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ABSTRACT 
Nano metal oxide additives were reported to be effective in lowering diesel engine emissions. This study is based on the effect of 

nano Iron oxide additive to diesel fuel. Sol - gel method was adopted for preparation of nano metal oxide additives. Metal oxide 

additive was doped with diesel fuel by sonication process. XRD and SEM analysis were carried out to study about the properties of 

nano metal oxides. The changes in diesel fuel physiochemical properties due to introduction of nano metal oxide additive were 

observed. The specific fuel consumption (SFC) was reduced by from 22% to 30%. This results also indicated that the potential of 

the fuel saving seems to be greater when the engine was run under light load. Brake thermal efficiency of Iron oxide doped fuel 

increases with respect to the concentration of Iron oxide up to 23-36% of conventional diesel fuel while the engine is operating at 

high loads. The emissions also reduced significantly while using the nanoparticles as additives in the certain level. Hydrocarbon 

and oxides of nitrogen emissions were reduced up to 30% and 22% respectively. Carbon monoxide emission slightly increased 

when compare with diesel fuel. 
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INTRODUCTION 
 

Diesel engines offer an intrinsic advantage of reduced fuel consumption and CO2 emissions over other 
types of internal combustion engines but diesel engines are the foremost contributors of various type of air 
polluting exhaust emissions like particulate matter (PM) and oxides of nitrogen (NOX) [1]. The use of a 
catalytic coating on the filter is the most preferential way, in terms of operation ability and overall cost. Soot is 
then deposited on top of this catalytic coating. Catalytic metal oxides were selected according to availability, 
toxicity, and expected reactivity. Active fuel additives are based on cerium, copper, iron, lead, manganese, and 
the alkali metals. The metals or metal oxides of Pb, Co, V, Mo, Fe, La, Mn, Sb, Bi, Ca, Cu, Ag, Ni, and Cr are 
very active to moderately active soot oxidation catalysts [2]. The metal containing additives plays a vital role in 
the reduction of NOX emissions in combustion and reburning. Injecting additives like N-agent (Urea, 
Ammonia) along with promoters (water soluble in organic salts) leads to significant reduction in NOX 
emissions [3]. Some metals like Fe, Na, K, and Ca containing compounds can substantially reduce the NOX 
emissions up to 16%-21% but CO emission increases up to 20% when compare with baseline fuel. 
Concentrations of active species like (H, OH radicals) in combustion zone decrease as a result of Na addition, 
results in NOX reduction [3]. Skillas et al. [4] studied the effect of Ce, and Fe on the size distribution and 
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composition of diesel PM; they observed a reduction in the accumulation mode, but an increase in ultra-fines. 
Addition of cerium oxide increases number of catalytic surfaces but had no effect on overall activation energy 
due to presence of metals in the fuels. 

The use of catalytic combustion lowers the ignition temperature. Calcium (Ca), Barium (Ba) is the metals 
which are effectively reduced the soot by both suppressing soot formation and enhanced soot oxidation [5]. 
Based on experimental investigations Guru et al. [6] concluded that Manganese (Mn), as a fuel additive, has a 
greater effect in the reduction of the freezing point of the fuel, than copper, magnesium, or calcium. Emission 
measurements with manganese as a fuel additive demonstrated that O2 and CO could be decreased by 0.2% and 
14.3%, respectively, SO2 emission could be reduced and overall impact of all these effects had led to an 
increase of 0.8% in the net operating efficiency. One of the major reasons for the efficiency improvement is 
inferred to be the high surface to volume ratio of nano particles compared to conventional powder form, as 
catalysis is essentially a surface phenomenon [7]. Sajith et al. [8] reported that maximum increase of 1.5% in the 
brake thermal efficiency was obtained when the dosing level was varied from 20–80 ppm, with a maximum 
improvement observed at a dosing level of 80 ppm. The fuel consumption also decreases with increase in the 
dosing level of cerium oxide nano particles. CeO2 nanoparticles act as an oxidation catalyst and lower the 
carbon combustion temperature there by enhancing hydrocarbon oxidation and by promoting complete 
combustion. NOX also reduced significantly due to the addition of cerium oxide nano particles, as the behaviour 
could be due to a complex interaction among factors such as the combustion temperature, reaction time, and the 
oxygen content [8]. 

Keskin et al. [9] studied biodiesel combustion with Manganese (Mn) and Molybdenum (Mo) based 
additives in diesel engines and their results indicated that the CO emissions and smoke opacity decreased up to 
63.4% and 30.9% respectively. May et al. [10] studied the influence of an iron magnesium catalyst on diesel 
engines and the measurements showed that the catalyst promoted more complete and efficient combustion in the 
engines resulting in higher power output and lower specific fuel consumption. Zhang et al. [11] reported the 
homogeneous combustion catalyst added in the diesel fuel shows the significant decrease in brake specific fuel 
consumption under all test load conditions ranging from 2.2% - 2.4%. He is also reported that the increasing the 
catalyst dosing ratio did not change the brake specific fuel consumption. The smoke emission is reduced 
regardless of the engine speed and the highest reduction ratio reached 26.2% at engine speed of 2800 rpm. 
Specific amount of nano sized zinc oxide particles present in a liquid fuel composition permits the zinc oxide to 
pass through its sublimation temperature during the combustion process there by providing added energy output 
to the combustion process. Nano sized zinc oxide particles show the reduction of at least above 15% in 
hydrocarbon and carbon monoxide emissions. NOX emissions also reduced due to the reduced temperature in 
the cylinder head when the nano sized zinc oxide particles are used with the diesel fuel [12]. 

The addition of surfactants to reduce the oil water surface tension, activate their surface, and maximize their 
superficial contact areas, thereby forming a continuous and finely dispersed droplets phase [13]. The uses of fuel 
additives was a cost effective method, it results in reduction of particles with sizes under 2.5 µm [14]. Nano 
sized zinc oxide particles in the diesel fuel improves cetane number of the fuel and improves the low 
temperature combustion [12, 14]. A maximum drop of freezing point about was measured 150 C with organic 
based manganese, and the optimum rate of dosage was determined as 54.2 µ mol Mn/L, equivalent to 700 ppm. 
The metal additives in the diesel fuel changes the cetane number about 1 - 1.2% and affects the combustion 
[15]. The main reasons for adding metal based additives are i) to shorter the ignition delay, ii) as stabilizer and 
anti-oxidant and iii) as surfactant. The metal based additives effectively reduce the diesel emissions by i) It 
reacts with water and produce hydroxyl radicals, which enhance soot oxidation ii) react directly with carbon 
atoms in the soot there by lowering the temperature and iii) The metal also acts as a nucleus for soot oxidation 
[16]. Carbon monoxide is formed due to incomplete combustion, which is exacerbated by a lack of oxidants, 
temperature and residence time. Catalytic oxidation of metal oxide additive in excess oxygen shows decrease 
trend in carbon monoxide emissions [17]. Lu Xing Cai et al. [18] reported the addition of cetane number 
improver increases the brake thermal efficiency and reduces the fuel consumption due to the complete 
combustion of the fuel. They also reported the NOX and smoke emissions decreased simultaneously when the 
addition of cetane improver to the fuel. There are several methods were studied for the synthesis of ZnO Nano 
Particles such as wet chemical, chemical micro emulsion, hydrothermal, vapour phase process, solvothermal, 
microwave assisted combustion, chemical, direct precipitation and sono-chemical [19]. 

In recent years systematic effect has been made by several researchers to use of nano metal oxides as 
additives in C.I engines and they need not any modifications in internal combustion engines. Hence the 
objectives of the present research work is to study the variation of performance and emission characteristics of 
direct injected compression ignition engine with and without nano sized Iron oxide (Fe3O4) particles by varying 
the dosing levels in the diesel fuel. complete addition of ammonia, magnetically attractable dark brown color 
solids, SPIONs, were observed. They were magnetically separated for 10 times in water and washed several 
times with ethanol and acetone. Then the SPIO solids were dried under ambient conditions. 
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2. Experimental details: 
2.1 Synthesis of Fe3O4: 

The wet chemical process is adopted for the synthesis of iron oxide nano particles. Superparamagnetic iron 
oxide nanoparticles were synthesized by the acid-base synthesis method as discussed elsewhere. In brief, 5mM 
of ferrous sulfate and 10mM of ferric chloride were dissolved well in 200 ml of DI water, followed by the 
addition of 6 ml HCl. This suspension was further stirred well under 800C in an oil bath. After 30 minutes, we 
added 40ml of ammonia solution to the stirring solution at rate of 0.5ml/min. After 
 
2.2 Preparation of fuel samples: 

The dosing level of iron oxide nanoparticle samples (by weight) in diesel was chooses as 150 and 300 
mg/L. In order to obtain a uniform suspension of nanoparticles in diesel, a standard ultrasonic shaker has been 
used for mixing the nanoparticles corresponding to the required dosing level. The catalytic nanoparticle added 
diesel was agitated for about 45 minutes in an ultra sonicator to obtain a stable nano fluid. The modified fuel 
was used in the experiments immediately after preparation, so that considerable time is not allowed for 
sedimentation to set in. 
 
Table 1: Properties of Fuel Samples 

   Results Obtained  

S.No Properties 
   

Sole Diesel 
Sample 1 Sample 2 

  
(Fe3O4 – 150 mg/L) (Fe3O4 – 300 mg/L)    

     
 Density    
1 O 835 838 840 
 @ 15 C in Kg/m3    

2 
Flash Point by O O O 

ABEL`s Method 
55 C 49 C 47 C  

    
     

3 
Fire Point by O O O 

ABEL`s Method 
59 C 52 C 49 C  

    
     
 Kinematic Viscosity    
4 O 2.7 2.8 3.0 
 @40 C in Cst    
     
5 Sulphur Content Less than 50 ppm Less than 50 ppm Less than 50 ppm 
     

6 
Calculated Cetane 

47 49 52 
index     

     

 
2.3 Determination of fuel properties: 

American standard test methods have been employed for the determination of various properties of fuel 
such as viscosity, flash, and fire points. Viscosity was measured using the Redwood viscometer [21]. Abel`s 
open cup flash and fire point apparatus was used to determine the flash and fire point of the fuel [22]. 

 
2.4 Engine performance and emission testing: 

Performance and emission studies have been conducted in a four-stroke, single cylinder, water-cooled 
compression ignition engine, specifications of which are given in Table 2. The schematic block diagram of the 
experimental setup is shown in Fig 1. Standard constant speed load tests were conducted on the engine. An eddy 
current dynamometer was used to load the engine. A series of experiments were carried out using diesel, Iron 
oxide nanoparticles doped diesel fuel blends. All the blends were tested under varying load conditions at the 
rated speed. Engine emission parameters like CO, HC, NOX were noted and recorded by AVL Di Gas 444 
exhaust gas analyser. 
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Table 2: Specification of Test Engine 
Make Kirloskar 
  
Working cycle 4-stroke 
  
Number of cylinders 1 Cylinder 
  
Rated power 3.50 kW 
  
Rated speed 1500 rpm 
  
Bore 87.50 (mm) 
  
Stroke 110.00 (mm) 
  
Piston displacement 661.45 (cc) 
  
Compression ratio 17.00 
  
Cooling system & Fuel Type Water Cooled & Diesel Engine 
  
Loading equipment Eddy current dynamometer 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Schematic diagram of engine set up 
 

RESULTS AND DISCUSSIONS 
 

3.1 Nano characterization: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: XRD image of Fe3O4  nanostructure               Fig. 3: SEM image of Fe3O4 nanostructure  
   
As it can be observed the XRD patterns are quite the same and are in agreement with the typical wurtzite 

structure Fe3O4 diffraction. Sharp diffraction peaks shown in Fig. 2 indicate good crystallinity of Fe3O4 
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nanoparticles. No characteristic peak related to any impurity was observed. The broadening of the peaks 
indicated that the particles were of nanometre scale. 

Morphology, structure and size of the samples are investigated by Scanning Electron Microscopy (SEM). 
Fig. 3 indicates that the original morphology of the particles is approximately spherical with the diameter 
varying between 70 to 120 nm. The best morphology with 

In addition, it is apparent that nanoparticles added to the fuel increase the fluid layer resistance and hence, 
increase the viscosity. The change in viscosity of the fuel affects the engine performance as well as the 
hydrocarbon emissions. Lower fuel viscosities may not provide sufficient lubrication of fuel injection pumps or 
injector plungers resulting in leakage or increased wear thus reducing the maximum fuel delivery. This imposes 
a limitation on the quantity of the fuel additive that can be used in enhancing the combustion performance of the 
fuel. 

The fuel atomization is affected by the fuel viscosity, and the fuel with higher viscosity tends to form larger 
droplets on injection, which can cause poor combustion and increased exhaust smoke and emissions. Thus, the 
selection of the dosing level of the catalyst should be based on a compromise between these two mutually 
contradicting effects on the performance of the engine. smaller particles (avg. particle size is 100 nm) and good 
distribution was obtained. 

 
3.2 Evaluation of fuel properties: 

The flash point of the fuel gives an indication of the volatility of a fuel. The lower volatility, higher the 
flash and fire points. Fe3O4 nanoparticle added fuel shows a decreasing trend for the flash point with increasing 
dosing level, which indicates a successive increase in the volatility of the fuel with increases in the quantity of 
the fuel additive. Higher flash point temperatures are desirable for safe handling of the fuel. Thus fuels modified 
with iron oxide nanoparticles should be handle safer than base fuels. 

 
3.3 Specific fuel consumption: 

It is observed from fig 4 that SFC for all the fuel blends and diesel tested decrease with increase in load. For 
sample 1 and 2 the SFC is low when compare with diesel fuel at all loads. Fe3O4 added diesel fuel has lower 
flash point and fire point when compare with sole diesel, the SFC is significantly reduced when compare with 
diesel fuel. This could be due to the presence of nano metal oxides (Fe3O4) in the diesel fuel which enables 
complete combustion. Specific amount of nano sized iron oxide particles present in a liquid fuel composition 
provide a catalytic surface capable of supplying oxygen to the combustion process during transient reducing 
atmospheric episodes generated by combustion process. However, as Fe3O4 concentration in the fuel increases 
further, the SFC decreases at all loads. 

  
Fig. 4: Variation of SFC with load                    Fig. 5: Variation of cylinder pressure with crank angle 

   
3.4 Combustion pressure: 

The variation of combustion pressure with respect to crank angle for different blends when the engine is 
operating at constant speed (1500 rpm) and full load conditions is shown in fig 5. The fuel starts to inject at 
10CA before top dead centre (TDC), and ends that 90 CA after TDC. The fuel injection pressure and temperature 
are 44 MPa and 48.40C, respectively. It has been observed from the variation of cylinder pressure for iron oxide 
nano particles doped fuel blends give low combustion pressure compared to that of standard diesel due to 
shorter ignition delay of iron oxide nanoparticles doped diesel fuels and may be due to higher cetane number of 
the blended fuel. It is observed that 43.85 bar, 40.95 bar, 39.74 bar for standard diesel and nano iron oxide 
doped fuel blends Fe3O4 (150mg/L) and Fe3O4 (300mg/L). 
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3.5 Brake thermal efficiency: 
The variation of BTE with load for different samples and diesel is presented in fig 6. Whereas the BTE for 

all the fuels tested slightly increases initially at low loads and at higher load conditions, there is a significant 
increase than that of diesel for all the samples. If the concentration of iron oxide present in the fuel increases the 
BTE increases due to the higher rate of combustion than diesel fuel, the combustion becomes better and so the 
thermal efficiency increases. This could be due to the higher cetane number of samples having the additives of 
iron oxide nanoparticles when compare with diesel fuel. Moreover, the vaporization of the fuel also continues in 
the compression stroke when the latent heat of vaporization increases. Since the fuel absorbs heat from the 
cylinder during the vaporization in, the necessity work for compressing the air fuel mixture decreases and this 
situation increases the brake thermal efficiency. In addition, the specific fuel consumption for samples are low 
when compared with the diesel fuel, so there is a significant change in atomization of the fuel, which in turn 
affects combustion process faster than conventional combustion process. Brake thermal efficiency of iron oxide 
doped fuel increases with respect to the concentration of iron oxide up to 23-36% of conventional diesel fuel 
while the engine is operating at high loads. At low loads the brake thermal efficiency increase rate is low when 
compare with the diesel fuel with nano additives. 

 
 

Fig. 6: Variation of BTE with load                                              Fig. 7: Variation of HC with load 
 

3.6 Hydrocarbon Emissions: 
The HC emission variation for different blends is indicated in Fig. 7. It has been observed that the HC 

emission decreases with increase in load for diesel and other samples with iron oxide. Addition of iron oxide 
nanoparticles in the diesel fuel leads to an increase in cetane number of the fuel and results in better combustion 
leading to low HC emission. Iron oxide fuel blends have low hydrocarbon emissions compared to that of 
standard diesel due to better combustion provided by the catalytic effect iron oxide nanoparticles. Also the 
intrinsic oxygen contained by the iron oxide also responsible for the reduction in HC emission. Iron oxide is an 
oxidation catalyst also lowers the carbon combustion activation temperature and thus enhances hydrocarbon 
oxidation, promoting complete combustion. An average reduction of 15% to 20% in the hydrocarbon emissions 
was obtained for additive dosing levels ranging from 150 to 300 mg/L. 
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Fig. 8: Variation of CO with load 
 

3.7 Carbon Monoxide Emissions: 
Conclusion: 

Fig. 8 shows that the variation of carbon monoxide emission
CO emission of the Iron oxide nanoparticle blend (150 mg/L) is close to that of standard diesel for all load 
conditions. The percentage of CO increases due to physical and chemical properties of the fuel, ai
shortage of oxygen at high speed, and lesser amount of time available for complete combustion[23]. The effects 
of fuel viscosity on fuel spray quality would be expected to make some CO increase with Iron oxide 
nanoparticles blended fuels [24]. 

 
3.8 Oxides of Nitrogen: 

Fig 9 shows the NOX emission of the engine fuelled by the iron oxide nanoparticles doped fuel and 
standard diesel under different load conditions. Generally NOX emission increases with increase in load. An 
obvious reduction in NOX emission can be observed for Fe3O4 doped fuels. The NOx emission decreases with 
an increase of iron oxide concentration in the diesel fuel. This is because the Fe3O4 nanoparticles in the diesel 
fuel absorbs heat energy and causes the peak temperature t
Addition of Fe3O4 nanoparticles to diesel fuel also increases the cetane number of the fuel resulting in NOX 
reduction. Due to the catalytic effect of iron oxide nanoparticles present in the diesel fuel reduce t
head temperature, thereby reduce the NOX emissions.

A novel diesel fuel with nano metal oxide additives is introduced in this work. It varies the physiochemical 
properties of the diesel fuel effectively, due to nanoparticles enhancement of the 
ratio. The flash point and fire point of modified diesel fuel decreases with increase in concentration of nano 
additives. The density, viscosity and cetane number of the fuel increases with increase in concentration of 
additives in diesel fuel. 

The results indicates the nano iron oxide additives in diesel fuel providing a catalytic surface capable of 
supplying oxygen to the combustion process for better combustion. It also reducing the combustion pressure and 
cylinder head temperature, thereby fuel consumption is reduced by 26%, brake thermal efficiency is improved 
by 30%, NOX and hydrocarbon emissions is also reduced by 22% and 30% respectively with slight increase in 
carbon monoxide emissions. 
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