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Abstract

The escalating concerns regarding the air pollution and its impact on human health have driven extensive research
into alternative fuel additives for diesel engines. The integration of Metal Oxide NanoParticles (MONPs) in diesel
fuel has emerged as a promising strategy to enhance combustion efficiency and reduce harmful emissions. This study
investigates the impact of MONPs additives on diesel engine emissions, focusing on key pollutants such as CO, NOy,
and HC. The present findings highlight the potential of Cupric Oxide(CuQO) nanofuel as a sustainable solution for
cleaner diesel engine operation, contributing to reduced environmental impact and improved energy performance. The
emission characteristics of diesel fuel blended with CuQO nanopanrticles (at concentrations of 25 ppm, 50 ppm, and
75 ppm by weight) were initially examined. After evaluating the performance of CuO blends, the most effective results
from each were compared to determine the optimal blend. Finally, the paper addresses existing challenges and future
research directions related to the safe and effective application of MONPs in diesel engines. This work underscores
the importance of continued innovation in nanotechnology and fuel science to develop cleaner alternatives in
transportation, aligning with global efforts to combat climate change and promote sustainable energy solutions for
future mobility.
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1. INTRODUCTION

The energy demand is raising exponentially to meet the need of growing population. It is commonly
recognized that the majority of energy used comes from fossil fuels, which are rapidly running out and
raising serious concerns because of their harmful emissions [1,2].

Diesel engines, extensively used in transportation, power generation, and industrial sectors, are major
contributors to air pollution. Their exhaust emissions comprise a complex mix of pollutants, including
particulate matter (PM), nitrogen oxides (NOx), carbon monoxide (CO), unburned hydrocarbons (UHC),
and other harmful compounds. These emissions pose significant health risks, leading to respiratory
disorders, cardiovascular diseases, and cancer. Biodiesel is a key alternative fuel that can help meet the
growing demand for energy. By using biodiesel, environmental emissions can be reduced, although there
may be a minor reduction in engine performance. However, there is potential to enhance both fuel
properties and engine performance by incorporating metal oxide nanoparticles as additives [3].

Fuel additive with at least one dimension less than 100 nm is considered as nanosize fuel additive [4,5].
The nanoparticles, owing to their unique catalytic properties and high surface area-to-volume ratios,
facilitate more complete fuel combustion, thereby improving engine performance and mitigating the
release of pollutants.

Metallic nanoparticles are an attractive choice as fuel additives owing to high energy density and reactivity.
Bergthorson et al. proposed direct burning of metallic nanoparticles for zero-carbon electricity after
conducting a number of experiments on the particles. They demonstrated how, as seen in Figure 1, the
flame of methane fuel in air resembles the flame of metallic particles [6].

Recent studies have demonstrated the efficacy of various metal oxide nanoparticles as fuel additives. For
instance, Ozgiir investigated the effects of nickel iron oxide (NiFe,O4) and nickel zinc iron oxide
(Zng.sNig.sFe,O,) nanoparticles on the exhaust emissions of a turbocharged diesel engine. The study
revealed that incorporating these nanoparticles at concentrations of 15, 20, and 25 ppm led to a
significant reduction in exhaust emissions, with the optimal dosage identified for maximum emission
reduction [7].

Similarly, research by Fayad et al. explored the impact of titanium dioxide (TiO,) nanoparticles blended
with castor oil methyl ester (C20D) on soot nanoparticles and NOy emissions in a common rail direct
injection (CRDI) diesel engine. The findings indicated that adding TiO, nanoparticles at concentrations
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of 25 and 40 ppm, combined with a high rate of exhaust gas recirculation (EGR), resulted in a notable
decrease in NOy emissions and a reduction in the total concentration of particulate matter (PM) [8].
Furthermore, a study by Hussain et al. examined the effects of cerium-coated zinc oxide (Ce-ZnQO)
nanoparticles added to soybean biodiesel blends on engine performance and emissions. The results
demonstrated that a 50 ppm concentration of Ce-ZnO nanoparticles in a 25% soybean biodiesel blend
led to a 20.66% increase in brake thermal efficiency and significant reductions in CO, smoke, and
hydrocarbon emissions compared to the biodiesel blend without nanoparticles [9].

Previous studies revealed that addition of nanoparticle to fuel acts as combustion catalyst, improves
combustion behavior and reduces pollutant emissions. Mehta et al. investigated the burning
characteristics of diesel fuel blended with aluminum (Al), iron (Fe) and boron (B) nanoparticle in a diesel
engine. The author reported an appreciable reduction in ignition timing for nanofuels (0.2 s), in
comparison with diesel fuel (1.2 s) [10].

Building on previous research that demonstrated the effectiveness of metal oxide nanoparticles in
enhancing combustion and reducing emissions, this study aims to investigate the impact of CuO and
Al O; nanoparticles on emission characteristics in detail.

AdAA

methane iron aluminum boron/aluminum 2irconium

Fig. 1 Burning of various metallic fuels in a Bunsen burner and compared to a methane flame [10]

2. MATERIALS AND METHODS

2.1 Materials

CuO Nanoparticles with a specific surface area of approximately 30-50 m?/g and an average particle size
of 20-30 nm were used.

Commercially available Diesel was used as the base fuel.

2.2 Preparation of Fuel Blends

The fuel blends were formulated by dispersing the nanoparticles into the diesel fuel with the aid of a
magnetic stirrer. The nanoparticles concentration used was 25, 50, and 75 ppm (parts per million) by
weight in the diesel fuel.

From hereon, the fuel blends will be denoted as follows :

Table 1 : Fuel Blends and corresponding run

Neat Diesel Run O
Diesel + 25 ppm CuO Run 1
Diesel + 50 ppm CuO Run 2
Diesel + 75 ppm CuO Run 3

Engine Setup and Testing:
A single-cylinder, four-stroke, direct-injection diesel engine was used for the emission tests. The engine
was coupled to a dynamometer to control the load and speed. Engine operating conditions were carefully

controlled. The engine was run at various load conditions (0 %, 25%, 50%, 75%, and 100% of rated
load) at a constant speed of 1500 rpm.

Exhaust Emission Measurement:
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Carbon dioxide (CO;), carbon monoxide (CO), nitrous oxide (NOx), sulfuric compounds, particulate
matter (PM), and unburned hydrocarbons (UHCs) are the most prevalent emissions from fossil fuels
[11,12].

The high temperature in the combustion chamber and the surplus availability of oxygen are the causes of
formation for NOx emission [13].

The CO,; is formed by complete combustion of fuel and adequate availability of oxygen, whereas CO
emissions are formed due to incomplete combustion or deficiency of oxygen [14,15].

Due to environmental issues, PM emissions are a major concern. PM is usually a complex mixture of
sulfur compounds, various HCs, elemental carbon, and other species [16,17]. UHCs, considered as a
main pollutant and significantly affecting the environment, are the result of incomplete combustion [11].
In the present study, an Exhaust Gas Analyzer(AVL444N) was used to measure the concentrations of
gaseous pollutants, including CO, HC, CO,, O, & NOx ; Smoke meter (AVL437) was used to measure

the smoke emission.

Fig. 2 Smoke meter (AVL437) & Exhaust gas analyzer(AVL444N)

3. RESULTS & DISCUSSION

The detailed interpretation of the individual runs along with its experimental data (represented
graphically) is as follows :

1) Run O (Neat Diesel)

Carbon monoxide (CO) levels initially drop from 0.08% at no load to 0.03% at 9 kg, suggesting improved
combustion efficiency. However, at 12 kg, CO slightly increases to 0.04%, pointing to incomplete
combustion under peak load conditions. Hydrocarbon (HC) emissions show a steady rise, climbing from
1 ppm at no load to 9 ppm at 12 kg, indicating higher levels of unburned fuel residues as the load increases.
Carbon dioxide (CO,) levels consistently grow, from 1.3% at no load to 6.1% at 12 kg, reflecting more
complete combustion. Simultaneously, oxygen (O,) levels decline from 18.93% to 12.18%,
demonstrating greater oxygen consumption with higher loads. Nitric oxide (NO) emissions surge
significantly, from 80 ppm to 1068 ppm, likely due to elevated combustion temperatures at increased
loads. Smoke emissions, which remain low at lower loads, experience a sharp rise from 0.2 at no load to
33.2 at 12 kg, suggesting heightened particulate formation and incomplete combustion at higher loads.
These trends highlight that while higher loads enhance combustion efficiency, they also lead to a
substantial increase in NO and smoke emissions, which can adversely affect both environmental quality
and engine performance.
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Fig. 3 Graphical Representation - Run 0

2) Run 1 (Diesel + 25 ppm CuO)

Carbon monoxide (CO) content reduces from 0.12% at no load to 0.04% at 9 kg, reflecting improved
combustion efficiency. But at 12 kg, CO increases marginally to 0.05%, which may be a result of
incomplete combustion at maximum load. Hydrocarbon (HC) emissions gradually increase from 6 ppm
atno load to 15 ppm at 12 kg, reflecting increased unburned fuel content with rising load. Carbon dioxide
(CO,) content increases steadily from 1.4% no load to 6.6% at 12 kg, indicating better combustion. On
the other hand, oxygen (O,) content decreases from 18.9% to 11.62%, showing more oxygen
consumption. Nitric oxide (NO) emissions rise sharply from 38 pm no load to 1244 ppm at 12 kg,
probably due to increased combustion temperatures. Smoke emissions also trend in the same way,
increasing from 0.9 to 22.9, reflecting greater particulate formation at greater loads.
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Fig. 4 Graphical Representation - Run 1
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3) Run 2 (Diesel + 50 ppm CuO)

CO emissions fall with load, beginning at 0.13% at no load and dropping to 0.06% at 12 kg, showing
better combustion efficiency. HC emissions are fairly constant but grow slightly higher with increasing
loads, reaching 12 ppm vol Hex. at 12 kg, which can be attributed to incomplete combustion at extreme
loads. CO2 emissions increase from 1.4% no load to 6.5% at 12 kg, verifying increased fuel oxidation
and improved combustion. O2 decreases with increasing load, from 18.73% to 11.68%, indicating more
oxygen is consumed for combustion. NO emissions increase substantially with load, from 39 ppm no
load to 1207 ppm at 12 kg, as would be expected with increased combustion temperatures with CuQO.
Smoke emissions also increase steeply from 0.5 to 26.2, reflecting elevated particulate matter generation

at high loads.
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Fig. 5 Graphical Representation - Run 2

4) Run 3 (Diesel + 75 ppm CuO)

CO emissions initially start high at 0.17% at zero load but significantly reduce as the load increases,
stabilizing at 0.05%-0.06% beyond 6 kg. This indicates better oxidation of CO at higher loads. HC
emissions remain relatively stable at lower loads (7-9 ppm) but rise slightly to 11 ppm at 12 kg, suggesting
some incomplete combustion at higher loads. CO2 levels increase steadily from 1.6% at 0 kg to 6% at 12
kg, reflecting better combustion efficiency with increasing load. O2 levels show a consistent decline from
18.35% to 12.32%, signifying higher oxygen consumption for combustion. NO emissions rise
significantly from 34 ppm to 1117 ppm as load increases, due to the higher combustion temperature.
Lastly, smoke emissions rise from 0.6 at no load to 28.3 at full load, which suggests higher soot formation
at increased load due to rich fuel-air mixture.

N Emissians va Load Smoke Fmissians ve Load 1

Fig. 6 Graphical Representation - Run 3
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Comparative Analysis of Emission Trends: Run 0 vs. Run 1 (CuO 25 ppm) vs. Run 2 (CuO 50 ppm)
vs. Run 3 (CuO 75 ppm)

CO Emissions: Run 3 (CuO 75 ppm) shows slightly higher CO emissions at low loads compared to the
other runs, especially at O kg load (0.17% vol). However, at higher loads, CO levels remain similar to
Runs 1 and 2, suggesting CuO improves oxidation at higher temperatures.

HC Emissions: Hydrocarbon (HC) emissions remain relatively stable across all CuO-doped runs, with
Run 3 showing an average of 8.8 ppm. This is slightly lower than Run 1 (9.4 ppm) and Run 2 (9 ppm),
suggesting moderate effectiveness in reducing unburned hydrocarbons.

CO, Emissions: CO, emissions increase with load in all runs, indicating better combustion efficiency
with CuO addition. Run 3 shows slightly lower CO, levels than Run 2, but still higher than Run 0,
suggesting the combustion efficiency gain starts to saturate at higher CuO concentrations.

O, Levels: Oxygen levels decrease with increasing load, as expected. Run 3 maintains an average O, of
15.516%, which is slightly higher than Run 2 but lower than Run 0, indicating that more oxygen is being
utilized in combustion but at a diminishing rate beyond 50 ppm CuO.

NO Emissions: NO levels rise significantly with increasing CuO concentration. Run 3 records an average
of 573.4 ppm, which is slightly lower than Run 2 (619 ppm) but still much higher than Run 0. This
suggests that excessive CuO concentrations may reach a threshold where additional oxidation does not
further increase NO formation.

Smoke Emissions: Smoke emissions continue to increase at higher loads, with Run 3 showing an average
of 10.44, which is higher than Runs 1 and 2. The high smoke levels at full load (28.3) suggest that 75

ppm CuO may cause incomplete combustion due to excessive nanoparticle agglomeration.

CONCLUDING REMARK:

While CuO additives improve combustion efficiency by increasing CO, production and reducing
unburned HC and O, levels, the diminishing returns beyond 50 ppm suggest that excessive CuO does
not further enhance performance. Instead, it increases NO emissions and smoke levels at higher loads.
Run 1 (CuO 25 ppm) remains the most balanced option, providing a good trade-off between efficiency
and emissions control.
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Fig. 7 Comparative Emission Trends : Neat Diésel agd CuO Blends

4. CHALLENGES & FUTURE SCOPE

Undoubtedly the nanoparticle additives in diesel fuel reduces the engine emissions significantly. Further
experimental efforts are needed to fill the knowledge gap about the type of nanoparticle used and its
optimum dosage in fuel so that it serves the purpose of Complete Combustion as well as Lower Emissions
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and Environmental Impact. In addition, the stability characteristics of nanofluid fuels under different
operating conditions should be addressed technically.

It is worth noting that, besides the engine emissions, performance, and combustion characteristics, most
of the existing reviews have only focused on the dispersion stability, wear and friction loss, corrosion, and
cost-related issues with nanoparticles, with limited discussion on a very important aspect of these nano-
additives, which is their toxicity and health impacts when they come into contact with humans and
animals over a period of exposure. There is numerous evidence supporting how toxic these nanoparticles
are and how detrimental they could be to an individual’s health [18,19,20,21,22]. Harmful effect of
exhaust emissions becomes more concerning when nanosize fuel additives are used [23]. The most
probable entrance sites for nanoparticles are the skin, gastrointestinal system, and lungs [24].
Nanoparticles that are released or naturally occurring can infiltrate and move about inside living
organisms. Nanoparticles can penetrate physiological barriers and enter the living organism system
because of their minuscule size [25]. According to reports, the nanoparticles interacted with a number of
bodily systems, including the skin, brain, lungs, liver, kidneys, and blood, and may have disrupted their
regular functions [26]. Mauro et al. demonstrated in a study that skin is a negligible route of penetration
and permeation of nanoparticles. However, they found that Al,O; nanoparticles slightly permeate the

skin [27].

5. CONCLUSION

The concept of blending Cupric Oxide Nanoparticles into neat diesel on the emission patterns were
investigated in this study, and the results obtained during the trails are summarized.

1) Significant reduction in all the emissions was observed by doping additives to diesel since metal oxide
nanoparticles provide extra oxygen during combustion and hence complete combustion was achieved.

2) It was observed that the NOx emissions were increased with the usage of metal oxide nanoparticles
due to liberation of extra oxygen.

3) Run 1 (CuO 25 ppm), is cleaner overall, with lower HC, NO, and smoke emissions, making it a better
option for minimizing pollution, especially at higher loads. While its CO and CO, emissions are slightly
higher, it represents a more environmentally friendly choice.
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