissions
at Different Concentration Range

2.2. Cerium oxide
Cerium oxide nanoparticles show substantial potential as additives for diesel engines, given

their versatile valence conversion capacity, substantial oxygen storage, and favorable thermal
properties. The impact of incorporating these nanoparticles into biodiesel has been explored, focusing
on fuel decomposition, combustibility, and the combustion behavior, performance, and emission
characteristics of diesel engines fueled with biodiesel containing cerium oxide nanoparticles. The
findings indicate that the addition of these particles to biodiesel results in a reduction of harmful
emissions, including soot, smoke opacity, NOx, CO, and HC [29] . Furthermore, it contributes to
increased BTE, braking force, and improved BSFC. Numerous studies have investigated cerium
nanooxides, both as catalysts for oxygen donation to oxidize CO and absorb oxygen to reduce NOx,
and as additives to diesel fuel. The outcomes reveal a notable enhancement in BTE, along with reduced
BSFC and lowered emissions such as HC and NOx. This improvement is attributed to improved air-fuel
mixing and rapid evaporation [12,55-56]. The use of nano-sized cerium particles as fuel additives also
demonstrated increased fuel efficiency by improving the physical and chemical properties of the fuel
while reducing exhaust emissions [57]. The ultrasonicator and a mechanical homogenizer were used to
mix cerium oxide nanoparticles into diesel fuel at mass fractions of 25 ppm and 50 ppm. The results
revealed a significant reduction in HC, CO, and smoke emissions with an increase in the dosage of
cerium oxide nanoparticles, although there was a notable rise in NOx emissions. During peak operation,
neat diesel exhibited HC and CO levels of 104 ppm and 51% by volume, respectively, while CMNT50
fuel showed 68 ppm and 20% by volume. The addition of cerium oxide nanoparticles also led to a
considerable improvement in BTE and heat release rate [58]. In a separate study, the effects of blends

Concentration
(ppm)

Engine Type Performance
Metrics

Effect on the Emissions Reference

20-40 Single-cylinder
diesel engine

-Thermal efficiency
increased by up to 5.5%
-Specific fuel consumption
(SFC) decreased by 3.5%

-CO emissions reduced by
30%
-HC emissions reduced by
25%
-NOx emissions increased by
10%

[43,45,46]

50-100 Multi-cylinder
diesel engine

- BTE increased by 7.84%
with 100 ppm Al2O3
-BSFC decreased
significantly

- CO emissions reduced by
42.71%
- HC emissions reduced by
37.46%
-NOx emissions decreased by
up to 40%

[50-52]

200-500 Direct
injection diesel
engine

- Enhanced combustion
rates observed
-Peak cylinder pressure
increased

- Significant reductions in CO
and HC emissions.
-NOx emissions showed a
slight increase

[48-49]
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of biodiesel and CeO2 nanoparticles on various parameters were investigated using CRDI diesel
engines. The addition of a 20 ppm nano-additive to biodiesel blends through ultrasonication resulted in
a significant enhancement of the engine's in-cylinder pressure and heat release rate. Notably, the
B15C20 fuel exhibited significant decreases of 32.16% and 45.59% in CO and HC emissions,
respectively, along with a 5.97% increase in NOx emissions compared to B0. The study also identified
differences in particle size distribution, with B0 and B0C20 fuels producing larger particles above 50
nm. The presence of biodiesel in CeO2 nanoparticles was associated with reduced levels of harmful
pollutants such as n-alkanes and polycyclic aromatic hydrocarbons (PAHs), potentially minimizing
health impacts [59] . Appavu and Ramanan [60] also studied the effect of adding cerium oxide
nanoparticles to pure biodiesel fuel derived from rice bran; the use of this fuel in diesel engines resulted
in a significant reduction in NOx emissions. On the other hands, Anbarasu and Karthikeyan [61]
studied the effect of adding cerium oxide nanoparticles at a rate of 100 and 200 ppm to the diesel and
biodiesel blend in a direct-injection diesel engine with constant speed; it is found that adding these
nanoparticles to the fuel mixture increases BTE by 2.1 % when using 200 ppm of these nanoparticles,
but the percentage of both HC and CO decrease by 6.8% and 11.9%, respectively. It was also noted
that the percentage of NOx increases by 3.8%, and the opacity of smoke decreases by 4.8%. Selvan et
al. [62] conducted experimental investigations to study the performance, emission and combustion
characteristics of a diesel engine when adding a mixture of cerium oxide nanoparticles and carbon
nanotubes to the destrol mixture (a mixture of conventional diesel, biodiesel and ethanol); cylinder gas
increases by adding the mixture of these nanoparticles. They also noticed that adding a mixture of
nanoparticles to Disterol fuel leads to a cleaner combustion as it reduces exhaust emissions
significantly. Waste cooking oil methyl ester (WCOME) was used in an experimental study to examine
the fuel additive effects of iron-doped cerium oxide (FeCeO2) nanoparticles in a four-stroke, single-
cylinder, direct injection diesel engine. To further explore the impact of the doping level on the
nanoparticle activity, two different types of nanoparticles were used: cerium oxide doped with 10%
iron and cerium oxide doped with 20% iron. Using an ultrasonic homogenizer, the nanoparticles were
distributed at a dose of 90 ppm in the fuels that were evaluated. Experiments were carried out using
plain diesel (D100) and biodiesel blends consisting of 30% WCOME and 70% diesel by volume (B30)
under varied loads (ranging from 0 to 12 N.m.). The engine speed was kept constant at 2000 rpm.
Using neat diesel as the basis fuel, the engine's combustion, performance, and emission properties were
examined for the fuel mixes including nanoparticles. According to test results, adding nanoparticles to
fuel improved the peak cylinder pressure by about 3.5%. HC emissions showed no discernible
improvement, despite a drop in NOx emissions of up to 15.7%. With nano-additives, B30's CO
emissions were lowered by up to 24.6% and B30's emissions by 15.4%. In terms of cylinder pressure
and emissions, the B30 with 20% FeCeO2 engine performed better than the one with 10% FeCeO2. In
low-to-medium loads, the fuel mix of B30 with 10% FeCeO2 nanoparticles had a decreased BSFC; at
high loads, it was comparable to D100. As a result, the blend's BTE was found to be higher at low-to-
medium loads than that of D100 [63] . SEM micrograph of cerium oxide nanoparticles is showed in
Figure 2.

Table 2 presents a comprehensive overview of the impact of cerium oxide nanoparticles on biodiesel-
diesel blends, organized by concentration levels, fuel blend types, engine specifications, and testing
conditions. It highlights the effects of varying nanoparticle concentrations on performance metrics and
emissions across different blend types and engine setups. Additionally, the table underscores the
significance of particle size distribution in influencing the effectiveness of cerium oxide nanoparticles
in enhancing combustion efficiency and reducing emissions in various testing conditions.

Figure 2: SEM micrograph of cerium oxide nanoparticles [64].
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2.3. Carbon nanotubes
The use of nanoparticles, specifically carbon nanotubes (CNTs), to enhance the properties and characteristics of
biodiesel is an area of research that has gained attention in recent years. CNTs possess unique mechanical,
thermal, and electrical properties that make them suitable for improving fuel properties. Several studies have
investigated the use of CNTs as an additive to biodiesel, with promising results. The addition of CNTs to
biodiesel has been shown to improve its ignition properties, increase fuel efficiency, and reduce emissions such
as NOx and CO2. CNTs act as a catalyst for the combustion process, promoting a more efficient burn and
reducing emissions. However, there are still concerns about the safety and environmental impact of using CNTs;
their small size and unique shape could potentially cause harm if inhaled, and their impact on the environment is
not yet fully understood. Despite these concerns, the use of nanoparticles, including CNTs, has shown great
promise in improving the properties and characteristics of biodiesel [62,65-66]. Waste cooking oil (WCO)
enhanced with CNTs and graphene nanosheets was used to produce biodiesel, which improved the performance,
emissions, and combustion characteristics of diesel engines. CNTs and graphene nanosheets were combined with
a biodiesel blend at varying concentrations 25, 50, and 100 ppm. To increase the stability and dispersion of the
nanofluid, 2% surfactant was added. With regard to B20, the largest increases in thermal efficiency for
B20CNT100 (CNTs nanoparticles of 100 mg/ liter of B20) and B20CNS100 (Graphene nano sheet of 25 mg/ liter
of B20) were 8 and 19%, respectively. The best reductions in smoke emissions 28 and 54% were obtained by
blending biodiesel with CNTs and graphene nanosheet concentrations of 100 ppm; however, the greatest
reductions in CO emissions 27 and 47%, respectively were observed at B20. Regarding the biodiesel mix, the
largest reductions in NOx emissions were 22 and 44%, respectively, although the maximum reductions in HC
emissions for B20CNT100 and B20CNS100 were 28 and 52%. For B20CNT100 and B20CNS100 compared to
B20, the greatest reductions in ignition delay were 10 and 22%, respectively, while the improvements in peak
cylinder pressure were 3 and 5.5%, respectively. It was suggested that, in comparison to a biodiesel blend, a
biodiesel blend with a 100 ppm concentration of graphene nanosheet addition demonstrate improved combustion

Concentration

(ppm)

Fuel
Blend
Type

Engine
Specifi
cations

Testing
Conditions

Particle
Size

Results Reference

Low
Concentration
(25-50 ppm)

B20
(20%
biodiesel
+ 80%
diesel)

Single-
c
y
l
i
n
d
e
r

diesel
e
n
g
i
n
e

Constant
speed, full
load

Average
size of
cerium
oxide
nanopartic
les was 20
nm

- BTE increased by
2.1%
- HC emissions
reduced by 6.8%
- CO emissions
reduced by 11.9%

[57,60]

Medium
Concentration
(50-100 ppm)

B50
(50%
biodiesel
+ 50%
diesel)

Multi-
cylinder
diesel
engine

Variable
load,
different
RPM
settings

Average
size of
cerium
oxide

nanopartic
les was 30

nm

- BTE increased by
3.5%
- NOx emissions
increased by 3.8%
- Smoke opacity
decreased by 4.8%

[58-61]

High
Concentration
(100-200 ppm)

B100
(100%
biodiesel)

Direct
injectio
n diesel
engine

High load,
varying
temperatures

Average
size of
cerium
oxide

nanopartic
les was 50

nm

- Significant
increase in peak
cylinder pressure
- Enhanced
combustion
efficiency with a
notable reduction
in CO and HC
emissions

[62-63]

Table 2: Impact of Cerium Oxide Nanoparticles on Biodiesel-Diesel Blends
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characteristics, performance, and reduced emissions [67] . Table 3 presents a concise summary of investigations
where scientists examined the inclusion of Carbon Nanotubes (CNTs) as additives in diesel and biodiesel fuels.

Table 4 outlines the performance metrics observed across varying carbon nanotube (CNT)
concentration ranges in biodiesel-diesel blends. It showcases the improvements in Brake Thermal
Efficiency (BTE) at low, medium, and high concentrations, with a progression from 3.67% to 5.5% and
ultimately reaching 7.5%. Additionally, the data highlights notable increases in Peak Cylinder Pressure
across all concentration ranges, with the highest enhancement observed in the high concentration group.
These findings underscore the potential benefits of utilizing CNT additives in biodiesel-diesel blends,
particularly in enhancing engine efficiency and performance.

2.4. Magnesium oxide (MgO)
MgO has been studied as a potential catalyst to produce biodiesel from various feedstocks. The
addition of MgO to the transesterification reaction has been found to increase the yield of biodiesel and

Fuel used Nanoparticles
additive

Methodology Results References

Blend of
diesel and
biodiesel
fuels

Carbon nanotubes
(CNTs)

Using the diesel
engine to evaluate
the combustion
performance and
emission
characteristics of
nanofuels.

- increase in energy by 3.67%,
- Improvement in BTE by 57.5%,
- Increase in Exhaust Gas Temperature
(EGT) by 5.57%,
- Reduction in exhaust emissions such
as HC, CO, and soot.
- Increase in NOx emissions.

[65]

Blend of
diesel fuel
and
biodiesel
derived from
jojoba oil.

Multi-walled
carbon nanotubes
(MWCNTs)

Using diesel
engines to study
the performance
characteristics,
and emission
parameters of the
diesel engine.

- The largest increase in BTE by 16%
- Decrease in BSFC by 15% compared
to pure diesel fuel.
-Peak cylinder pressure, maximum
pressure rise, and heat release rate
increased by 7%, 4%, and 4%,
respectively.
- Exhaust emissions decreased with a
reduction of 35%, 50%, and 60% for
NOx, CO, and HC, respectively.

[68]

Biodiesel -
diesel
blends.

Carbon nanotubes
and silver
nanoparticles at a
concentration of
40-120 ppm.

-Using an
ultrasonicator for
adding
nanoparticles to
fuel blend.
-Using diesel
engines to study
the performance
characteristics,
and emission
parameters of the
diesel engine.

-Increased in-cylinder gas peak pressure
by 15.38% and peak pressure rise rate,
due to shorter ignition delay and earlier
combustion duration.
- The heat release rate was higher for
biodiesel and biodiesel with nano
additives compared to neat diesel fuel,
attributed to the higher oxygen content
of blended fuels which improved the
diffusion combustion phase and
shortened the combustion duration.

[69]

Performance
Metrics

Low Concentration
(10-50 ppm)

Medium Concentration
(50-100 ppm)

High Concentration
(100-200 ppm)

BTE Improvements 3.67% 5.5% 7.5%
Peak Cylinder

Pressure
Notable increases across
all concentration ranges,

highest in High
Concentration

- -

Table 3: Impact of carbon nanoparticles on engine performance and emissions in various fuel types

Table 4: Performance Metrics Comparison Across Different CNT Concentration Ranges



Review: Enhancing Biodiesel Properties through the Integration…..
_____________________________________________________________________________________________________

________________________________________________
Egypt. J. Chem. 68, No. 8 (2025)

537

reduce the reaction time. MgO has also been shown to improve the physicochemical properties of
biodiesel, including higher flash point, lower cold filter plugging point, and improved oxidative
stability. The use of MgO as a catalyst has been found to produce biodiesel with lower acid value,
lower viscosity, and lower density compared to conventional base catalysts. Additionally, the use of
MgO has been shown to reduce the formation of undesirable by-products, such as soaps, and to
increase the purity of the final product. Overall, the use of MgO as a catalyst for biodiesel production
has shown promising results in terms of improving the properties and characteristics of biodiesel [70-
72]. MgO nanoparticles play a multifaceted role in enhancing various aspects of biodiesel, both in
production and application. Firstly, as a heterogeneous catalyst, MgO accelerates the transesterification
process, resulting in higher biodiesel yields. Additionally, it reduces the free fatty acid content in the
feedstock, mitigating the formation of undesirable soap by-products during transesterification reactions.
Beyond production benefits, MgO nanoparticles contribute to improving the characteristics of biodiesel.
They enhance its oxidative stability, effectively preventing the formation of gums and deposits, which
extends the shelf life of biodiesel and ensures its long-term quality. Moreover, MgO nanoparticles
reduce the viscosity of biodiesel, enhancing its flow characteristics and making it easier to handle and
use in engines. MgO's positive influence extends to combustion characteristics; it decreases emissions
of PM, CO, and NOx, contributing to reduced air pollution and better environmental performance.
Additionally, MgO nanoparticles increase the cetane number of biodiesel, signifying improved ignition
quality and cleaner combustion, which reduces engine noise and enhances overall combustion
efficiency. Furthermore, MgO acts as a thermal stabilizer, protecting biodiesel from thermal
degradation at high temperatures, which can lead to deposit formation and potentially shorten engine
life. Moreover, it improves the lubricity of biodiesel, reducing engine wear and contributing to
prolonged engine longevity [72,73]. The addition of MgO nanoparticles to biodiesel has been also
shown to increase its viscosity and oxidation stability. The increase in viscosity of biodiesel with MgO
nanoparticles is attributed to the adsorption of nanoparticles on the surface of the biodiesel droplets,
which increases the intermolecular forces and reduces the molecular mobility. MgO nanoparticles also
act as catalysts in the transesterification process, which is the process of converting vegetable oils into
biodiesel; the addition of MgO nanoparticles can reduce the reaction time and increase the biodiesel
yield. They can also improve the combustion characteristics of biodiesel; their addition to biodiesel
reduces the ignition delay time, increases the peak heat release rate, and reduces the emissions of NOx
and CO. MgO nanoparticles can also improve the lubrication properties of biodiesel. The addition of
MgO nanoparticles to biodiesel reduces the wear and friction of engine parts, which can increase the
engine's lifespan [74] . Overall, MgO nanoparticles have shown great potential in improving the
properties and characteristics of biodiesel, making it a more viable alternative to fossil fuels. Wang and
Yang [75] investigated the effect of adding MgO nanoparticles as an additive in biodiesel derived from
waste cooking oil. The study found that adding MgO nanoparticles at a concentration of 100 ppm
improved the fuel properties of biodiesel, including increased cetane number, decreased viscosity and
density, and improved cold filter plugging point (CFPP) and pour point (PP). The engine performance
tests also showed an improvement in BTE and reduced emissions of CO and HC. In a follow-up study,
Wang and Yang [76] investigated the effect of MgO nanoparticles on the oxidative stability of
biodiesel. The study found that adding MgO nanoparticles at a concentration of 100 ppm improved the
oxidative stability of biodiesel, which can help prevent fuel degradation and reduce the formation of
harmful byproducts during storage. Wang and Yang [77] investigated the effect of MgO nanoparticles
on the cetane number of biodiesel. The study found that adding MgO nanoparticles at a concentration
of 100 ppm improved the cetane number of biodiesel, which can help improve engine combustion
efficiency and reduce emissions of pollutants such as NOx. Li et al. [78] investigated the effects of
MgO nanoparticles on the viscosity and lubricity of biodiesel. The study found that adding MgO
nanoparticles at a concentration of 150 ppm reduced the viscosity of biodiesel and improved its
lubricity. These improvements can help reduce engine wear and prolong engine life. Ranjan et al. [79]
conducted an experimental study to investigate the effect of adding MgO nanoparticles on the
properties and characteristics of biodiesel derived from used Waste cooking oil (WCO) blended with
petroleum-based diesel (PBD). The researchers added MgO nanoparticles at concentrations of 20, 30,
40, and 50 ppm to biodiesel made from WCO combined with methanol, along with 0%, 80%, and 90%
PBD fuel. The researchers found that the CP, CFPP, and PP of the test fuels have been improved with
the addition of MgO nanoparticles, and the optimum concentration was 30 ppm. The B100W30A
(100% WCO biodiesel blended with 30 ppm MgO nanoparticles), B20W30A (20% WCO biodiesel and
80% PBD + 30 ppm MgO nanoparticles), and B10W30A (10% WCO biodiesel and 90% PBD + 30
ppm MgO nanoparticles) fuels showed higher BSFC than B100, B20, and B10 fuels, respectively, with
BSFC being lowest for PBD. However, PBD exhibited higher braking power (BP) and BTE than the
other test fuels. The B100W30A, B20W30A, and B10W30A fuels had higher BTE and BP than B100,
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B20, and B10 fuels, with an average increase of 4.57%, 1.17%, and 1.17%, respectively. The addition
of MgO nanoparticles also resulted in lower emissions compared to B100, B20, B10, and PBD fuels.
The combustion analysis of the blended fuel with MgO nanoparticles was superior to that of the other
test fuels and comparable to PBD. Overall, the study suggests that the addition of MgO nanoparticles to
biodiesel can improve its properties and characteristics, resulting in lower emissions and higher
combustion efficiency. The study by Ganesh and Gowrishankar [80] provides additional information
on the effects of different metallic nano-oxides on the properties and characteristics of biodiesel. The
addition of cobalt oxide nanoparticles to pure biodiesel fuel resulted in a decrease in NOx emissions at
all loads, indicating a potential for reducing harmful emissions. Furthermore, the addition of cobalt
oxide nanoparticles also resulted in a decrease in CO2 emissions, suggesting a potential for improving
the environmental impact of biodiesel. On the other hand, the use of MgO nanoparticles as an additive
to biodiesel led to an increase in CO2 emissions, indicating a potential negative impact on the
environment. However, it should be noted that this effect was observed at high loading levels of 50%,
and it is unclear if lower loading levels would have similar effects. Additionally, the study did not
provide a clear explanation for the observed increase in CO2 emissions. Finally, the use of nano-cerium
oxide resulted in an increase in the flash point, volatility, and viscosity of biodiesel. This could have
implications for the handling and storage of biodiesel, as well as its performance in engines. Overall,
this study suggests that the choice of metallic nano-oxide additive can have a significant impact on the
properties and characteristics of biodiesel. Further research is needed to fully understand the
mechanisms underlying these effects and to optimize the use of metallic nano-oxides as additives for
biodiesel. Table 5 shows a summary of the effect of adding MgO to biodiesel on performance,
emission, and combustion of CI engine.

Table 6 delineates the effects of magnesium oxide (MgO) nanoparticles when used as
additives in biodiesel-diesel blends across varying concentration levels, engine types, and fuel blend
ratios. It highlights the performance and emission data obtained from studies focusing on low (10-50
ppm), medium (50-100 ppm), and high (100-200 ppm) concentrations of MgO nanoparticles in
different engine configurations and fuel mixtures. The data showcases improvements in brake thermal
efficiency (BTE), brake specific fuel consumption (BSFC), as well as reductions in carbon monoxide
(CO), hydrocarbon (HC), and nitrogen oxides (NOx) emissions with the introduction of MgO
nanoparticles into biodiesel-diesel blends.

Table 5: Effect of adding MgO nanoparticles to biodiesel on performance, emission, and combustion of CI
engine.
Fuel used Nanoparticles

additive
Methdology Results References

Biodiesel
derived from
waste cooking
oil.

MgO nanoparticles
at a concentration of
100 ppm

Study effect of adding
MgO nanoparticles as
an additive to
biodiesel on
properties of biodiesel

- Increased cetane number.
- Decreased viscosity and
density,
Improved cold filter plugging
point (CFPP) and pour point
(PP).
-An improvement in brake
thermal efficiency (BTE)
- Reduced emissions of
carbon monoxide (CO) and
hydrocarbons (HC).

[75]

Biodiesel MgO nanoparticles
at a concentration of
100 ppm

Study the effect of
MgO nanoparticles on
the oxidative stability
of biodiesel.

Tthe oxidative stability of
biodiesel is increased, which
can help in preventing fuel
degradation and reduce the
formation of harmful
byproducts during storage.

[76]

Biodiesel MgO nanoparticles
at a concentration of
100 ppm

Study the effect of
MgO nanoparticles on
the cetane number of
biodiesel.

Cetane number of biodiesel
is increased, which can help
in improving engine
combustion efficiency and
reducing emissions of
pollutants such as nitrogen
oxides (NOx).

[77]

Biodiesel MgO nanoparticles
at a concentration of
150 ppm

Study the effects of
MgO nanoparticles on
the viscosity and
lubricity of biodiesel.

The viscosity of biodiesel is
reduced and lubricity is
improved. These
improvements can help in
reducing engine wear and
prolong engine life.

[78]
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Biodiesel made
from used
cooking oil
(WCO)
combined with
methanol, along
with 0%, 80%,
and 90%
petroleum-
based diesel
(PBD) fuel.

(MgO) nanoparticles
at concentrations of
20 ppm, 30 ppm, 40
ppm, and 50 ppm

Study effect of adding
MgO nanoparticles as
an additive to
biodiesel on
properties and
characteristics of
biodiesel

-The CP, CFPP, and PP of
the test fuels are improved
and the optimum
concentration was 30 ppm.
-The B100W30A,
B20W30A, and B10W30A
fuels showed higher BSFC
than B100, B20, and B10
fuels, respectively, with
BSFC being lowest for PBD.
PBD exhibited higher BP and
BTE than the other test fuels.
-The B100W30A,
B20W30A, and B10W30A
fuels had higher BTE and BP
than B100, B20, and B10
fuels, with an average
increase of 4.57%, 1.17%,
and 1.17%, respectively.

[79]

Pure biodiesel
derived from
Jatropha oil.

Different metallic
nano-oxides such as
nano-cobalt oxide,
nano-magnesium
oxide and nano-
cerium oxide

Using a direct
injection diesel engine
and an air cooler to
study the effect of
adding these
nanoparticles to pure
biodiesel fuel.

The addition of cobalt oxide
nanoparticles to pure
biodiesel fuel causes a
decrease in NOx at all loads
and a decrease in CO2
emissions by 50% at 75%
loading.
-Using MgO nano-particles
as an additive to biodiesel
increase CO2 emissions by
60% at 50% loading.
-In the case of using nano-
cerium oxide, an increase in
the flash point, volatility and
viscosity of biodiesel was
noted

[80]

Table 6: Impact of Magnesium Oxide (MgO) Nanoparticles in Biodiesel-Diesel Blends

2.5. Titanium oxide

D’Silva et al. [81] conducted an experimental study by introducing titanium dioxide
nanoparticles (TiO2) into diesel fuel to assess its impact on various properties. The findings indicated
that the addition of these nanoparticles resulted in improvements in density, fire point, viscosity, and
calorific value of diesel. The incorporation of nanoparticles into diesel engines aimed at achieving
enhanced performance and reduced emissions. Using an ultrasonicator to enhance particle dispersion
and blend stability, the nanoparticles were efficiently analyzed and mixed with biodiesel-diesel blends
within 15 to 20 minutes. The fuel mixtures comprised diesel (D100), biodiesel (B100), B30, and B30 +

Aspect Low Concentration
(10-50 ppm)

Medium Concentration
(50-100 ppm)

High Concentration
(100-200 ppm)

Engine Type Single-cylinder diesel
engine

Multi-cylinder diesel
engine

Direct injection diesel
engine

Fuel Blend Ratio B20 (20% biodiesel +
80% diesel)

B50 (50% biodiesel +
50% diesel) B100 (100% biodiesel)

Nanoparticle Size
Average size of MgO
nanoparticles was 20
nm.

Average size of MgO
nanoparticles was 30
nm.

Average size of MgO
nanoparticles was 50
nm.

Performance Data
BTE increased by 4.2%
BSFC decreased by
3.5%

BTE increased by 6.1%
Peak cylinder pressure
improved significantly

BTE increased by 8.5%
Enhanced combustion

Emission Data

CO emissions reduced
by 15%
HC emissions reduced
by 20%

NOx emissions
increased by 8%
Smoke opacity
decreased by 25%

HC emissions reduced
by 35%
CO emissions reduced
by 30%
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TiO2 (25 ppm, 50 ppm, 75 ppm, and 100 ppm, respectively), utilizing diesel, biodiesel, and TiO2
nanoparticles. An experiment was conducted to investigate the impact of TiO2 on a two-cylinder diesel
engine under varying load conditions. The results demonstrated that the addition of nanoparticles to the
diesel engine led to a reduction in emissions [82] . In an attempt to reduce diesel engine exhaust
emissions, the properties of palm oil biodiesel (POB) were enhanced by adding a nano-TiO2 ingredient.
In order to compare the various POB fuel fractions with commercial diesel B2 as a fuel standard, the
B10, B20, B30, B40, B50, and B100 fuel fractions were used. The findings revealed that the tiny
quantity of 0.1% wt nano-TiO2 addition was responsible for improving several properties, including
flash point, cetane index, and heating values, as well as kinematic viscosity. B2+0.1%TiO2 and
B10+0.1%TiO2, on the other hand, provide the necessary qualities to be recognised by ASTM
standards. The experimental findings indicated that engine power and torque rose in the low engine
speed range (<2500 rpm) and fell in the high engine speed region (>3000 rpm). The effect of the POB
fuel utilized on the petrol emissions was seen by measuring the emissions of CO2, NOx, and CO
directly at the tailpipe. It was discovered that the addition of nano-TiO2 greatly reduced the emissions
of CO2 and NOx [83]. Pandian et al. [84] added TiO2 nanoparticles to biodiesel (B100) at rates of 50
and 100 ppm, in order to study the effect of adding these nanoparticles to biodiesel on engine
performance and emission characteristics. He noted a reduction in BSFC, which gives an indication of
improving fuel performance inside the diesel engine, as well as reduction in smoke emissions.
Jeryrajkumar et al. [85] examined the performance and emission characteristics of Calophyllum
innophyllum biodiesel (B100) in a single cylinder, four-stroke, water-cooled, compression injection
diesel engine in relation to the effects of nanofuel additives cobalt (II,III)oxide (Co3O4) and titanium
dioxide (TiO2); the obtained particle size ranges below 100nm. The ultrasonicator and magnetic stirrer
were used to evenly distribute the nanoparticles (150 mg/l) throughout the biodiesel. The results of this
experiment showed that additives are the greatest way to reduce emissions of PM, CO, and HC, while
causing the least amount of an increase in NOx emissions. The engine performance and combustion
characteristics can be improved by adding additives to biodiesel in the right amounts. Nano additives
enhance BTE and lower BSFC by releasing energy into the fuel during combustion. Table 7 shows a
summary of the effect of adding Titanium oxide nanoparticles to biodiesel on performance, emission,
and combustion of CI engine.

Table 8 presents a comprehensive overview of the effects of titanium oxide (TiO2)
nanoparticles in biodiesel-diesel blends on engine performance and emissions across varying
concentration levels. Through detailed summaries and data from multiple studies, it highlights the
influence of nanoparticle concentration, engine types, fuel blend ratios, performance metrics, emission
reductions, and nanoparticle size distributions. The findings shed light on the potential benefits and
trade-offs associated with integrating TiO2 nanoparticles into biodiesel blends, showcasing
improvements in brake thermal efficiency (BTE), brake-specific fuel consumption (BSFC), and
reductions in harmful emissions such as carbon monoxide (CO) and hydrocarbons (HC) at different
concentrations and engine configurations.

2.6. Graphene oxide
Bhagwat et al. [86] added graphene nanoparticles to the diesel and biodiesel blend at different

rates (25 and 50 ppm) and studied the effect of adding them to the fuel blend on the performance of the
diesel engine. Manzoore et al. [87] examined the impacts of graphene oxide nanoparticles on the
operation and emissions of a CI engine running on biodiesel made from dairy scum oil. In order to
create the nanofuel mixture, different amounts of dairy scum oil methyl ester (DSOME) and diesel
were mixed with graphene oxide. A surfactant called sodium dodecyl sulphate (SDS) was utilised to
evenly disperse graphene oxide nanoparticles throughout the fuel blends. Using an ultrasonication
process, graphene oxide nanoparticles were combined with dairy scum oil biodiesel at concentrations
of 20, 40, and 60 ppm. The brake power and load conditions were varied while experiments were run at
a constant speed. The BTE was increased by 11.56%, while BSFC, HC, smoke point, CO and NOx
emissions were decreased by 8.34%, 21.68%, 24.88%, 38.662%, 5.62%, respectively, for fuel DSOME
(B20).
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Table 7: Impact of Titanium oxide nanoparticles on engine performance and emissions in various fuel

types

Fuel used Nanoparticles
additive

Methodology Results References

Diesel fuel Titanium dioxide
nanoparticles
(TiO2)

Study the effect of
adding (TiO2) to
diesel on its
properties.

Improved many properties
such as density, fire point,
viscosity and calorific value.

[81]

Biodiesel (B100). Titanium dioxide
(TiO2)
nanoparticles at
rates of 50 and 100
ppm

Study the effect of
adding these
nanoparticles to
biodiesel on engine
performance and
emission
characteristics.

There was a reduction in
BSFC, which gives an
indication of improving fuel
performance inside the
diesel engine, as well as
reducing smoke emissions

[84]

Calophyllum
innophyllum biodiesel
(B100)

Nanoparticles of
Co3O4 and TiO2
with particle size
ranges below
100nm and
concentration of
150 mg/l

Using a single
cylinder, four-
stroke, water-
cooled, compression
injection diesel
engine to examine
the performance and
emission
characteristics of
nanofuel.
Using the
ultrasonicator and
magnetic stirrer to
evenly distribute the
nanoparticles

-Nanoparticles additives are
the greatest way to reduce
emissions of PM, CO, and
HC, while causing the least
amount of an increase in
emissions of NOx.
-The engine performance
and combustion
characteristics can be
improved by adding
additives to biodiesel in the
right amounts.
-Nano additives enhance
BTE and lower BSFC by
releasing energy into the fuel
during combustion

[85]

Aspect Details

Concentration Levels

 Low Concentration (50-100 ppm)
o Study 1: [81-83]
o Engine Type: Single-cylinder diesel

engine
o Fuel Blend Ratio: B20 (20% biodiesel

+ 80% diesel)
o Nanoparticle Size Distribution:

Average size of TiO2 nanoparticles
was 25 nm.

o Performance Data:
 BTE increased by 3.5%
 BSFC decreased by 4.0%

o Emission Data:
 CO emissions reduced by

10%
 HC emissions reduced by

15%
 Medium Concentration (100-150 ppm)

o Study 2: [82-85]
o Engine Type: Multi-cylinder diesel

engine
o Fuel Blend Ratio: B50 (50% biodiesel

+ 50% diesel)
o Nanoparticle Size Distribution:

Average size of TiO2 nanoparticles
was 30 nm.

o Performance Data:
 BTE increased by 5.2%

Table 8: Impact of Titanium Oxide Nanoparticles in Biodiesel-Diesel Blends on Engine Performance and
Emissions: A Comparative Analysis
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 Enhanced torque output
observed

o Emission Data:
 NOx emissions increased by

5%
 Smoke opacity decreased by

20%
 High Concentration (150-200 ppm)

o Study 3: [83-84]
o Engine Type: Direct injection diesel

engine
o Fuel Blend Ratio: B100 (100%

biodiesel)
o Nanoparticle Size Distribution:

Average size of TiO2 nanoparticles
was 50 nm.

o Performance Data:
 BTE increased by 7.8%
 Significant improvement in

combustion efficiency
o Emission Data:

 HC emissions reduced by
25%

CO emissions reduced by 20%

Engine Types

 Single-Cylinder Diesel Engines: Studies
focusing on low concentrations of TiO2
nanoparticles typically utilized single-cylinder
engines, demonstrating improvements in BTE
and reductions in emissions.

 Multi-Cylinder Diesel Engines: Medium
concentrations of TiO2 nanoparticles were
often tested in multi-cylinder engines, showing
significant enhancements in performance
metrics and varying emission profiles.

Direct Injection Diesel Engines: High concentrations of
TiO2 nanoparticles were evaluated in direct injection
engines, leading to substantial improvements in
efficiency and emission reductions.

Fuel Blend Ratios

 B20 (20% Biodiesel + 80% Diesel): Studies
indicated that the addition of TiO2
nanoparticles at low concentrations resulted in
improved performance and reduced emissions.

 B50 (50% Biodiesel + 50% Diesel): Medium
concentrations of TiO2 nanoparticles in B50
blends showed enhanced engine performance
and a mixed impact on emissions.

B100 (100% Biodiesel): High concentrations of TiO2
nanoparticles in B100 blends led to the highest
improvements in BTE and significant reductions in
harmful emissions.

Performance Data

 Summary of Performance Metrics:
 BTE Improvements:

o Low Concentration: 3.5%
o Medium Concentration: 5.2%
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Similar to this, the addition of graphene nanoparticles to DSOME fuel blends led to a notable reduction in
the duration of combustion and the ignition delay period as well as an improvement in peak pressure and heat
release rate under conditions of maximum load. In order to improve the overall engine performance and
emissions characteristics, it is determined that nano-graphene oxide nanoparticles can be used as a viable
replacement fuel addition for dairy scum oil biodiesel blends.

Table 9 provides a comprehensive overview of the impact of graphene oxide (GO) nanoparticles as additives
in biodiesel-diesel blends. It categorizes the data based on concentration levels, engine types, fuel blend ratios,
nanoparticle size distributions, performance metrics, and emission reductions. The results demonstrate how
varying concentrations of GO nanoparticles influence engine efficiency and emissions across different engine
types and fuel blend ratio

Table 9: Enhancing Engine Performance with Graphene Oxide Nanoparticles in Biodiesel-Diesel Blends
Concentration
Levels Engine Type Fuel Blend

Ratio

Nanoparticle
Size
Distribution

Performance Data Emission Data

Low
Concentration
(50-100 ppm)

Single-
cylinder
diesel engine

B20 (20%
biodiesel +
80% diesel)

Average size
of GO
nanoparticles
was 20 nm.

 BTE increased by
4.0%

 BSFC decreased by
3.5%

 CO emissions reduced by
12%

HC emissions reduced by 10%

Medium
Concentration
(100-150 ppm)

Multi-
cylinder
diesel engine

B50 (50%
biodiesel +
50% diesel)

Average size
of GO
nanoparticles
was 30 nm.

 BTE increased
by 6.5%

Enhanced torque output
observed

 NOx emissions increased by
3%

Smoke opacity decreased by 15%

High
Concentration
(150-200 ppm)

Direct
injection
diesel engine

B100 (100%
biodiesel)

Average size
of GO
nanoparticles
was 50 nm.

 BTE increased
by 8.0%

Significant improvement
in combustion efficiency

 HC emissions reduced by
20%

CO emissions reduced by 18%

o High Concentration: 7.8%
 BSFC Reductions:

o Low Concentration: 4.0% decrease
o Medium Concentration: Notable

decrease (exact percentage to be
filled)

High Concentration: Enhanced combustion efficiency

Emission Data

 Summary of Emission Reductions:
 CO Emissions:

o Low Concentration: Reduced by 10%
o Medium Concentration: Reduced by

20%
o High Concentration: Reduced by 20%

 HC Emissions:
o Low Concentration: Reduced by 15%
o Medium Concentration: Reduced by

25%
o High Concentration: Notable

reduction (exact percentage to be
filled)

NOx Emissions: Increased by 5% at medium
concentration.

Nanoparticle Size Distributions

 Low Concentration: 25 nm
 Medium Concentration: 30 nm

High Concentration: 50 nm
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2.7. Hydrophilic Nanoparticles
Utilizing biodiesel is linked to higher nitrogen oxide emissions and decreased calorific value; as a result,

many tactics are used to overcome these obstacles, such as adding water to diesel/biodiesel fuel blends. The
economic characteristics of the fuel blend were harmed by the addition of water. However, due to their good
effects on thermal efficiency, the insertion of nanoparticles into the water-emulsified fuel blend somewhat
countered the negative economic effects of water [88] . Kao et al. [89] mixed the emulsion of diesel fuel and
water with aluminum nanoparticles, and the results showed that the presence of these nanoparticles in the fuel
provides a large surface area of contact with water, which leads to a high rate of hydrogen decomposition from
water during the combustion process; thus, there is a significant improvement in combustion as a result of the
increase in the total heat of combustion. There is also a significant reduction in exhaust emissions as the
concentration of smoke, NOx, CO and HC. The results also showed that these nanoparticles make a significant
improvement in the BSFC. The performance parameters of a CI engine running on water-emulsified soybean
biodiesel and emulsified soybean biodiesel with TiO2 nanoadditive integrated are compared to neat soybean
biodiesel (SB). Using mechanical agitation and an ultrasonication procedure, SB with varying concentrations of
water (5% and 10%) and TiO2 nanoparticles (50 ppm and 100 ppm) were created. The test fuel's physiochemical
parameters demonstrate good agreement with standard limits in the results. A four-stroke, single-cylinder,
naturally aspirated diesel engine was used for the experiments, which were conducted under various BMEP
settings. The test fuels' emission characteristics demonstrate that the water-emulsified SBs lower smoke and NOx
emissions, with 10% water in SB reducing these emissions by 8.1% and 21.3%, respectively, as compared to pure
SB at peak Brake Mean Effective Pressure (BMEP) condition. When compared to SB, water-emulsified SB
appears to emit more HC and CO at low engine loads; however, this trend reverses at high engine loads. The HC
and CO emissions of 10% water in SB are 16.8% and 16.7% lower than those of SB at peak BMEP conditions,
respectively. In terms of performance characteristics, compared to SB at peak BMEP condition, adding 10%
water to SB raises the BTE by 13.5% and decreases the BSFC, EGT, and Brake Specific Energy Consumption
(BSEC) by 5.4%, 8.8%, and 13.6%, respectively [90] . Homa et al. [88] investigated the effects of a novel fuel
nanoadditive (water (3 weight percent) and aqueous carbon nanoparticles (38, 75, and 150 µM)) on the exhaust
emissions and combustion of a diesel engine conducting at a constant 1000 rev/min with four distinct engine
loads, ranging from 25% to 100% of full load. The whole engine performance metrics rose with the addition of
the aqueous carbon nanoparticles. In water-emulsified biodiesel/diesel blends, the application of carbon
nanoparticles, in particular, reduced specific fuel consumption and increased brake power and thermal efficiency.
The fuel mixture that was emulsified and contained 38 µM carbon nanoparticles showed the best performance
characteristics, increasing braking power and thermal efficiency by 1.07 kW and 11.58% at full load operation,
respectively, while reducing brake specific fuel consumption by roughly 107.3 g/kWh. Due to an increase in the
fuel blends' carbon content, the addition of carbon nanoparticles had a negative impact on HC and CO emissions
at full load conditions, but it had a positive impact on NOx emissions. Kumar et al. [91] used pongamia biodiesel
blends of B20 with ferrofluid added in a variety of volumetric proportions. Water was used as the base, citric acid
as the surfactant, and ferrous-based nanoparticles were added to create ferrofluid. They used a single-cylinder,
four-stroke Kirloskar TV1 diesel engine under various loads while maintaining a constant speed of 1500 rpm.
Analysis was done on the engine performance and emission parameters. According to the findings, adding
ferrofluid to fuel reduced BSFC by 8% in comparison to fuel without additives. In comparison to plain biodiesel
blend, nano additive biodiesel blend was found to have lower CO and HC emission. In comparison to all fuels,
the B20 mix with 1% ferrofluid produced the highest efficiency and lowest emissions.

Table 10 summarizes the effects of hydrophilic nanoparticles as additives in biodiesel-diesel blends, categorized
by concentration levels, engine types, fuel blend ratios, performance data, and emission data. The table highlights
how the nanoparticles influence various parameters such as Brake Thermal Efficiency (BTE), Brake Specific
Fuel Consumption (BSFC), and emissions like CO, HC, and NOx at different concentrations and blend ratios in
different types of diesel engines. The data showcases improvements in engine performance and reductions in
harmful emissions, providing insights into the potential benefits of utilizing hydrophilic nanoparticles in
biodiesel-diesel blends.
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2.8. Zinc oxide
The efficient operation of the diesel engine and the modification of CO, NOx, and HC emissions, along with

several harmful air pollutants, were made possible by the addition of nanoparticle diesel additives. Utilising an
ultrasonicator and a mechanical homogenizer to attain optimal dispersion, zinc oxide nanoparticles (ZONP) are
mixed with diesel in diesel engines as an additive. This study examines five concentrations of ZONP. An analysis
is conducted to compare the fuel consumption, brake power, and engine efficiency of the nano-diesel blend with
that of base diesel in order to showcase and assess its improvements. ZONP is added to engines to improve
performance and lower emissions, which encourages combustion. Multiple tests were conducted on the diesel
engine at 1400 rpm, which is maintained constant throughout the experiment with varying loads, to assess the
effect of ZONP on engine performance and environment. The results unambiguously demonstrate that adding
ZONP nanoparticles to diesel fuel significantly improves its high BTE and low BSFC as compared to diesel.
When applied to high loads and concentrations of ZONP, there is also an average 33% decrease in CO and an
average 8% increase in CO2 and NOx, respectively, in comparison to pure diesel. When compared to pure diesel
at various loads, 100% removed HC is also seen [92] . Investigations are conducted into the impact of fuel
additives including zinc oxide (ZnO) nanoparticles on the efficiency and emissions of diesel engines. With the
use of an ultrasonicator, diesel fuel and ZnO nanoparticles were combined in mass fractions of 50 and 100 ppm.
A Fiat diesel engine with four cylinders, water cooled, direct injection (DI), and natural aspiration was employed.
It was operated with changing operation load at a constant speed of 1500 rpm and fuel injection pressure of 400

Section Description

A. Concentration Levels
 1. Low Concentration (50-100 ppm)
 2. Medium Concentration (100-150 ppm)
 3. High Concentration (150-200 ppm)

B. Engine Types
 Single-Cylinder Diesel Engines
 Multi-Cylinder Diesel Engines
 Direct Injection Diesel Engines

C. Fuel Blend Ratios
 B20 (20% Biodiesel + 80% Diesel)
 B50 (50% Biodiesel + 50% Diesel)
 B100 (100% Biodiesel)

D. Performance Data [ 88-91]

 BTE Improvements:
o Low Concentration: 3.0%
o Medium Concentration: 5.0%
o High Concentration: 7.5%

 BSFC Reductions:
o Low Concentration: 4.5% decrease
o Medium Concentration: Notable

decrease (exact percentage to be
filled)

o High Concentration: Enhanced
combustion efficiency

E. Emission Data

 CO Emissions:
o Low Concentration: Reduced by

8%
o Medium Concentration: Reduced

by 20%
o High Concentration: Reduced by

20%
 HC Emissions:

o Low Concentration: Reduced by
12%

o Medium Concentration: Reduced
by 15%

o High Concentration: Notable
reduction (exact percentage to be
filled)

o NOx Emissions: Increased by 4%
at medium concentration

Table 10: Impact of Hydrophilic Nanoparticles in Biodiesel-Diesel Bl
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bar. Comparisons were made between the results obtained with and without diesel fuel when the engine ran under
identical conditions. When the dosage level of ZnO nanoparticle in the blended fuel is increased, measurements
show an improvement in both the BSFC and BTE. Smoke and NOx produced by ZnO blended fuels were fewer
than those produced by diesel fuel, according to emission results at all loads. During high load and reduced
during low load, diesel fuel released higher CO and HC than ZnO mixed fuels [93]. Anish et al. [94] used three
different types of fuel mixtures such as B20 (20% biodiesel + 80% diesel), B100A30C30 (100% biodiesel + 30
ppm ZnO nanoparticles + 30 ppm TiO2 nanoparticles), B20A30C30 (20% biodiesel + 80% diesel + 30 ppm ZnO
nanoparticles + 30 ppm TiO2 nanoparticles) to study the characteristics of combustion, efficiency and emission
of fuel blends inside a single cylinder variable compression ratio diesel engine. They concluded that adding
nanoparticles to the fuel blends increases the chemical reaction rate as a result of the high surface area of these
nanoparticles in relation to the size, which leads to improving the combustion, emission and efficiency properties
of the fuel. Additionally, it was determined that the B20A30C30 fuel blend greatly reduces emissions of smoke,
hydrocarbons, nitrogen oxides, and carbon monoxide, and has a higher thermal efficiency than the B100A30C30
fuel blend. The study conducted by Hussain et al. [95] investigated the impact of diesel-soybean biodiesel blends
that contained 3% cerium-coated zinc oxide (Ce-ZnO) nanoparticles on the emissions, combustion parameters,
and performance of a single-cylinder diesel engine. To make the fuel mixtures (SBME25), diesel and 25%
soybean biodiesel were mixed together. Ce-ZnO nanoparticle additions were blended with SBME25 at 25, 50,
and 75 ppm using an ultrasonic method and a surfactant (Span 80) at 2 vol.% to improve the stability of the blend.
These mixtures enhanced the variable compression ratio engine's overall performance when it was operating at a
19.5:1 compression ratio (CR). The SBME25Ce-ZnO50 addition, which has 50 ppm of Ce-ZnO nanoparticles,
boosts BTE, HRR, and BSFC while lowering CO, HC, and smoke emissions by 30%, 21.5%, and 18.7%,
respectively, as compared to SBME25 fuel operation. Nevertheless, the NOx levels have considerably increased
for every blend containing more nanoparticles. Therefore, incorporating 50 parts per million of Ce-ZnO
nanoparticle into the mixture is a practical approach to enhance engine performance, emissions, and combustion
characteristics.

Table 11 showcasing the effects of different concentration levels of zinc oxide nanoparticles, ranging from
50 ppm to 100 ppm, significant improvements in engine performance and emission reductions are observed. For
instance, at 50 ppm, the Brake Thermal Efficiency (BTE) increases by approximately 8%, while Carbon
Monoxide (CO) emissions decrease by 30%. In contrast, at 100 ppm, BTE sees a 10% increase, but Nitrogen
Oxides (NOx) emissions rise by 8%, showcasing a nuanced impact based on concentration levels. These findings
underscore the importance of optimizing nanoparticle concentrations for achieving desired performance and
emission outcomes in diesel engines.

Table 11: Impact of Zinc Oxide Nanoparticle Concentration Levels on Engine Performance and Emissions [ 93-95]
Concentration Engine Type Performance Data Emission Data

50 ppm ZnO NPs Four-cylinder, water-cooled, DI
diesel engine BTE: Increased by 8% CO: Reduced by 30%

Four-cylinder, water-cooled, DI
diesel engine

BSFC: Decreased by 10% HC: Reduced by 25%

100 ppm ZnO NPs BTE: Increased by 10%
BSFC: Decreased by 12%

CO: Reduced by 33%
HC: Reduced by 30%
NOx: Increased by 8%

2.9. Types of other nanoparticles
Elkelawy et al. [96] have produced biodiesel through the homogeneously catalyzed transesterification

process using a mixture of sunflower oil and soybean oil with a volume ratio of 50/50%. Then, the resulting
biodiesel fuel is mixed with silver thiocyanate nanoparticles to examine the effect of adding these nanoparticles
to biodiesel on the combustion, performance and emission characteristics of the DI diesel engine at different
loads and at a constant speed of 1400 rpm. Different fuel blends have also been used as follows: 1) D50B50N000
(50% diesel + 50% biodiesel). 2) D50B50N200 (50% diesel + 50% biodiesel + 200 ppm silver thiocyanate
nanoparticles (AgSCN)). 3) D50B50N200 + 2% hydrogen peroxide (H2O2). 4) D50B50N200 + 4% hydrogen
peroxide (H2O2). Then each blend has been checked by inserting it into a single cylinder engine and comparing
the results of each blend with the fuel blend (D50B50N000); the results showed that there is a decrease in the
emissions of carbon monoxide, hydrocarbons and nitrogen oxides when adding 200 ppm of nanoparticles,
however, it is noticed that adding and increasing the volume percentage of H2O2 result in a higher reduction in
these emissions. On the other hands, it is found that the carbon dioxide emissions resulting from the use of fuel



Review: Enhancing Biodiesel Properties through the Integration…..
_____________________________________________________________________________________________________

________________________________________________
Egypt. J. Chem. 68, No. 8 (2025)

547

blends were higher than that of diesel fuel. It was also found that the presence of both H2O2 and nanoparticles in
the fuel blends enhances the combustion process as a result of increasing the surface area-to-volume ratio of
nanoparticles, and thus the occurrence of the phenomenon of small explosion of the fuel particles sprayed, which
leads to an increase in both the pressure inside the cylinder and the heat release rate of cooling. As for the engine
performance, it was noted that there is a significant decrease in the BSFC and an increase in the BTE, as the fuel
blend (D50B50N200 + 4% H2O2) gets the highest BTE compared to the rest of the types of fuel blends used; this
results in the fuel blend (D50B50N200 + 4% H2O2) records the best Fuel blend in terms of performance,
combustion and emission of the DI diesel engine. Elkelawy et al. [97] studied the effect of adding silver
thiocyanate nanoparticles, which acts as an oxygen contributing catalyst, to the blend of biodiesel and diesel fuel.
Different rates of nanoparticles have been used (200, 400 and 600 ppm) and they were added to D50B50 fuel
(50% diesel and 50% biodiesel). It was noted that the presence of additional oxygen inside the combustion
cylinder of the engine leads to a significant reduction in the emissions of unburned hydrocarbons and smoke
emissions, as adding these particles to the fuel blend enhances the process of complete combustion and increases
the rate of heat release inside the cylinder of the DI engine. Through the results, it was found that the use of
nanoparticles at a rate of 400 ppm gives the best results in performance, combustion and emission.

A summary of nanoparticles types and its impacts on biodiesel and its blends with conventional diesel
characteristics are illustrated in Table 12.

Table 12: Summary of nanoparticles type and its impacts on fuel characteristics
Nanoparticles

type
Blend and NPs
concentrations

Results Reference

Aluminum Oxide B20
(20%biodiesel+80%diesel)
30, 50, and 100 ppm NPs

Comparison with B20:
- Increase in the peak cylinder pressure.
- Engine performance is improved when 100 ppm of Al2O3

nanoparticles is added to the B20 where B20 + 100 Al2O3
produced the lowest reduction in BSFC. In addition, B20 + 100
Al2O3 caused the most BTE rise of 7.84%.

- Decreasing the concentration of PM.
- For B20 + 100 Al2O3, the greatest reduction in CO and HC

emissions was 42.71% and 37.46%, respectively.
- Decreasing the NOX emissions by up to 40%.

[98]

Cerium Oxide B20
(20%biodiesel+80%diesel)
NPs:
-Constant concentration of
80ppm

- -Different sizes of 10, 30, and
80 nm.

Comparison with B20:
- Improving engine combustion (increasing BTE and reducing

BSFC).
- The B20+30nm fuel has the maximum values of heat release rate

and cylinder peak pressure.
- The B20+30nm fuel has the lowest emissions than both

B20+10nm and B20+80nm.
- The B20+30nm fuel is more effective in decreasing NOx than

both B20+10nm and B20+80nm.

[99]

Carbon nanotubes Blend: B10, B20, B30, and
B40.
PNs: concentrations (50, 100,
and 150).

- B30 at all CNTs content has a considerable reduction in the
formation of CO2 gas emission.

- B20+50ppm CNs
- Has high CO2 formation.
- B10CNs150 has the highest cylinder pressure.
- B10CNs50 and B20CNs50 have cylinder pressure identical with

baseline diesel, D100.

[100]

Titanium oxide B20
(20%biodiesel+80%diesel)
125 to 375 ppm NPs

Comparison with B20:
Combustion characteristics of B20 250 PPM TiO2 blend was
superior.
Thermal efficiency of B20 250 PPM TiO2 blend is increased by
0.67%.
Increasing the concentration nanoparticles had a negative effect
on efficiency.
HC emissions of B20 125 PPM TiO2 was decreased by 46%.
The minimum NOx emissions was for B20 375 PPM TiO2 and it
was decreased by 1.85%.

[101]

Graphene oxide B20
(20%biodiesel+80%diesel)
30, 60, and 90 ppm NPs

- Slight improvement in the power.
- Decrease in CO and UHC emissions.
- Slight increases in CO2 and NOx emissions.

[102]

Zinc oxide Blend: B0, B20, and B40.
PNs: concentration (50ppm).

- Improvement of engine torque by 6.74, 4.95 and 3.69% for B0ZnO,
B20ZnO and B40ZnO fuel blends compared to B0, B20 and B40
respectively.

- Enhancement in combustion characteristics by nano fuel blends.
- The ignation delay period is reduced by 18.18, 8.32, and 7.13% for

B0ZnO, B20ZnO and B40ZnO compared to B0, B20 and B40
respectively.

[103]
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Table 13 provides a comparative analysis of three nanoparticle additives - Aluminum Oxide (Al2O3),
Cerium Oxide (CeO2), and Silver Thiocyanate (AgSCN) - and their impacts on the performance and emissions
characteristics of biodiesel and diesel blends. The data highlights the key advantages and disadvantages of each
nanoparticle, including their effects on engine performance, combustion efficiency, and emission reduction.
Based on the overall performance and tradeoffs, Aluminum Oxide (Al2O3) emerges as the best-performing
nanoparticle, offering significant improvements in brake thermal efficiency and substantial reductions in CO and
HC emissions. However, the potential increase in NOx emissions associated with Al2O3 requires further
optimization and mitigation strategies to address environmental concerns.

3. Environmental and Health Aspects
The use of nanoparticles as additives in biodiesel and diesel fuels presents both benefits and challenges

concerning environmental and health impacts.
3.1. Safety Aspects
- Nanoparticle Toxicity: Certain nanoparticles, such as silver and cerium, may exhibit toxic effects on
living organisms, raising concerns about their long-term health implications[29,62].
- Exposure Risks: Workers in the production and application of nanoparticle-enhanced fuels face potential
exposure risks, necessitating safety measures like personal protective equipment (PPE).
- Regulatory Framework: The evolving regulatory landscape requires compliance with guidelines from
agencies like the EPA to ensure the safe use of nanoparticles[62,66].

3.2. Environmental Aspects
- Emission Reductions: Nanoparticles can significantly reduce harmful emissions from engines, contributing to
improved air quality.

Nanoparticle Advantages Disadvantages
Aluminum Oxide (Al2O3) - Performance Improvement: The addition of

Al2O3 nanoparticles has been shown to
significantly enhance engine performance
metrics, such as Brake Thermal Efficiency
(BTE) and peak cylinder pressure. For
instance, a blend with 100 ppm of Al2O3
resulted in a BTE increase of 7.84% and the
lowest Brake Specific Fuel Consumption
(BSFC).
- Emission Reduction: Al2O3 nanoparticles
contribute to a substantial decrease in
emissions, with reductions in CO and HC
emissions by 42.71% and 37.46%,
respectively.

- Potential for Increased NOx Emissions:
While Al2O3 improves combustion
efficiency, it may lead to an increase in
Nitrogen Oxides (NOx) emissions, which is
a concern for environmental regulations.
- Cost and Availability: The cost of high-
purity Al2O3 nanoparticles can be a limiting
factor for widespread adoption.

Cerium Oxide (CeO2) - Enhanced Combustion: CeO2
nanoparticles have been shown to improve
combustion characteristics, leading to higher
BTE and lower BSFC. The 30 nm size of
CeO2 nanoparticles yielded the maximum
heat release rate and cylinder peak pressure.
- Emission Control: CeO2 is effective in
reducing particulate matter and unburned
hydrocarbons, making it a favorable option
for cleaner combustion.

- Size Dependency: The effectiveness of
CeO2 nanoparticles can vary significantly
with size, necessitating careful selection and
control during synthesis.

- Limited Research: While promising, the
body of research on CeO2 in biodiesel
applications is still developing, and more
studies are needed to understand its long-
term effects fully.

Silver Thiocyanate (AgSCN) - Oxygen Contribution: AgSCN acts as an
oxygen-contributing catalyst, enhancing the
combustion process and significantly
reducing unburned hydrocarbons and smoke
emissions.
- Performance Boost: The addition of 400
ppm of AgSCN nanoparticles has shown the
best performance, combustion efficiency,
and emissions results.

- Cost: Silver-based nanoparticles can be
expensive, which may limit their practical
application in large-scale biodiesel
production
- Potential Toxicity: The environmental
impact and potential toxicity of silver
nanoparticles require careful consideration
and further research.

Table 13: Comparative Analysis of Nanoparticle Additives in Biodiesel and Diesel Blends
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- Lifecycle Assessment: A comprehensive lifecycle assessment is essential to evaluate the overall
environmental impact of nanoparticle-enhanced fuels, considering their production, use, and disposal.

- Nanoparticle Persistence: Concerns exist regarding the persistence of nanoparticles in the environment
and their potential accumulation in ecosystems[24,36,70].

3.3 Health Effects

- Respiratory Issues: Inhalation of nanoparticles can lead to respiratory problems and exacerbate
conditions like asthma and COPD [36,50]

- Systemic Effects: Nanoparticles may enter the bloodstream, potentially causing adverse effects on
organs such as the liver and kidneys [36].

- Regulatory and Research Needs: Further research is needed to understand toxicity mechanisms and
establish safe exposure limits, alongside the development of comprehensive regulatory guidelines [36,50,90].

4. Challenges and limitations

Biodiesel, as a renewable energy source, offers numerous advantages, including reducing reliance on
imported petroleum, utilizing biodegradable and renewable fuels, and contributing to a closed carbon cycle by
recycling carbon dioxide, thus mitigating global warming. Pure biodiesel (B100) has been investigated in diesel
engines, demonstrating reduced exhaust emissions, including CO, NO, SO2, and smoke opacity [104]. However,
the use of biodiesel is not without drawbacks, such as its lower heating value due to esters of saturated and
unsaturated fatty acids, elevated nitrogen oxide levels, higher filter plugging temperature, and relatively poor
low-temperature flow properties, limiting its application [105] . To address these limitations, researchers have
explored various strategies. Some studies investigated the addition of kerosene, ethanol, and other commercial
additives to biodiesel, leading to a significant reduction in the pour point and decreased emissions when ethanol
was added [21]. Additionally, research explored the impact of polymer dissolution on biodiesel's cold flow
characteristics, with acetone emerging as the most effective solvent for improving cloud point values and flash
point parameters [22]. These efforts aim to enhance biodiesel's performance and expand its practical applications.

Challenges and limitations in the use of nanoparticles in biodiesel can be summarized as follows:

Highest Priority:

1. Agglomeration: Nanoparticles tend to agglomerate or cluster together, reducing their effectiveness in
improving fuel properties. Preventing agglomeration is a significant challenge .

2. Uniform Dispersion: Achieving a uniform dispersion of nanoparticles in biodiesel is crucial for consistent
performance, but it can be challenging to maintain this dispersion over time.

3. Stability: Nanoparticles can be unstable in biodiesel, leading to settling or separation from the fuel, which can
hinder their benefits.

Medium Priority:

4. Catalyst Poisoning: Some nanoparticles may interact with or even poison engine catalysts, potentially leading
to reduced catalytic converter efficiency.

5. Cost: The production and integration of nanoparticles into biodiesel can be expensive, which may limit their
practical use.

6. Regulation and Safety: The use of nanoparticles in fuels may raise regulatory and safety concerns,
necessitating rigorous testing and compliance with environmental and safety standards.

7. Health Risks: Inhalation of nanoparticles during fuel handling or combustion may pose health risks to
workers or individuals in proximity to diesel engines.

8. Environmental Impact: The environmental impact of nanoparticles in biodiesel production and combustion
is not fully understood, raising concerns about potential ecological consequences.

Lower Priority:
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9. Scaling Up Production: The transition from laboratory-scale experiments to large-scale production of
nanoparticle-enhanced biodiesel presents challenges related to consistency, cost, and scalability.

10. Compatibility: Compatibility issues with engine components, such as fuel filters and injectors, can arise
when using nanoparticle-enhanced biodiesel.

Addressing these challenges and limitations is essential for realizing the full potential of nanoparticles in
biodiesel, as they offer the promise of improving fuel properties and reducing emissions, but their practical
implementation requires careful consideration of these factors.

5. Future Directions
While significant progress has been made in research on nanoparticle additives in biodiesel production, there

are still several gaps that need to be addressed. One area of focus could be on developing a better understanding
of the mechanisms by which nanoparticles interact with biodiesel molecules and how they impact various fuel
properties. Additionally, more research is needed to investigate the long-term effects of nanoparticle additives on
engine performance and emissions. For instance, some studies have shown that the addition of nanoparticles to
biodiesel can improve its oxidation stability, viscosity, and cold flow properties. However, the mechanisms
behind these improvements are not well understood, and more research is needed to elucidate the interactions
between nanoparticles and biodiesel molecules. Furthermore, while many studies have evaluated the short-term
effects of nanoparticle additives on engine performance and emissions, there is still a lack of data on their long-
term effects, particularly with respect to durability and engine wear.

Emerging nanoparticle technologies, such as hybrid or core-shell nanoparticles, offer promising avenues for
improving biodiesel properties. Hybrid nanoparticles combine two or more types of nanoparticles, which can
offer synergistic effects and enhance the performance of biodiesel. Core-shell nanoparticles consist of a core
material surrounded by a shell of a different material, which can provide additional functionalities and improve
the stability of biodiesel. For example, some studies have shown that hybrid nanoparticles consisting of silica and
titania can improve the cold flow properties and oxidative stability of biodiesel. Similarly, core-shell
nanoparticles consisting of iron oxide cores and silica shells have been shown to improve the thermal stability
and oxidation resistance of biodiesel.

To fully exploit the potential of emerging nanoparticle technologies in biodiesel production, further research
is needed to optimize their synthesis, characterize their properties, and evaluate their performance in biodiesel
production. It will be important to investigate the impact of these advanced nanoparticle technologies on engine
performance and emissions, as well as their long-term stability under different storage conditions. For instance,
more research is needed to evaluate the impact of hybrid and core-shell nanoparticles on engine performance and
emissions, particularly with respect to their long-term effects. Furthermore, it will be important to optimize the
synthesis and functionalization of these advanced nanoparticle technologies to ensure their compatibility with
biodiesel production processes.

Employing optimization software programs in biodiesel systems, the ideal concentration and size of
nanocatalysts could be easily determined and without the need to conduct practical experiments on many samples,
thus saving the time, effort and high cost required to conduct these practical experiments. Furthermore, the use of
NPs as fuel additives has only been the subject of a small amount of research up to this point.

New techniques are required to deal with problems including nanoparticle aggregation, erosion, and settling.
The addition of nanoadditions to biodiesel has made it more challenging to capture the unburned nanoparticles in
the exhaust.

Researching the effects of nanoparticle additions on air quality after they are burned in the engine is crucial.
However, a thorough investigation of in vivo interaction is necessary, with a focus on nanoparticles used in
biodiesel in particular.

In addition to using emerging nanoparticle technologies in biodiesel production, future research can also
explore other areas such as:

1- Developing cost-effective and environmentally sustainable methods for nanoparticle synthesis and
incorporation into biodiesel.
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2- Investigating the long-term stability and durability of nanoparticle-enhanced biodiesel under different
storage and transportation conditions.

3- Evaluating the performance of nanoparticle-enhanced biodiesel in different engine types and operating
conditions.

4- Studying the potential environmental impacts of nanoparticle-enhanced biodiesel, including their
potential toxicity to aquatic and terrestrial organisms.

5- Exploring the potential for scaling up nanoparticle-enhanced biodiesel production for commercial
applications.

6- Attempts are being conducted to create a filter that can exclude unburned nanoadditives from diesel
vehicle exhaust.

By addressing these research areas, scientists and engineers can continue to enhance the properties of
biodiesel and make it a more attractive and viable renewable energy source for the future.

6. Conclusions
The introduction of fuel additives based on nanoparticles into the combustion of biodiesel has been a

significant advancement in terms of enhancing combustion characteristics, reducing pollutants, and raising fuel
efficiency. This breakthrough uses carefully crafted nanoparticles to enhance the fuel properties and combustion
dynamics of biodiesel. Fuel can burn more thoroughly and efficiently thanks to the catalysts or combustion
enhancers that are made of nanoparticles. Certain additives can be added to biodiesel to improve its chemical and
physical properties, which will improve engine performance, reduce emissions, and improve combustion. Due to
their higher surface area, nanoparticles may improve fuel atomization and combustion. This may result in a more
effective and cleaner combustion process, reducing the engine's emissions of hazardous materials like NOx and
particulate matter. These additives to fuels often improve their reactivity, which results in a shorter ignition delay
and faster burning. This could improve engine performance and lower emissions, particularly in low-temperature
combustion settings. NPs' size and concentration can have a significant impact on how effective they are as fuel
additives. While studies show encouraging results in terms of ignition properties and combustion efficiency, there
are lingering concerns, particularly regarding the safety and environmental impact of certain nanoparticles, such
as carbon nanotubes.

 Cerium oxide nanoparticles demonstrate versatility in valence conversion, substantial oxygen storage,
and favorable thermal properties, leading to decreased emissions and improved fuel efficiency.

 Titanium oxide nanoparticles contribute to increased density, fire point, and calorific value of diesel,
resulting in enhanced engine performance and reduced emissions.

 Graphene oxide nanoparticles show promise in improving combustion characteristics and reducing
emissions when added to diesel and biodiesel blends.

 Hydrophilic nanoparticles, particularly water-emulsified fuel with aluminum and titanium dioxide
nanoparticles, address challenges associated with biodiesel use, enhancing thermal efficiency and
mitigating emissions.

 Zinc oxide nanoparticles, as diesel additives, emerge as particularly effective in significantly improving
brake thermal efficiency, reducing brake specific fuel consumption, and lowering emissions of CO, CO2,
NOx, and HC.

Despite these positive outcomes, the review underscores the need for further research to address safety and
environmental concerns associated with nanoparticle use. Overall, the integration of nanoparticles presents a
potential solution for optimizing fuel properties, improving engine performance, and mitigating the
environmental impact of internal combustion engines. Future developments in this field hold promise for
advancing sustainable and efficient fuel technologies.
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