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Abstract

:

Diesel fuel blends with biodiesels are expected to mitigate the rising price and demand of conventional fuels. Biodiesel fuel blends are also known to reduce engine emissions. Biodiesel is produced from various sources, one of which is Calophyllum Inophyllum methyl ester biodiesel (CIMEBD). Even though it serves to mitigate the energy crisis and has a low overall carbon footprint, CIMEBD has certain negative issues relating to engine performance and emission characteristics. Nanoparticle (NP) addition is known to enhance the engine performance characteristics of next generation biofuels. CeO2 (cerium oxide or ceria) NPs of varying size are used in this study along with 25:75 biodiesel–diesel (BD) blend and a fixed NP concentration of 90 ppm. Ceria NP-doped fuel is shown to have better engine performance compared to diesel and BD blend for all load conditions. Improvements in brake thermal efficiency (BTE) and brake-specific fuel consumption (BSFC) values equal to +30% and −46%, respectively, are observed from experiments for ceria NP-doped biodiesel, compared to diesel–biodiesel (BD) blend. Ceria NPs in the 20 to 40 nm range have optimum engine performance characteristics. Compared to BD blends, NP-doped biodiesel shows improvements in NOx, CO, CO2, UHC, and soot parameters up to −35%, −60%, −35%, −38%, and −40%, respectively. Likewise, the optimum size of ceria NPs is in the range 20–40 nm for better emission characteristics.
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1. Introduction


Internal combustion (IC) engines are predominantly used energy conversion devices, and they will be in use for a long time to come [1,2]. Among IC engines, diesel engines are mainly used for transport due to low throttling losses, high fuel efficiency, turbocharging capacity, high compression ratio, and the absence of knocking [3,4].



A predominant fraction of the world’s energy needs is obtained from fossil fuels [5]. For example, the transport sector obtains 95% of its conventional energy needs from non-renewable, liquid fossil fuels [6,7]. However, fossil fuels are not expected to last for more than a few decades [8]. Moreover, fossil fuels account for more than 95% of carbon emissions worldwide [9]. It is further expected that there will be a steady increasing demand for liquid fuels in the near future [10]. There is an initiative by the International Energy Agency (IEA) that is aimed at reducing net engine emissions to zero by 2050. In this respect, the reduction of fossil fuel dependence is considered a major challenge. Due to these reasons, various forms of alternative fuels are being investigated, such as syngas [11], biodiesel [12,13], natural gas [14,15], hydrous ethanol [16], and bio-butanol [17].



Biodiesel research occupies a substantial proportion of the literature, and various aspects of biodiesels have been investigated [18,19,20,21,22,23]. A source of biodiesel production is the non-edible oil seed of Calophyllum Inophyllum, from the species Clusiaceae [24]. Calophyllum Inophyllum trees are available locally in South and South East Asia. They can grow in harsh climates and provide substantially higher oil yield compared to various other sources of biodiesel [25]. Properties of Calophyllum Inophyllum methyl ester biodiesel (CIMEBD) account for better engine performance characteristics. Some of the properties of CIMEBD are listed in Table 1. Compared to other biodiesels, CIMEBD exhibits better oxidation stability resulting in a better quality fuel with stable combustion characteristics [26]. It has a low viscosity index and, therefore, better lubrication and cooling characteristics.



The higher cetane number of CIMEBD results in reduced ignition delay and better power and torque characteristics [29]. However, CIMEBD fueled engines have slightly reduced brake thermal efficiency (BTE) and fuel economy [30], which, however, can be reversed by using high injection pressures [31]. The higher oxygen content of CIMEBD is known to enhance combustion characteristics [32].



Nanoparticles (NPs) are particles of metals, metal oxides, or inorganic compounds such as carbon nanotubes (CNT) or carbon nano sheets (CNS), and they usually range from 10–100 nm. They form nano-emulsions with diesel/biodiesel fuel and enhance the fuel properties as well as engine performance and emission characteristics [33]. Improvements in injection timing, enhancement in calorific value, flash point, and fire point occur when NPs are blended with fuel [34,35].



NPs have high surface area, which provides large numbers of reactivity sites resulting in enhanced catalytic activity [36]. They cause a reduction in ignition delay and assist in fast energy release [37]. Therefore, they provide better combustion characteristics [38] and are beneficial for thermal efficiency. They also assist in reduction of harmful engine exhaust and emissions and BSFC in diesel engines [39].



Cerium oxide (ceria) NPs are emerging as a novel NP resource with a wide range of applications. Various methods for the preparation of cerium oxide (ceria) are known to exist. The precipitation method was applied by Fifere et al. [40] using Ce(IV) sulphate as a precursor dispersed in glycerol with varying synthesis parameters such as temperature or precipitating agent. Ranasinghe et al. [41] used a soluble borate glass to produce nanoceria with specific ratios of Ce3+/Ce4+, via controlled glass-melting parameters. Cerium oxide (CeO2) nanoparticles were synthesized with a chemical precipitation method with different experimental conditions using cerium nitrate hexahydrate (Ce(NO3)3·6H2O) as a precursor. Pop et al. [42] synthesized CeO2 nanoparticles by a wet chemical synthesis route, using the precipitation method and the simultaneous addition of reactants (WCS–SimAdd). The method of synthesis is known to affect the properties of the nanoceria particles. Ceria or NPs are known to have a variety of uses. They have been demonstrated to act against pathogenic bacteria [42]. Nanostructured ceria has multiple, emerging bio-related applications (Rozhin) [43]. Liu et al. [44] demonstrated that nanostructured ceria-based electrolytes have potential application in low temperature, solid oxide fuel cells. Cerium oxide (ceria) nanoparticles (NPs) are known to be an efficient optical fluorescent material under violet excitation. Shehata et al. [45] used this characteristic of Ceria NPs for application as an optical sensor via the fluorescence quenching technique. Various reviews and studies on cerium oxide NPs have indicated that cerium oxide additives enhance the fuel combustion and emission properties. Cerium oxide nanoparticles are known to effectively reduce all emissions of concern, including NOx, unlike many other NPs. Since ceria NPs have a wide and emerging range of applications, they need to be investigated more thoroughly as fuel additives.



The effect of cerium oxide (CeO2) NPs along with CIMEBD is, therefore, investigated in this work, keeping in view the enhanced results of NP additives to biodiesels. Review on the literature relating to the use of CIMEBD and cerium oxide NPs is presented in the following section, which will highlight the fact that there are relatively few works that have dealt with cerium oxide NPs in combination with CIMEBD, which is a proven and prominent source of biodiesel in South Asia. In addition, there have been hardly any investigations that present smoke emission results with the above-mentioned combination, namely CIMEBD and cerium oxide NPs.



The structure of the article is divided as follows: Section 1.1 deals with the literature review relating to cerium oxide NPs and CIME biodiesel. Section 2 provides materials and methods used in the study. Section 2.1 deals with cerium oxide NP synthesis and characterization. Section 2.2 details CIME biodiesel synthesis, whereas Section 2.3 has the experimental details and procedure followed in the investigation. Section 3 is for results and discussion, followed by the conclusions.



1.1. Literature Review


This section reviews some of the relevant and recent literature relating to CIMEBD biodiesel, and the engine characteristics with use of CeO2 NPs are also reported. It is found from the literature presented below that only one relevant work exists for CIMEBD with ceria NP investigation [46] (Table 2). Moreover, none of the mentioned literature has presented smoke emissions data.



Some of the recent and relevant review papers for biodiesel-based blends with NP additives are by Lv et al. [47], Haq et al. [48], and Ampah et al. [49]. Lv et al. [47] reviewed the effects of nano-additives added to diesel–biodiesel fuel blends on combustion and emission characteristics of diesel engines.



Various studies in their review mention that adding cerium oxide or ceria nanoparticles to diesel–biodiesel fuel blends can improve combustion and reduce emissions to varying degrees. Haq et al. [48] reviewed fuel additives, including nano-additives and their spray characteristics, for diesel-based fuel blends. They confirmed that cerium oxide nanoparticles have high surface/volume ratio and cause improvement in chain reactions during combustion. Ampah et al. [49] reviewed the progress and recent trends in the application of nanoparticles as low carbon fuel additives. However, their review does not have results for the effect of cerium oxide NP additives on NOx emissions.



There are relatively few investigations relating to CIMEBD blended with NPs. NPs can improve the relatively low brake thermal efficiency of CIMEBD due to better combustion characteristics arising from the enhanced oxidation reaction and heat release rate [50]. Air–fuel mixture formation is assisted by the ‘micro-explosion’ of NPs [51]. This aids in reducing the BSFC for engines fueled with NP-blended CIMEBD compared to the diesel–biodiesel blend (BD) [46]. The excess oxygen supplied by metal oxide NPs is an aid to combustion due to a higher concentration of locally available oxygen [51]. Even though the lower calorific value of CIMEBD results in a lower overall energy release, its higher cetane number results in reduced ignition delay, increase in peak cylinder pressures, and heat release rate (HRR). These results are further improved with NP-blended CIMEBD [51]. The activation energy of NPs suppresses the deposition of non-polar particles on the combustion chamber wall, thereby reducing hydrocarbon formation [46]. Metal oxide NPs aid in the decrease in carbon monoxide (CO) emissions since they are oxygen carriers, and this fact explains the efficient conversion of carbon monoxide (CO) into carbon dioxide (CO2). Very few research works dealing with 100% biodiesel are found in the literature. Out of these, the one by Ashok et al. [52] is prominent. However, the authors have not studied the effect of NPs on smoke emissions. Smoke investigations with ceria NP combined with CIMEBD are also lacking in the literature. Kumar et al. [38] tested cooking oil biodiesels blended with diesel along with 0.008 wt.% ceria (CeO2) NPs. A 15.9%, 11.8%, and 5.9% reduction in UHC, nitrogen oxides, and smoke were observed. The reductions were more prominent for higher concentrations of biodiesel and NPs. Kukucosman et al. [53] demonstrated that 0.5 wt.% of NPs provides the best spray characteristic enhancement, while 2–2.5 wt.% of NPs was good for enhanced combustion characteristics. Similarly, 0.01 wt.% TiO2 NPs added to diesel-biodiesel-n-butanol blends had the best combustion and emission characteristics in a direct injection CI engine [54].



NOx emissions generally increase with NP concentration, with the exception of ceria NPs, in which case the NP surface acts as a catalytic convertor and breaks down NOx into oxygen and nitrogen. Ooi et al. [55] assessed diesel engine emissions with graphite oxide (GO), single walled carbon nanotubes (SWCNT), and ceria NP additives to diesel. Higher NOx emissions were observed with 9% GO and 15% SWCNT due to higher cylinder temperatures. The opposite effect was observed with ceria NPs. Khan et al. [34] demonstrated that ceria NPs provide effective NOx reduction capability due to their unique catalytic property.



Similarly, Hawi et al. [56] experimentally investigated the performance of a compression ignition engine fueled with waste cooking oil biodiesel–diesel blend enhanced with iron-doped cerium oxide NPs. Hossain and Hussain [57] studied the impact of CeO2 and Al2O3 nano-additives on the performance and combustion characteristics of neat jatropha biodiesel. Hussain et al. [58] investigated the enhancement in combustion, performance, and emission characteristics of a diesel engine fueled with 3% Ce-coated ZnO NP additives added to soybean biodiesel blends.



There are various papers on nanoparticle additives to biodiesel that mention the use of CeO2 NPs. However, none of these provide results for engine and emission characteristics with a combination of CIMEBD with CeO2 NP, and this may be confirmed from the recent and prominent papers provided in Table 2. In this study, a diesel engine fueled with CIMEBD with ceria NP additives is investigated for engine performance and emission characteristics.
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Table 2. Summary of investigations using pure (unmixed) CeO2 NPs with relevant details; —indicates that the values are not provided.
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	S.No.
	Ceria NP Size (nm)
	NP Concentration
	Biodiesel–Diesel Blend *
	Reference
	Year





	1
	-
	50, 100 ppm
	Jatropha biodiesel
	[57]
	2019



	2
	25
	20,40,60 ppm
	CIMEBD
	[46]
	2016



	3
	
	90 ppm
	WDE-RMEBD
	[59]
	2018



	4
	
	90 ppm
	Water + D + Bd
	[60]
	2018



	5
	10–16
	25 ppm
	GMGBD
	[61]
	2019



	6
	50
	80 ppm
	WCOBD + D-20:80
	[62]
	2019



	7
	32, 36
	100 ppm
	GSOBD
	[63]
	2019



	8
	50
	
	LGO + DEE + D
	[64]
	2016



	9
	10–20
	30 ppm mass
	LGO + Water + D
	[65]
	2019



	10
	5–10; 10–20
	50 ppm
	Karanja MEBD (Pongamia)
	[66]
	2019



	11
	25
	50,100,150 ppm
	Mahua MEBD
	[67]
	2019



	12
	16
	
	LGOBD
	[68]
	2016



	13
	10,30,80
	80 ppm
	WCOBD + D-20:80
	[69]
	2021







* WCO-Waste cooking oil, BD-Biodiesel, D-Diesel, RMEBD-Rapeseed methyl ester biodiesel, GSOBD-Grapeseed oil biodiesel, LGO-Lemongrass oil, MEBD-Methyl ester biodiesel.











Table 2 provides a summary of the various recent, relevant, and prominent (with high journal impact factor) works using pure (unadulterated) CeO2 NPs alone. It can be seen that none of the works except the one by Vairamuthu et al. [46] contain the investigation of ceria NP added to CIMEBD. Moreover, none of the works mentioned in the literature mention smoke emission characteristics, which are an important emission parameter. Therefore, this gap in the literature, namely the study on ceria NP additives to CIME biodiesel and related engine performance and emissions, is reported in this paper.





2. Materials and Methods


CeO2 nanoparticle and CIMEBD synthesis and characterization are detailed in this section. The experimental setup, instrumentation, and operating conditions are also elaborated.



2.1. Cerium oxide NP Synthesis and Characterization


Cerium oxide NPs were manufactured and characterized by Sigma Aldrich®. Mechanical vibration was applied at 46 kHz, and also the surfactant cetrimonium bromide ([(C16H33)N(CH3)3]Br), or CTAB, was used for inducing a stable suspension of NPs in the fuel. Figure 1 displays the X-ray diffraction spectra for ceria NPs. CuKα radiation of 0.15 nm wavelength was used for the characterization. Diffraction peaks for the NPs indicate the presence of ceria as per Standards of the Joint Committee for Powder Diffraction Studies (JCPDS) File No. 34-0394. The average NP size was found from Scherrer’s [70] equation.




2.2. CIME Biodiesel Synthesis


CIMEBD was acquired from a local vendor, Sigma Aldrich Pvt. Ltd., Mumbai, India. The process for CIMEBD manufacture is described. Oil seeds of Calophyllum Inophyllum are dried and then screw pressed for oil extraction; the resulting raw oil is dark green in color. Among the various prevalent methods, trans-esterification is used for oil extraction as it offers high quality raw oil yield in a relatively short time, with the resulting biodiesel having properties as per ASTM D 6751 standards [71]. During trans-esterification, raw seed oil is broken down into esters and glycerol with the help of an alcohol and a catalyst. Since the free fatty acid (FFA) content of the raw oil is more than 4%, a two-stage esterification process is applied [72]. Triglycerides are converted to diglycerides by acid-esterification. Thereafter, alkali-based esterification results in low-density ester and high-density glycerol. The two compounds are immiscible and form separate layers. The esters are the primary constituents of the biodiesel.




2.3. Experimental Details and Procedure


A naturally aspirated, 4-stroke, single cylinder, diesel research engine equipped with an eddy-current dynamometer is used. Figure 2 shows schematic of the experimental setup. Table 3 displays the relevant engine specifications. Horiba® emission analyzer modules were employed to measure the tailpipe emissions (HC, CO, CO2, and NOx). The test rig is integrated with the instrumentation for acquisition of load, temperatures, airflow, crank angle (CA), and combustion pressure. Data is acquired by the LabView® data acquisition (DAQ) system. A fixed ratio of diesel–biodiesel blend in the ratio 25:75 is chosen while varying the size of ceria NPs. The ceria NP concentration in our study is fixed at 90 ppm, which is the same as the optimized NP size from various earlier works, as reported by Hawi et al. [56]. The fuel blend details are shown in Table 4.



Root mean square (RMS) error of measurements is used for estimating the measurement uncertainty from the following equation:


   e R  =           ∂ f   ∂  x 1     e 1     2  +       ∂ f   ∂  x 2     e 2     2  + ⋯ +       ∂ f   ∂  x n     e n     2       1 2     








where eR is the uncertainty in result R, and xi are measured variables. The emission measurement uncertainties (as per manufacturer specifications) are shown in Table 5.





3. Results and Discussion


Figure 3 shows the brake thermal efficiency (BTE) with load for the fuel blends.



The BTE increases with load for all the fuel blends. This is expected since the cylinder temperature increases with load due to the higher mass of fuel injected, thereby causing higher cylinder temperatures. For loads greater than 75%, there is no significant change in BTE, because the fuel becomes richer, and there is a tradeoff between higher combustion temperature and combustion inefficiency. The BTE trend across the fuel blends is similar for all loads. The BTE is lower for BD compared to diesel (D). Some authors, such as Vairamuthu et al. [46], have attributed this to the lower calorific value [73], or density [74,75] of CIMEBD, whereas others speculate that the higher molecular oxygen content of the biodiesel may be the reason for the lower BTE [32]. However, for the same load, a higher mass of biodiesel injection is required as compared to diesel. The reason for the slightly reduced BTE in the case of BD is more likely due to the higher biodiesel viscosity [76,77] and surface tension, which cause relatively inferior atomization, delayed ignition, and relatively inefficient combustion [38]. Ceria NPs assist in better atomization due to lower ignition delay caused by micro-explosion, therefore, more efficient combustion and better BTE [51]. Biodiesel blends with ceria NPs perform better in terms of BTE compared to diesel. The optimum BTE values are obtained for BD40, that is, for biodiesel blended with 40 nm ceria NPs. It is observed from other studies that ceria NPs between 30 nm and 40 nm size are most desirable for the purpose of improving the BTE [38]. The NPs have high surface-to-volume ratio and assist in better atomization due to micro-explosion and micromixing [78]. However, smaller NPs tend to agglomerate, and this leads to higher fuel viscosity [79] and poor atomization. It is also known that agglomeration of NPs results in a wider NP size distribution and deterioration of the desirable NP properties. On the other hand, larger NPs are known to decrease the thermal conductivity of the nanofuel. It is also known that it is difficult to maintain the stability of large sized NPs in the base fuel. Therefore, the BTE increase for BD60 and BD80 is comparatively low. Figure 4 shows the brake specific fuel consumption (SFC) variation with load for the fuel blends.



SFC decreases with an increase in load for all fuel blends. It attains a minimum for 80% load and thereafter increases slightly. With an increase in load, a reduction in SFC is observed due to more efficient combustion as a result of higher temperatures. SFC for BD is 10–20% more when compared to diesel. The biodiesel blend (BD) has a 15–20% lower calorific value compared to diesel; this requires that more fuel on mass basis should be injected into the cylinder for a given load. In addition, the kinematic viscosity of BD at 100 °C is almost twice that of diesel; this deteriorates the atomization of the fuel. This leads to larger ignition delay and poorer combustion efficiency. With the addition of ceria NPs, the combustion characteristics are observed to improve. This can be explained based on the ‘microexplosion’ phenomenon [51,79] of the NPs, which aids in superior atomization of fuel droplets and better localized mixing of the fuel and air. The molecular oxygen that is contained in the NPs also assists in increasing the combustion efficiency. The oxygen contained in BD aids in enhancing combustion but only after effective fuel atomization and air–fuel mixing occur.



With the increase in NP size, it is observed that the SFC is slightly higher. It has been shown that larger sized NPs have lower thermal conductivity [69] and higher fuel viscosity. The lower thermal conductivity and higher viscosity of larger NPs cause poor atomization, mixing, and combustion characteristics, which increases the SFC. Lower sized particles are known for higher agglomeration and, therefore, higher viscosity of the nanofuel. However, this can be reduced by means of surfactants [80], which can be a future avenue of research. Figure 5 shows the NOx variation with load for the fuel blends.



The Zeldovich mechanism is a well-known route for NOx formation, and the primary constituent of NOx is ‘thermal NOx’, which has a strong dependance on the combustion temperature [81]. Pure biodiesel blend (BD) has inferior atomization due to higher viscosity and lower calorific value, resulting in lower adiabatic flame temperature with biodiesel; both these factors result in a lower in-cylinder peak temperature, resulting in lower NOx formation. With the addition of ceria NPs, the combustion efficiency is enhanced due to the ‘microexplosion’ of the NPs, resulting in superior atomization, air–fuel mixing, and reduced ignition delay. This increases the peak cylinder temperatures, which should result in higher NOx formation. However, comparatively high NOx values are reported with NPs other than cerium oxide in the literature. The explanation for this is attributed to the NOx reducing property of cerium oxide NPs [78]. The lowest NOx values are observed for BD40. For larger sized NPs, the higher fuel viscosity due to NP agglomeration causes poor atomization, and the lower surface-to-volume ratio results in lower thermal conductivity and relatively inferior combustion compared to BD20 and BD40. Therefore, the NOx comparative reduction is not significant for larger sized NPs. Furthermore, for BD60 and BD80, the slight advantage of lower NOx is lost because of the lower BTE and higher SFC with larger sized NPs in the fuel.



The reversible reaction involving combination of carbon monoxide and atomic oxygen is primarily responsible for CO2 formation (Figure 6). CO2 and CO are negatively correlated, that is, the greater the amount of CO2, the less CO formation occurs. Usually, for higher temperatures and pressures, the forward reaction, as shown below, is favored:


CO + O → CO2,








whereas lower temperatures and pressures favor the formation of CO as a result of poor combustion efficiency. The higher viscosity of BD and the resulting poor atomization causes retarded droplet evaporation. It is known that droplet evaporation time is directly proportional to the droplet diameter. This causes retarded ignition and inefficient combustion for BD. With the addition of NPs, combustion efficiency improves due to micro-explosion and the oxygen carried by the NP molecules. There is a slight decrease in CO2 and a corresponding increase in CO. For the fuel blends with NPs, there is complete combustion due to micro-explosion, and reduced ignition delay. However, the molecular oxygen donated by ceria NPs and also the molecular oxygen of the biodiesel results in an overall reduction in CO2 emissions. However, CO formation is slightly enhanced for the diesel–biodiesel blend (BD), as shown in Figure 7. CO formation is heightened at higher loads due to rich mixtures at loads greater than 75%.



The reasons for the formation of UHCs are similar to those of CO, as shown in Figure 8. High temperature, pressure, and sufficient oxygen cause a reduction in UHCs and an increase in CO2. For larger sized NPs, it is known that the nanofluid has lower thermal conductivity. In addition, larger NPs result in issues such as unstable fuel suspension and fuel injector clogging.



Smoke/soot trends are shown in Figure 9. Soot formation mechanism is different and more complex from the oxidation of carbon species such as CO and UHC. The reversal reaction as in the case of CO and CO2 is not applicable for soot. Soot formation requires the presence of soot precursors such as naphthalenes [82] and aromatics in the fuel. Since BD has higher aromatic content [26] compared to diesel, there is an increase in smoke opacity for BD, which, however, decreases with NP addition. Large NP size does not seem to have much effect on smoke opacity reduction compared to 40 nm NP size. The reasons may be due to reduced effectiveness of larger sized NP due to agglomeration, higher fuel viscosity, poor atomization, and lower temperatures that can inhibit the oxidation of large chain soot particles. In general, better combustion characteristics of fuels due to NPs are caused by good atomization, molecular oxygen, lower ignition delay, and related phenomenon [53].




4. Conclusions


It is known that NP additives can enhance engine performance and reduce emissions. A wide variety of nanoparticles have been used for this purpose. The use of cerium oxide NP is of interest, because, unlike other NP additives to fuel, they can reduce NOx emissions in combination with providing enhanced BTE. Investigations with pure cerium oxide nanoparticles are few in number. Another motive for the research is the application of CIME biodiesel, which is sourced from the non-edible seeds of Calophyllum Inophyllum, and which are found abundantly in South Asia. However, the combined effect of CIMEBD with ceria NP is scarcely available in the literature. Furthermore, soot is an important emission of concern, and the soot emission results are also not available for NP additives to diesel or biodiesel blends. We investigate the effects of different sized ceria NPs as additives to CIMEBD blended with diesel. Experiments were conducted with Calophyllum Inophyllum methyl ester biodiesel (CIMEBD) + diesel in the ratio 25:75 blended and cerium oxide (ceria) NPs of sizes, 20, 40, 60, and 80 nm. Ceria concentration of 90 ppm by mass is employed in the investigation. The general trend of variation for BTE, BSFC, and regulated emissions such as NOx, CO, CO2, UHC, and soot for differing engine load conditions reveal similarities with previous literature. Ceria NP-doped fuel demonstrates better engine performance and emission characteristics, including NOx emission reduction, which is the major point of difference while using ceria NPs. More specific conclusions are mentioned in the succeeding paragraph.



Ceria NP-doped fuel performs better over diesel and pure biodiesel for all load conditions. Improvement in BTE and BSFC values equal to +30% and −46%, respectively, are observed for ceria NP-doped biodiesel, compared to pure biodiesel. Ceria NPs sizes ranging from 20 nm to 40 nm offer optimum performance characteristics.



Similar to the performance parameters, improvement in NOx, CO, CO2, UHC, and soot parameters up to −35%, −60%, −35%, −38%, and −40%, respectively, are observed while comparing NP-doped biodiesel and pure biodiesel. Similar to the performance parameters, the optimum size of ceria NPs is in the range 20–40 nm for desirable emission characteristics.



Limitations of this work include insufficient evaluation of the toxicity of the NP to humans from their inevitable emissions as engine exhaust. Additionally, different morphologies or texture of the NP has not been studied in this respect. This may be achieved by using nanostructured ceria-based catalysts for combustion application to diesel engines, which will be a future avenue of research. In general, for biodiesel research with NP additives, the morphology or structure effect of the NP has not been investigated. It is expected that differently textured NPs or nano structured ceria would have better properties compared to simply prepared NPs, whose texture or morphology has not been controlled at the nano scale. This avenue of research holds immense promise for the case of diesel–biodiesel blends with ceria NP or other NP additives, in the context of engine performance enhancement and emission reduction







Author Contributions


Conceptualization: V.P.; Methodology, V.P. and I.A.B.; Formal analyses: I.A.B., S.K. and A.B.A. Investigation: V.P. and S.K., Data curation: I.A.B., S.K. and A.B.A., Writing—original draft: V.P.; Supervision and project administration and resources: V.P. and I.A.B.; Review and editing: I.A.B., S.K. and A.B.A. Funding: I.A.B. and S.K. All authors have read and agreed to the published version of the manuscript.




Funding


Deputyship for Research & Innovation, Ministry of Education in Saudi Arabia through the project number IFP-KKU-2020/1.




Data Availability Statement


All the data is provided within the manuscript.




Acknowledgments


The authors extend their appreciation to the Deputyship for Research & Innovation, Ministry of Education in Saudi Arabia for funding this research work through the project number IFP-KKU-2020/1.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Reitz, R.D.; Ogawa, H.; Payri, R.; Fansler, T.; Kokjohn, S.; Moriyoshi, Y.; Agarwal, A.K.; Arcoumanis, D.; Assanis, D.; Bae, C.; et al. IJER editorial: The future of the internal combustion engine. Int. J. Engine Res. 2019, 21, 3–10. [Google Scholar] [CrossRef]

	



Leach, F.; Kalghatgi, G.; Stone, R.; Miles, P. The scope for improving the efficiency and environmental impact of internal combustion engines. Transp. Eng. 2020, 1, 100005. [Google Scholar] [CrossRef]

	



Morsy, M.H. Ignition control of methane fueled homogeneous charge compression ignition engines using additives. Fuel 2007, 86, 533–540. [Google Scholar] [CrossRef]

	



Ciatti, S.A. Compression ignition engines—Revolutionary technology that has civilized frontiers all over the globe from the industrial revolution into the twenty-first century. Front. Mech. Eng. 2015, 1, 5. [Google Scholar] [CrossRef]

	



Zheng, D.; Hou, Z. Energy quality factor and a new thermodynamic approach to evaluate cascade utilization of fossil fuels. Energy Fuels 2009, 23, 261–269. [Google Scholar] [CrossRef]

	



BP Energy Outlook. 2017. Available online: https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/energy-outlook/bp-energy-outlook-2017.pdf (accessed on 11 June 2022).

	



ExxonMobile. Outlook for Energy: A Perspective to 2040. 2019. Available online: https://corporate.exxonmobil.com/-/media/Global/Files/outlook-for-energy/2019-Outlook-for-Energy_v4.pdf (accessed on 11 June 2022).

	



Shafiee, S.; Topal, E. When will fossil fuel reserves be diminished? Energy Policy 2009, 37, 181–189. [Google Scholar] [CrossRef]

	



Abas, N.; Kalair, A.; Khan, N. Review of fossil fuels and future energy technologies. Futures 2015, 69, 31–49. [Google Scholar] [CrossRef]

	



International Energy Agency. 2021. Available online: https://www.iea.org/fuels-and-technologies/oil (accessed on 8 October 2022).

	



Paykani, A.; Chehrmonavari, H.; Tsolakis, A.; Alger, T.; Northrop, W.F.; Reitz, R.D. Synthesis gas as a fuel for internal combustion engines in transportation. Prog. Energy Combust. Sci. 2022, 90, 100995. [Google Scholar] [CrossRef]

	



Maheshwari, P.; Haider, M.B.; Yusuf, M.; Klemes, J.J.; Bokhari, A.; Beg, M.; Al-Othman, A.; Kumar, R.; Jaiswal, A.K. A review on latest trends in cleaner biodiesel production: Role of feedstock, production methods, and catalysts. J. Clean. Prod. 2022, 355, 131588. [Google Scholar] [CrossRef]

	



Pandey, V.; Badruddin, I.A.; Terfasa, T.T.; Tesfamariam, B.B.; Ahmed, G.M.S.; Saleel, C.A.; Alrobei, H. Experimental investigation of the impact of CeO2 nanoparticles in Jet-A and Jatropha-SPK blended fuel in an aircraft can-combustor at flight conditions. Fuel 2022, 317, 123393. [Google Scholar] [CrossRef]

	



Stettler, M.E.J.; Midgley, W.J.B.; Swanson, J.J.; Cebon, D.; Boies, A.M. Greenhouse gas and noxious emissions from dual fuel diesel and natural gas heavy goods vehicles. Environ. Sci. Technol. 2016, 50, 2018–2026. [Google Scholar] [CrossRef] [PubMed]

	



Pandey, V.; Badruddin, I.A.; Khan, T.M.Y. Effect of H2 blends with compressed natural gas on emissions of SI engine having modified ignition timings. Fuel 2022, 321, 123930. [Google Scholar] [CrossRef]

	



Wang, X.; Gao, J.; Chen, Z.; Chen, H.; Zhao, Y.; Huang, Y.; Chen, Z. Evaluation of hydrous ethanol as a fuel for internal combustion engines: A review. Renew. Energy 2022, 194, 504–525. [Google Scholar] [CrossRef]

	



Zhen, X.; Wang, Y.; Liu, D. Bio-butanol as a new generation of clean alternative fuel for SI (spark ignition) and CI (compression ignition) engines. Renew. Energy 2019, 147, 2494–2521. [Google Scholar] [CrossRef]

	



Kalita, P.; Basumatary, B.; Saikia, P.; Das, B.; Basumatary, S. Biodiesel as renewable biofuel produced via enzyme-based catalyzed transesterification. Energy Nexus 2022, 6, 100087. [Google Scholar] [CrossRef]

	



Brahma, S.; Nath, B.; Basumatary, B.; Das, B.; Saikia, P.; Patir, K.; Basumatary, S. Biodiesel production from mixed oils: A sustainable approach towards industrial biofuel production. Chem. Eng. J. Adv. 2022, 10, 100284. [Google Scholar] [CrossRef]

	



Esmaeili, H. A critical review on the economic aspects and life cycle assessment of biodiesel production using heterogeneous nanocatalysts. Fuel Process. Technol. 2022, 230, 107224. [Google Scholar] [CrossRef]

	



Basumatary, S.F.; Patir, K.; Das, B.; Saikia, P.; Brahma, S.; Basumatary, B.; Nath, B.; Basumatary, B.; Basumatary, S. Production of renewable biodiesel using metal organic frameworks based materials as efficient heterogeneous catalysts. J. Clean. Prod. 2022, 358, 131955. [Google Scholar] [CrossRef]

	



Maleki, B.; Talesh, A.A.S.; Mansouri, M. Comparison of catalysts types performance in the generation of sustainable biodiesel via transesterification of various oil sources: A review study. Mater. Today Sustain. 2022, 18, 100157. [Google Scholar] [CrossRef]

	



Brar, P.K.; Ormeci, B.; Dhir, A. Algae: A cohesive tool for biodiesel production along with wastewater treatment. Sustain. Chem. Pharm. 2022, 28, 100730. [Google Scholar] [CrossRef]

	



Arumugam, A.; Ponnusami, V. Biodiesel production from Calophyllum inophyllum oil a potential non-edible feedstock: An overview. Renew Energy 2019, 131, 459–471. [Google Scholar] [CrossRef]

	



Ong, H.C.; Mahlia, T.M.; Masjuki, H.H.; Norhasyima, R.S. Comparison of palm oil, Jatropha curcas and Calophyllum inophyllum for biodiesel: A review. Renew Sustain. Energy Rev. 2011, 15, 3501–3515. [Google Scholar] [CrossRef]

	



Atabani, A.E.; Mahlia, T.M.; Badruddin, I.A.; Masjuki, H.H.; Chong, W.T.; Lee, K.T. Investigation of physical and chemical properties of potential edible and non-edible feedstocks for biodiesel production, a comparative analysis. Renew. Sustain. Energy Rev. 2013, 21, 749–755. [Google Scholar] [CrossRef]

	



Nanthagopal, K.; Ashok, B.; Saravanan, B.; Pathy, M.R.; Sahil, G.; Ramesh, A.; Nabi, M.N.; Rasul, M.G. Study on decanol and Calophyllum inophyllum biodiesel as ternary blends in CI engine. Fuel 2019, 239, 862–873. [Google Scholar] [CrossRef]

	



Shameer, P.M.; Ramesh, K. FTIR assessment and investigation of synthetic antioxidant on the fuel stability of Calophyllum inophyllum biodiesel. Fuel 2017, 209, 411–416. [Google Scholar] [CrossRef]

	



Icingur, Y.; Altiparmak, D. Effect of fuel cetane number and injection pressure on a DI Diesel engine performance and emissions. Energy Convers. Manag. 2003, 44, 389–397. [Google Scholar] [CrossRef]

	



How, H.G.; Masjuki, H.H.; Kalam, M.A.; Teoh, Y.H.; Chuah, H.G. Effect of Calophyllum inophyllum biodiesel-diesel blends on combustion, performance, exhaust particulate matter and gaseous emissions in a multi-cylinder diesel engine. Fuel 2018, 227, 154. [Google Scholar] [CrossRef]

	



Belagur, V. Influence of Fuel Injection Rate on the Performance, Emission and Combustion Characteristics of DI Diesel Engine Running on Calophyllum inophyllum Linn Oil (Honne Oil)/Diesel Fuel Blend; SAE Technical Paper; SAE: Warrendale, PA, USA, 2010. [Google Scholar]

	



Sanjid, A.; Masjuki, H.H.; Kalam, M.A.; Rahman, S.A.; Abedin, M.J.; Palash, S.M. Impact of palm, mustard, waste cooking oil and Calophyllum inophyllum biofuels on performance and emission of CI engine. Renew. Sustain. Energy Rev. 2013, 27, 664–682. [Google Scholar] [CrossRef]

	



Yusof, S.N.A.; Sidik, N.A.C.; Asako, Y.; Japar, W.M.A.A.; Mohamed, S.B.; Muhammad, N.M. A comprehensive review of the influences of nanoparticles as a fuel additive in an internal combustion engine (ICE). Nanotechnol. Rev. 2020, 9, 1326–1349. [Google Scholar] [CrossRef]

	



Khan, S.; Dewang, Y.; Raghuwanshi, J.; Shrivastava, A.; Sharma, V. Nanoparticles as fuel additive for improving performance and reducing exhaust emissions of internal combustion engines. Int. J. Environ. Anal. Chem. 2020, 102, 319–341. [Google Scholar] [CrossRef]

	



Tomar, M.; Kumar, N. Influence of nanoadditives on the performance and emission characteristics of a CI engine fuelled with diesel, biodiesel, and blends—A review. Energy Sourc. Part A Recov. Utiliz. Environ. Eff. 2019, 42, 1–18. [Google Scholar] [CrossRef]

	



Devener, B.V.; Anderson, S.L. Breakdown and combustion of JP-10 fuel catalyzed by nanoparticulate CeO2 and Fe2O3. Energy Fuels 2006, 20, 1886–1894. [Google Scholar] [CrossRef]

	



Allen, C.; Mittal, G.; Sung, C.-J.; Toulson, E.; Lee, T. An aerosol rapid compression machine for studying energetic-nanoparticle-enhanced combustion of liquid fuels. Proc. Combust. Inst. 2011, 33, 3367–3374. [Google Scholar] [CrossRef]

	



Kumar, S.; Dinesha, P.; Ajay, C.M.; Kabbur, P. Combined effect of oxygenated liquid and metal oxide nanoparticle fuel additives on the combustion characteristics of a biodiesel engine operated with higher blend percentages. Energy 2020, 197, 117194. [Google Scholar] [CrossRef]

	



Chen, A.F.; Adzmi, M.A.; Adam, A.; Othman, M.F.; Kamaruzzaman, M.K.; Mrwan, A.G. Combustion characteristics, engine performances and emissions of a diesel engine using nanoparticle-diesel fuel blends with aluminium oxide, carbon nanotubes and silicon oxide. Energ. Convers. Manag. 2018, 171, 461–477. [Google Scholar] [CrossRef]

	



Fifere, N.; Airinei, A.; Dobromir, M.; Sacarescu, L.; Dunca, S.I. Revealing the Effect of Synthesis Conditions on the Structural, Optical, and Antibacterial Properties of Cerium Oxide Nanoparticles. Nanomaterials 2021, 11, 2596. [Google Scholar] [CrossRef]

	



Ranasinghe, K.S.; Singh, R.; Leshchev, D.; Vasquez, A.; Stavitski, E.; Foster, I. Synthesis of Nanoceria with Varied Ratios of Ce3+/Ce4+ Utilizing Soluble Borate Glass. Nanomaterials 2022, 12, 2363. [Google Scholar] [CrossRef]

	



Pop, O.L.; Mesaros, A.; Vodnar, D.C.; Suharoschi, R.; Tăbăran, F.; Magerușan, L.; Tódor, I.S.; Diaconeasa, Z.; Balint, A.; Ciontea, L.; et al. Cerium Oxide Nanoparticles and Their Efficient Antibacterial Application In Vitro against Gram-Positive and Gram-Negative Pathogens. Nanomaterials 2020, 10, 1614. [Google Scholar] [CrossRef]

	



Rozhin, P.; Melchionna, M.; Fornasiero, P.; Marchesan, S. Nanostructured Ceria: Biomolecular Templates and (Bio)applications. Nanomaterials 2021, 11, 2259. [Google Scholar] [CrossRef]

	



Liu, J.; Zhu, C.; Zhu, D.; Jia, X.; Zhang, Y.; Yu, J.; Li, X.; Yang, M. High Performance Low-Temperature Solid Oxide Fuel Cells Based on Nanostructured Ceria-Based Electrolyte. Nanomaterials 2021, 11, 2231. [Google Scholar] [CrossRef]

	



Shehata, N.; Kandas, I.; Samir, E. In-Situ Gold–Ceria Nanoparticles: Superior Optical Fluorescence Quenching Sensor for Dissolved Oxygen. Nanomaterials 2020, 10, 314. [Google Scholar] [CrossRef] [PubMed]

	



Vairamuthu, G.; Sundarapandian, S.; Kailasanathan, C.; Thangagiri, B. Experimental investigation on the effects of cerium oxide nanoparticle on Calophyllum inophyllum (Punnai) biodiesel blended with diesel fuel in DI diesel engine modified by nozzle geometry. J. Energy Inst. 2016, 89, 668–682. [Google Scholar] [CrossRef]

	



Lv, J.; Wang, S.; Meng, B. The Effects of Nano-Additives Added to Diesel-Biodiesel Fuel Blends on Combustion and Emission Characteristics of Diesel Engine: A Review. Energies 2022, 15, 1032. [Google Scholar] [CrossRef]

	



Haq, M.U.; Jafry, A.T.; Ahmad, S.; Cheema, T.A.; Ansari, M.Q.; Abbas, N. Recent Advances in Fuel Additives and Their Spray Characteristics for Diesel-Based Blends. Energies 2022, 15, 7281. [Google Scholar] [CrossRef]

	



Ampah, J.D.; Yusuf, A.A.; Agyekum, E.B.; Afrane, S.; Jin, C.; Liu, H.; Fattah, I.M.R.; Show, P.L.; Shouran, M.; Habil, M.; et al. Progress and Recent Trends in the Application of Nanoparticles as Low Carbon Fuel Additives—A State of the Art Review. Nanomaterials 2022, 12, 1515. [Google Scholar] [CrossRef]

	



Tamilvanan, A.; Balamurugan, K.; Vijayakumar, M. Effects of nano-copper additive on performance, combustion and emission characteristics of Calophyllum inophyllum biodiesel in CI engine. J. Therm. Anal. Calorim. 2019, 136, 317–330. [Google Scholar] [CrossRef]

	



Nanthagopal, K.; Ashok, B.; Tamilarasu, A.; Johny, A.; Mohan, A. Influence on the effect of zinc oxide and titanium dioxide nanoparticles as an additive with Calophyllum inophyllum methyl ester in a CI engine. Energy Convers. Manag. 2017, 146, 8–19. [Google Scholar] [CrossRef]

	



Ashok, B.; Nanthagopal, K.; Vignesh, D.S. Calophyllum inophyllum methyl ester biodiesel blend as an alternate fuel for diesel engine applications. Alex. Eng. J. 2017, 57, 1239–1247. [Google Scholar] [CrossRef]

	



Küçükosman, R.; Yontar, A.A.; Ocakoglu, K. Nanoparticle additive fuels: Atomization, combustion and fuel characteristics. J. Anal. Appl. Pyrolysis 2022, 165, 105575. [Google Scholar] [CrossRef]

	



Örs, I.; Sarıkoç, S.; Atabani, A.E.; Ünalan, S.S.; Akansu, S.O. The effects on performance, combustion and emission characteristics of DICI engine fuelled with TiO2 nanoparticles addition in diesel/biodiesel/n-butanol blends. Fuel 2018, 234, 177–188. [Google Scholar] [CrossRef]

	



Ooi, J.B.; Ismail, H.M.; Tan, B.T.; Wang, X. Effects of graphite oxide and single-walled carbon nanotubes as diesel additives on the performance, combustion, and emission characteristics of a light-duty diesel engine. Energy 2018, 161, 70–80. [Google Scholar] [CrossRef]

	



Hawi, M.; Elwardany, A.; Ismail, M.; Ahmed, M. Experimental Investigation on Performance of a Compression Ignition Engine Fueled with Waste Cooking Oil Biodiesel–Diesel Blend Enhanced with Iron-Doped Cerium Oxide Nanoparticles. Energies 2019, 12, 798. [Google Scholar] [CrossRef]

	



Hossain, A.K.; Hussain, A. Impact of Nanoadditives on the Performance and Combustion Characteristics of Neat Jatropha Biodiesel. Energies 2019, 12, 921. [Google Scholar] [CrossRef]

	



Hussain, F.; Soudagar, M.E.M.; Afzal, A.; Mujtaba, M.A.; Fattah, I.M.R.; Naik, B.; Mulla, M.H.; Badruddin, I.A.; Khan, T.M.Y.; Raju, V.D.; et al. Enhancement in Combustion, Performance, and Emission Characteristics of a Diesel Engine Fueled with Ce-ZnO Nanoparticle Additive Added to Soybean Biodiesel Blends. Energies 2020, 13, 4578. [Google Scholar] [CrossRef]

	



Jiaqiang, E.; Zhang, Z.; Chen, J.; Pham, M.; Zhao, X.; Peng, Q.; Zhang, B.; Yin, Z. Performance and emission evaluation of a marine diesel engine fueled by water biodiesel-diesel emulsion blends with a fuel additive of a cerium oxide nanoparticle. Energy Convers. Manag. 2018, 169, 194–205. [Google Scholar] [CrossRef]

	



Gharehghani, A.; Asiaei, S.; Khalife, E.; Najafi, B.; Tabatabaei, M. Simultaneous reduction of CO and NOx emissions as well as fuel consumption by using water and nano particles in Diesel–Biodiesel blend. J. Clean. Prod. 2019, 210, 1164–1170. [Google Scholar] [CrossRef]

	



Janakiraman, S.; Lakshmanan, T.; Chandran, V.; Subramani, L. Comparative behavior of various nano additives in a DIESEL engine powered by novel Garcinia gummi-gutta biodiesel. J. Clean. Prod. 2019, 245, 118940. [Google Scholar] [CrossRef]

	



Kumar, S.; Dinesha, P.; Rosen, M.A. Effect of injection pressure on the combustion, performance and emission characteristics of a biodiesel engine with cerium oxide nanoparticle additive. Energy 2019, 185, 1163–1173. [Google Scholar] [CrossRef]

	



Vedagiri, P.; Martin, L.J.; Varuvel, E.G.; Subramanian, T. Experimental study on NOx reduction in a grapeseed oil biodiesel-fueled CI engine using nanoemulsions and SCR retrofitment. Environ. Sci. Pollut. Res. 2020, 27, 29703–29716. [Google Scholar] [CrossRef]

	



Sathiyamoorthi, R.; Sankaranarayanan, G.; Pitchandi, K. Combined effect of nanoemulsion and EGR on combustion and emission characteristics of neat lemongrass oil (LGO)-DEE-diesel blend fuelled diesel engine. Appl. Therm. Eng. 2017, 112, 1421–1432. [Google Scholar] [CrossRef]

	



Perumal Venkatesan, E.; Kandhasamy, A.; Sivalingam, A.; Kumar, A.S.; Ramalingam, K.M.; Joshua, P.J.T.; Balasubramanian, D. Performance and emission reduction characteristics of cerium oxide nanoparticle-water emulsion biofuel in diesel engine with modified coated piston. Environ. Sci. Pollut. Res. 2019, 26, 27362–27371. [Google Scholar] [CrossRef] [PubMed]

	



Dhanasekar, K.; Sridaran, M.; Arivanandhan, M.; Jayavel, R. A facile preparation, performance and emission analysis of pongamia oil based novel biodiesel in diesel engine with CeO2:Gd nanoparticles. Fuel 2019, 255, 115756. [Google Scholar] [CrossRef]

	



Kumar, M.V.; Babu, A.V.; Kumar, P.R. Influence of metal-based cerium oxide nanoparticle additive on performance, combustion, and emissions with biodiesel in diesel engine. Environ. Sci. Pollut. Res. 2019, 26, 7651–7664. [Google Scholar] [CrossRef] [PubMed]

	



Annamalai, M.; Dhinesh, B.; Nanthagopal, K.; SivaramaKrishnan, P.; Lalvani, J.I.; Parthasarathy, M.; Annamalai, K. An assessment on performance, combustion and emission behavior of a diesel engine powered by ceria nanoparticle blended emulsified biofuel. Energy Convers. Manag. 2016, 123, 372–380. [Google Scholar] [CrossRef]

	



Dinesha, P.; Kumar, S.; Rosen, M.A. Effects of particle size of cerium oxide nanoparticles on the combustion behavior and exhaust emissions of a diesel engine powered by biodiesel/diesel blend. Biofuel Res. J. 2021, 30, 1374–1383. [Google Scholar] [CrossRef]

	



Scherrer, P. Bestimmung der Größe und der inneren Struktur von Kolloidteilchen mittels Röntgenstrahlen (Determination of the size and internal structure of colloidal particles using X-rays). Nachrichten Gesellschaft Wissenschaften Göttingen Math. Phys. Kl. 1918, 1918, 98–100. Available online: http://eudml.org/doc/59018 (accessed on 8 October 2022).

	



Ayyasamy, T.; Balamurugan, K.; Duraisamy, S. Production, performance and emission analysis of Tamanu oil-diesel blends along with biogas in a diesel engine in dual cycle mode. Int. J. Energy Technol. Policy 2018, 14, 4–19. [Google Scholar] [CrossRef]

	



Dinesh, K.; Tamilvanan, A.; Vaishnavi, S.; Gopinath, M.; Mohan, K.R. Biodiesel production using Calophyllum inophyllum (Tamanu) seed oil and its compatibility test in a CI engine. Biofuels 2016, 10, 347–353. [Google Scholar] [CrossRef]

	



Vigneshwar, V.; Krishnan, S.Y.; Kishna, R.S.; Srinath, R.; Ashok, B.; Nanthagopal, K. Comprehensive review of Calophyllum inophyllum as a feasible alternate energy for CI engine applications. Renew. Sustain. Energy Rev. 2019, 115, 109397. [Google Scholar] [CrossRef]

	



Rahman, S.A.; Masjuki, H.H.; Kalam, M.A.; Abedin, M.J.; Sanjid, A.; Sajjad, H. Production of palm and Calophyllum inophyllum based biodiesel and investigation of blend performance and exhaust emission in an unmodified diesel engine at high idling conditions. Energy Convers. Manag. 2013, 76, 362–367. [Google Scholar] [CrossRef]

	



Silitonga, A.S.; Masjuki, H.H.; Mahlia, T.M.; Ong, H.C.; Chong, W.T.; Boosroh, M.H. Overview properties of biodiesel diesel blends from edible and non-edible feedstock. Renew. Sustain. Energy Rev. 2013, 22, 346–360. [Google Scholar] [CrossRef]

	



Atabani, A.E.; Mahlia, T.M.; Masjuki, H.H.; Badruddin, I.A.; Yussof, H.W.; Chong, W.T.; Lee, K.T. A comparative evaluation of physical and chemical properties of biodiesel synthesized from edible and non-edible oils and study on the effect of biodiesel blending. Energy 2013, 58, 296–304. [Google Scholar] [CrossRef]

	



Hoekman, S.K.; Broch, A.; Robbins, C.; Ceniceros, E.; Natarajan, M. Review of biodiesel composition, properties, and specifications. Renew. Sustain. Energy Rev. 2012, 16, 143–169. [Google Scholar] [CrossRef]

	



Dinesha, P.; Mohan, S.; Kumar, S. Impact of alumina and cerium oxide nanoparticles on tailpipe emissions of waste cooking oil biodiesel fuelled CI engine. Cogent Eng. 2021, 8, 1902067. [Google Scholar] [CrossRef]

	



Soudagar, M.E.M.; Banapurmath, N.R.; Afzal, A.; Hossain, N.; Abbas, M.M.; Haniffa, M.A.C.M.; Naik, B.; Ahmed, W.; Nizamuddin, S.; Mubarak, N.M. Study of diesel engine characteristics by adding nanosized zinc oxide and diethyl ether additives in Mahua biodiesel–diesel fuel blend. Sci. Rep. 2020, 10, 15326. [Google Scholar] [CrossRef]

	



Gan, Y.; Qiao, L. Combustion characteristics of fuel droplets with addition of nano and micron-sized aluminum particles. Combust. Flame 2011, 158, 354–368. [Google Scholar] [CrossRef]

	



Saravanan, S.; Nagarajan, G.; Anand, S.; Sampath, S. Correlation for thermal NOx formation in compression ignition (CI) engine fuelled with diesel and biodiesel. Energy 2012, 42, 401–410. [Google Scholar] [CrossRef]

	



Voigt, C.; Kleine, J.; Sauer, D.; Moore, R.H.; Brauer, T.; Le Clercq, P.; Kaufmann, S.; Scheibe, M.; Jurkat-Witschas, T.; Aigner, M.; et al. Cleaner burning aviation fuels can reduce contrail cloudiness. Commun. Earth Environ. 2021, 2, 114. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 00006 g001 550] 





Figure 1. XRD intensity versus 2θ indicating ceria NPs. 
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Figure 2. Schematic of experimental rig. 
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Figure 3. Brake thermal efficiency variation with load. 






Figure 3. Brake thermal efficiency variation with load.



[image: Nanomaterials 13 00006 g003]







[image: Nanomaterials 13 00006 g004 550] 





Figure 4. Specific fuel consumption variation with load. 
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Figure 5. NOx variation with load. 
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Figure 6. CO2 variation with load. 
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Figure 7. CO variation with load. 
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Figure 8. UHC variation with load. 
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Figure 9. Smoke opacity variation with load. 
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Table 1. Properties of CIME [26,27,28].
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	Property
	Diesel
	CIMEBD





	Kinematic Visosity@100 °C
	2.69
	4.72–5.68



	Flash Point
	68.5
	140–165.5



	Density@40 °C
	839.6
	868–877



	Lower Calorific Value (kJ/kg)
	45,304
	38,330–39,513



	Oxidation Stability (hrs. at 100 °C)
	-
	3.58–14.27



	Cetane Number
	51.7
	55–63
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Table 3. Engine Specifications.
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Engine Specifications






	
Number of Cylinders

	
1




	
Stroke

	
114.3 mm




	
Bore

	
82.5 mm




	
Swept Volume

	
612 cc




	
Fuel System

	
Direct Injection




	
Compression Ratio

	
(16:1)




	
Cooling System

	
Water cooled
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Table 4. Fuel Blends and Nomenclature.
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	Fuel Blend Nomenclature
	D
	BD
	BD20
	BD40
	BD60
	BD80





	Fuel Blend Specification
	Diesel
	25% CIMEBD, 75% Diesel
	BD + NP (20 nm)
	BD + NP (40 nm)
	BD + NP (60 nm)
	BD + NP (80 nm)
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Table 5. Instrument Range/Accuracy.
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Instrument Range/Accuracy/Uncertainty






	
Load cell dynamometer

	
0–1200 Nm; ±0.25% of full scale




	
Coriolis flow meter

	
0–240 kg/h; ±0.1% of measured value




	
K-type thermocouple

	
±0.75%; −200–1250 deg. C




	
Horiba exhaust analyzer

	
CO: 0.02% (v/v); −0.2% to +0.2% uncertainty




	

	
HC: 1 ppm vol. (0−2000 ppm vol.); −1.3% to +1.3% uncertainty




	

	
O2:10 ppm vol. (2000–10,000 ppm vol.)




	

	
CO2: 0.02% (v/v); −0.2% to +0.2% uncertainty




	

	
NO: 1 ppm vol.; −1.3% to +1.3% uncertainty
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