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  چكيده فارسي
  

 دار بر روي خصوصيات دار و نيتروژننهاي اكسيژبررسي تاثير افزودني
  هاي سوخت ديزليشيميايي و آلاينده - فيزيكي

 
  1 و محمد رضا اميدخواه2، فتح اله امي1قلم مقدم، عبدالصمد زرين1وحيد پيروزفر

   مهندسي شيميگروه، مهندسيفني و ، دانشكده دانشگاه تربيت مدرس -1
   مهندسي مكانيكگروه، يمهندسفني و دانشگاه تربيت مدرس، دانشكده  - 2

  
ها بر روي دانسيته، ويسكوزيته، عدد ستان، نقطه اشتعال، دماي جوش، فراريت و تقطير بررسي  تاثير افزودنيدر اين مقاله
 كار ي احتراق بهتواند هم به صورت يك پايداركننده تركيب و هم به صورت يك بهبود دهندهيك افزودني مي. شده است

  .را به منظور بهبود فرايند احتراق بالا برد) مخصوصا عدد ستان(توان خواص سوخت برده شود كه بدين وسيله مي
نيترو متان، نيترو ( درصد حجمي افزودني 5 و 2هاي جديدي كه براي سوخت پيشنهاد شده است، شامل بنديفرمول
 درصد حجمي از اين تركيب در سوخت ديزل است 10 و 5/7، 5 و  افزودني-در مخلوط اتانول)  متوكسي اتيل اتر- 2اتان، 

ي خروجي از در اين پروژه انواع گازها و دوده. اند آزمون شدهMB-OM 457 LAكه اين تركيبات بر روي يك موتور ديزل 
 27 و 30، 50ي زهتواند به اندانتايج نشان داد كه تشكيل دوده مي. اين موتور آناليز شده و تغييرات آن بررسي شده است

  . كاهش يابدE-NE5-10  و  E-MX5-10،E-NM5-10هاي بنديدرصد به ترتيب با فرمول
  

 گازهاي ي عدد ستان،افزودني سوخت ديزل، خواص فيزيكي و شيميايي، كاهش دوده، بهبود دهنده: واژگان كليدي
  خروجي و آلاينده، احتراق
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Conclusions 
With the increase in the amount of ethanol in the fuel blends, cetane number, kinematics viscosity and flash 
point decrease. Distillation temperatures also change. To improve the cetane number of the fuel mixture, 
different additives: NM, NE and MXEE were used. The results showed that nitro ethane restores the cetane 
number of the diesel fuel more than 2-methoxy ethyl ether or nitro methane. Blending ethanol with Tehran 1 
diesel fuel shows a profound impact on soot reduction (25% soot reduction with 10% ethanol). The soot 
formation can be reduced by more than 50%, 30% and 27% with the diesel formulations; E-NE5-10, E-NM5-10 
and E-MX5-10, respectively. The NOx, CO, CO2 and HC emissions resulting from additive-ethanol-diesel fuels 
were found to differ from pure diesel emissions. With the increase in additives-ethanol contained in diesel, CO2 
emissions decrease, while HC emissions increase. The change in the amount of CO and NOx emissions depended 
on the type of additives. NOx increases for higher fuel/air ratios. NOx also increases at higher gas temperatures. 
The results also show that additives with nitrogen in their molecular structure produce higher NOx in comparison 
to other additives. 
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Figure 9. The effect of different factors on NOx Emission in combustion of MXEE-ethanol-diesel fuel blends 
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Figure 10. The effect of different factors on NOx Emission in combustion of Nitro methane-ethanol-diesel fuel blends 
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Figure 11. The effect of different factors on NOx Emission in combustion of nitro ethane-ethanol-diesel fuel blends 
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Figure 6. Comparison of CO2 volume fraction measurement results 
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Figure 7. Comparison of CO volume fraction measurement results 
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Figure 8. Comparison of HC volume fraction measurement results with different additives 

 
According to Table 5, Fig.6 and Fig.7, the emission results show a slight reduction in CO2 and a slight increase 
in CO emission when switching from pure diesel fuel to fuel blends. Moreover, as Fig. 8 demonstrates, HC 
emission is higher for all mixtures and conditions. 

Gas temperature, pressure, fuel/air ratio are factors that influence the NOx emission. NOx production 
increases for high ratios of fuel to air, and at high gas temperatures. 

The increase in the NOx emissions can be accounted for by the decrease in the CI and CN when adding 
ethanol [4]. Comparison of the oxygenated additive (MXEE) with other oxygenated additives (NM, NE), which 
contain nitrogen in the molecular structure, shows that the latter increases NOx formation when nitrogen is 
present in the chemical structure of such additives. 



V. Pirozfar, A. Z. Moghadam, F. Ommi and M. R. Omidkhah 

 22

25

30

35

40

45

50

5 7.5 10

Volume percent of ethanol in diesel 

A
ve

ra
ge

 O
pa

ci
ty

(%
)

E-NM2

E-NM5

E-MX2

E-MX5

E-NE2

E-NE5

E

  
Figure 5. Comparison of soot volume fraction measurement results 

 
Table 4- Soot reduction ratios by introduction of ethanol and other additives. 

  Average Exhaust Soot (%)  K Value Reduction of Soot by Additive 
diesel 41.5 1.24 0 
E10 31.6 0.88 -23.8 

E-NM5-10 28.9 0.78 -30.4 
E-NE5-10 20.1 0.52 -51.6 
E-MX5-10 30.2 0.84 -27.2 

 
In Table 4, the average soot reduction ratios after addition of E, NM5, MX5, and NE5 are presented. The 

results show that the NE5 is more effective than others in reducing soot formation.  
 

Emission 
Table 5 shows the total emission results obtained from the blend fuels at the free acceleration test at the iIdle 
speed. Comparison of the emission results shows a slight increase in NOx, and a slight decrease in CO emission 
when shifting from pure diesel to fuel blends.  

Data in Table 5 shows the NOx emission relation with T-GAS, with E-NE5 formulation as fuel both NO and 
NO2 emissions are reduced with lower gas temperature.  
 

Table 5- Emission ratios by the addition of ethanol and other additives. 

Type HC(ppm) 
Hexane CO (%) CO2 (%) O2 (%) Lambda NO(ppm) NO2(ppm) T-GAS(◌ْ C) T-Amb(◌ْ C) 

Ambient 1 0 0 20.94  0 0 30 27.7 
Cold 15 0.04 2.1 17.64 6.757 258 250 92.1 28 

Before 19 0.09 2.2 18.03 7.072 272 168 139.9 30.3 
E 20 0.08 2.2 18.16 6.629 294 199 137.1 31.9 

E-NM5 27 0.05 1.9 17.96 7.401 317 223 131.4 31.9 
E-NE5 21 0.06 1.9 18.54 7.592 256 168 126.1 31.4 
E-MX5 22 0.08 2 18.66 7.301 274 174 132.7 31.8 

 
Engine test reports from different investigators show good agreement on the significant reduction of soot 

due to the presence of ethanol in the diesel fuel blend. However, the reported results on the emission of other 
species are different. Lu et al. studied the effect of ethanol and cetane number improver on emissions in the 
diesel engine, and found that NOx and smoke emissions decreased when diesel engine was fueled with blends. 
Moreover, CO emission significantly increased for lower and medium loads. HC emission was lower in overall 
engine operating conditions [6]. He and coworkers reported increased HC emission with addition of ethanol into 
diesel fuel. They also found that the NOx emission did not change; however, they reported higher CO emission 
when ethanol was present in the fuel [2]. 
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Figure 3. Flash points of the blend fuels and the diesel fuel. 

 
Volatility and Distillation 
The influence of the addition of ethanol on the volatility of diesel fuel was studied through the distillation 
method. In Fig. 4, the distillation curves of the diesel fuel and blends of ethanol are presented. As can be seen in 
Fig. 4, the addition of the ethanol to diesel fuel modifies the shape of distillation curves at the temperatures 
below 205°C. Increasing the ethanol content resulted in a higher volatility of the blends. The distillation curves 
of the blends with or without the additive and ignition improver only differ slightly for the same ethanol content. 
Based on Fig. 4, the volatility of the E10 and E-NM5-10 samples, both containing 10% ethanol, is significantly 
different from the others by about 30% distillation point. He et al. evaluated the distillation curves of the ethanol-
blended diesel fuels, and found similar results, although their additives and fuel properties were different from 
those used in the present study [2]. 
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Figure 4. Distillation curves. 

 
Results and Discussion 
Soot reduction 
Specifications of the test engine are provided in Table 2. The results of soot formation for different samples are 
presented graphically in Fig. 5, and in Table 4 the soot formation data for different blends are compared. The 
results show that addition of 10% ethanol in the absence of other additives reduces the soot formation by 23.8%. 
Ignition improvers can reduce soot formation even further. The maximum of 51% soot reduction was obtained 
with the blend containing 9.5% ethanol, 0.5% nitro ethane and 90% diesel fuel.  

The experimental results of Kass et al. demonstrate a consistent reduction in PM of 20%-27% for an 
additional 10% ethanol blend [9]. Also in a study of the emissions from the combustion of ethanol blended diesel 
fuel, He et al. realized a reduction in the smoke emission from 6.3% to 43.8% when the ethanol content changed 
from 10% to 30% [2]. 
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Figure 1. Cetane index of the blend fuels and the diesel fuel. 
 

The ignition improvers can also slightly restore the viscosity of the blends (Fig. 2). Those can also improve 
the combustion process; ensure good cold starting, reduced noise and long durability for diesel engines [15]. 
 
Viscosity 
Fig. 2 shows the experimental results relating to the viscosity of the diesel fuel and the blends. It can be 
understood from Fig. 2 that the addition of ethanol to diesel lowers fuel viscosity. Li and Zhen [3] studied 
physio-chemical properties of the ethanol-diesel blend fuel, and found that with ethanol contents of 10-20%, the 
viscosity does not reach the minimum requirements for diesel fuels. In the present experiments, the maximum 
amount of ethanol in the blends was 10%. It is also seen that the CI additives can slightly improve the viscosity 
of the blends. 
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Figure 2. Viscosities of the blend fuels and the diesel fuel. 

 
Flash point 
The flash point is the lowest temperature at which a fuel ignites when exposed to an ignition source. In 
guidelines established by the National Fire Protection Agency (NFPA) in the US for safe storage and handling of 
flammable liquids, the discriminating fuel property was the flashpoint. Liquids such as gasoline and ethanol are 
class A liquids as they have flashpoints below 37.8°C, while diesel fuel is Class B with a flashpoint above 
37.8°C. Hence, the addition of ethanol to diesel would change the NFPA classification from class B to class A, 
thereby requiring more stringent storage requirements like greater clearances between storage tanks and property 
lines, buildings and other tanks [14]. Fig. 3 shows the experimental results and flash points of blend fuels. As 
shown in Fig. 3, the addition of ethanol to diesel lowers flash point. It is also seen that improvers can slightly 
restore the flash point of the blends. Li et al. [3] reported similar variations on flash point with varying amounts 
of ethanol blended into the diesel fuel. 
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Fuel properties and results 
Blend stability and phase separation 
Ethanol solubility in diesel is affected mainly by two factors, water content and temperature of the blend. 
Avoidance of this separation can be achieved in two ways: by adding a co-solvent, or by adding an emulsifier 
[13,14].  

Because ethanol is soluble in diesel fuel in only small quantities (<12.5% Vol.), either an emulsifier (span 
85, i.e. sorbitan trifoliate) or a co-solvent (n-butanol) is required to prepare the ethanol in diesel blends. In              
the present work, the ethanol used was 99.7%. The maximum amount of the ethanol in blends was below               
12.5 Vol%.  
 
Cetane number and cetane index 
Cetane number (CN) is one of the most important properties of a diesel fuel, which is generally similar to the 
octane number of gasoline. Many attempts have been made to improve the cetane number of diesel engine fuels 
in order to reduce the emissions of smoke and soot. The cetane index specified by ASTM standard D 976 for 
Tehran 1, and Tehran 2 diesel is 54.74 and is 56 respectively. Since octane number and cetane number are 
inversely proportional, the addition of ethanol with a high octane number exhibits a low cetane rating in the 
blend. Therefore, a cetane improver was used to increase the CI of blends. The three cetane improvers used were 
2-methoxy ethyl ether, nitro methane and nitro ethane. The amount of ignition improver was 2.5% of the amount 
of ethanol in each blend. This created a similar ignition delay as diesel fuel. In order to evaluate the cetane index 
for the blends, the ASTM D 976 and ASTM D 4737 methods were employed. The results are presented in   
Table 3.  
 

Table 3- Physicochemical properties of various fuels (additive-ethanol-diesel) 

 
On Fig. 1 the CI of diesel fuel is compared with its blends with the ethanol present at 5% and 10%. The 

influence of the other present additives on the CI of the fuel blends is also demonstrated. As shown in Fig. 1, 
cetane index of the blends decreases with the ethanol content. The value of E10 reduces more significantly than 
that of E5. Both E5 and E10 are less than the minimum cetane index of Tehran diesel fuel standard value at 
54.77. In order to enhance CN or CI, of the fuel, the addition of 0.1% Vol. additives (e.g. 2% of ethanol-nitro 
methane) was needed. The CI improver additive was first mixed with ethanol at the required volume ratio; the 
mixture was then added to the diesel.  

Vol% Type Density@ 
15oC, g/cc 

10% Vol. 
Recovery oC 30% 50% 90% Cetane Index 

ASTM D 976 
Cetane Index 
ASTM D 4737 T10N T50N T90N 

5 E 0.8335 194 254 280 347 55.4 56.0 -21 20 37 

7.5 E 0.8318 182 255 275.5 342.5 55.1 55.1 -33 15.5 32.5 

10 E 0.8312 84 240 271.5 338.5 54.6 53.6 -131 11.5 28.5 

5 E-NM2 0.8343 196 250 293.5 360.5 57.5 58.6 -19 33.5 50.5 

7.5 E-NM2 0.8335 188 252 290 357 57.2 57.8 -27 30 47 

10 E-NM2 0.8318 85 242 285 352 56.9 56.4 -130 25 42 

5 E-NM5 0.8349 195.5 259 296 363 57.7 58.7 -19.5 36 53 

7.5 E-NM5 0.8332 192 248.5 289.5 356.5 57.2 58.1 -23 29.5 46.5 

10 E-NM5 0.8324 86 243 287 354 57.1 56.5 -129 27 44 

5 E-MX2 0.8338 193.5 245 292 359 57.4 58.4 -21.5 32 49 

7.5 E-MX2 0.8322 185 248 287 354 57.1 57.7 -30 27 44 

10 E-MX2 0.8316 88 240 284 351 56.8 56.2 -127 24 41 

5 E-MX5 0.834 197 252 293 360 57.5 58.7 -18 33 50 

7.5 E-MX5 0.8335 189 251 290 357 57.2 57.9 -26 30 47 

10 E-MX5 0.8321 90 242 286 353 57.0 56.3 -125 26 43 

5 E-NE2 0.8348 194.5 258 295 362 57.6 58.5 -20.5 35 52 

7.5 E-NE2 0.8343 188 249.5 292 359 57.3 57.7 -27 32 49 

10 E-NE2 0.8316 88 240 285 352 57.0 56.4 -127 25 42 

5 E-NE5 0.8351 195 258 296.5 363.5 57.7 58.6 -20 36.5 53.5 

7.5 E-NE5 0.8336 9423 250 291 358 57.3 56.0 9208 31 48 

10 E-NE5 0.8324 94 242.5 287.5 354.5 57.2 56.3 -121 27.5 44.5 

 Diesel 0.8415 206  306 361 56.9 57.0 -9 46 51 
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fuel) with ethanol, and then blend this mixture into the diesel fuel. For example, 5% ethanol-diesel blend (E5) 
consists of 0.25% solubilizer, 4.75% ethanol and 95% diesel. 

Commercial diesel fuel and analysis-grade anhydrous ethanol (99.7% purity) were used in these 
experiments. Each formulation of ethanol-diesel blends contained improver, ethanol, and diesel fuel. Three 
different types of oxygenated blends with different fractions of ethanol-additives in diesel fuel were selected for 
this study.  

In this work, a blend of 5% ethanol and 95% diesel is called E5. A blend of 7.5% ethanol and 92.5% diesel 
is called E7.5, and a blend of 10% ethanol and 90% diesel is referred to as E10. The specifications of the diesel 
fuels used in this report are given in Table 1. These diesel fuels are produced at Tehran refinery (Tehran 1 and 
Tehran 2) and are currently being used in all diesel applications in Tehran. The oxygenated compounds selected 
in the formulations were 2-methoxy ethyl ether, nitro methane and nitro ethane. The physical and chemical 
properties of the diesel fuels and oxygenated compounds used in the formulations are given in Table 1. 

 
Table 1- Physical and chemical properties of diesel fuels and oxygenated materials (research institute petroleum Iran, 2007). 

 

Specifications Tehran1 Tehran2 Nitro Methane Nitro Ethane MXEE 
Molecular Formula Cx Hy Cx Hy C1 H3 N1 O2 C2 H5 N1 O2 C6 H14 

O3 
Molecular Weight   61.04 75.067 134.174 
Copper Corrosion,3hrs @ 100 o C 1a 1a    
Specific Gravity @ 15.56 oC /15.56 oC 0.8413 0.8424 1.138 1.045 - 
Density @ 15 oC            g/cc 0.8405 0.8415 1.138 1.054 0.937 
Cetane Index 54.74 56 - - 112-130 
Flash Point        oC 65 72 35 30 67-70 
Sulphur Content       wt% 0.68 0.7    
Kinematics Viscosity @ 40  o C     cSt 4.87 3.48    
Cold Filter Plugging Point     oC 3 1    
Pour Point            oC 0 -5    
Carbon Residue on 10% bott.   wt% 0.14 0.29    
Ash Content             wt% Trace<0.001 Trace<0.001    
Water Content          Vol% Trace<0.05 0.05    
Autoignation Temperature , C - - 418 414 - 

Acidity         mgKOH/gr Trace<0.05 0.05    
Distillation:      
Initial Boiling Point       oC 165 181 100-103 114-116 162 
10% Vol.Recovery        oC 206 219    
50% Vol.Recovery       oC 294 306    
90% Vol.Recovery        oC 361 372.5    
Final Boiling Point         oC 386 382    
Recovery             Vol% 98 99    

 
Test procedure 
Emissions and combustion characteristics were studied on a MB-OM 457 LA diesel engine both in idle speed 
and cut-off speed positions. Table 2 shows the engine specifications. Gas analyses were carried out at full flow, 
partial flow and free flow in diesel. Two exhaust gas analyzers (AVL 465 DYGAS and MRU 1600L type) were 
employed to measure emissions of NOx, THC, CO, CO2 and soot on line in raw exhaust. The resolutions of the 
gas analyzer are 0.1% Vol. for NOx, 0.01% Vol. for CO and 1 ppm for HC. At each measurement, the sampling 
duration was 10 min. The cetane index (CI) can be calculated according to ASTM D 976, and ASTM D 4737. 
 

Table 2- Engine specifications 
 
 
 
 
 
 
 

Rated power (hp)/speed (rpm) 240/2200 

Maximum torque (Nm)/speed (rpm) 824/1500 

Cylinder number 6 

Compression ratio 16.1:1 

Cylinder volume 11580 
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This study evaluates the effect of additives on diesel and of additive-ethanol-diesel fuel blends on the density, 
viscosity, cetane number, flash point, boiling point, distillation and performance in engine tests. An additive 
is used to keep the blends homogenous and stable, and an ignition improver, which can enhance cetane 
number in ethanol-diesel fuel blends. The formulations were carried out with 5, 7.5 and 10% v/v of additive-
ethanol starting from a base diesel. The presence of MXEE (2-Methoxy Ethyl Ether), NM (Nitro Methane), 
NE (Nitro Ethane) and ethanol in the diesel fuel significantly alters the characteristics of volatility (flashpoint 
and distillation curve) and increases the cetane number, improving the fuel’s performance in engine tests. 
The performance of the new fuel formulations were studied on a MB-OM 457 LA diesel engine in idle and 
cut-off speed positions. The results showed that soot formation can be reduced by more than 50%, 30% and 
27% with the diesel formulations; E-NE5-10, E-NM5-10 and E-MX5-10, respectively. 
 
Key Words: Diesel fuel additive, Physicochemical properties, Soot reduction, Cetane number improvers, 
Emission, Combustion 
 

Introduction 
Diesel fuel consists mainly of aliphatic hydrocarbons C8-28 with boiling points varying from 130 to 370 ˚C [1]. 
Exhaust emissions from diesel engines contain many types of air pollutants, total hydrocarbon (THC), oxides of 
nitrogen (NOx), such as particulate matter (PM), carbon monoxide (CO) and acid rain [2,3]. 

The global increase in energy demands and simultaneous restrictions on air pollutant gas emissions has led 
researchers to new resources. Much attention has been given to ethanol as an alternative fuel because it is a 
renewable resource, and can be made from raw bio-materials and waste biomass materials [4,5]. Ethanol has been 
highly used as fuel, mainly in Brazil, or as a gasoline additive for octane improver and better combustion in USA 
and Canada [6]. Also, interest has shifted to using ethanol-diesel blends in diesel engines in many countries [6,7]. 

Introduction of ethanol as oxygenated component into diesel fuel reduces both soot and emission [8,9]. 
However, there are many technical restrictions to the direct use of ethanol in diesel fuel due to the properties of 
ethanol, such as the solubility issue of ethanol in diesel fuel at a wide range of temperature and the low cetane 
number of ethanol. In fact, diesel engines cannot operate normally on an ethanol-diesel blend without special 
additives [1]. Therefore, fuel additives should be added to the ethanol-diesel blend. In particular, He et al. [2], Shi 
et al. [8] and Satge de et al. [10] have produced an additive which improves physico-chemical properties of 
ethanol-diesel blend fuel, such as cetane number and stability of blends, and its effect on performance and 
emissions of diesel engines. A number of researches have investigated the effect of nitrogen component in the 
ethanol-diesel blend [11,12]. Based on this background, the key purpose of this work is to evaluate the effect of 
oxygenate and nitrate components on emissions and combustion characteristics. 

In diesel engines, finding new formulations and optimization of fuel properties, such as oxygen content, 
volatility, requires breaking the trade-off between soot and NOx emissions, and improving the diesel combustion 
processes and exhaust emissions. The objective of this study was to find new formulations of additive-ethanol-
diesel to replace the diesel fuel with a better combustion performance fuel. Experimental studies were conducted 
to test the performance of various additive-ethanol-diesel fuel mixtures.  
 
Materials and Method 
The ethanol used in these tests was limited to essentially anhydrous ethanol because hydrous ethanol is insoluble 
or has very limited solubility in the vast majority of diesel fuels. If we used hydrous ethanol (96% purity) in 
blends, the blending method would use improver (0.25% v/v for all ethanol-diesel blends except for pure diesel 
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