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Abstract
The research evaluates the impact of Sargassum algae methyl ester (SAME20) with 50 and 100 ppm silicon dioxide (SiO2)

nanoparticles on the performance and emissions of a single-cylinder, four-stroke diesel engine. SiO2 nanoparticles were

characterized using FTIR, SEM, and TEM. Diesel, SAME20, SAME20+ 50 ppm of SiO2, and SAME20+ 100 ppm of SiO2

blends were tested at 1500 rpm under loads from 25% to 100%. The SAME20+ 100 ppm of SiO2 blend outperformed

others, improving brake thermal efficiency by 1.43% and reducing brake-specific fuel consumption by 5.35% compared to

diesel. It also decreased HC, CO, and smoke emissions by 11.12%, 18.1%, and 16.2%, respectively, with a slight NOx

increase. Tribological analysis using a four-ball tribometer showed the SAME20+ 100 ppm of SiO2 blend reduced the

coefficient of friction by 76.89% and wear scar diameter by 59.19%. SEM analysis confirmed reduced surface wear and

damage, highlighting improved engine and tribological performance.
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Introduction
Biodiesel is gaining attention as an alternative fuel due to
price volatility, industrial growth, and climate change con-
cerns. However, challenges such as feedstock shortages,
high production costs, and competition with food crops
remain.1 Researchers are increasingly focusing on eco-
friendlier and more cost-effective algae-based biofuels
than crop-derived biofuels.2 Algae offers a high growth
rate (30 to 100 times faster than conventional crops), high
lipid content, and superior efficiency compared to terrestrial
seed crops.3,4 Various researchers have explored algae bio-
diesel to assess engine performance and emission character-
istics. In a single-cylinder diesel engine, biodiesel’s
performance and emission characteristics derived from
microalgae Chlorella protothecoides were evaluated by
examining three blends: MCP-B100, MCP-B50, and
MCP-B20. The findings showed that the MCP-B100
blend reduced brake power, torque, exhaust gas tempera-
ture, CO, CO2, and NOX emissions but increased BSFC
and oxygen consumption compared to pure diesel.5 They
investigated the Azolla microphylla methyl ester’s perform-
ance, combustion, and emission properties in a single-
cylinder diesel engine. Findings revealed lower BTE and
in-cylinder pressure for neat A. microphylla methyl ester
and its blends. In contrast to diesel, the MCP biodiesel

blends showed a reduction in NOx emissions. However,
CO, HC, and smoke emissions exhibited an upward trend
with these biodiesel blends.6 They analyzed the perform-
ance, combustion, and emission characteristics of biodiesel
blends made from Spirulina algae in a single-cylinder,
four-stroke diesel engine. According to outcomes, the
B20 blend showed reduced exhaust gas temperature,
brake thermal efficiency, HC, CO, NOX, and smoke emis-
sions compared to diesel. However, it exhibited higher spe-
cific fuel consumption and CO2 emissions.7 Studies on
microalgae biodiesel have shown a decline in engine per-
formance, often with increased emissions, due to its
higher viscosity, density, and lower calorific value, which
can lead to incomplete combustion and higher fuel con-
sumption.8,9 Researchers have focused on metal-based
oxide nanoparticles (e.g., SiO2, ZnO, Al2O3, TiO2) to
enhance combustion efficiency, improve thermal stability,
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and reduce emissions.10–13 These nanoparticles have been
shown to improve performance and lower emissions in bio-
diesel. Several studies on the use of microalgae biodiesel
have reported a decline in engine performance, often
accompanied by increased emissions. This performance
drop is attributed to microalgae biodiesel’s higher viscosity,
density, and lower calorific value, which can lead to incom-
plete combustion and increased fuel consumption.8,9

Engine modifications are more complex than fuel modifica-
tions. Recently, researchers have increasingly focused on
using metal-based oxide nanoparticles such as silicon
dioxide, zinc oxide, lanthanum oxide, aluminum oxide,
titanium oxide, cerium dioxide, and magnesium oxide to
enhance combustion efficiency, improve thermal stability,
and reduce emissions.10–12 Table 1 summarizes existing
studies highlighting algae-based biodiesel’s substantial
effects when blended with metal oxide nanoparticles on
engine performance and emissions.13–24 Reducing engine
wear and friction is essential for efficient engine operation,
enhancing durability and performance.25 Fuel lubricates
critical components like injectors and pumps, reducing
wear and improving lubricity, which lowers fuel consump-
tion.26,27 However, increased inlet temperatures can nega-
tively affect fuel lubricity.28,29 Biodiesel offers improved
lubricity over conventional diesel but faces tribological
challenges like oxidation and moisture absorption, leading
to fuel deterioration and increased wear.30 Researchers have
focused on nanoparticle additives to enhance biodiesel’s
tribological performance by reducing friction and wear,
forming protective layers, and improving mechanical effi-
ciency. These benefits are achieved without major engine
modifications, making nanoparticles a promising solution.
Experimental techniques like four-ball testers are commonly
used to assess biodiesel’s wear and friction properties.31

Table 2 highlights several investigations on the wear behaviors
of biodiesel when blended with different nanoparticles.32–38

Existing research shows that nanoparticle-blended biodiesel
improves tribological performance. This study focuses on
silicon dioxide nanoparticles, whose high surface area and
nanoscale size enhance combustion processes, making them
effective for fuel combustion applications.39 Additionally,
SiO2 nanoparticles exhibit unique thermal behavior and
energy storage properties.40,41 This study explores third-
generation biofuel blending Sargassum algae biodiesel with
diesel and SiO2 nanoparticles (50 and 100 ppm) for diesel
engine applications. It aims to enhance brake thermal effi-
ciency, reduce fuel consumption, and lower emissions (CO,
HC, and smoke opacity) while addressing NOx as a trade-off.
Additionally, tribological performance is assessed using a
four-ball tribometer.

Experimental setup and procedure

Sargassum algae oil
Among algae feedstocks, Sargassum species are particu-
larly promising for biodiesel due to their renewable
nature, high lipid content, and abundance in marine envir-
onments like coastal regions and ocean surfaces.42

Extraction of algae oil and transesterification process
Sargassum algae were harvested from the coastal area of
Rameswaram in Tamil Nadu, India. The algae biomass
was thoroughly cleaned and rinsed twice with distilled
water to remove contaminants. After washing, the algae
were dried for around 72 h at 60°C. The extraction
process began by preparing dried Sargassum algae
powder and n-hexane solvent in a 1:2 ratio. The 300 g of
Sargassum algae powder was placed in a Soxhlet extractor,
while 600 ml of n-hexane was added to the round-bottom
flask. The solvent was heated to 65°C, producing vapors
that condensed and dripped into the Soxhlet chamber.
There, the vapors were mixed with the algae powder to
extract oil. Once the oil-solvent mixture reached the
maximum level in the Soxhlet chamber, it was siphoned
back to the flask, repeating the cycle continuously for
18 h. The Sargassum algae oil and n-hexane were then
separated through steam distillation, recovering 90% of
the solvent for reuse. The extracted crude algal oil was
transformed into algae biodiesel using the process of trans-
esterification. In this step, 600 ml of Sargassum algae oil
was heated to 50°C, including 155 ml of methanol and
1.75 g of NaOH catalyst. The prepared sample was heated
until it reached a temperature of 60°C while being stirred
at 900 rpm. The glycerol separated after 8–10 h, and the
resulting methyl ester was washed with water at 70°C.
Finally, the remaining moisture was removed from the bio-
diesel by heating it to 90°C.

Silicon dioxide
Silicon dioxide nanoparticles have garnered significant
attention as nano additives in internal combustion engine
fuel blends due to their unique properties, including high
thermal stability, excellent dispersibility, and enhanced
catalytic activity. Table 3 demonstrates the chemical and
physical characteristics of attributes of silicon dioxide.

Testing fuel preparation
A magnetic stirrer formulated the fuel blend SAME20,
composed of 80% pure diesel and 20% Sargassum algae
methyl ester. The SiO2 nanoparticles were integrated into
the SAME20 blend at 50 and 100 ppm concentrations.
Each sample was then subjected to 45 min of dispersion
in a 40 kHz ultrasonicator to ensure the nanoparticles
were evenly distributed. Figure 1 Illustration of the compre-
hensive sample preparation workflow. The prepared fuel
samples were labeled SAME20, SAME20+ 50 ppm of
SiO2, and SAME20+ 100 ppm of SiO2. The physico-
chemical properties of these samples were evaluated
using the ASTM method, and the findings are provided in
Table 4.

Engine experimental setup
The experiments utilized a Kirloskar single-cylinder diesel
engine with direct injection and natural aspiration. The
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engine was set with an injection timing of 23° bTDC and a
fuel injection pressure of 210 bar. It featured a 6.5 L fuel
tank, a connecting rod assembly with a diameter of
203 mm, a cylinder bore of 87.5 mm, and a stroke of
110 mm. The engine generated 5.2 kW of power while
maintaining a coolant temperature of 80°C. A data acquisi-
tion (DAQ) system connected to the setup measured para-
meters such as fuel flow, air flow, fuel consumption, and
cylinder pressure. The DAQ system was connected to a
computer running Enginesoft software, enabling real-time

data acquisition of combustion parameters (net heat
release rate), performance metrics (BTE and BSFC), and
cylinder pressure. The AVL 437C smoke meter was used
to monitor smoke emissions. The AVL 444 Di-gas analyzer
was used to measure exhaust emissions, such as HC, NOx,
and CO. Before data collection, the engine was driven for
15 min using diesel fuel to reach steady-state conditions,
during which the water supply temperatures at critical
points were monitored. Afterward, the system was purged
of diesel fuel, and biodiesel, both with and without nanopar-
ticle blends, was introduced, ensuring the fuel supply system
was free from air blockages. To ensure consistency, a stable
air temperature was maintained throughout the experiments,
enabling precise evaluation of the engine’s performance and
emission characteristics for each test fuel. Figure 2 shows a
schematic illustration of the test engine.

Four-ball tribometer experimental setup
A four-ball tribometer (DUCOM TR30L-LAS) was used to
conduct tribological tests according to ASTM D4172, as

Table 4. Displays the physical and chemical properties of prepared fuel blends.

Parameters ASTM standard Diesel SAME20

SAME20+
50 ppm of SiO2

SAME20+
100 ppm of SiO2

Density @ 15°C (kg/m3) D4052 841 874 876 877

Kinematic viscosity

@ 40°C (cSt)

D445 3.9 3.47 3.59 3.65

Calorific value (MJ/kg) D240 43.1 41.84 42.53 42.76

Cetane number D613 54 56 57 58

Flashpoint (°C) D93 67 68 74 82

Figure 1. Schematic representation of the overall sample preparation process.

Table 3. Illustrates the chemical and physical features of silicon

dioxide.

Chemical formula SiO2

Structure Crystalline structure

Molar mass (g/mol) 60.08

Density (g/cm3) 2.65

Thermal conductivity (W/m·K) 1.4

Average particle size (nm) Less than 100

Melting point (°C) 1710
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illustrated in Figure 3.The apparatus has three steel balls at
the bottom and one at the top, which are attached to a collar
at the end of a vertical spindle, while the remaining three
balls are in a pot of lubricant. The operation involves the
rotation of the lower balls against the stationary upper
ball, with approximately 10 ml of the test lubricant added
to the steel cup for each trial. The four-ball tribometer is
equipped with a computer for monitoring friction torque
and calculating the coefficient of friction. This experiment
was conducted under carefully controlled conditions:
1200 rpm speed, 15 kg load, 3600 s duration, and 75°C
temperature. The wear scar diameters on the three lower
balls were measured and averaged at the end of the experi-
ment to calculate the average wear scar diameter. The balls
were prepared for subsequent surface analysis by carefully
cleaning them with a polymer brush and running water to
remove debris without causing significant abrasion.

Result and discussions
This section provides experimental findings about the per-
formance and emissions of a diesel engine powered by
Sargassum algae methyl ester blended with varying con-
centrations of SiO2 nanoparticles, along with a detailed dis-
cussion of the findings.

FTIR spectrum of SiO2

The bonds and functional groups in SiO2 were identified
using Fourier transform infrared. Figure 4 shows the FTIR
spectrum of SiO2. The spectrum of FITR exhibits the graph-
ical information in the form of wavelength (cm−1) and the
transmittance (%) for SiO2 nanoparticles. The provided
FTIR spectrum shows characteristic peaks that confirm the
presence of silica. The strong absorption at 1082.90 cm−1

indicates Si-O-Si stretching vibrations, while the peak at
796.03 cm−1 corresponds to Si-O-Si bending vibrations.
These features suggest a silica structure. Additionally, the
peak at 3221.11 cm−1 indicates O-H stretching vibrations,
which could imply the presence of surface hydroxyl groups
or adsorbed water. This is further supported by the H-O-H
bending vibration observed at 1637.47 cm−1. Overall, the
spectrum confirms that the sample is a silica-based material
with some degree of water adsorption.

Structural and morphological analysis of SiO2

nanoparticles
Scanning electron microscopy offers high-resolution
imaging, allowing precise analysis of material surface struc-
tures. The SiO₂ nanoparticles were characterized using a
scanning electron microscope operated at 20 kV.
Figure 5(a) illustrates an SEM image of the SiO₂ nanopar-
ticles, where the brighter areas indicate their crystalline
structure. The image also reveals loosely formed agglomer-
ates at a resolution of 20 μm, with the nanoparticles appear-
ing nearly spherical. Figure 5(b) provides a transmission
electron microscopy image that shows detailed information
on the nanoscale shape, structure, and crystallinity of SiO2

nanoparticles. TEM analysis confirms that the nanoparticles
are within a 30–60 nm size range.

Brake-specific fuel consumption
BSFC, also known as SFC, measures how much fuel is
required to produce one unit of power (one kilowatt) over
an hour of engine operation.43 As shown in Figure 6(a),
the BSFC values varied across different fuel blends. At
peak load, the BSFC ranged from 0.28 kg/kWh for diesel
in the SAME20 to 0.284 kg/kWh for the same in the

Figure 2. Schematic illustration of the engine experimental arrangement.
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SAME20+ 50 ppm of SiO2, 0.274 kg/kWh for the
SAME20+ 100 ppm of SiO2, and 0.265 kg/kWh for the
SAME20. These findings indicate that the SAME20 fuel

had a higher brake-specific fuel consumption than other
blends due to its lower heating value. In contrast to trad-
itional diesel, the BSFC decreased by 2.14% for the

Figure 4. FTIR spectrum of SiO2.

Figure 3. Four-ball tribometer equipment.
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SAME20+ 50 ppm of SiO2 and 5.35% for the SAME20+
100 ppm of SiO2. However, SiO2 nanoparticles enhanced
combustion efficiency by promoting better fuel atomiza-
tion, improving the air-fuel mixture, and ensuring complete
combustion. This reduced brake-specific fuel consumption
as the engine could extract more energy from the same
fuel. Overall, incorporating nanoparticles into fuel blends
improved fuel quality and efficiency, as evidenced by
lower BSFC values. Other researchers have reported
similar results. Adding TiO2, Cr2O3, and SiO2 to
Calotropis gigantea seed oil significantly reduces the
BSFC. At higher engine loads, the BSFC values decrease
for the tested fuels: diesel is approximately 0.3 g/kWh,
CGSB20 is 0.46 g/kWh, CGSB20+Cr2O3 is 0.33 g/kWh,
CGSB20+ SiO2 is 0.37 g/kWh, and CGSB20+TiO2 is
0.41 g/kWh. This indicates that increasing engine load
reduces the BSFC. Furthermore, dispersing Cr2O3 nanopar-
ticles in CGSB20 results in less BSFC than other tested
samples.44

Brake thermal efficiency
Brake thermal efficiency is the ratio of an engine’s brake
power output to the heat energy input from its fuel.
Figure 6(b) illustrates how brake thermal efficiency
changes with engine load while utilizing various fuel
blends. The BTE values at 100% engine load were
30.13% for diesel, 29.34% for SAME20, 30.95% for
SAME20+ 50 ppm of SiO2, and 31.56% for SAME20+
100 ppm of SiO2. The physical properties of the SAME20
fuel, including its lesser heating value, higher flash point,
density, and viscosity, contributed to the relative decrease
in BTE compared to the other fuel blends. Specifically,
the lower combustion chamber temperatures associated

with the higher flash point of SAME20 resulted in incom-
plete fuel combustion. In contrast, biodiesel blends contain-
ing nanoparticles enhanced BTE. The SAME20+ 100 ppm
of SiO2 blend demonstrated the maximum BTE value
across all load conditions. BTE increased by 0.82% at a
SiO2 concentration of 50 ppm and by 1.43% at 100 ppm
of SiO2 compared to diesel. Conversely, SAME20 exhib-
ited a BTE that was 0.79% lower than diesel. SiO2 nanopar-
ticles, due to their high thermal conductivity, improved heat
transfer within the combustion chamber, leading to more
efficient combustion and enhanced thermal efficiency.
The even distribution of SiO2 in the fuel facilitated better
atomization and combustion, reducing energy losses and
increasing power output for the same amount of fuel. A
higher concentration of nanoparticles increased the com-
bustion rate, leading to improved energy conversion and
higher BTE. Consistent with prior research, adding CeO2

nanoparticles to biodiesel at 20–80 ppm concentrations
increased BTE by up to 1.5%, with the most significant
improvement observed at 80 ppm. This improvement is
attributed to the faster heat release during combustion as
the CeO2 nanoparticle concentration increases.45

Carbon monoxide emission
Carbon monoxide emissions arise from the incomplete
combustion of fuels in engines. Biodiesel usually contains
10 to 12% higher oxygen content than conventional
diesel, which enhances complete combustion and reduces
CO emissions. Figure 7(a) depicts the CO emissions asso-
ciated with various fuel blends in relation to load. The
carbon monoxide emission is inversely proportional to
engine load. Diesel fuel exhibits significantly greater CO
emissions compared to biodiesel blends. At maximum

Figure 5. (a) SEM (b) EDX image of SiO2.
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load conditions, the CO emissions were recorded at 0.33%
for the diesel, 0.31% for the SAME20, 0.28% for the
SAME20+ 50 ppm of SiO2, and 0.27% for the SAME20+
100 ppm of SiO2. The results indicate that CO emissions
are reduced when SiO2 nanoparticles are added to

SAME20. Compared to diesel, the SAME20+ 50 ppm of
SiO2 blend demonstrated a 15.5% reduction in carbon mon-
oxide emissions. In contrast, the SAME20 blend exhibited
higher CO emissions than other tested samples due to its
inability to achieve complete combustion as effectively as

Figure 7. (a) The variation of CO (b) HC (c) Smoke and (d) NOx emission with load different load conditions.

Figure 6. (a) The variation of BTE and (b) BSFC with different load conditions.
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the nanoparticle-enhanced blends. Moreover, the physico-
chemical properties of SAME20 may lead to lower combus-
tion temperatures and incomplete carbon oxidation, resulting
in increased carbon monoxide emissions. SiO2 nanoparticle
fuel blends enhance combustion efficiency by facilitating
more complete carbon oxidation, which reduces carbon
monoxide formation. An increased concentration of SiO2

nanoparticles further accelerates the oxidation of carbon
monoxide, effectively lowering its emissions. The maximum
reduction of CO emissions was recorded with SAME20+
100 ppm of SiO2 under peak load conditions, reaching
18.1%. Other researchers have also observed similar find-
ings. Under maximum load conditions, the DSOME-B20+
CuO 75 ppm blend resulted in a 14.28% reduction in carbon
monoxide emissions compared to the DSOME-B20 alone.46

Hydrocarbon emission
The primary source of HC emissions is incomplete fuel
combustion, which generates hydrocarbons as a byproduct.
Various factors influence these emissions, including the
cylinder, the cylinder wall, wall temperatures, the oxygen-
ation characteristics of biodiesel, and the cetane number.
These characteristics lead to various patterns in hydrocar-
bon emissions from diesel engines. Figure 7(b) illustrates
the variation in unburned hydrocarbon emissions across
various engine loads and fuel mixtures. It has been
observed that the amount of hydrocarbon emissions
increases in proportion to the engine load. At maximum
load, the HC emissions in the exhaust were recorded as
69.8 ppm for diesel, 68 ppm for SAME20, 66 ppm for
SAME20+ 50 ppm of SiO2, and 62 ppm for SAME20+
100 ppm of SiO2. The maximum hydrocarbon emissions
observed for diesel fuel blends compared to other tested
fuel blends. The catalytic activity and surface area of
SiO2 nanoparticle particles improve fuel oxidation and
promote complete combustion. These nanoparticles can
be mixed with biodiesel to enhance combustion and signifi-
cantly reduce hydrocarbon emissions. As the concentration
of SiO2 increases, combustion further improves, resulting in
substantial decreases in HC emissions. Compared to diesel,
SAME20 resulted in a 2.57% lower HC emission, SAME20+
50 ppm of SiO2 showed a 5.57% decrease, and SAME20+
100 ppm of SiO2 exhibited an 11.12% reduction in HC emis-
sions. These results align with findings from other researchers.
They found that incorporating TiO2 nanoparticles into jatropha
biodiesel significantly reduced hydrocarbon emissions by
approximately 22% compared to base fuel.47

Smoke emission
The variation in engine load significantly influences smoke
emissions during the combustion process. As the engine
loads increase, more fuel is supplied relative to the available
oxygen, resulting in a fuel-rich mixture that exceeds the pre-
scribed air-fuel ratio. This imbalance leads to incomplete com-
bustion, causing increased smoke emissions from the exhaust.
Factors contributing to diesel engine smoke pollution include
high combustion rates, fuel atomization, fuel injection

dynamics, and rich air-fuel zones. The variation in smoke
emissions across different fuel blends and loads is illustrated
in Figure 7(c). At maximum load, the recorded smoke emis-
sions were as follows: 50.6% for diesel, 48.3% for the
SAME20, 44.9% for the SAME20+ 50 ppm of SiO2, and
42.4% for the SAME20+100 ppm of SiO2. Silicon oxide
nanoparticles, acting as combustion catalysts, enhance the oxi-
dation of carbon-based particulates, thereby reducing smoke
formation. This is attributed to the higher concentration of
SiO2 nanoparticles, which promotes more complete combus-
tion and lower smoke emission levels. Similar to previous
studies, research examining the effect of CeO2 and Al2O3 in
tamarind seed oil methyl ester (TSOME) found that the reduc-
tion in smoke emissions for TSOME, TSOME+CeO2, and
TSOME+Al2O3 were 15%, 17%, and 16.8%, respectively,
all of which were lower than the smoke emissions of diesel
fuel at maximum load.48

Nitrogen oxide emission
Nitrogen oxides are generated through the high-temperature
reaction of oxygen and nitrogen in exhaust gases. Several
variables affect the formation of nitrogen oxides, including
the spray pattern and the physical characteristics of the fuel,
like fuel atomization and the presence of nanoparticles
within the fuel.49,50 Figure 7(d) plots NOx emissions for
each test fuel against engine load. Increasing engine load
leads to higher NOx formation, potentially due to elevated
exhaust gas and cylinder temperatures. At maximum load,
nitrogen oxide emissions were recorded for the 804 ppm
diesel, 817 ppm for the SAME20, 849 ppm for the
SAME20+ 50 ppm of SiO2, and 898 ppm for the
SAME20+ 100 ppm of SiO2. Including nanoparticles in
biodiesel blends significantly enhances fuel combustion
efficiency, leading to elevated in-cylinder temperatures
and increased NOx emissions. The findings from the
study reveal that SiO2 nanoparticles included fuel blends
that exhibit a noticeable increase in NOx emissions. The
NOx emissions compared to pure diesel demonstrated a
1.62% increase for SAME20, a 5.60% increase for
SAME20+ 50 ppm of SiO2, and an 11.69% increase for
SAME20+ 100 ppm of SiO2. This phenomenon is attributed
to the SiO2 nanoparticles accelerating the combustion
process, resulting in an approximate 8% increase in cylinder
pressure. This rise in pressure reduces the nitrogen oxidation
temperature threshold in the air. Furthermore, as the engine
load increases, the amplified pressure intensifies the combus-
tion rate within the cylinder, promoting NOx formation in
line with Zeldovich’s thermal NOx formation mechanisms.
Other researchers have observed similar outcomes.
Incorporating graphene oxide into waste cooking oil led to
an increased NOx emission. Experimental results indicated
that the B20GO60 fuel blend produced 19.4% higher nitro-
gen oxide emissions at peak load than the B20GO20.51

Tribology
This study utilizes Sargassum algae biodiesel with varying
concentrations of SiO2 nanoparticles to evaluate the
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tribological characteristics and the impact of metal oxide
additives. Detailed results and discussions are presented
in this section.

Coefficient of friction
The coefficient of friction describes the frictional resistance
during relative motion and is calculated in a four-ball trib-
ometer as the friction force divided by the average load.
A lower COF signifies improved lubrication and reduced
wear, whereas a higher COF indicates increased frictional
resistance and wear. As illustrated in Figure 8(a), the coef-
ficient of friction exhibits variations across different fuel
blends. The coefficient of friction was 0.1242 for the
diesel, 0.0529 for the SAME20, 0.0447 for the SAME20+
50 ppm of SiO2, and 0.0287 for the SAME20+ 100 ppm
of SiO2. Because SiO2 nanoparticles are challenging and
chemically inert, they serve as excellent anti-friction
agents. Dispersed in fuel or lubricant, they form a protective
layer between moving components, reducing metal-to-metal
contact and lowering friction coefficients. Increasing SiO2

concentrations increases lubrication effectiveness, reducing
COF significantly. This helps extend the life of engine com-
ponents and reduce energy loss due to friction. The coeffi-
cient of friction was reduced by 57.4% for SAME20, 64%
for SAME20+ 50 ppm of SiO2, and 76.89% for SAME20
+ 100 ppm of SiO2, compared to diesel. Previous studies
have reported similar findings. Notably, the 0.2 wt.% CuO
nano-additive blend exhibited the lowest average coefficient
of friction, achieving an 80% reduction than pure diesel. This
significant enhancement is attributed to the rolling action of
the 0.2 wt% CuO nanoparticles at the contact points.36

Wear scar diameter
The wear scar diameter refers to the size of the wear mark
that forms on the surface of a test ball after a specific dur-
ation of contact and load in a four-ball tribometer test. It

indicates the wear resistance of lubricants and materials
under frictional conditions. Generally, a larger wear scar
diameter signifies more significant wear and material loss,
while a smaller diameter suggests better wear resistance.
The wear scar diameter differed among the various fuel
blends, as illustrated in Figure 8(b). The wear scar diameter
was 0.6924 mm for the diesel, 0.4066 mm for the SAME20,
0.3192 mm for the SAME20+ 50 ppm of SiO2, and
0.2828 mm for the SAME20+ 100 ppm of SiO2. SiO2

nanoparticles form a protective lubricating layer that mini-
mizes wear between moving surfaces. Their hardness and
spherical morphology help reduce abrasion and adhesive
wear, resulting in a smaller wear scar diameter in tribo-
logical tests such as the four-ball tribometer. Higher con-
centrations of SiO2 further enhance surface protection,
leading to reduced wear and improved tribological perform-
ance. Compared to diesel, the wear scar diameter was
reduced by 41.27% for SAME20, 53.89% for SAME20+
50 ppm of SiO2, and 59.15% for SAME20+ 100 ppm of
SiO2. Other researchers have reported similar findings,
and they observed a 37% reduction in wear volume loss
with the incorporation of CuO nanoparticles and a 33%
reduction with SiO₂ nanoparticles in coconut oil.52

SEM analysis for worn surface balls
The scanning electron microscope analysis provides signifi-
cant insights into the anti-wear characteristics of the ball
surfaces. Figure 9(a) and (d) revealed that worn surfaces
exhibited clear signs of metal-to-metal contact, character-
ized by numerous scratches and black spots. Also, deep
grooves and polishing marks indicate severe abrasive
wear, while the observation of cracks and pits suggests the
involvement of fatigue wear mechanisms. Additionally, exten-
sive material removal confirms the presence of severe adhe-
sive wear. In contrast, Chemical interactions between
nanoparticles and the mating surfaces formed thin lubricating
films, enhancing lubrication significantly. These nanoparticles

Figure 8. (a) The variation of COF and (b) WSD with different fuel blends.
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acted as rolling elements and improved lubrication efficiency.
By filling voids, influenced by their shape and size, the nano-
particles contributed to a smoother surface finish, slowing
wear progression and resulting in a polished surface. As the
concentration of SiO2 nanoparticles increased, the depth and
prominence of furrows in the wear scars diminished. SiO2

nanoparticles functioned as third-body particles, forming
stable deposits on the contact surfaces, which reduced shear
stress during sliding. These deposits were more effective
than debris generated by the sliding materials, leading to a
smoother wear path. This mechanism minimized wear
caused by abrasive and adhesive interactions. SAME20
blends containing SiO2 nanoparticles exhibited smoother
worn surfaces between asperities than other blends, with
fewer visible grooves and a significant reduction in wear
scar diameter, as shown in Figure 9(b) and (c). Overall
results indicated that SAME20+ 100 ppm of SiO2 blend
showed better anti-wear properties.

Conclusion
This experimental study explores Sargassum algae bio-
diesel combined with various concentrations of SiO2 nano-
particles as a potential alternative to conventional diesel
fuel without requiring modifications to diesel engines.
The research focuses on evaluating how the mixture of
Sargassum algae biodiesel and SiO2 nanoparticles affects
engine performance and emissions. Additionally, a four-
ball tribometer was used to analyze the tribological proper-
ties of the fuel blends. The findings of this investigation
lead to the following conclusions:

• SEM analysis revealed crystalline structures and agglom-
eration, improving the surface morphology. TEM con-
firmed that the SiO2 nanoparticles had a nanoscale size
ranging from 30 to 60 nm and were effectively dispersed.

• Incorporating SiO2 nanoparticles into biodiesel blends
made from Sargassum algae enhances brake thermal effi-
ciency and decreases brake-specific fuel consumption. At
maximum load, experimental results showed that the
SAME20+ 100 ppm of SiO2 improved brake thermal
efficiency by 1.43% and lowered brake-specific fuel con-
sumption by 5.35% compared to diesel.

• The SAME20+ 100 ppm of SiO2 nanofuel blend demon-
strated significant emission reductions compared to con-
ventional diesel, including 18.1% for CO, 11.12% for
HC, and 16.2% for smoke.

• The findings indicated that the SAME20+ 100 ppm of
SiO2 blend exhibited improved tribology performance,
with a 76.89% decreased coefficient of friction and a
59.19% reduction in wear scar diameter compared to
diesel.

• Scanning electron microscopy revealed that the
SAME20+ 100 ppm of SiO2 blend revealed reduced
surface wear and damage compared to diesel.

The findings of this study indicate that nanoparticles signifi-
cantly improve engine performance and emission character-
istics. However, further investigation is needed to assess the
long-term effects of nanoparticles and conventional fuels on
the engine and injection system. Future studies will focus
on examining the behavior of diesel engines under
varying compression ratios, injection pressures, injection

Figure 9. SEM image of worn surface balls (a) SAME20, (b) SAME+ 50 ppm of SiO2 (c) SAME+ 100 ppm of SiO2, (d) diesel.
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timings, and exhaust gas recirculation conditions.
Additionally, the authors suggest conducting long-term
experiments to evaluate the impact of nanoparticles on
engine wear.
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Appendix
Nomenclature

Al2O3 Aluminium oxide
ASTM American society for testing and

materials
B10TPO90SrO100 10% biodiesel, 90% tyre pyrolysis

oil +100 ppm strontium oxide
B30 30% biodiesel +70% diesel
BTE Brake thermal efficiency
BSFC Brake-specific fuel consumption
btdc Before top dead center
CeO2 Cerium oxide
CO Carbon monoxide
COF Coefficient of friction
CuO Copper oxide
CVBD20 20% Chlorella vulgaris algae

biodiesel +80% diesel
CVAME20 20% Chlorella vulgaris algae methyl

ester +80% diesel
FTIR Fourier transform infrared

spectroscopy
HC Hydrocarbon
KOH Potassium hydroxide
kg Kilogram
khz Kilohertz
kv Kilovolt
mg/l Milligrams per liter
Mg Magnesium
MgO Magnesium oxide
MJ Megajoules
MWCNT Multi-walled carbon nanotubes
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NaOH Sodium hydroxide
NB20 20% Neochloris oleoabundans algae

biodiesel +80% diesel
nm Nanometer
NOx Nitrogen oxides
ppm parts per million
SAME20 20% Sargassum algae methyl ester

+80% diesel
SAME20+
50 ppm of SiO2

20% Sargassum algae methyl ester
+80% diesel +50 ppm of silicon
dioxide

SAME20+
100 ppm of SiO2

20% Sargassum algae methyl
ester +80% diesel +100 ppm of
silicon dioxide

SEM Scanning electron microscope
SiO2 Silicon dioxide
TEM Transmission electron

microscopy
TiO2 Titanium dioxide
WSD Wear scar diameter
ZnO Zinc oxide
Zr2O3 Zirconium oxide
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