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ABSTRACT. Energy demand increases day by day due to the present technological scenario and fossil fuels are 
also depleting gradually. Therefore, the necessity came into the researchers to identify an alternative renewable 
resource for compensating the energy demand. The biodiesel appeared to the researchers as an important resource 
due to its characteristics and ability to compensate for the energy demand. However, some additional improvements 
are required for the efficient performance of the biodiesel, such improvement is achievable by the blending of an 
efficient additive with the biodiesel. The present study predominantly focuses to investigate the performance of the 
biodiesel with two different additives such as cerium oxide nanoparticles and ethanol. The neem (Azadirachta 
indica) oil has been selected as feed stock. The cerium oxide nanoparticles are prepared using the green synthesis 
process. Four various fuel samples are prepared to examine the effect of additives, (i) PB (pure biodiesel), (ii) BCe 
(PB+100 ppm CeO2), (iii) BE (90% biodiesel+10% ethanol) and (iv) BCeE (90% biodiesel+100 ppm CeO2+10% 
ethanol). From the experimentation, it is observed that the fuel BCeE achieves the better performance due to the 
oxygen buffering characteristics and improvement in the atomization by the additives.  
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INTRODUCTION 
 

In the near future, biodiesel can contribute 27% of the overall energy requirement in the whole 
world. The transportation alone eliminates nearly 2.1 Gt CO2, NOx, HC, etc., per year [1]. The 
petroleum fuels are gradually depleting and also produces environmental pollution, global 
warming, etc. However, many countries are affected by the unstable fuel supply. These issues can 
be sorted out by the appropriate alternative energy resources. The vegetable oil is in the race to 
become an appropriate alternative for diesel fuel by the calorific heating value. The non-edible oil 
is not competitive for the edible oil. Therefore, most of the research is concentrated on the non-
edible oils [2]. Some of the vegetable oil properties such as viscosity, volatility, density, etc., lead 
to an improper combustion which causes the scope to the fuel properties modifications. Therefore, 
the vegetable oil needs to be converted into the biodiesel for the feasible properties [3]. The mono-
alkyl ester is the biodiesel which is obtained from the triglycerides of vegetable oil [4]. Different 
methods are available to prepare the biodiesel which includes thermal cracking, direct use and 
direct mixing, microemulsions and transesterification. The transesterification process seems to be 
the most convenient and better choice to produce the biodiesel due to its lower production cost, 
shorter production time and high productivity [5]. The free fatty acid (FFA) and moisture are the 
important materials present in the vegetable oil [6, 7]. In future, the neem oil can be the dominating 
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source of energy in India since most of the states cultivate neem trees.  A matured tree can cultivate 
30-50 kg fruit per year and its cultivation continues up to 150-200 years. The neem oil is also 
helpful for the medical sector, lubrication and soap production and each part (leaf, kernel, fruit, 
seed oil, bark, wood, etc.) of neem tree can be used for enormous applications [8, 9]. The neem 
oil biodiesel shows the positive results in performance, emission and combustion characteristics 
[10]. However, the flash point and the density of the neem biodiesel is higher than the petroleum 
diesel [11, 12]. The properties and the performance of the biodiesel was improved by the addition 
of some additives. The cerium oxide nanoparticle is one of the important additives. It donates the 
oxygen for oxidizing the carbon monoxide and combusting the unburnt hydrocarbon [13-15]. The 
volatility is one of the considerable properties of the fuel. The emission of smoke is controllable 
by the addition of volatile material (ethanol is one among them) with the biodiesel. The fuel with 
20% of ethanol can be used in the CI engine without any modifications. Ethanol is a biomass 
based renewable resource of energy. It is able to derive from the vegetables and wastages. The 
ignition delay is one of the important parameters. It is mainly dependent on the spray 
characteristics and latent heat of the fuel. The higher latent heat of ethanol causes the higher 
ignition delay than the diesel [16-19]. Lenin et al. [12, 20] investigated the effect of the blending 
of pongamia biodiesel with the diesel on the performance and emission characteristics of the 
engine and they found the useful improvement.  The influence of the ionization of the fuel on the 
performance and emission characteristics has been explored by Thiyagarajan et al. [21]. 
Karthickeyan et al. [22] conducted an experiment to investigate the engine performance of the 
biofuel blend (Pistacia khinjuk oil methyl ester in diesel). They observed that the blending of 
Pyrogallol also influences the engine performance. Jeevanantham et al. [23] attained the 45% 
reduction in NOx emission due to the blending of 10% diethyl ether. Many authors synthesized 
the biodiesel using various methods and performed the performance, emission and combustion 
characteristics [24-31]. Hrish and Madhavan [32] experimentally evaluated the influence of the 
fuel (biodiesel and Al2O3 nanoparticles blend) injection timing on the IC engine performance. The 
study found that the addition of nanoparticles used for varying the effective injection timing. 
Prabu [33] and also Gopal et al. [34] analyzed the effect of various nanoparticles in the working 
characteristics of DI engines. Hosseinzadeh-Bandbafha et al. [35] studied the CI engine 
performance with the water emulsified fuel. The study identified that the water emulsified fuel 
contributes to enhancing the performance of the engine. The effect of nanoparticle concentration 
in the biodiesel evaporation was studied by Jiang et al. [36] and they found that the evaporation 
rate reduces as an increase in the concentration of nanoparticles. Ağbulut et al. [37] investigated 
the effect of the blending of silicon oxide, aluminum oxide and titanium oxide nanoparticles with 
the fuel in the emission and performance characteristics. The study observed that the nanoparticles 
helped for the better combustion of the fuel by its highly available oxygen content. Siva et al. [38] 
and Sajith et al. [39] performed an analysis to explore the contribution of cerium oxide 
nanoparticles in the engine performance and emission characteristics. They observed that the 
cerium oxide positively influenced the engine performance and emission characteristics. 

From the existing research and literatures, it is identified that the neem oil has an ability to 
compensate present and future energy demand. It cannot create a food scarcity due to the inedible 
nature. The availability of neem oil is plentiful in south Asia. India alone produces more than 
30000 tons of neem oil per annual [40]. Therefore, the neem oil has been considered for the 
present study. However, some additives also required to improve the efficiency and performance 
of the biofuel. From the literature, it has been seen that many nanoparticles were showed the 
promising improvement in the engine performance and emission characteristics. The cerium oxide 
is one among them. It shows the useful improvement in the fuel properties, engine performance, 
combustion and emission. This is the reason behind the consideration of the cerium oxide 
nanoparticle additives in the present study. Similarly, the blending of ethanol improves the fuel 
properties such as volatility, viscosity, etc. The present study focuses to explore the combined 
effect of CeO2 nanoparticle and ethanol with neem oil biodiesel. The transesterification method 
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is used to prepare the neem biodiesel. The CeO2 nanoparticle was synthesized using green 
synthesis process. Four various fuel samples are prepared. The experimentation is performed for 
the prepared fuel samples. The results are evaluated by various characteristics such as emission, 
combustion and performance characteristics. 

 
EXPERIMENTAL 

 

Synthesis of cerium oxide nanoparticle (green synthesis) 
 

The cerium oxide nanoparticles can be produced with physical and chemical methods. However, 
it takes a long time. Therefore, the green synthesis method is preferred for the present study to 
synthesis the cerium oxide nanoparticles [41]. Many existing researches synthesized the various 
nanoparticles (iron oxide, cerium oxide nano, silver, etc.) using green synthesis method. They 
also characterized the nanoparticle with SEM, TEM, XRD, EDX and FTIR [42-43]. 

The Moringa oleifera leaf extract is used as a reduction agent of iron due to the plenty 
phytochemical contents such as carbohydrate, protein, phenolic compound, etc. The formation of 
nanoparticles consists of the following three stages: (i) reduction of ions, (ii) clustering, and (iii) 
nanoparticle growth. Some parameters influence growth and properties of nanoparticles such as 
nature, concentration, pH value of the reducing agent, stabilizer, ratio between cerium nitrate and 
reducing agent ratio. The phytochemicals are here to act as a reduction agent to form a cerium 
oxide nanoparticle [44]. The Moringa oleifera leaf was collected from the farm. Then the leaf was 
separated from the stem. The separated leaves were washed by the water to remove the unwanted 
impurities presents in the leaves. Then 100 mL of water is taken in the beaker with the 50 g of 
Moringa oleifera leaves and heated till the water reaches greenish colour. Finally, Maan filter No. 
40 filter paper is used to take a pure leaf extract without impurities. A 50 mL of Moringa oleifera 
leaf extract was taken in a beaker and heated up to 60 degree Celsius, and then 5 g of precursor 
was added into the leaf extract at 60 oC. Then the solution was heated continuously, till the solution 
become a form of paste. The paste has been taken in the ceramic crucible and placed in a muffle 
furnace to maintain 450 degree Celsius for 2 hours to remove the organic impurities. Finally, the 
light yellow colour powder was obtained, collected and stored in an airtight container. Figure 1 
shows the SEM image of cerium oxide nanoparticles. 
 

Figure 1. SEM image of cerium oxide nanoparticles. 

Characterization of cerium oxide nanoparticles 

The synthesized cerium oxide (CeO2) nanoparticle was characterized using Cu Kα – X-Ray 
diffractometer for making a conformation of nanoparticles and analyzing the structure. The peak 
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was obtained from the angles 28.465o, 28.589 o, 33.007 o, 47.444 o, 56.311 o, 59.056 o, 69.369 o and 
76.635 o (Figure 2). The identified peak perfectly matches the JCPDS (Joint Committee on Powder 
Diffraction Standards) - file no. 34-0394. Therefore, the characterization made a conclusion as 
the obtained material is the cerium oxide. 

 
Figure 2. XRD characterization. 
 
Biodiesel production process 
 
The neem oil, methanol, KOH, ethanol and cerium nitrate hexa-hydrate are purchased from 
suppliers. In the present study, the transesterification process is used to prepare the biodiesel from 
the neem oil. The transesterification is a process to produce mono alkyl ester from the triglycerides 
due to the reaction between methanol and triglycerides in an appropriate temperature. The neem 
(one liter) was taken in a beaker, then it was heated up to 60  oC using an electric heater and stirred 
with the speed of 500 rpm. Now 200 mL of methanol and 10 g of potassium hydroxide were added 
to the heated neem oil. The required time needs to be given for the efficient conversion of biodiesel 
from triglycerides of oil and also for the maximum yield efficiency. Therefore, this process was 
carried out for an hour with the constant temperature 60 oC and constant speed 500 rpm.  The 
reacted oil was poured into the separating funnel and placed over 12 hours for the separation of 
ester and glycerol. This process cultivates two products such as methyl ester and glycerol. The 
separation has been done by the density and gravitational force acting on the reacted oil. Now the 
reacted oil was settled in two layers. The biodiesel was settled in the upper layer with golden 
yellow color and the lower layer contains glycerol with black in color as a byproduct. The glycerol 
was removed from the separating funnel and utilized for other purposes. 
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Biodiesel blending and properties 
 
The Table 1 and Figure 3 shows the various biodiesel blends and their properties respectively. PB 
is pure neem oil biodiesel. The fuel sample BCe is the blending of 100 ppm cerium oxide 
nanoparticles pure neem oil biodiesel. The fuel sample BE contains 90% volume of pure biodiesel 
and 10% volume of ethanol. Both cerium oxide nanoparticles (100 ppm) and ethanol (10% in 
volume) have been mixed with pure biodiesel (90% in volume) in the fuel BCeE. The kinematic 
viscosity was identified using a red wood viscometer. The calorific value of the prepared biofuel 
samples was determined using bomb calorimeter. Pensky Martens apparatus is used to find the 
flash and fire point of the prepared biodiesel samples. The addition of additives shows some 
positive variations in fuel properties such as Specific gravity, flash point, kinematic viscosity and 
calorific value. But the ethanol marginally increases the flash point and decreases the calorific 
value. This action is opposite to cerium oxide nanoparticles.  
 
Table 1. Proportions of biodiesel blends. 
 

Material 
              Sample  

Neem oil biodiesel Cerium oxide nanoparticles Ethanol 

PB 100% - - 
BCe 100% 100 ppm - 
BE 90% - 10% 

BCeE 90% 100 ppm 10% 

 
 

 
Figure 3. Fuel properties. 
 
Experimental setup 
 
Figure 4 shows the arrangement of the experimental setup specifications of CI engine, 
respectively. The single cylinder, constant speed, vertical four stroke and air-cooled CI engine is 
used to conduct an experiment. The rated power and speed of the engine are 4.4 kW and 1500 
rpm, respectively. The compression ratio is 17.5:1. The bore diameter and stroke length of the 
engine are 87.5 mm and 110 mm. The electrical dynamometer (Swingfield) is coupled with an 
engine for varying the load. The pressure transducer is used to identify the pressure field. The 
angle encoder is also located along with the flywheel. The burette arrangement was used to 
analyze the rate of fuel flow of the consumption. The various emissions (unburnt hydrocarbon 
(UBHC), carbon monoxide (CO) and oxides of nitrogen (NOx)) were measured with the help of 
an exhaust gas analyzer which was used to estimate. The smoke meter was used to estimate the 
emission of smoke as a filter smoke number (FSN). This experiment was conducted with five 
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different loads with the constant engine speed of 1500 rpm. This experiment helped to analyze 
the performance of the CI engine with the prepared various biodiesel samples through some 
estimated parameters such as brake specific fuel consumption (BSFC), brake thermal efficiency 
(BTE), emissions, heat release and pressure. 

 

 
 
Figure 4. Experimental setup. 

RESULT AND DISCUSSION 
 
The present study focuses to analyze the effect of the addition of the CeO2 nanoparticles and 
ethanol in the neem oil biodiesel on the performance emission and combustion characteristics. 
The experiment was conducted with the prepared four different fuel samples. The detailed 
analyses are discussed in the following sections. 
 
 Emission characteristics 
 
The emission characteristic is one of the important criteria that needs to be discussed. The harmful 
emissions should be minimized. In this section of the study, the effect of blending of the ethanol 
and CeO2 discussed in detail. 
 
Unburnt hydrocarbon emission 
 
The unburnt hydrocarbon emission as a function of break power is shown in Figure 5(a) for all 
the fuel samples. The biodiesel blends BE and BCeE have the unburnt hydrocarbon emission more 
than the pure biodiesel. However, BCe fuel has reported better emission over the other three 
biodiesel samples due to the oxygen buffering characteristics of CeO2 nanoparticles during the 
combustion. The additional oxygen provided by the cerium oxide can help to oxidize the unburnt 
hydrocarbon. The cerium oxide also re-oxidizes to Ce2O3 as shown in equation 1 [15]. The unburnt 
hydrocarbon emission of fuel sample BCe is 66.66% and 17.65% lower than the pure biodiesel at 
25% and full load conditions respectively. 

4CeO2 ↔ 2Ce2O3+O2                                          (1) 
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Carbon monoxide (CO) emission 
 
The carbon monoxide (CO) emission of all the prepared biodiesel samples is shown in Figure 5(b) 
as a function of beak power. The carbon monoxide has been formed by the incomplete combustion 
of hydrocarbons. It depends on various factors such as ratio of air fuel mixture, nature of the fuel, 
combustion chamber design, injection timing, pressure of injection, etc. [44]. The biodiesel blend 
BCeE produces less CO emission than others. The rich mixture of air-fuel and inadequate oxygen 
causes the higher CO emission at the full load conditions for all the fuel samples. The CO emission 
of BCeE and BE is 28% and 14%, respectively, lower than pure biodiesel (PB) at full load 
condition. 
 

 

  

Figure 5. Variation of (a) unburnt hydro carbon (UBHC), (b) carbon monoxide (CO), (c) oxides 
of nitrogen (NOx) and (d) filtered smoke number (FSN) emissions as a function of break 
power. 

 

Oxides of nitrogen emission (NOx) 
 

The emission of oxides of nitrogen (NOx) is depicted for biodiesel and its blends as a function of 
break power in Figure 5(c). Generally, the NOx emission (formed by the reaction between 
nitrogen and oxygen) is influenced by some parameters such as oxygen content in the fuel, flame 
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temperature and reaction timing. If combustion starts earlier, it will lead to more combustion time 
that causes the formation of more NOx. The NOx emission increases with engine load. The higher 
temperature of the combustion and oxygen content at higher load conditions causes the higher 
NOx emission. The cerium oxide nanoparticles and ethanol donate additional oxygen to react in 
combustion. Therefore, the fuels BCe, BE and BCeE create more NOx emission than pure 
biodiesel PB. 
 

Smoke emission 
 

The smoke emissions of various fuels are shown in Figure 5(d). In the present study, the emission 
of smoke has been measured as filtered smoke number (FSN). The maximum value of smoke 
emission has been obtained at full load condition for the all-prepared biodiesel samples. FSN 
increases as an increase in load. The blend BCeE has the lower smoke emission as compared to 
the other fuel samples and it is 20% lower than the pure biodiesel. Here, the combination of cerium 
oxide and ethanol helps to reduce the emission of smoke by improving the volatility of fuel and 
supporting the complete combustion. 
 

Performance characteristics 
 

The present study considered two performance characteristics (BSFC – Brake specific fuel 
consumption and BTE – Brake thermal efficiency) for observing the effect of CeO2 and ethanol 
blend in the neem oil biodiesel. The considered characteristics are elaborately discussed as 
follows. 
 

Brake specific fuel consumption (BSFC) 
 

The brake specific fuel consumption (BSFC) of prepared all the four biodiesel samples are 
depicted in Figure 6(a) as a function of brake power. There are different factors affecting BSFC 
which includes density, viscosity, calorific value, etc. The increase in load of the engine causes 
the increase in temperature. The higher temperature supports the efficient combustion and better 
conversion of heat energy to mechanical energy. According to these experimental results, the 
minimum BSFC was absorbed at 75% load conditions for all the fuel samples and it is also slightly 
lower than full load condition. The improper burning of fuel at full load conditions can also 
become a criterion for more fuel consumption. The biodiesel blend BCeE has lower BSFC than 
others, especially in 50%, 75% and full load conditions. 
 

  
Figure 6. Variation of (a) break specific fuel consumption (BSFC) and (b) brake thermal 

efficiency as a function of brake power. 
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Brake thermal efficiency (BTE) 

The break thermal efficiency (BTE) is the ratio between the break power and energy that is 
released during the fuel combustion. The Figure 6(b) illustrates the variation of the brake thermal 
efficiency with respect to the brake power. The BTE increases with the engine load. The higher 
value of BTE was obtained at 75% load conditions. Due to the improper burning of fuel, the 
marginal drop in the BTE is observed at 100% load condition. The fuel sample BCeE produces 
better thermal efficiency by its good atomization and the combustion of the fuel. The fuel BCe 
was the lowest performer in break thermal efficiency among all fuel samples due to the inefficient 
burning of fuel. 

Combustion characteristics 

The combustion characteristics also need to be discussed. For the present study, the cylinder 
pressure and rate of heat release are the parameters that are considered and discussed in detail as 
follows.  

Pressure of cylinder 

Figure 7 illustrates the pressure acting on the engine cylinder for different crank angles and load 
conditions. The pressure acting on the cylinder is almost similar to all biodiesel blends at various 
engine loads. But it has smaller variation among the four fuels used in engine tests. In higher load 
conditions these variations are very low due to the higher temperature of engine wall and gas. 
This is responsible for reducing the ignition delay and better combustion of the fuel. Among these 
four fuels BE and BCe produced the better result and the biodiesel blend BCeE does not make 
any useful pressure rise. The maximum pressure was obtained for the fuels PB and BCeE at the 
same angle at no load condition and it was two degrees earlier than the fuel BCe and BE. This 
change of angle represents the ignition delay also. The peak pressure produced by the fuels PB, 
BCe, BE and BCeE of 48.946 bar, 48.334 bar, 48.29 bar and 47.362, respectively and the same 
for 25% load is 53.024 bar, 53.704 bar, 54.122 bar and 52.469 bar, respectively. The pressures 
57.979 bar, 58.391 bar, 58.404 and 56.279 bar are produced by the fuels PB, BCe, BE and BCeE 
respectively during 50% load condition. However, the peaks at load 75% loads are 60.682 bar, 
61.482 bar, 61.665 bar and 61.362 bar; for 100% load - 66.039 bar, 66.352 bar, 66.124 bar and 
66.796 bar. Generally, the peak pressures were identified from the angle of 5 to 11 degree for all 
the four prepared biodiesel at all the five different load conditions. Here no major ignition delay 
or no big change in peak pressure is identified from this experiment. However, the cerium oxide 
nanoparticle and ethanol produce very some influences on it. 

Heat release rate (HRR) 

The rate of heat release during the combustion process for the various crank angles has been 
shown in Figure 8. At the initial stage of combustion, there is a premixing process which causes 
the negative heat release. The fuel accumulates and vaporizes by absorbing the heat energy present 
in the cylinder wall and gas. This length of negative heat release phase represents the ignition 
delay. The fuel started to combust rapidly after the premixed combustion process. Then there is 
an increase in heat released by the fuel towards the peak and then starts to decrease. However, 
there is a decrease in ignition delay with increase in load due to the higher temperature of the gas 
and cylinder wall of the engine. The blending of cerium oxide nanoparticles leads to combustion 
a little bit earlier than pure biodiesel and it also encourages the initial combustion. At no load 
condition, more ignition delay was observed by the fuel PB. At the smaller load conditions, the 
fuel BCe also produced a good peak heat release rate. It also reduces the ignition delay at all load 
conditions by the ability of CeO2 to start the combustion earlier and accelerates towards the clean 
burning of fuel. There is a slightly higher ignition delay with the fuel BE has because of latent 
heat of the fuel. The latent heat of the fuel has a vital role in the vaporization of the fuel at the 
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very earlier stage of combustion. The fuel BCeE leads to the peak rate of heat release at high load 
conditions. The different peaks of the rate of heat releases were obtained for various fuels at 
various loads and different crank angles due to its variations in ignition delay. The addition of 
additives such as CeO2 and ethanol has a considerable impact on the rate of heat release during 
combustion. 
 

  

  

 
 
Figure 7. Variation of heat releasing rate as a function of crank angle at (a) no load, (b) 25% load, 

(c) 50% load, (d) 75% load and (e) 100% load. 
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Figure 8. Variation of heat releasing rate as a function of crank angle at (a) no load (b) 25% load 
(c) 50% load (d) 75% load (e) 100% load. 

 
CONCLUSION 

 
In the present study, the attempt has been made to identify the influence of the addition of cerium 
oxide nanoparticles and ethanol in the neem oil biodiesel on the performance, emission and 
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combustion characteristics. The combined effect of both additives also is discussed. The neem oil 
biodiesel was produced by transesterification process. The experimentation was conducted and 
the effect of the synthesized CeO2 and ethanol with the neem oil biodiesel was analyzed with 
various parameters such as performance, emission and combustion. The following result has been 
obtained by this investigation. (1) In emission characteristics the additives have played a 
significant role. The cerium oxide alone reduces UBHC emissions. The hybrid cerium oxide 
nanoparticles and ethanol have produced lowest emission CO and smoke. However, the NOx 
emissions were increased by the fuel additives. (2) In performance characteristics, the lowest fuel 
consumption and higher fuel efficiency have been obtained by the fuel BCeE. During the full load 
condition, the fuel has burnt in an improper way so that the fuel cannot perform in a better manure. 
(3) In combustion characteristics, the cylinder pressure increases when the load increases. There 
is no big meaningful variation among the various fuel samples in combustion characteristics. 
However, the better performance has been obtained by the fuel BCeE in the heat release rate. 

From this investigation work, it is concluded that the hybrid cerium oxide nanoparticles and 
ethanol show the better significant performance results due to their better atomization and oxygen 
buffering character. Therefore, the fuel BCeE has been suggested by the present study and further 
optimization is required to get a better performance. 
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