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INTRODUCTION

Because it comes from renewable feedstock, 
biodiesel has caught great interest as a cleaner 
drop-in replacement for regular diesel fuel [1, 2]. 
On paper, it boasts a higher cetane number, im-
proved biodegradability, and more oxygen than 
regular diesel [3]. Those traits help tame engine 
knock and trim carbon monoxide (CO) and hy-
drocarbon (HC) output [4]. Yet real-world use 
still faces several obstacles. As examples, en-
gines can lose efficiency, start sluggishly in the 
cold, and spit out more nitrogen oxides (NOₓ) 
[5]. Most of these quirks stem from biodiesel’s 
thicker oil film and lower energy content than 
standard diesel [6, 7].

Over the past few years, researchers and 
regulators have started to lean heavily on used 
cooking oils and other waste lipids as the main 
feedstock for new biodiesel. Tapping this surplus 
serves two green aims at once: cuts the smoky 
output of old engines and eases the pressure on 
municipal waste bins and landfills [8–10]. The 
go-to recipe for the second-generation fuel re-
mains transesterification, the chemistry that turns 
oil into biodiesel almost everywhere in the world. 
At its heart, that reaction simply mixes triglyc-
erides with a short-chain alcohol, often methanol 
or ethanol, in the presence of a catalyst. People 
still prefer this approach because the feedstock is 
renewable, the raw material costs are low, the re-
action occurs at mild temperatures, and, crucially, 
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the final product achieves a cetane number higher 
than that of regular diesel. One caveat is that the 
energy per liter comes out a tad lower than the 
petroleum version [11]. These two points, large 
emissions gains and a small drop in energy, have 
made polishing biodiesel’s performance an im-
portant new goal for labs worldwide.

Adding NPs to the mixture is one bright path 
researchers are now following [12]. NPs have 
been used for various applications such as reac-
tion catalysts [13, 14], absorbable materials [15], 
membranes [16–18], and others [19] due to their 
unique properties, such as high surface area and 
reactivity. Particles like cobalt oxide Co₃O₄ or 
iron oxide Fe₃O₄ show vast surfaces and built-
in catalytic sites, so they can quicken the burn, 
blend air and fuel better, and leave behind less 
CO and hydrocarbons [20, 21]. The catch is that 
extra oxygen from the NPs can raise combustion 
temperature, and that extra heat often enhances 
the generation of more NOₓ [22].

Recently, several studies have looked at add-
ing different NPs to diesel fuels and found that 
while power and torque usually rise and HC and 
CO drop, NOx often climbs sharply. Among the 
metal oxides, iron oxide, Fe₃O₄, stands out be-
cause it conducts heat quickly and, thanks to 
strong oxygen-iron bonds [23], releases less ex-
cess oxygen during combustion than the other 
oxides, so NOx growth is less dramatic. Still, di-
rect head-to-head data comparing Fe₃O₄ with co-
balt oxide, Co₃O₄, when added to biodiesel from 
waste sunflower oil, is scarce.

To fill that void, the present work tests both 
nanoparticle blends in a single-cylinder diesel 
engine and tracks changes in power, fuel con-
sumption, and exhaust gases. Results of this work 
show how best to tailor nanotechnology in waste-
oil biodiesel for engines that run cleaner while 
keeping, or even boosting, their performance. 
This study establishes a strong recommendation 
to use metal oxide NPs to improve biodiesel per-
formance and emissions.

EXPERIMENTAL WORK

Characterization of Fe3O4 and Co3O4 NPs

Chosen of commercial Fe₃O₄ (GETNANO, 
purity 99%) and Co₃O₄ (GETNANO, purity 
99.9%) NPs was based on the similarity in their 
properties, such as particle size and surface area, 

provided by their vendors. This similarity is im-
portant to eliminate the impact of these param-
eters on the engine performance or emissions. To 
ensure accurate assessment of the physical and 
chemical properties of the Fe₃O₄ and Co₃O₄ NPs 
used in this study, a combination of advanced 
analytical techniques was employed. Particularly, 
X-ray diffraction (XRD) analysis (Bruker D8 Ad-
vance) was conducted to determine the crystal-
line structure and phase purity of both metal ox-
ide samples. Transmission electron microscopy 
(TEM, Hitachi High-Tech, HT7800 Series) was 
employed to provide detailed information on par-
ticle morphology and size distribution, with mea-
surements taken from over 125 randomly selected 
particles to ensure statistical reliability. The spe-
cific surface area of each nanoparticle sample was 
measured using the BET method, with nitrogen 
gas serving as the adsorbate as described in previ-
ous works [24, 25]. Each BET measurement was 
triplicated, and the mean value was reported to 
ensure consistency and reproducibility.

Converting oil to biodiesel 

Waste sunflower oil was collected from mul-
tiple restaurants and food processing facilities in 
Baghdad, Iraq. The first step involved filtering the 
oil to eliminate food residues and other impuri-
ties. Subsequently, the transesterification method 
was employed to convert the oil into biodiesel, 
chosen for its high efficiency in transforming tri-
glycerides into usable fuel.

To determine the optimal amount of catalyst 
required for the reaction, a titration was first per-
formed. This involved dissolving 1.2 [g] of potas-
sium hydroxide (KOH, Thermo Fisher, 99.98%) in 
1.1 [L] of distilled water to prepare the titrant. For 
the titration, each 1 [mL] of the oil sample requires 
15 [mL] of isopropanol (Thermo Fisher, 99.6% 
ACS reagent) to dissolve. Using a phenolphtha-
lein indicator (Merck, ACS grade) and 0.1 [N] so-
dium hydroxide (NaOH, Merck), the mixture was 
titrated to a pH of 8.5 ± 0.5, carefully adding KOH 
until a persistent pink color appeared. The volume 
of KOH consumed was recorded to calculate the 
required catalyst concentration for neutralizing 
free fatty acids in the sample.

The transesterification reaction was initiated 
by mixing the filtered waste sunflower oil with 
methanol (ACS grade, > 99.8%) at a 6:1 mo-
lar ratio (methanol to oil). KOH was added as 
a catalyst at a concentration of 1% by weight of 
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the oil, based on literature recommendations for 
optimal conversion efficiency and minimal soap 
formation [26–29]. The mixture was stirred mag-
netically at 650 [rpm] for 5.30 hours at 58 [°C], 
a temperature below methanol’s boiling point to 
ensure safety and reaction completeness. To pro-
mote uniform dispersion of NPs in the biodiesel 
and prevent their agglomeration, 0.6% sodium 
dodecyl sulfate (SDS) by weight was included as 
a surfactant [30, 31]. 

After the reaction, the mixture was trans-
ferred to a covered vessel and allowed to settle for 
24 hours, during which glycerol separated from 
the biodiesel phase. The biodiesel layer was then 
washed with water and gently heated to 58 [°C] 
to remove residual moisture. The final biodiesel 
yield reached approximately 91%, and the prod-
uct was ready for use.

For the experimental phase, the prepared bio-
diesel was blended manually with either Co₃O₄ or 
Fe₃O₄ NPs at a concentration of 50 [ppm]. This 
dosage was selected based on previous studies, 
balancing the need for measurable performance 
improvements to minimize any adverse effects 
on emissions, particularly NOₓ [32–34]. Table 1 
presents the characteristics of BID, BIDCo, and 
BIDFe, where all fuel types were tested at the 
laboratory of Al-Dorra refinery and compared to 
those of standard petroleum diesel to assess the 
impact of nanoparticle additives on fuel proper-
ties and engine performance.

Engine tests

To evaluate the influence of nanoparticle-
enhanced biodiesel on engine performance and 
emissions, experiments were conducted using a 
single-cylinder, four-stroke diesel engine (TD-
212, TecQuipment) equipped with pneumatic 
cooling (Figure 1a) at Middle Technical Uni-
versity. The specification of the engine is listed 
in  previous work [35, 36] and briefly presented 
in Table 2. The engine was connected to a hy-
draulic dynamometer and a measurement unit 

(Figure 1 b), enabling precise control and mea-
surement of torque during testing. Before each 
test, the engine’s fuel tank and supply lines were 
thoroughly flushed to eliminate any previous 
fuel and ensure that each test is carried out with 
only the intended fuel blend. The fuel was sup-
plied directly from the fuel tank to the engine by 
gravity, where the tank was situated at a higher 
position compared to the engine. 

All tests were conducted at a constant engine 
speed of 2500 [rpm], which is an average value 
of engine speed, while varying load conditions 
(2.0, 4.0, and 6.0 [Nm]), which are most common 
load values presents during engine run, were used 
to evaluate performance across different operat-
ing scenarios. Each fuel type was assessed under 
identical conditions to ensure comparability. Be-
fore testing, the engine underwent a 10-minute 
warm-up period to stabilize operating tempera-
tures, guaranteeing consistent results. A dedicated 
measurement unit continuously recorded key pa-
rameters, including torque, speed, and fuel con-
sumption, enabling precise calculation of brake-
specific fuel consumption (BSFC), BTE, and 
brake-specific energy consumption (BSEC). By 
maintaining standardized testing conditions and 
controlling variables such as speed and load, the 
study ensured that any observed variations in per-
formance or emissions were solely attributable to 
the effects of NPs rather than external influences.

Tested parameters

Several key parameters were measured during 
the experiments. These included BSFC [g/kWh], 
which was calculated as the ratio of the fuel con-
sumption rate to the brake power output (B.P., 
[kW]), following Equation 1. In addition, brake 
power [kW], which was determined using the en-
gine speed (N, [rpm]) and the torque (T, [Nm]) 
provided by the dynamometer, as shown in Equa-
tion 2. The torque value determined from this 
step is used to find the BSFC value. Also, BTE 
was derived from the ratio of brake power to the 

Table 1. Properties of the three fuel types 

Diesel Density [g/cm3] Viscosity [cSt] at 40 CV [MJ/kg] Cetane # LHV [MJ/kg] Latent heat of 
vaporization [MJ/kg]

Petroleum diesel 0.80–0.84 2.2–2.5 40.0–45.0 50.0–55.0 40.0–45.0 0.23–0.25

BID 0.879 4.490 39.16050 60.10 37.50 0.2540

BIDCo 0.880 4.500 39.24540 60.50 38.15 0.2550

BIDFe 0.881 4.510 39.25340 60.50 38.30 0.2555
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energy input from the fuel, utilizing the calorific 
value (CV [kJ/kg]) as shown in Equation 3. Final-
ly, BSEC [MJ/kWh] was obtained by multiplying 
BSFC by the lower heating value (LHV, [MJ/kg]) 
as shown in Equation 4 [37, 38]. In Equation 1, 
m°f represents the hourly fuel consumption [g/h]. 
After repeating the measurements three times, the 
mean values were adopted in this study and the 
error bars were calculated based on the standard 
error, which indicates the range within which the 
true value of a measurement is likely to fall. 
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Inspection of emission and noise level

To identify the effect of NPs on the environ-
mental performance of biodiesel, both gaseous 
and particulate emissions were measured during 
engine operation. A gas analyzer (AIRREX HG-
540, Fig. 1c was used to monitor concentrations 
of the emitted gases, including HC, CO, CO₂, 
and NOₓ. The analyzer was connected directly 
to the engine’s exhaust system via a dedicated 
pipe, ensuring accurate and real-time sampling 
of the emitted gases.

For quantifying particulate matter (PM), ex-
haust was passed through 934-AH borosilicate 

Table 2. Engine technical criteria 
Max. power 3.5 [Kw] at 3600 [rpm]

Max. torque 16 [Nm] at 3600 [rpm]

Cylinder radius 34.5 [mm]

Capacity 232 [cm3]

Connecting rod length 104 [mm]

Figure 1. Equipment used in this work to analyze the engine performance and emission (a) the engine,
(b) the measurement unit, (c) the AIRREX HG-540 emission analyzer, and (d) sound pressure level meter
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glass fiber filters. Each filter was weighed be-
fore and after the test, runs to determine the mass 
of particulates collected during engine opera-
tion. All emission measurements were conducted 
in triplicate, and the mean values were reported to 
enhance data reliability. 

Noise levels were also evaluated for each fuel 
blend under all tested load conditions. A sound 
pressure level meter (Figure 1 d) was used to re-
cord noise in decibels [dB], with four microphones 
positioned one meter away from the engine on all 
sides – front, back, left, and right – to capture a 
comprehensive profile of sound emissions.  This 
arrangement ensured that noise measurements re-
flected the overall acoustic impact of the engine 
during operation with different fuel blends.

RESULTS AND DISCUSSION

Characterization of NPs

The structural and morphological features of 
the Co₃O₄ and Fe₃O₄ NPs were thoroughly ex-
amined using a suite of advanced characteriza-
tion techniques. X-ray diffraction (XRD) analysis 

confirmed that each sample was composed of a 
single crystalline phase; with Co₃O₄ corresponding 
to the cubic reference diffraction pattern (JCPDS 
card 00-042-1467) and Fe₃O₄ matching JCPDS 
card 01-075-0449. These results indicate the pres-
ence of the only pure phase in the used samples 
[24, 25]. TEM images show that the NPs are simi-
lar in morphology and size, with Co₃O₄ exhibit-
ing an average diameter of 50 ± 5 [nm] and Fe₃O₄ 
averaging 50 ± 7 [nm]. The specific surface areas, 
determined by the BET method, were found to be 
19.0 ± 1 [m²/g] for Co₃O₄ and 18 ± 2 [m²/g] for 
Fe₃O₄. These results confirm the close resemblance 
in particle size, shape, and surface area between 
the two types of NPs. This similarity is ensures that 
any observed differences in engine performance 
and emissions is attributed to the intrinsic chemi-
cal and catalytic properties of the NPs rather than 
disparities in their physical characteristics.

Engine performance

This research evaluated the efficiency of bio-
diesel derived from waste oil, both before and 
after incorporating 50 [ppm] of either Co3O4 or 

Figure 2. XRD and TEM images of Co3O4 and Fe3O4 NPs
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Fe3O4 NPs, using a four-stroke engine as the test-
ing platform. Figure 3a illustrates BSFC for each 
sample, a metric that measures how much fuel is 
consumed to generate a unit of power, thus serv-
ing as an indicator of fuel efficiency

The findings indicate that the biodiesel 
sample without NPs (BID) exhibited a higher 
BSFC compared to those with nanoparticle ad-
ditives. Lower BSFC indicates better fuel per-
formance regarding fuel consumption. At a 
torque of 2.0 [Nm], the BSFC values recorded 
were 620 [g/kWh] for BID, 579 [g/kWh] for the 
sample with Co3O4 (BIDCo), and 599 [g/kWh] 
for the sample with Fe3O4 (BIDFe). The reduc-
tion in BSFC upon adding NPs is attributed 
to the increased oxygen content provided by 
the nano-additives [39], which enhances com-
bustion efficiency. This trend persisted across 
all tested load conditions. For instance, at 4.0 
[Nm], the BSFC values for BID, BIDCo, and 
BIDFe were 359, 339, and 349 [g/kWh], respec-
tively. When the torque was raised to 6.0 [Nm], 
the corresponding BSFC values were 309, 290, 
and 300 [g/kWh].

BIDCo consistently demonstrated lower BSFC 
values than BIDFe at every torque level, which is 
likely due to the higher calorific value and greater 
oxygen availability from Co3O4, facilitating more 
effective combustion compared to Fe3O4.  The 
stronger Fe-O bond relative to the Co-O bond in-
fluences the difference in oxygen donation.

As shown in Figure 3(b), the improvement per-
centage in BSFC for BIDCo and BIDFe at 2.0 [Nm] 
were 6.6% and 3.3%, respectively. At a higher load 
of 4.0 [Nm], these improvement slightly decreased 
to 5.5% for BIDCo and 2.8% for BIDFe, a change 
attributed to increased fuel consumption at mod-
erate loads [40]. When the torque was further in-
creased to 6.0 [Nm], the improvement percentages 
were 6.5% for BIDCo and 2.9% for BIDFe, with 

the limited reduction expected as the torque ap-
proached its maximum value.

BSEC serves as a key metric for assessing 
how effectively an internal combustion engine 
converts fuel energy into mechanical power out-
put [41]. Lower BSEC values indicate improved 
energy conversion efficiency, making it a valu-
able parameter for comparing different fuel for-
mulations and engine modifications.

Experimental results demonstrate that in-
troducing NPs into BID leads to a reduction in 
BSEC across all tested torque levels, with the 
most pronounced decrease observed at the high-
est load of 6 [Nm]. For BID alone, the BSEC val-
ues at torque settings of 2.0, 4.0, and 6.0 [Nm] are 
23.249, 13.529, and 11.625 [MJ/kWh], respec-
tively. The addition of NPs not only raises the 
lower heating value (LHV) of the fuel but also 
lowers the BSFC, resulting in lower BSEC values 
for nanoparticle-enhanced biodiesel. Specifically, 
BIDCo exhibits BSEC values of 22.15, 12.99, 
and 10.99 [MJ/kWh] at 2.0, 4.0, and 6.0 [Nm], 
respectively, while BIDFe records 22.91, 13.40, 
and 11.40 [MJ/kWh] at the same torque levels.

BIDCo consistently shows higher loss per-
centages than BIDFe: 4.7% versus 1.5% at 
2 [Nm], 4.0% versus 0.84% at 4 Nm, and 5.1% 
versus 2.2% at 6 [Nm]. These findings indicate 
that the inclusion of NPs significantly reduces the 
BSEC loss, with Co3O4 NPs outperforming Fe3O4 
NPs due to their greater oxygen content and the 
higher LHV of the BIDCo blend.   

Figure 5 illustrates the BTE for each fuel 
type at three different torque settings, revealing 
that the BTE values are generally comparable, 
particularly after the inclusion of NPs. Despite 
this overall similarity, BTE increases noticeably 
with higher torque for all fuels, a trend attributed 
to reduced fuel consumption at elevated torque 
levels. BTE is a crucial metric for assessing how 

Figure 3. (a) BSFC values of and (b) the BSFC’s improvement percentages compared to BID
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effectively an engine transforms the chemical 
energy in fuel into mechanical work. Energy 
losses during this process can arise from factors 
like friction, emitted gases, and heat dissipation 
through the engine cylinder [42]. The observed 
enhancement in BTE following the addition of 
NPs is primarily due to the increased calorific 
value and reduced viscosity of the fuel, which 
together promote improved fuel flow and com-
bustion that is more efficient.

In more detail, at 2.0, 4.0, and 6.0 [Nm], the 
BTE levels of BID are 14.79, 25.45, and 29.66, 
respectively. Incorporating Co3O4 NPs raises 
these values to 15.19, 25.89, and 29.88 at the 
same torque levels, while with Fe3O4 NPs, the 
BTE values become 14.98, 25.69, and 29.78, re-
spectively. As shown in Figure 5(b), the degree 
of BTE improvement diminishes as the load in-
creases, which is linked to lower fuel consump-
tion at higher loads. The most significant gains 
are observed with Co3O4 NPs, where at 2.0, 4.0, 
and 6.0 [Nm], BTE increases by 2.7%, 1.7%, 
and 0.7%, respectively. For Fe3O4 NPs, the cor-
responding improvements are 1.4%, 0.9%, and 
0.4%. These results indicate that Co3O4 NPs are 
more effective in enhancing engine performance 
and fuel efficiency, while Fe3O4 NPs also offer 
benefits, particularly in reducing NOx emissions, 
which will be addressed in subsequent sections.

As the applied torque increases, the noise 
level also rises, as shown in Figure 6. For the 
BID sample, noise measurements at 2.0, 4.0, and 
6.0 [Nm] were recorded as 74, 76, and 78 [dB], 
respectively. Introducing NPs led to a marked 
decrease in noise. Specifically, BIDCo exhibited 
noise levels of 72.0, 73.0, and 74.0 [dB] at the 
same torque values, while BIDFe showed 73, 75, 
and 76 [dB]. This decrease is assigned to the en-
hanced of O2 availability during combustion when 
Co3O4 and Fe3O4 NPs are present. Co3O4 provides 
more accessible oxygen than Fe3O4, resulting in 
superior noise reduction performance for BIDCo 
compared to BIDFe.

Exhaust emissions

Figure 7 presents the engine’s emission data 
both before and after the incorporation of NPs 
into the fuel. In general, increasing the applied 
load leads to higher release of certain emissions, 
such as PM and HC, due to a shortened combus-
tion duration that promotes their formation. Con-
versely, higher loads raise the temperature, which 
reduces CO emissions by limiting incomplete 
combustion and enhancing complete combustion, 
thereby increasing CO2 and NOx emissions [43].

The figure also illustrates a clear decrease 
in HC, CO, and PM emissions when NPs, 

Figure 4. (a) BSEC values of the three tested fuels and (b) reduction percentage of BSEC compared with BID

Figure 5. (a) BTE values of the three tested fuels and (b) BTE increasing percentage relative to BID
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particularly Co3O4, are added to BID fuel. How-
ever, as the load increases, emissions of NOx and 
CO2 also rise. Figure 8 quantifies the percentage 
reductions in PM, CO, and HC achieved by the 
nano-additive BID across various load levels. 
More in detail, HC releasing levels for BID at 
2.0, 4.0, and 6.0 [Nm] are measured at 4.9, 10.9, 
and 21.9 [ppm], respectively, while for BIDFe 
they are 18%, 17.0%, and 13%, respectively. This 
means that the reduction percentages of BIDFe 
are 8%, 7.9%, and 2.0%, respectively. The better 
performance of BIDCo is due to its easy donation 
of oxygen compared to Fe3O4.

Similarly, CO emission was reduced after 
the addition of BIDCo by 18%, 22%, and 23% 
at load value 2.0, 4.0, and 6.0 [Nm], respectively, 
while it was 12%, 11%, and 12%, respectively, 
for BIDFe. In addition, PM releasing levels of 

BID are 1.2, 1.4, and 1.6 [g/h], respectively, but 
the use of BIDCo and BIDFe further reduces 
them. Specifically, for BIDCo, it was 0.9, 1.1, 
and 1.2 [g/h], respectively, and for BIDFe was 
1.1, 1.3, and 1.5 [g/h], respectively. This denotes 
that BIDCo decreases PM release at 2.0, 4.0, and 
6.0 [Nm] by about 25%, 14%, and 12%, respec-
tively, while BIDFe reduces it by 16%, 7%, and 
6.25%, respectively. 

HC and PM emissions result from the poor 
combustion of fuel in the combustion and evapo-
ration steps [44]. Thus, the high reduction in HC 
and PM emissions after the addition of NPs is 
attributed to the better fuel combustion as a re-
sult of the higher available oxygen of BIDCo and 
BIDFe [45]. The physicochemical properties of 
fuel have a strong impact on combustion emis-
sions, where the low available oxygen leads to a 

Figure 6. (a) The intensity of engine noise in dB of the three tested fuels and
(b) the reduction percentages based on BID

Figure 7. The emissions of the three tested fuels from the exhaust
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rise in CO release because of the enhancement of 
partial oxidation rather than complete combus-
tion. Thus, BID-NPs minimize CO emissions due 
to their higher oxygen content [46].

The noticeable rise in CO2 release is due to 
the reduction of PM, HC, and CO emissions. 
Compared to BID fuel, BID-NPs fuel promotes 
more complete oxidation and reduces partial oxi-
dation, resulting in lower emissions of HC, CO, 
and PM. The simultaneous rise in CO2 alongside 
the reduction in these pollutants indicates more 
efficient and complete fuel combustion. Addi-
tionally, higher engine temperatures at increased 
loads contribute to this effect. Moreover, the pres-
ence of NPs enhances the fuel combustion pro-
cess compared to BID alone, which further el-
evates CO2 emissions [47]. 

The increase in NOx emissions clearly re-
flects the effect of higher combustion tempera-
tures on pollutant formation [48]. NOx is gener-
ated through the reaction between oxygen, either 
from NPs, biofuel, or air, and nitrogen present 
in the air. Elevated combustion temperatures and 
greater oxygen availability enhance this process. 
For example, before adding NPs, NOx concentra-
tions at 2.0, 4.0, and 6.0 [Nm] were measured 
at 167.0, 190, and 221 [ppm], respectively. Af-
ter introducing NPs, NOx emissions from Fe3O4 
were lower than those from Co3O4, likely due to 
Fe3O4’s reduced capacity to supply oxygen for 
combustion compared to Co3O4. Specifically, 
NOx levels for BIDCo at 2.0, 4.0, and 6.0 [Nm] 

were 139, 164, and 194 [ppm], while BIDFe re-
corded 138.0, 159.0, and 188.0 [ppm] at the same 
loads. This corresponds to NO emission reduc-
tions of 16.7%, 14.2%, and 16.7% for BIDCo, 
and 17.3%, 21.5%, and 14.9% for BIDFe at 2.0, 
4.0, and 6.0 [Nm], respectively.

Their distinguished properties, features, and 
catalytic behaviors in the fuel burning process 
can demonstrate the variation in CO₂ and NOx 
releases observed with Co3O4 and Fe3O4 NPs. In 
particular, Co3O4 is recognized for its strong oxi-
dizing capability, which promotes diesel combus-
tion, driving to higher burning temperatures in-
side the engine [49, 50]. This rise in combustion 
temperature enhances the interaction between N₂ 
and O₂, the main components of air, and elevates 
NOx release. Besides that, although the elevated 
denoted oxygen of Co3O4 compared to Fe3O4 
leads to enhanced full combustion, it produces 
more NOx because of the elevated thermal level. 
In contrast, Fe3O4 has various thermal properties 
and a slashes propensity to increase undue heat 
production compared to that of Co3O4. As men-
tioned before, Fe3O4’s ability to influence the heat 
transfer from the burning cell to the exhaust al-
lows lowering peak temperatures, thereby reduc-
ing NOx emissions.

To confirm the important effect of adding NPs 
to BID, all the results in sections (3.2.) and (3.3.) 
were analyzed statistically via analysis  of vari-
ance (ANOVA). This analysis method is ordinar-
ily applied to test the variation between the mean 

Figure 8. The emission variation percentages of the three tested fuels
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values of more than two groups. ANOVA results 
show values less than 0.05 for all calculated P pa-
rameter values, which indicates that all observed 
improvements are considerable and respectable 
and are not just random scatter, which gives high 
credibility to these study results.

The potential for expanding this method on a 
larger scale relies on carefully weighing the asso-
ciated expenses against the benefits, particularly 
in terms of modulating fuel activity and lower re-
leases. From an environmental perspective, utiliz-
ing waste oil as a raw material for BID is advanta-
geous, as it encourages recycling and minimizes 
garbage generation. Nevertheless, incorporating 
NPs does result in higher fuel costs. Initially, the 
investment required for producing NPs may be 
significant; however, these upfront costs could be 
balanced out over time by the gains in fuel effi-
ciency and the reduction of emissions. Further-
more, with increasingly stringent emission regu-
lations, there is a growing appeal for green fuels, 
thereby enhancing the economic justification for 
adding NPs to biodiesel.

Regarding environmental sustainability, bio-
diesel enhanced with NPs offers notable benefits 
compared to other sustainable liquid fuels, par-
ticularly by decreasing the release of harmful 
substances like HC, CO, and PM. Although there 
is a rise in CO₂ emissions, it is accompanied by 
a reduction in the more hazardous CO gas. On 
the other hand, the common challenge with using 
biodiesel is its tendency to produce higher levels 
of NOx compared to conventional diesel fuel due 
to the high oxygen content of biodiesel. The find-
ings indicate that Fe₃O₄ NPs are less promoting to 
NOx gases compared to Co3O4.

CONCLUSIONS

This study shows that the addition of metal 
oxide NPs (Co₃O₄ and Fe₃O₄) to biodiesel pro-
duced from waste sunflower oil can significantly 
enhance diesel engine performance and emis-
sion characteristics. Particularly, the addition of 
50 [ppm] of either NPs into biodiesel results in a 
notable reduction in BSFC across all tested load 
conditions, with Co₃O₄ showing better perfor-
mance due to its higher calorific value and abil-
ity to transfer more oxygen molecules, resulting 
from its weaker oxygen bond compared to Fe3O4. 
In addition, both NPs improved BTE and reduced 
emissions of CO, PM, and HC compared to BID.

However, the use of NPs was associated 
with a moderate increase in NOₓ emissions, a 
common challenge when enhancing combustion 
efficiency with oxygen-rich additives. Nota-
bly, Fe₃O₄ exhibited a less pronounced increase 
in NOₓ emissions than Co₃O₄ due to its lower 
oxygen donation capability and higher thermal 
conductivity, which results in heat transfer away 
from the combustion chamber.

The results confirm that NPs, particularly 
Co₃O₄, are effective in solving most of the draw-
backs of biodiesel regarding engine efficiency 
and emissions, making them promising addi-
tives for sustainable diesel engine operation. 
However, future work should focus on optimiz-
ing nanoparticle concentrations, exploring long-
term engine durability, and developing strategies 
to mitigate NOₓ emissions to further advance the 
practical application of nanoparticle-enhanced 
biodiesel fuels.
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