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Abstract 

The problem of unavailability of conventional fuels and pollution is becoming a serious issue 

day by day. Many countries have been looking for alternative energy resources to substitute 

petroleum. Vegetable oil can be one of the alternatives which can be used as fuel in automotive 

engines. Changing the chemistry of fuel by adding the vegetable oil or completely replacing the 

traditional fuels by the vegetable oil is being experimented.  

Vegetable oils such as mustered oil, sunflower oil, cotton seed oil, canola oil, peanut oil, coconut 

oil, and waste vegetable oil have been considered as alternative fuels for CI Engines. Kinematic 

viscosity, specific gravity, cetane number, and pour and cloud points of these oils are much 

higher than those of diesel. Therefore, such oils, in pure or blended form, cannot be used as fuel 

in engines for long run.  

In this study, oils from various feedstocks have been transesterified due to which their specific 

gravity and kinematic viscosity were decreased and pour and cloud points were increased. The 

chemical and physical properties of chemically modified oils, called biodiesel or methyl ester, 

were tested in accordance with ASTM D6751 and found comparable to those of diesel.  

The engine performance and emissions were evaluated using biodiesel in pure and blended form 

and it was concluded that a blend of 20% waste vegetable oil methyl ester and 80% diesel (W20) 

could be successfully used as an alternative fuel, in CI engine. Although higher brake specific 

fuel consumption of W20 was observed, yet the fuel was found to be environmental friendly. 

Reduced amount of THC and CO were found in the exhaust emissions of the engine. However, 

level of NOx was increased. 

To reduce NOx, certain modifications in the fuel injection system of the engine were made and 

results were obtained by running the engine using W20 fuel. The experimental results showed 

that engine performance was not much affected and engine emitted lower amount of NOx, 

without much affecting THC, and CO emissions. 
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Chapter 1 

Introduction 

 

 

Energy is the basic need of humanity. Generally mineral oils are used to provide useful 

energy commodities, particularly mechanical energy. The rising cost and depletion of the 

reserves of mineral oils are becoming the serious threat to the humanity, which has forced 

the scientists to search the new avenues of energy resources. It has been estimated that 

the reserves of oil and gas will be exhausted in next about 50 years, if their use remain 

continue at the present pace [1]. Since their consumption is increasing exponentially, 

therefore these reserves will be depleted even earlier. In the year 2007-08, the total 

consumption of petroleum products in Pakistan were 11,528,722 TOE and out of which 

9,157,914 TOE were imported. The major consumption of it was in transportation, 

industrial, agricultural, and power sectors. For instance its consumption was 47.4% and 

40% in transportation and power sectors respectively [2]. 

The demand of energy is increasing day by day which is due to the increase in population 

and mechanization of the life. It has been estimated by the various agencies that demand 

of energy will be almost doubled within next twenty years. It is expected that the energy 

demand of United States will be increased from 85 to 116 million barrels daily, in next 12 

years [3, 4].  

In addition to that, the environment is being intensively polluted with the combustion of 

too much petroleum oils. The utilization of petroleum fuels causes the green house effect, 

global warming, and acid rains, which are threatening the life. The awareness and strict 

compliance of environmental legislations are being enforced, therefore the scientists are 

trying to search alternative fuels and to adopt the ways and means to reduce the pollutant 

emissions [5]. 
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The scientists and researchers are working on the feasibility of solar, wind, ocean, 

geothermal and biomass/biofuel energies. Among these, biofuel has been identified as the 

most viable option. By running the compression ignition engines on biofuels, the energy 

shortage and environmental issues can be tackled.  

The use of vegetable oil as a fuel is almost as old as the diesel engine itself. In 1900, Sir 

Rudolf Diesel ran his own invented compression ignition engine with peanut oil instead 

of diesel, in an exhibition in Paris [6]. He exclaimed emotionally that in future, the 

vegetable oils would be equally used to fuel the compression ignition engines. 

Unfortunately, the use of vegetable oils as fuel could not get popularity due to the 

discovery of huge reserves of mineral oils having higher thermal efficiency because of 

their higher calorific value. Engines run smooth when fueled with mineral diesel. 

However, during the second World War, compression ignition engines were fed with 

vegetable oils, in emergency situations [7,8].  

The vegetable oils are recyclable, biodegradable, environmental friendly, and can be 

prepared domestically. They are less dangerous than table salt and kitchen sugar. The 

vegetable oils have better lubricant properties as compared to diesel, particularly, when 

compared with ultra low sulfur diesel [9-11]. The odor of the exhaust emissions of CI 

engines, when run by vegetable oils, is similar to that of French fries.  

The researchers evaluated the performance and exhaust emissions of compression 

ignition engines by fueling them with raw vegetable oils but satisfactory results could not 

be found. The vegetable oils have higher specific gravity and viscosity, which reduce the 

volatility, hence combustion pattern is disturbed. Higher specific gravity and viscosity are 

also responsible for choking the fuel lines and fuel injectors and carbon deposits on 

piston heads and rings. [12-16]. Generally, the vegetable oils have higher pour and cloud 

points due to which these fuels are not suitable in the cold areas particularly in winter 

season [17,18]. The iodine value of vegetable oils is higher as compared to that of 

mineral diesel, due to which its shelf life is decreased, hence long time storage of such 

oils is not feasible [19]. The cetane number of vegetable oils is also higher than that of 
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mineral oils, which reduces the ignition delay and affects the combustion phenomenon 

[20]. 

The chemical structure of vegetable oils is highly complicated; their molecular size and 

weight are much higher than those of diesel which is the main cause of their higher 

kinematic viscosity and specific gravity. The oils need to be chemically modified in such 

a way that their physical and chemical properties may become comparable to those of 

diesel. So that they may be used to fuel the compression ignition engines without or with 

minor modifications to the engines. Chemically altered oil is named as methyl/ethyl ester 

or biodiesel which can be used in pure or blended form to run diesel engine.  

It has been reported by many researchers that the amount of carbon monoxide, carbon 

dioxide, total hydrocarbon, and unregulated pollutant emissions are reduced when diesel 

engines are run using fuel derived from vegetable oils instead of diesel [21-26]. Since the 

vegetable oils are free from sulfur therefore, exhaust emissions are absolutely free from 

oxides of sulfur (SOx) when the engines are fueled with such oils. Unfortunately the 

amount of oxides of nitrogen (NOx) increases by 2 to 5%, which can be handled by after 

treatment, exhaust gas recirculation, water spray, and catalytic conversion techniques etc. 

[27]. However some harmful unregulated pollutant emissions like acetaldehyde and 

benzene are found in the tail pipe of the engine [28].  

More than 300 of various types of edible, non-edible, and waste vegetable oils along with 

animal fat, algae, and sea creature have been identified as potential feedstock which can 

be used to develop biodiesel.  

Different methods e.g., blending, heating, pyrolysis, and transesterification, can be used 

to improve the chemical and physical properties of raw oils. 

Blending is the process in which vegetable oils are blended with mineral diesel, alcohols 

and other solvents with very small proportions so that the effect of higher specific gravity 

and kinematic viscosity of vegetable oils may be reduced.  

In heating process the vegetable oils are heated up to a suitable temperature to reduce the 

specific gravity and kinematic viscosity.  
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Pyrolysis or cracking is the process in which larger molecules of triglycerides present in 

vegetable oils are disintegrated into smaller size molecules. In this process the oils are 

heated at high temperature in the presence of some catalysts and nitrogen. The process is 

rarely used because huge amount of energy and special type of reactors are required for 

this process. 

Transesterification is the process in which the vegetable oils are reacted with alcohol in 

the presence of suitable catalysts. In this process one molecule of vegetable is 

disintegrated into three molecules of ester and the organic group of the vegetable oils is 

replaced with OH group of alcohol. Resultantly, the organic group combines with 

hydrocarbon group forming glycerin or glycerol. 

Transesterification is frequently employed for the development of biodiesel. It is 

preferred as it has tremendous advantages over other processes e.g., reaction can be 

performed at modest temperature (60-70ºC) and at normal atmospheric pressure. At the 

same time, it returns excellent yield and quality of biodiesel [23, 29].  

Although the kinematic viscosity and specific gravity of vegetables oils are reduced to 

great extent when converted to biodiesel via transesterification yet these are still higher 

than those of diesel. Hence the injection automatically advances when engine is fed with 

biodiesel. Biodiesel is an oxygenated fuel and has higher cetane number, therefore it 

alters the combustion pattern.  

The objective of the work reported in this thesis is to develop biodiesel from waste 

cooking oil by transesterification method and to study the effects of using biodiesel in 

pure form as well as blended with diesel, in terms of engine performance and exhaust 

emissions, in compression ignition engine, and to suggest suitable modifications to 

injection system of the compression ignition engines, and operating parameters.  

In conclusion, this study aims to develop a sustainable alternative fuel, which may 

substitute the mineral diesel at lower cost, and to reduce the pollutant emissions of the CI 

engines.
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Chapter 2 

Literature Review: Development of Biodiesel 

 

 

The reserves of mineral oils are exhausting rapidly which has forced the researchers to 

search the alternative fuels. Vegetable oils/animal fat can serve the purpose and bridge 

the gap between the demand and supply of diesel fuel.  

In this chapter the properties of vegetable oils and their structure have been reviewed. 

The use of raw vegetable oil or animal fat is not practically feasible; however the oils can 

be successfully used by modifying their structure. Transesterification is the method which 

is commonly used for this purpose by which the properties of vegetable oils become 

comparable with those of diesel. The relevant operating parameters of transesterification 

have also been reviewed in this chapter.  

2.1 Properties of Vegetable Oils  

Vegetable oils and animal fats mainly consist of triglycerides and diglycerides with a 

small fraction of monglycerides. Their molecular size is larger and their kinematic 

viscosity, specific gravity, and flash point is higher as compared to mineral diesel.  The 

chemical structure of these esters is compared with mineral diesel and biodiesel in Table 

2 [30].  

Table 2.1 Chemical structure of various esters and diesel 

Fat &Oil 

Triglyceride 
Diglyceride Monoglyceride 

Biodiesel/ 

Methyl Ester 
Diesel 

 
  

 

C12H23 
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The average chemical formula for common diesel fuel is C12H23. The vegetable oils 

consist of long chains with multiple branches resulting in molecules of large size. The 

molecular weight of vegetable oils ranges from 850 to 995, which is much higher than 

that of diesel which is 168 on average [31].  

The specific gravity and kinematic viscosity of vegetable oils are higher than those of 

diesel because of their complicated molecular structure and higher molecular weight. The 

physical and chemical properties of diesel and different vegetable oils are shown in Table 

2.2 [32]. 

Table 2.2 Properties of various types of raw vegetable oils and diesel 

Vegetable 

oil 

Kinematic 

viscosity at 

38ºC mm
2
/s 

Cetane 

No. 

Heating 

Value 

(MJ/kg) 

Cloud 

Point 

ºC 

Pour 

Point 

ºC 

Flash 

Point ºC 

Density 

(kg/l) 

Cottonseed 33.5 41.8 39.5 1.7 −15 234 0.9148 

Crambe 53.6 44.6 40.5 10.0 −12.2 274 0.9048 

Linseed 27.2 34.6 39.3 1.7 −15.0 241 0.9236 

Peanut 39.6 41.8 39.8 12.8 −6.7 271 0.9026 

Safflower 31.3 41.3 39.5 18.3 −6.7 260 0.9144 

Sesame 35.5 40.2 39.3 −3.9 −9.4 260 0.9133 

Soya bean 32.6 37.9 39.6 −3.9 −12.2 254 0.9138 

Sunflower 33.9 37.1 39.6 7.2 −15.0 274 0.9161 

Palm 39.6 42.0 – 31.0 – 267 0.9180 

Babassu 30.3 38.0 – 20.0 – 150 0.9460 

Diesel 3.06 50.0 43.8 – −16 76 0.8550 

Keeping in view the various types of vegetable oils, shown in Table 2.2, the following 

observation can be made: the heating value is 10 to 20 % lower; the kinematic viscosity is 
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ten to thirteen times higher; the density is about 7% higher; the cetane number is lower; 

and flash point is higher as compared to diesel.  

2.2 Properties of Methyl Esters  

The oils are converted into methyl esters via transesterification method, by which their 

important properties i.e. kinematic viscosity and density are reduced.  

S. P. Singh et al. studied the properties of methyl esters developed from different oils and 

presented them a tabular form as shown in Table 2.3 [30].  

Table 2.3 Properties of various types of methyl esters and diesel 

Vegetable 

Oil Methyl 

Ester 

Kinematic 

Viscosity 

(mm
2
/s) 

Cetane 

No. 

Lower 

Heating 

Value 

(MJ/kg) 

Cloud 

Point 

(°C) 

Pour 

Point 

(°C) 

Flash 

Point 

(°C) 

Density 

(kg/l) 

Peanut 4.9 (37.8°C) 54 33.6 5  – 176 0.883 

Babassu 3.6 (37.8°C) 63 31.8 4   – 127 0.875 

Sunflower 4.6 (37.8°C) 49 33.5 1   – 183 0.860 

Tallow          – –     – 12  9 96 – 

Rapeseed  4.2 (40°C) 5 l–59.7 32.8    0.882 

Palm  4.3-4.5 (40°C) 64.3–70 32.4 –   – – 
0.872 to 

0.877 

Soybean  4.0 (40°C) 45.7–56 32.7 –   – – 0.880 

Diesel 3.06 50 43.8 – −16 76 0.855 

 

Ayhan focused on some properties which are commonly discussed with reference to the 

engine performance and emissions. He determined the properties of methyl esters of 

some of the vegetable oils, as shown in Table 2.4 [33].  
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Table 2.4 Physical and chemical properties of methyl esters and diesel 

Vegetable oil Methyl 

ester 

Viscosity 

(cSt) 

Density 

(g/L) 
Flash point (K) HHV (MJ/kg) 

Cottonseed oil 3.75 871 455 41.18 

Corn oil 3.62 873 427 41.14 

Crambe oil 5.12 848 463 41.98 

Hazelnut oil 3.59 875 425 41.12 

Linseed oil 2.83 885 415 40.84 

Mustard oil 4.1 866 442 41.3 

Olive oil 4.18 860 447 41.35 

Safflower oil 4.03 866 440 41.26 

Sesame oil 3.04 880 418 40.9 

Sunflower oil 4.16 863 439 41.33 

Banapurmath et al. developed methyl esters from Hong, Jatropha, and sesame oils and 

compared their properties with those of diesel as shown in Table 2.5 [34].  

Table 2.5  Properties of diesel, HME, JME and SME 

Property Diesel HME JME SME 

Density (kg/m3) 840 870 870 882 

Sp. Gravity 0.84 0.87 0.87 0.882 

Kinematic Viscosity    

(c St) at 40oC 
3.5 5.5 5.65 5.34 

Flash point (°C) 56 170 170 170 

Calorific value (MJ/kg) 43 36.1 38.4 38.8 

It can be seen that the properties of methyl esters are comparable with those of mineral 

diesel. Therefore, they can be used as fuel, in pure or blended form, in compression 

ignition engines. The fuel can be used without making any major modification to the 

engine. 
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2.3 Transesterification 

Transesterification is a chemical process in which vegetable oils or animal fat are reacted 

with alcohol in the presence of acid or base catalyst so as their chemical structure is 

modified. The product methyl/ethyl ester also called biodiesel has properties comparable 

with those of mineral diesel.  

The rate of yield of biodiesel via transesterification method depends upon many 

parameters. The most important of which are amount and type of alcohol, amount and 

type of catalyst, reaction temperature, and reaction time. The moisture contents present in 

the feedstock and amount of free fatty acids also affect the yield. 

2.3.1 Use of Alcohol 

Alcohol is the main agent which is used in transesterification reaction. Its type and 

amount plays a vital role in the conversion efficiency and the quality of biodiesel. 

Various types of alcohols can be used to transesterify the vegetable oils. The most 

popular among these are methyl and ethyl alcohols. 

(a) Methyl Alcohol 

The methyl alcohol or methanol (CH3OH) is frequently used as it has a few advantages as 

compared to ethyl alcohol. For example it has smaller molecule size, hence its reaction 

rate is higher; it is cheaper; and the amount required to complete the transesterification 

reaction is less than that of ethyl alcohol. However it is a toxic agent and should be 

handled carefully. 

Felizardo el al. developed methyl ester, via transesterification method  using waste 

vegetable oil, and reporteded that it can be successfully used to fuel to diesel engines. 

They used NaOH as catalyst and optimized the amounts of NaOH and methanol. They 

concluded that 0.3% NaOH and 20% methanol would return maximum yield. The 

suitable reaction temperature proposed as 65oC and reaction time as one hour [35].  

Tomasevic et al. prepared biodiesel using sunflower oil and waste vegetable oil using 

methanol in the presence of sodium and potassium hydroxide. They used various ratios of 

methanol to oil and concluded that methanol/oil molar ratio of 6 return the best yield 
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using 1% sodium or potassium hydroxide as catalyst. The suitable reaction time was half 

an hour and temperature was 25oC [36]. 

In 2008 Rashid et al. transesterified sunflower oil using methanol with NaOH as catalyst. 

They reported that more than 97% yield could be achieved by employing 1% catalyst 

with methanol to oil ratio of 6/1. The highest efficiency was obtained in two hours when 

the reaction temperature was maintained at 65oC [37]. Refaat et al. transesterified 

sunflower and waste vegetable oils to convert them into biodiesel. After exhaustive 

experimentation they reported that more than 96 % methyl ester could be obtained in one 

hour at a reaction temperature of 65 ±2°C, when 10 gram of KOH or NaOH and 226 ml 

methanol per liter of oil was used. They were also of the view that KOH gives better 

results as compared to NaOH [38].  

Prafulla et al. optimized the methanol to oil molar ratio for karanja and jatropha oil. They 

varied methanol from 11.3 to 34% and concluded that 22.6% methanol could return the 

highest yield. 

 

 
Fig. 2.1 Effect of methanol to oil ratio on yield of biodiesel 

The conversion efficiencies were found to be 80% and 90–95%, respectively. There was 

a slight increase in the conversion efficiency with the further increase in amount of 

methanol [39]. Their results have been reproduced in Fig. 2.1. 

N. Hoda developed biodiesel from cotton seed oil and optimized the affecting parameters. 

He varied amount of catalyst from 0.25 to 0.9% and methanol 11.3 to 56% and concluded 
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that best results could be achieved using 22.6% methanol and 0.35% catalyst when the 

reaction temperature was maintained at 60oC and reaction time was one hour [40]. 

Berchmans et al. converted coconut and palm oils into biodiesel via transesterification 

method. They reported that crude palm and coconut oils returned 80 and 55%  methyl 

ester respectively, when reaction was carried out by applying methanol to oil molar ratio 

of 7/1 and sodium hydroxide 1% [41]. 

(b)  Ethyl Alcohol 

The ethyl alcohol or ethanol (C2H5OH) can be produced from recyclable biomass. It is 

non-toxic; therefore it can be safely used. However its higher amount is required as 

compared to methyl alcohol. 

Chhetri et al. converted the waste vegetable oil into biodiesel. They reported that on 

average 94.5% conversion efficiency was achieved by using 30% ethanol with NaOH as 

catalyst, in 20 minutes, maintaining the reaction temperature as 60°C [42]. 

Kiany et al. converted castor oil into biodiesel using ethanol with KOH as catalyst. They 

varied the amount of ethanol and catalyst, and also the reaction time. They concluded that 

the highest conversion efficiency could be achieved by using ethanol/oil molar ratio of 11 

and KOH 1.75%, in reaction time of 90 min [43]. 

2.3.2 Use of Catalysts 

Catalysts play a vital role in transesterification process. Verious types of catalysts 

including acid and base catalysts can be used for this purpose. However, the amount and 

type of catalyst affect the conversion efficiency and reaction rate [44]. Both of the 

catalysts have advantages and disadvantages over each other. The reaction is completed 

within lesser time when base catalysts are used. Moreover, lower amount of base 

catalysts are used; lower reaction temperature is required; and better conversion could be 

achieved, as compared to acid catalysts [45-48].  

Fangrui et al. reported that base catalyst can be used for the feedstock having FFA lower 

than one. [49]. Crabbe concluded that base catalysts can be used even in case of 
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feedstock having higher FFA but the required amount of catalyst is increased [50]. 

Fukuda et al. concluded that base catalysts can be used for the oils having free fatty acids 

lower than two [51]. They further concluded that reaction rate of transesterification was 

much higher in case of use of base catalyst. Dorado et al. [52] reported that the base 

catalysts can be used for transesterification reaction for feedstock having free fatty acids 

lower than three, whereas  Gerpan [53] was of the view that base catalysts could be 

effectively used for feedstock having FFA even up to five.  

Sponification is caused when the base catalysts are used to transesterify the feedstock 

having higher value of free fatty acids. For such type of oils, acid catalysts are preferred 

which show the excellent results [54]. 

Generally lower amount of free fatty acids are present in edible oils as oils with higher 

FFA are health hazard. Their value goes on increasing while oils are kept at boiling 

temperature for longer duration. The value of FFA of soybean oil increases from 0.04 to 

1.5% when it is kept at a temperature of 190oC for about70 hours [55]. Similarly the 

value of FFA of rapeseed oil rises from 2 to 5 and that of palm oil from 5.6 to 20 [56, 57].  

(a) Base Catalysts 

Although acid, base and enzyme catalysts can be used to expedite the transesterification 

reaction, yet base catalysts are popularly used to produce biodiesel. Which are mainly 

divided into two types, homogenous base catalysts and heterogeneous base catalysts. 

(I) Homogenous Base Catalysts 

Various types of homogenous base catalysts are used for the transesterification of 

vegetable oils. Sodium hydroxide and potassium hydroxide are more popular because of 

their low cost and frequent availability.  

(i) Sodium Hydroxide 

Sodium Hydroxide (NaOH) produces less sponification and its cost is lower as compared 

to KOH, hence generally NaOH is preferred [58,59]. 
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Sinha et al. transesterified rice bran oil and developed rice methyl ester using methyl 

alcohol and used NaOH, as catalyst. They performed experiments using various amounts 

of catalyst and alcohol and reported that the best results could be obtained when 33% 

methyl alcohol and 0.75% NaOH is used to transesterify rice bran oil. The reaction was 

completed in one hour at a reaction temperature of 55°C [23]. 

Leung and Guo developed biodiesel using raw canola and used cooking oils. After 

number of experiments, they concluded that maximum yield of 90% of biodiesel could be 

obtained by using amount of catalyst (sodium hydroxide) as 1% and methyl alcohol/oil 

molar ratio of 7/1 at temperature of 70oC±2 in twenty minutes. They further concluded 

that the yield of biodiesel could be improved by decreasing the reaction temperature and 

increasing the reaction time from twenty minutes to one hour [60]. 

Georgogianni et al. prepared a mixture of waste vegetable, soybean, and cotton seed oils 

and then converted it into methyl ester/biodiesel, using methyl alcohol and NaOH. They 

reported that the properties of developed biodiesel are comparable to those of diesel, 

which can be successfully used in any compression ignition engine without any major 

modification to the engine. [61].  

Nye and Southwel developed biodiesel via transesterification reaction, using various 

types of vegetable oils and reported that both of the base catalysts i.e. sodium and 

potassium hydroxides are equally good, provided that about 22.6% methanol is used and 

reaction temperature should be maintained at 65 oC [62]. Ahmad et al. reported that use of 

34 gram of sodium hydroxides per liter of peanut oil exhibits best yield [20].  

Zhang et al. dried beef tallow and then transesterified it to convert it into tallow methyl 

ester in two steps. In first step, they used 10 gram sodium hydroxide and 220 ml 

methanol per liter of oil. The reaction was completed in 60 sixty minutes at a reaction 

temperature of 60o C.  The reaction was repeated using 2 gram NaOH and 200 ml of 

methanol, for one hour and at the same reaction temperature. The methyl ester was 

washed, dried and its properties were tested which were found comparable to those of 

mineral diesel [63]. 
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Some other researchers also advocated in the favor of use of NaOH for transesterification 

reaction for various type of biodiesel feedstock. They are of the view that best yield of 

biodiesel could be obtained with the use of NaOH as catalyst [64-66]. 

(ii) Potassium Hydroxide  

Potassium Hydroxide (KOH) is a base catalyst which is commonly employed in the 

transesterification reaction. Encinar et al. are of the view that potassium hydroxide 

exhibits better results than sodium hydroxide. They also reported that methyl ester could 

be easily separated from glycerin when potassium hydroxide catalyst was employed [67]. 

Isigigur et al. converted Turkish origin safflower seed oil by 1% KOH and obtained more 

than 97% biodiesel [68]. 

Rodjanakid and Charoenphonphanich converted palm oil stearin into biodiesel and 

optimized the parameters which affect the conversion efficiency. They reported that the 

best yield could be obtained using 4% KOH and 20% methanol at temperature of 60oC 

for sixty minutes [69]. 

Karmee optimized the parameters which affect the transesterification reaction of crude 

pongamia pinnata oil. He reported that more than 92% conversion efficiency could be 

obtained when 1% potassium hydroxide and 33% methanol was used and reaction was 

carried out at temperature of 60oC. They further reported that the yield of biodiesel 

increased to 95% when tetrahydrofuran was added to methanol, which acted as a solvent 

and expedited the reaction rate giving good quality biodiesel [70]. 

Tomasevic and Siler transesterified waste vegetable oil, using potassium hydroxide and 

methanol. They varied the amount of catalyst and alcohol and reaction temperature and 

time and reported that highest yield of biodiesel could be obtained by employing 1% 

KOH and methanol to oil molar ratio of 6/1, for half an hour at the reaction temperature 

of 25oC. They also concluded that no further improvement in yield could by found by 

increasing any of the parameters [71].  

(II)  Heterogeneous Base catalysts 

Some of the scientists applied the heterogeneous base catalysts and obtained good results 

[72-75]. Generally these catalysts are base catalyst and do not dissolve into oils and 



Chapter 2              Literature Review: Development of biodiesel 

 

 
 

15

alcohol. Most common of these catalysts are earth metal oxides, Zeolite, KNO3 loaded on 

Al2O3, KNO3/Al2O3, BaO, SrO, CaO, MgO etc [76-77]. 

2.3.3 Effect of Reaction Temperature 

The reaction temperature plays a vital role on the conversion efficiency of biodiesel. 

Generally researchers conducted experiments between 60 to 70oC temperatures. The 

conversion efficiency is severely affected when temperature is out of range. 

Yuan et al. transesterified soybean oil to develop soybean methyl ester/biodiesel, using 

22.6 % methyl alcohol, and 1% sodium hydroxide as catalyst. The reaction was 

completed in one hour, during which the reaction temperature was maintained at 60ºC. 

Then they added 1% H2O2 in the methyl ester and after that it was washed with normal 

water to remove the catalyst. Un-reacted methanol was removed by stirring method. The 

properties of soybean methyl ester were tested and found comparable to those of diesel. 

The fuel was used to run a standard compression ignition engine, and satisfactory results 

were found [78]. 

After a number of experiments Srivastava et al., reported that 60-70ºC is suitable reaction 

temperature for transesterification of different types of vegetable oils [29].  

Arquiza et al. transesterified the coconut oil using methanol in the presence of NaOH as 

catalyst. They varied the amount of methanol by 13 to 39% of coconut oil, NaOH by 0.1 

to 1%, and temperature from 30 to 65ºC. They concluded that the highest yield could be 

obtained by using 26% methanol and 0.5% NaOH by maintaining reaction temperature 

between 60 and 65ºC [79]. 

Meher et al. optimized the amount of potassium hydroxide to transesterify karanja oil to 

obtain maximum yield of biodiesel. After exhaustive experimentation it was reported that 

more than 98% yield could be obtained when 10 gram of KOH and 226 ml of methanol 

per liter of oil was used at the reaction temperature of 63 to 67 ºC for two hours [44].  

Freedman et al. transesterified soybean oil using 1% NaOH and methanol to oil molar 

ratio of 6/1, at various temperatures ranging from 32 to 60 ºC. They found the conversion 

efficiency as 94% at 60 ºC reaction temperature, whereas it was 64% at 32ºC [80]. 
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Sinha et al. recommended 55°C reaction temperature, methanol/rice bran oil molar ratio 

9, 0.75 % catalyst (NaOH), and reaction time as one hour for the highest yield of 

biodiesel [23]. 

Liu et al. conducted experiments with soybean oil at 65°C reaction temperature and found 

95% conversion efficiency [74]. 

Eevera et al. optimized the reaction temperatures for coconut, palm, groundnut, rice bran, 

pongamia, neem, and cotton seed oils. They concluded that the optimum reaction 

temperature was 50°C for maximum yield. They also reported that yield started 

decreasing as the temperature increased above 55°C [81]. 

2.3.4   Effect of Reaction Time 

Like all other reactions, reaction time is also very important for complete conversion of 

vegetable oils into biodiesel. Generally two hours reaction time is required for complete 

conversion. However most of the reaction takes place in first thirty minutes.  

Ma et al. optimized the reaction time for the transesterification of tallow by employing 

methyl alcohol and using sodium or potassium hydroxide as catalysts. He reported that 

the reaction was slow in first five minutes. The reaction was very slow during the first 

minute due to mixing and dispersion of methanol into beef tallow. Then its rate was 

increased and reaction was almost completed in 15 minutes [82]. 

Eevera et al. transesterified a number of edible and non-edible oils using methanol in the 

presence of sodium hydroxide. He varied the reaction time from 90 to 150 minutes and 

remarked that reaction was completed in 90 minute, and no further improvement in the 

yield of biodiesel was found by increasing it further [81]. 

Sharma et al. conducted series of experiments on Jatropha curcus oil. They varied the 

reaction time, amount of methanol, amount of NaOH, and reaction temperature. They 

concluded that the maximum yield of 98% could be obtained in 90 minutes reaction time 

by using 20% methanol and 1% NaOH at reaction temperature of 60oC [83].  
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Meng et al. developed biodiesel from used waste vegetable oils and reported that the 

highest yield of methyl ester could be achieved in one hour by using 1% sodium 

hydroxide (as catalyst) and methanol/oil molar ratio of 6 [84]. 

Lubes et al. compared the performance of two steps and single step transesterification 

processes and reported that 1% NaOH and methanol/oil molar ratio of 6 yielded more 

than 95% biodiesel when temperature was maintained at 60oC, and reaction was 

completed in one hour [85].  

Rashid et al. also transesterified cotton seed oil and concluded that use of 0.75% of base 

catalyst, 65 °C temperature, and two hours reaction time is suitable for best yield of 

cotton seed oil [86]. 

Casas et al. transesterified vegetable oils using KOH and CH3OK catalyst and evaluated 

their performance. They reported that 99.2 % conversion efficiency could be obtained in 

one hour by using 0.455% of CH3OK and methanol to oil molar ratio of 8.5. They further 

reported that 98.12 % conversion efficiency could be obtained in three hours by using 

0.382% KOH and methanol to oil molar ratio of 11.3. They also concluded that no further 

improvement, in conversion efficiency could be made by varying any of the above 

parameters [46]. 

Rashid et al. transesterified cotton seed oil to convert it into its methyl ester. After a 

series of experiments, they obtained 97% yield of biodiesel by using methanol/oil molar 

ratio of 6/1 and 0.75% NaOH at 65 °C reaction temperature [86]. They proposed that the 

suitable reaction time was 90 minutes. 

2.4 Concluding Remarks 

Various types of vegetable oils, animal fat, and algae can be used to develop biodiesel 

which can be successfully used in CI Engines without any major modification to be made 

to the engine. However only those feed stock should be used for this purpose which are 

cheaper, abundantly available, and do not make food crises. Therefore, waste vegetable 

oil which is a sustainable feedstock should be used to develop biodiesel. 
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Although different types of alcohols can be used for transesterification reaction, yet 

methanol is the frequent choice of the scientists, as its reaction rate is the fastest and 

amount required to complete the reaction and its price is the lowest.  

Catalysts play a vital role in conversion efficiency and quality of biodiesel. In spite of 

some disadvantages of homogenous base catalysts, they are more popular. The reaction 

rate increases in their presence and they are wiely available. Among the homogenous 

base catalysts sodium hydroxide is readily available in the market, therefore it has been 

selected to be used in this study.  

Reaction temperature is also important with reference to yield of biodiesel. The 

significance of the temperature has also been reviewed and it has been proposed that 65 

to 70°C reaction temperature is suitable for best yield.  

Although the reaction time depends upon the nature of feedstock, type of catalyst and 

reaction temperature yet it has been concluded by most of the researchers that the 

transesterification reaction is completed almost within one hour. However, some of the 

researchers are of the view that to ascertain the completion of reaction, two hours is the 

suitable reaction time. 
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Chapter 3 

Literature Review: Use of Vegetable Oils in CI Engines 

 

 

Rudolf Diesel was the first scientist who used the vegetable oil in his own invented 

engine in 1900. He demonstrated his accomplishment in an exhibition in 1912 at Paris, 

France; where he ran the engine for many hours using peanut oil and was confident that 

like diesel vegetable oil would be an adequate fuel for future [6].  

The scientist used various types of raw and transesterified oils in pure and blended form 

to evaluate the performance and exhaust emissions of diesel engines. However, in this 

thesis, the impact of use of the following edible oils has been reviewed: sunflower oil, 

cotton seed oil, rapeseed oil, soybean oil, palm oil, peanut oil, pistachio oil and hazelnut 

oil. The performance of waste vegetable oil and of some non-edible oils has also been 

reviewed. 

Shahid and Younis reviewed thoroughly, the performance and exhaust emissions of 

compression ignition engines using various types of raw and processed vegetable oils 

[87]. 

3.1 Edible Oils  

A number of edible oils have been converted into biodiesel, e.g. sunflower oil, soybean 

oil, palm oil, rape seed oil, mustered oil, canola oil etc. Scientists have developed the 

biodiesel from these oil using neat oils and waste oils.  

3.1.1 Sunflower Oil 

The viscosity of raw sunflower oil is almost 40 cSt, whereas that of diesel it is only 3.06 

cSt and density of this oil is 0.92 kg/l as compared to 0.85 for that of diesel. Keeping in 

view the higher values of these properties of vegetable oil, it is not suitable to be used as
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fuel in CI Engines.  However after transesterification of this oil, their properties are 

reduced and become comparable to those of diesel. For instance, its viscosity is reduced 

to 4.2 cSt and density to 0.88 kg/l. Still the viscosity of sunflower oil methyl ester is 

about 12% higher and density is about 4.6 % higher than that of diesel.  

(a) Use of Raw Sunflower Oil 

Bruwer et al. fueled tractor engines with sunflower oil and evaluated the engine 

performance [88]. They observed that the power developed by the engines was decreased 

when they were run with sunflower oil, instead of diesel which was made up by 

modifying the injection system. They reported that with continuous use of sunflower oil, 

carbon deposits were found on the piston tips and fuel injectors were partially chocked. 

So the engines performance was adversely affected.   

Tahir et al. investigated the behaviour of tractor engines using raw sunflower oil. They 

ran the engine for longer time and concluded that the engine behaviour was not much 

different when the diesel fuel was replaced with raw sunflower oil. However the engines 

consumed more fuel and produced less power which was due to lower calorific of 

sunflower oil as compared to diesel [89]. 

Bettis et al. used safflower, sunflower, and rapeseed oils to run the CI Engines [90]. They 

concluded that the raw oil can be used to run the engine in emergency situations only. 

Adverse effects were noted when the engine was run for long duration, using raw oil. 

Higher amount of fuel was used and lower amount of power was developed. Higher 

amount of soot and un-burnt hydrocarbon was found in the exhaust emissions of the 

engine.    

Baranescu and Lusco, fueled the diesel engine with neat sunflower oil [91].  They 

reported that the engine life was reduced when raw the fuel was used as fuel. Severe 

problem arose which includes gel formation and carbon deposit on the piston and in the 

chamber. The engine performance is intensively decreased in winter season particularly.   

Fuls evaluated the performance of a compression ignition engine fueled with a blend of 

20% unprocessed sunflower oil and 80% diesel and reported that it could not be used as 
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an acceptable fuel. He observed a number of problems like coking of injector, plugging 

of fuel lines, loss of power, presence of dense smoke in the exhaust emissions of the 

engine [92].  

(b)  Use of Processed Sunflower Oil 

Engler et al. evaluated the engine performance using neat cotton seed oil and reported 

that engine performance was disturbed and power was reduced when the diesel was 

replaced with cotton seed oil [93]. However, with the use of chemically processed oil, 

power loss was reduced.  

Yarbrough et al. performed experiments by replacing diesel with sunflower oil [94]. They 

published the results which showed that raw sunflower oil was not suitable fuel, while the 

use of transesterified sunflower oil was satisfactory.   

Antolín et al. (2002) optimized the parameters affecting the yield of biodiesel using 

sunflower oil and evaluated the engine performance and exhaust emissions using 

biodiesel as fuel in pure and in blended form with diesel. They conducted the tests using 

B0, B5, B30 and B100. It was resulted that about 20%, excess biodiesel fuel was 

consumed as compared to pure diesel and minor reduction in CO, HC, CO2, and smoke 

opacity was observed [95]. 

Kaplan et al. (2006) developed biodiesel using neat sunflower oil and ran a Peugeot XD 

3P 157 Cubic, 4 cylinder, 4-stroke, high compression ratio medium speed diesel engine. 

It was reported that there was about 10% reduction in power and torque which might be 

because of the fact that the biodiesel possessed lower calorific value as compared to 

mineral diesel. But the combustion was smoother and complete, hence less pollutants 

particularly, soot was produced [96]. 

Ghai et al. (2008) prepared sunflower oil methyl ester using sunflower oil and methanol 

in the presence of KOH. It was tested in the diesel engine and appreciable results were 

found. Fuel consumption and engine power and was almost same for same loads, when 

the sunflower oil methyl ester was used up to B30. However, 30% decrease in HC and 

smoke intensity and about 15% increase in NOx was observed [97].  
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3.1.2  Cottnseed Oil  

Since, Pakistan is an agricultural country and a large amount of cotton is cultivated so a 

huge quantity of cotton seed oil is available. The properties of biodiesel derived from 

cotton seed oil are comparable with those of diesel. The viscosity of cotton seed oil 

methyl ester is 3.75 and its density is 0.87. 

(a)  Use of Raw Cottonseed Oil 

Goeringe et al. determined chemical and physical properties of various vegetable oils and 

reported that almost all edible oils could be used as an alternative fuel for diesel engines. 

They further reported that the engine performance was disturbed when run it was run for 

longer time, using these oils [98].  However the soybean, cottonseed, rapeseed, sesame, 

and corn oils have relatively better capabilities to be used as fuel. 

Fort et al. reported that cottonseed oil and diesel fuel blends behaved like petroleum-

based fuels in short-term performance and emission tests [99].  Biodiesel derived from 

cotton seed oil showed the acceptable results with reference to power and brake thermal 

efficiency.  But the engine life was reduced and its fuel injection system started 

malfunctioning when it was run for longer duration using raw cotton seed oil.  

(b)  Use of Processed Cottonseed Oil 

Fort et al. fueled the diesel engine with the blends transesetrified cottonseed oil and diesel 

with various proportions [99]. The tested were carried out for about fifteen hours and 

reported that the results with a 50% blend were most satisfactory.  

He and Bao studied the performance of cotton seed oil methyl ester (CSME) in a diesel 

engine. They tested the blends of CSME and diesel in various proportions and concluded 

that the optimum brake thermal efficiency can be obtained by using B30 and advancing 

the injection angle to 3-5º BTDC as compared to pure diesel (B0) [100]. 

Rakopoulos et al. conducted a series of tests using the methyl esters of sunflower oil 

(SME) and cotton seed oil (CSME). They ran a six cylinder, turbo charged, after cooled 

and direct injection Mercedes Benz mini bus diesel engine with B10 and B20 of (SME 

and CSME) at different speeds and at different loads. They concluded that lower soot was 



Chapter 3            Literature Review: Use of Vegetable oils in CI Engines 

 

 
 

23

produced using cottonseed oil as compared to sunflower oil. The CO and HC in exhaust 

emissions of for both of the fuels were reduced. The brake thermal efficiency and brake 

specific fuel consumption for sunflower and cotton seed oil was almost similar as that of 

diesel [101].   

Karabektas et al. developed cotton seed oil methyl ester and preheated it before feeding it 

to the engine at 30, 60, 90 and 120ºC temperatures and found interesting results. They 

reported that on average, there was a reduction of brake power by 1.92% and 7.59% 

when the engine was fueled with cotton seed oil methyl ester preheated at 90 and 120ºC 

respectively, as compared to diesel fuel. However there was significant decrease in CO 

but increase in NOx [102].  

Nurun Nabi et al. prepared biodiesel, using neat cotton seed oil and studied the engine 

performance and emissions using the biodiesel [103]. They reported that there was a 

reduction in brake thermal efficiency which could be due to difference in spray pattern, 

calorific value, and incomplete combustion, as compared to diesel. A reduction in CO by 

24% and increase in NOx by 10%, was noted when the engine was fed with B30. There 

was also minor decrease in HC and smoke opacity.  

Hanbey Hazar prepared methyl ester from cotton seed oil via a two step 

transesterification and tested it in a ceramic coated and uncoated engine. The engine was 

run using the blends of diesel and cotton seed oil methyl ester with various ratios at 

different loads [104]. It was reported that on an average, the specific fuel consumption 

decreased up to 6%. The CO and smoke opacity was decreased by 18% and 8%. 

Fortunately the reduction in CO and smoke opacity was observed by 35% and 25% in 

ceramic coated engines respectively.  Unfortunately increase in NOx was found by 4.5% 

with use of diesel and 7.3% with the use of biodiesel in ceramic coated and uncoated 

engines respectively, which could be due to increase in engine exhaust temperature. 

3.1.3 Rapeseed Oil  

The calorific value of rapeseed oil is about 12% lower than that of diesel; hence more 

amount of fuel is consumed when the engine is fueled with rapeseed oil. The kinematic 
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viscosity of rapeseed oil is much higher than that of diesel, which has different flow 

characteristics, that changes the combustion pattern. The fuel pump, fuel lines, and fuel 

injectors are choked with gel and carbon deposits. However the exhaust emissions of the 

engine, when fueled with such oils, are completely free from SOx.  

Its viscosity and specific gravity is decreased from 33.8 to 4.1 cSt and 0.913 to 0.866 

respectively, when rapeseed oil is converted into its methyl/ethyl ester. Its flash point is 

decreased from 245ºC to 170ºC, and its calorific value is increased by about 5%. Theses 

properties are very close to those of diesel [33]. 

(a)  Use of Raw Rapeseed oil  

Schoedder used substituted diesel fuel with rapeseed oil [106].  He concluded that 

although engines develop the comparable power when fueled with rapeseed oil yet the 

fuel lines and injection system of the engine was partially blocked and its performance 

was adversely affected when it was run for longer duration, using neat rapeseed oil. He 

was of the view that more research was needed to be done in this direction.  

Sims et al. used various types of vegetable oils, in pure and blended form, to substitute 

the diesel fuel and reported that many of theses oils could be used to run the diesel 

engine. However the rapeseed oil showed the acceptable results, for shorter term, when it 

was used in blended form with diesel in equal proportions [107]. However engine life 

was reduced and malfunctioning appeared when the blend was continuously used as fuel. 

Worgetter evaluated the performance of a 43-kW tractor engine using rapeseed oil for 

long duration [108]. After a few hours, its power started decreasing and it was completely 

out of order after four hundred hours. The piston heads and fuel injector nozzles were 

found full of carbon gel. He concluded that unprocessed rapeseed oil could be used as a 

fuel in emergency situations for short terms only. 

(b)  Use of Processed Rapeseed Oil 

Wagner and Peterson reported contradictory results when using rapeseed oil as a 

substitute fuel. The engine was run for 850 hours successfully using B70, after which its 

brake thermal efficiency started declining, change in sound and higher amount of black 
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smoke was found in the exhaust emissions of the engine. Then they used the heated oil to 

fuel the engine but it did not show any significant improvement with reference to power 

loss, specific fuel consumption and brake thermal efficiency. However a bit improvement 

in the exhaust emissions of the engine was observed. 

McDonnell et al. tested the semi-refined rapeseed oil to run a compression ignition 

engine and reported that it can be used only in blended form with a ratio of 25% rapeseed 

oil and 75% diesel. However, the engine life was shortened, power, and brake thermal 

efficiency was reduced and dense black smoke was found in the exhaust emissions of the 

engine [110].    

3.1.4 Soybean Oil 

The properties of processed soybean oil are also very close to diesel. The density of 

soybean oil methyl ester is 0.8783 kg/liter (7.33 lbs/gallon), the cetane number is 46-67 

and calorific value is 32 MJ/kg, whereas the density of diesel is 0.848 kg/liter (7.08 

lbs/gallon), cetane number of diesel is 48-50 and calorific value is 38.3 MJ/kg. However, 

flash point of the ester is higher than that of diesel, which requires higher compression 

ratio and modifications in fuel injector to ignite the fuel in a smooth pattern [111].  

(a)  Use of Raw Soybean Oil 

Engelman et al. used a blend of soybean oil and diesel in a compression ignition engine 

with a ratio of 10% to 50% [112]. They tested the engine for 50-hour and found 

acceptable results. They reported that best performance of engine could be found when 

lower amount of soybean oil in blends was used. Higher specific fuel consumption and 

lower brake thermal efficiency was observed. However the engine showed adverse 

performance when the ratio of soybean oil was increased more than 60%,  

McCutchen evaluated the performance of a compression ignition engine, fed with a blend 

of diesel and soybean oil, with a ratio of 70 and 30. The results showed that the engines 

having indirect injection, using blended fuel exhibited satisfactory performance. The 

problems were observed in the engines working on the direct injection system; which 

were engine coking and sticking of piston rings [113].  
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(b)  Use of Processed Soybean Oil 

The methyl ester soybean oil is very frequently used in USA and some of the European 

countries. The properties of soybean methyl ester observer the international standards of 

biodiesel (ASTM 6751-D), and are comparable with those of diesel.  

Braun and Stephenson, carried out a number of experiments at Pennsylvania State 

University, using blends of processed soybean oil, diesel and ethanol, with various ratios, 

for twenty five hours. They reported that the satisfactory results could be achieved by 

using a blend of 40% soybean oil, 30% of each diesel and ethyl alcohol [114]. Engines 

showed improved power and brake thermal efficiency and reduced exhaust emissions. 

Boocock et al. transesterified soybean oil, using methyl and isopropyl alcohol. The esters 

were blended with diesel with various proportions to study the engine performance and 

exhaust emissions using all the blends. The tests were conducted in a in a four cylinder 

turbo charged diesel engine. Finally, they concluded that there was a reduction of 37% in 

HC and 25% in PM, when the engine was fueled with B50 (soybean methyl ester) and 

55% in HC and 28% in PM, using B50 (soybean isopropyl ester), in the exhaust 

emissions of the engine at moderate conditions [115].  

Monyem et al. tested the soybean bases methyl ester in John Deerer turbocharged, DI 

diesel engine and reported that 28% reduction in CO, 55% in HC when the engine was 

fed with soybean methyl ester instead of diesel. Smoke opacity was reduced from 1.4 to 

0.6 at defined injection timing. But 14% increase in NOx was also noted. They further 

reported that the neat oil biodiesel produced 13 % lower CO and 16% HC and 13 to 14 % 

higher NOx as compared to used oil at the similar conditions [116]. 

Canakci et al. compared the performance of methyl esters obtained from soybean oil and 

yellow grease with diesel. The tests were carried out in a four stroke diesel engine, at full 

load 1400 rpm. They reported that BSFC and exhaust gas temperatures were slightly 

higher than those of diesel as compared to the use of both esters.  The amounts of CO, 

CO2, and NOx were not much different with all those fuels. But the HC was significantly 

higher in case use of yellow grease as compared to the neat oil methyl ester [117].   
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Pereira et al. tested the soybean based biodiesel in a stationary power generation engine. 

They ran the engine for long time using biodiesel. It was reported that the emissions of 

the engine contained less amount of CO, HC and SOx, however an increase in the NO, 

NOx, and exhaust temperature was noted [118].  

R.A. Candeia et al. studied the chemical structure and physical and chemical properties of 

biodiesel prepared from soybean oil, using ethyl and methyl alcohols. They reported that 

in spite of, difference in chain size, no visible difference in the properties of sunflower oil 

ethyl ester and sunflower oil methyl ester was observed. However the oxides of carbon 

and sulfur reduced to a large extent when the ethyl/methyl ester was used to run the 

engine as compared by diesel [119].    

Yuan et al. compared the physical properties of soybean methyl ester with that of diesel 

and its performance was tested in a compression ignition engine. They reported that the 

combustion started in advance about (3º), ignition delay was shortened, and hence 

combustion time was elongated when the engine was fed with soybean based biodiesel. 

But the heat released was decreased by 11% at 50% load and 25% at 100% load. It was 

further reported that PM, CO, and HC was reduced by 38.7%, 41.4%, and 38.3% 

respectively with the use of B100 [120].  

D.H. Qi et al. studied the behaviour of a diesel engine fueled with the blends of diesel and 

soybean based biodiesel with different ratios. They remarked that for same power, the 

engine performance was not very different when blends with lower percentage of 

biodiesel were used; a little bit fuel is consumed. Higher pressure and temperature was 

observed in cylinder during combustion. Lower amount of almost all pollutants i.e. CO, 

HC, smoke and NOx was found. But a significant change is engine performance and 

exhaust emissions were noted with the higher ratios of biodiesel in the blends. They also 

concluded that biodiesel can be used safely as an alternative fuel [121]. 

Randazzo et al. prepared the blends of diesel and soybean methyl ester with different 

ratios and mixed them with 2% to 5% anhydrous ethanol. The tri-blended fuel was tested 

in a passenger vehicle to study its exhaust emissions. It was reported that the amount  
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of CO2 and NOx increased with the increase of ratio of biodiesel in the blends but HC, 

PM and CO decreased significantly. It was further reported that addition of anhydrous 

ethanol decreased the amount of NOx but increased the HC, PM and CO in the emissions, 

so the certain modifications in the injection system were needed [122]. 

3.1.5  Palm Oil 

The palm oil is frequently used in Malaysia as B5 as a biodiesel fuel. The iodine value of 

the oil is slightly greater than that of pure diesel which influences the long time stability 

of properties. The viscosity is 3.5-5 and specific gravity 0.86-0.9; which is acceptable. 

However it works very pleasantly when it is used in the blend form with diesel oil. Like 

many other vegetable oils, its flash point is 180°C, as compared to diesel which is 65°C. 

The cetane number is 53-59 [123]. 

(a)  Use of Raw Palm Oil 

Sapaun et al. used 100% pure palm oil, pure diesel and blends of diesel and palm oil, to 

run a CI engine, for short and long time. They reported that almost same output could be 

obtained, in case of use of raw palm oil and its blends with diesel. They further reported 

that engine wear and tear was also not much different when it was run for short term. 

However, carbon deposits and lubrication contamination was observed on the piston tips 

and in the combustion chamber, when the engine using vegetable oil for long time [124]. 

EI-Awad et al. performed experiments by using palm oil to replace diesel [125]. The engine 

exhibited the comparable results with those obtained by using diesel fuel in terms of brake 

power and specific fuel consumption under various operating conditions, when crude palm 

oil was used as fuel. They reported that crude palm oil could be used to fuel a diesel engine 

for 75 and 100 % loads but showed unsatisfactory results when it was run for lower loads 

(b)  Use of Processed Palm Oil 

Prateepchaikul and Apichato made a comparison of refined palm oil and diesel oil in a 

small single cylinder in-direct injection diesel engine [126]. They ran the engine using 

refined palm oil for a period of 2000 hours. They concluded that engine showed 

satisfactory results during the first 1000 hours, after which its specific fuel consumption 
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started increasing gradually and after 2000 hours it was decreased by 15 to 20%. The 

amount of dense black smoke was also started increasing,  

In general, like all other biodiesel fuels palm oil is also an excellent alternative fuel. It 

creates less environmental pollution. 

3.1.6  Peanut Oil 

Rudolf Diesel invented the compression ignition engine in 1890 and ran it by using diesel 

fuel. In 1900, in an exhibition in Paris, he ran his engine using peanut oil, for several 

hours. He was enough confidant about use vegetable oils instead of diesel [6]. He was of 

view that in future, the vegetable oil would be equally important fuel. 

Barsic et al. prepared a mixture of peanut oil, sunflower oil, and diesel and used it as fuel 

in a CI Engine. They reported that carbon contamination on the injector tip was increased 

as the ratio of vegetable oils, in the blends, was increased [127]. They also commented 

that the calorific value of blends of vegetable oils is lower than that of diesel fuel which 

cause power loss and consumption of higher amount of fuel. The fuel lines and injection 

systems were chocked, due to their higher kinametic viscosity and specific gravity, when 

crude vegetable oil was used to run the engine for longer duration. 

3.1.7  Miscellaneous/Unknown 

Seddon tested the blends of diesel and different vegetable oils. He was of the view that a 

blend of vegetable oils and diesel could be used as alternative fuels in compression 

ignition engine vehicles under normal operating conditions. [128].   

Quick tested various types of vegetable oils as fuel in compression engines [129]. They 

concluded that although the vegetable oils could be used as fuel for diesel engines yet 

engine performance and life was reduced when these oils were extensively used, to fuel 

the engine particularly, in case of use of raw and pure oils. Coking was reduced and 

engine life was increased when the blends of diesel and vegetable oil were used as 

compared to vegetable oil.  

Bartholomew reported that acceptable results were obtained when the blend of vegetable 

oil and diesel with equal amounts was used, for short term. He further reported that a 
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blend of vegetable oil and diesel with a ratio of 20:80 could be used even for longer time 

[130]. 

Al-Hussan extracted the oil from Pistachia Palestine and blended with diesel, with 

different ratios and used it as an alternative fuel in the diesel engine. He reported that by 

using the fuel, engine produced less power with lower brake thermal efficiency. 

However, it could be used as an additive in the diesel, successfully [131].  

M. Gumus developed the biodiesel from hazelnut kernel oil of Turkish origin and 

evaluated it as a substitute of diesel fuel. He showed very different and interesting results. 

According to him the brake thermal efficiency increased with the increase of ratio of 

biodiesel in blends till B20, after which it started decreasing. Similarly the BTE also 

increased with advancing the injection timing and the maximum BTE was obtained with 

B20 at 25º BTDC. The lower amount of CO was observed, with the use B20, showing the 

maximum combustion efficiency. It was also interesting that lowest amount of NOx was 

produced when engine was fed with B100 at 18º BTDC [132].  

3.1.8  Waste Vegetable Oil 

Although the vegetable oils could be used successfully in diesel engines as an alternative 

fuel, yet the excessive use of edible oils may cause food shortage crises. Some of the food 

technologists, and organizations condemned strongly, the use of the edible oils to run the 

engines. Moreover these oils are costly as compared to mineral diesel. Therefore many of 

the scientists have diverted their attention towards the use of waste vegetable oil. Their 

further use as food item is health hazard, and it has no other serious use. Fortunately, the 

use of processed waste vegetable oil, in diesel engines showed encouraging results. 

Dorado et al. prepared the methyl esters using waste vegetable and olive oils and tested 

them in a direct injection compression ignition engine and reported biodiesel could be 

used to substitute/supplement diesel fuel. It is an environmental friendly fuel, as the 

exhaust emissions of the engines emitted 59% less CO, 37.5% NO, and 58% SOx. 

Unfortunately 81% increase in NOx was found, when engine was fueled with methyl ester 

[52].  
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Kalligeros et al. (2003) compared the performance of waste vegetable (olive oil and 

sunflower oil) methyl ester. They blended both methyl esters with diesel in different 

proportions and tested them in the engine. They reported that no notable difference in the 

engine performance was observed when it was fueled with these fuels. However the 

exhaust emissions of the engine contained significantly reduced amount of PM, HC, and 

CO [133].  

Pintukanok et al. (2004) evaluated the waste vegetable oil methyl ester in a diesel engine 

at variable injection timing (7, 10, 13 and 16 BTDC). The engine was run at different 

loads (0, 25, 50 and 75 kW). They blended it with diesel in different proportions and 

concluded that maximum efficiency (41.1%) can be obtained by using B100 at 10 BTDC, 

whereas same efficiency can be obtained at 13 BTDC using pure diesel (B0). The authors 

did not report the changes in the ratios of the pollutant gasses in the exhaust emissions 

[134]. 

Rao et al. developed biodiesel from used cooking oils, tested it in a compression ignition 

engine and analyzed the exhaust emissions of the engine. It was concluded that brake 

thermal efficiency was decreased by 2.5% and the amount of CO by 15%, when engine 

was fueled with methyl ester. There was a slight increase in exhaust temperature and 

NOx. However the ratio of hydrocarbons and smoke intensity was decreased due to the 

improved combustion [22]. 

Lin et al. produced biodiesel from marine fish oil and waste vegetable oil and compared 

their performance with that of diesel. They reported that BSFC was increased by 6 to 8% 

and 9% to 10% using fish oil methyl ester (FME) and waste vegetable oil methyl ester 

(WME) respectively. CO was decreased by 5to 10% and 6 to 12, smoke intensity 

decreased by 15% and 17% by using FME and WME. However, 15% increase in NOx 

was also noted [135]. 

Fujia Wu et al.  transesterified various types of neat and used cooking oils and tested 

them in a diesel engine. They reported that the engine produced better power by using 

biodiesel blends up B20, for all types of methyl esters as compared to diesel, despite 

lower calorific value of methyl ester, which could be due to better and complete 
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combustion of the fuels. The particulate matter was decreased by 53% to 69% and soot 

by 79 to 83%. The NOx, produced was a bit higher those of diesel foe all the fuels except 

CSME [136]. 

3.2  Non-Edible Oils 

Although the use of waste vegetable oils in the diesel engine catered the problem of food 

shortage yet the availability of such oils is insufficient and intermittent. The non edible 

oils could supplement the supply chain of feedstock of biodiesel. These plants are 

generally grown in barren areas and very little water and, care is required for them. In 

short, the planed efforts, to produce and use of non-edible oils in diesel engines as fuel 

may help to save heavy forien exchange and to save our environment. 

Puhan et al. tested the mahua oil methyl ester, in a diesel engine and compared it with 

mineral diesel. They reported that, on an average, 10 to 20% excess amount of B100 is 

consumed as compared to mineral diesel, at different loads.  It was reported that there 

was a cutback of 15 to 25% in smoke density, 50 to 60% in CO, 40 to 60 % in HC, and 8 

to 18% in specific energy consumption when engine fuel was substituted with biodiesel. 

However 7 to 10% increase in the temperature of exhaust emissions was observed which 

raised the level of NOx [137]. 

Raheman et al. studied the performance of a six cylinder Ricardo Engine using Mahua oil 

based biodiesel, in pure and in blended form with diesel. They tested the fuel and 

compared it with mineral diesel at different loads, at different injection timing (35–45º 

before TDC) and at variable compression ratios (18:1–20:1). They reported that the 

amount of fuel consumed was increased with the increase of ratio of biodiesel in the 

blends. But the difference was not notable up to B20. However the optimum values of 

CR and IT for B100 were 20:1 and 40o advance BTDC [138].  

Saravanan et al. tested the mahua oil methyl ester in a single cylinder, four stroke, air 

cooled diesel engine and reported that the optimum blend is B20. Although there was 

13% power loss and 20% increase in fuel consumption, yet 26% CO, 20% HC, 25% 

smoke intensity was observed, in the exhaust emissions of the engine. However 25% 

higher temperature of exhaust gasses and 4% higher amount of NOx was observed [139]. 
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Forson et al. tested the blends of jatropha oil methyl ester and diesel in various 

proportions and reported that B2.6 showed the excellent results, even better than pure 

diesel at all loads. Reduction in CO, CO2, HC, and NOx was also observed. However 

increase in specific fuel consumption and reduction in brake thermal efficiency was 

found as the ratio of JME was increased in the blends [140]. 

Banapurmath et al. remarked that vegetable oil exhibits pumping problems and improper 

spray pattern which led to incomplete combustion. They were of the views that these 

problems could be handled if the oils were converted into biodiesel prior to their use in 

the diesel engines. After converting the Hong, Jatropha and Sesame oils into their methyl 

esters, their performance was studied in a single cylinder, four stroke, direct injection 

compression ignition engine. They reported that that the brake thermal efficiency of JME, 

SME and HME was 29, 30.4, and 29.4 % at 80 % load whereas it was 31.25% when 

engine was fed with diesel [34]. 

The exhaust emissions showed the fewer amounts of CO, HC, and smoke intensity. The 

HME was studied at 4º advance position while JME and SME were studied at 9º advance 

than that of than that of diesel.  

Jindal et al. used the jatropha oil methyl ester in a compression ignition engine and 

commented that the fuel is not fit for diesel engine.  They reported that the BTE was 

lower in case of use JME and brake specific fuel consumption is higher. However, the 

BTE and exhaust emissions could be improved by increasing the injection pressure to 

250 bars and compression ratio to 17 [141]. 

A.S. Ramadhas developed biodiesel from rubber seed oil. The oil possesses high value of 

FFA; hence it was transesterified in two steps. The methyl ester of rubber oil was used in 

a diesel engine and showed astonishing results. The brake thermal efficiency of the 

engine was increased to 28% for B10 while it was just 25% with pure diesel. However 

the BTE was decreased with the further increase of ratio of biodiesel in the blends [142].  

The fuel was also environmental friendly. The amount of CO decreased for all blends at 

different loads. At the maximum load, 26% decrease in CO was observed by using B100. 

The amount of CO2 was increased slightly and the temperature of exhaust emissions was 
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lowered up to the use of B20, producing less amount of NOx. Hence B20 was suggested 

as the suitable blend.  

Nurun Nabi et al. developed the biodiesel from non-edible neem oil and tested it in a four 

stroke, naturally aspirated, direct injection diesel engine. They studied the engine 

performance using pure biodiesel and its blends with conventional diesel with different 

ratios. They reported that there was a slight decrease in torque and brake thermal 

efficiency. The exhaust emissions of engines contained lower amount of CO and 

increased amount of NOx. They proposed the injection timing should be 13º CATDC for 

minimum NOx emission [143].          

Haldar et al. tested the blends of karanj, jatropha, and putranjiva oils methyl esters (KME, 

JME, and PME) with mineral diesel. The fuels were tested in a single cylinder, variable 

compression engine. They varied the proportion of methyl esters from 10 % to 40% in the 

blends, varied the injection angle by 30, 35, 40 and 45º BTDC and power output was 

varied from no load to 2.7 KW. It was resulted that the optimum engine performance was 

exhibited (in terms of efficiency) at 40º BTDC for diesel and at 45º for methyl esters of 

all of these fuels. It was further concluded that the highest efficiency (22%) could be 

produced by using KME whereas it was 20.2% by using pure diesel [144].  

The smoke intensity and particulate matter were found minimum when the engine was 

fueled with JME, while the ratios of CO and NOx in exhaust emissions was increased.   

Valente et al. prepared the methyl ester using caster oil (non edible) and soybean (edible 

oil) and prepared a blend of both of the oils with different ratios and studied the engine 

performance and exhaust emissions, using the blends of the fuels with diesel. They 

reported that fuel consumption for all blends was higher than diesel; however the 

difference was increased with the increase of ratio of caster oil methyl ester. The amount 

of CO and HC was increased by using these blends [145].  

Panwar et al. transesterified the caster oil to convert into caster oil methyl ester and 

compared its significant properties with those of diesel and evaluated it by running it in a 

diesel engine. It was reported that the thermal efficiency was increased and specific fuel 

consumption was decreased, when the engine was fueled with B20. However, BTE 
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decreased and SFC was increased with further increase of ratio of biodiesel in the blends 

[146]. 

The exhaust gas temperature was increased with the use of biodiesel, correspondingly 

ratio of NOx was increased and behavior of all other exhaust emission gasses was not 

reported.  

3.3  Concluding Remarks  

Initially the scientists used raw vegetable oils to run the CI engines in emergency 

situations but it was associated with a number of problems. The engine performance was 

adversely affected and combustion was not smooth because of very high viscosity and 

specific gravity of neat oils. Then the oils were chemically processed to modify their 

properties, like kinematic viscosity, specific gravity etc; to make them comparable with 

those of mineral diesel. It is concluded that the behavior of all types of oils towards the 

engine are almost similar. So the waste vegetable oil, which is frequently available at 

lower cost, has been used as an alternative fuel to evaluate the engine performance and 

exhaust emissions. 
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          Chapter 4 

Development of Biodiesel by Transesterification 

 

 

Transesterification is chemical process in which the heavier molecules of vegetable oils or 

animal fats, which consist of mainly tri-glyceride, are converted into mono-glyceride. In this 

process, the oils are reacted with methanol or ethanol in the presence of acid or base 

catalysts.  

In fact, transesterification is a series of reversible chemical reactions in which triglycerides 

are disintegrated into diglycerides and diglycerides are broken down into monglycerides, as 

follows: 

Triglyceride + Alcohol ⇔ Diglyceride + R'COOR 

Diglyceride  + Alcohol ⇔ Monoglyceride + R"COOR 

One molecule of vegetable oil/triglyceride reacts with three molecules of alcohol and 

produces three molecules of monglyceride and one molecule of glycerol as follows 

[147,148]. 

  

where R1, R2, R3 are the hydrocarbons (CnH2n+1), the value of n is different for different feed 

stock, more commonly 17 to 19. 
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5fter the completion of reaction, two distinct layers of liquids i.e., ethyl/methyl ester and 

glycerin are appeared which are separated as shown in Fig 4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Basic transesterification technology 

The byproduct of the reaction, the glycerol is also a useful product. It is mainly used in 

pharmaceuticals purposes. In addition, it is also used to prepare animal feed, carbon 

feedstock in fermentations, polymers, surfactants, and lubricants [149]. 

In this study various types of vegetable oils, i.e sunflower, cotton seed, jatropha and waste 

vegetable oils have been transesterified and converted into biodiesel. However, in this 

chapter, the procedure of conversion has been discussed only for waste vegetable oil. The 

parameters which affect the transesterification reaction of waste vegetable oil have been 

optimized.  
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The steps of transesterification reaction for the development of biodiesel include: 

i. Purification of waste vegetable oil. 

ii. Determination of excess amount of catalysts using titration method. 

iii. Mixing of catalyst (sodium hydroxide) and alcohol (methanol), named as sodium 

methoxide.   

iv. Mixing of hot vegetable oil (at 65º C) and sodium methoxide. 

v. Settling of glycerol and separation of biodiesel. 

vi. Neutralizing, washing, and drying of biodiesel. 

vii. Recovery of un-reacted methanol. 

It is important to note that first two steps i.e. purification of waste vegetable oil and 

determination of excess amount of catalysts, are only required for waste vegetable oil. 

4.1 Purification of Waste Vegetable Oil 

The waste vegetable oil obtained from local restaurants was filtered through a three stage 

filtering system. The first stage consisted of 1 mm holes stainless strainer plate, while the 

second plate had 0.1 mm holes. Finally it was passed through a course cloth filter. The solid 

food particles and other impurities were removed. 

The water contents affect the transesterification reaction; causes emulsification and uses a 

part of applied catalyst, which affects the reaction and conversion of oil into biodiesel. Hence 

its removal from the feedstock is essential before proceeding to further reaction. The oil was 

heated in an open lid container for twenty minutes to boil off the water contents present in 

the oil. 

4.2 Titration 

The amount of FFA starts increasing with the excessive heating of the oil for frying 

purposes. During the transesterification reaction, FFA absorbs some amount of catalyst, 

which results in decreasing the conversion efficiency. Hence extra amount of catalyst is 

required when the FFA of feedstock is higher than one. The titration method is used to 

determine the excess amount of the catalyst. 
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One gram catalyst (lye of sodium hydroxide) was mixed with one liter of distilled water and 

a homogenous solution was obtained. 

One ml of waste vegetable oil was dropped in ten ml of isopropyl alcohol and mixed the both 

gently. The solution was poured into regent flask. The catalyst solution was filled into the 

graduated burette.  The solution dropped into the regent flask containing the oil-isopropyl 

solution. After each drop the bottle solution was stirred vigorously. After a few drops (3 to 5) 

the color of the solution was turned to purple, as shown in Fig.4.2.  

 

Fig. 4.2 Titration of WVO to determine excess amount of catalyst 

Its PH value was measured using PH meter, which was found 7.05, showing that the solution 

is almost neutral. 

4.3 Preparation of Sodium Methoxide 

High quality sodium hydroxide was purchased from local market and nine grams of it were 

poured into 200 milliliter of methanol and stirred vigorously, as shown in Fig. 4.3, using hot 

plate magnetic stirrer, for five minutes to prepare a homogenous mixture as shown in Fig. 

4.3.  Ninety seven per cent pure methanol of MERIC International was used for this purpose.  
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Since, sodium hydroxide is a dangerous chemical, so special care was done during its 

handling. Gloves and goggles were worn. 

 

Fig 4.3 Mixing of sodium hydroxide with methanol by magnetic stirrer 

Both the methanol and sodium hydroxide absorb water very quickly, so the sodium 

hydroxide was poured quickly and lid of all the containers were closed quickly. 

4.4 Transesterification 

One liter purified oil was poured into a glass flask. The temperature of the oil was raised to 

65°C in kitchen microwave oven, as shown in Fig.4.4, and 200 ml NaOH was poured in it.  

  

Fig. 4.4  Heating of waste  vegetable oil in  
microwave oven  

Fig 4.5  Mixing of oil, alcohol and 
catalyst with hot plate 
magnetic stirrer 
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4.4.1 Settling  

The Fluid was poured into separating funnel, as shown in Fig.4.6 and allowed to cool and 

settle for eight hours. The fluid was appeared in two clear layers, as shown in Fig.4.7. The 

thick layer of dark brown color (glycerol or glycerin) was accumulated in the bottom. The 

pale yellow colored fluid called methyl ester or generally termed as biodiesel, was floating 

above the glycerol. Both of the fluids were separated gravitationally, as shown in Fig.4.8. 

  

Fig 4.6  Pouring of mixture after 
completion of transesterification 
reaction 

Fig 4.7 Settled layer of methyl ester 
(biodiesel) and glycerol 

 

Fig 4.8 Biodiesel in the beaker and glycerol in the bottle 
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4.4.2 Removal of Methyl Alcohol and Washing 

The stichiometric ratio of alcohol is 13%, but due to reversibility of the transesterification 

reaction 20% amount of methyl alcohol was used. After the completion of reaction the 

excess amount of alcohol was found in the products which was separated by distillation 

method, to be reused. 

The methyl ester has alkalic characteristics that were due to the presence of NaOH, which 

was required to be removed. Its PH value was found to be 10.58. The fluid was washed with 

50% warm distilled water and allowed to settle in a separating flask. The biodiesel was 

floating above the soapy water which was accumulated in the bottom of the flask, as shown 

in Fig. 4.9. After about one hour, the soapy liquid (white foam) settled in the bottom of the 

flask which was removed and methyl ester was separated. Its PH value was found to be 8.90. 

The washing procedure was repeated and relatively less soapy water was found, as shown in 

Fig. 4.10, and its PH value was reduced to 8.1. After third washing, clear water was 

observed, as shown in Fig. 4.11, its PH value was then found as 7.05. 

 
 

Fig 4.9 First washing  

 

Fig. 4.10 Second washing 

After the fourth washing, crystal clear waster was found, as shown in Fig.4.12, which was 

settled in the bottom of the flask and no change in PH value was observed.  
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Fig 4.11 Third washing 

 

Fig 4.12  Fourth washing, crystal Clear 
water settled in the bottom 

4.5 Optimization of Methanol 

In this section the amount of alcohol required for transesterification of waste vegetable oil 

(WVO) was optimized. The amount of methyl alcohol was varied from 5% to 35 % of WVO 

while amount of NaOH catalyst was fixed at 1% of oil, reaction temperature was maintained 

at 70°C and the reaction was allowed to be completed for three hours. 

Stoichiometricaly, 11-12 % methanol is required. Since the reaction is reversible, therefore, 

to shift the balance, 80 to 100 % excess amount of methanol is recommended [36]. With the 

completion of reaction the removal of the excess alcohol is mandatory to have better quality 

of biodiesel and to avoid wastage. 

The experimental results showed that 50% yield of biodiesel were found when 5% methyl 

alcohol was used. Similarly it increased to 75% when 10% methyl alcohol was used. In this 

way the yield went on increasing and the peak conversion value was 95.5% when 20% 

methyl alcohol was used. Others scientists also proposed same amount of alcohol for 

optimum yield [23, 63, 83]. No change in yield was found with further increase of methyl 

alcohol till 27%. Then after that there was a slight decrease in the conversion with increase 

of methyl alcohol, which may be due to the reversibility of reaction. 
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To calculate the conversion efficiency/yield, ‘y’, by varying amount of alcohol ‘Ma’ a model 

of third order polynomial has been established using simple least square method and error 

has been  analyzed as R2.  

y = 0.0068 Ma
3
+ 0.569 Ma

2+ 15.309 Ma – 38.833 

R
2
 = 0.9726 

Figure 4.13 show that the use of 20% methanol returned the best yield. 

 

 

 

Fig. 4.13 Effect of methanol on the yield of methyl ester 

4.6 Optimization of Catalyst 

During the optimization of catalyst, 21% methyl alcohol was used, reaction temperature was 

fixed at 70°C and reaction time was three hours. The amount of NaOH catalyst was varied 

from 0.1% to 1.3 %.   No conversion of oil into methyl ester was observed in the absence of 

catalyst, whereas the conversion efficiency became 32% with 0.1% catalyst. The conversion 

rate went on increasing with increase of catalyst. The maximum yield was found when 

0.45% (4.5 gram/liter oil) catalyst was used. Saifuddin proposed to use 0.5 % KOH which 

was very close to the author’s conclusion [59]. Sinha et al. [23] also agreed with Saifuddin. 
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No change in the yield was found with further increase of the catalyst. However by using 

excessive amount of catalyst, the PH value of biodiesel becomes higher, so more washing is 

needed to remove extra NaOH. 

A fourth order polynomial model has been established to determine the yield of biodiesel ‘y’, 

by varying amount of catalyst ‘Ca’.  

y = 344.68 Ca
5 – 1309.9 Ca

4 + 1871 Ca
3 – 1286.7 Ca

2 + 478.56 Ca – 1.1654 

R
2 = 0.9965 
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Fig. 4.14 (a)  Effect of NaOH catalyst on the yield of methyl ester (full range) 

It can be observed from Fig. 4.14 (a) that maximum yield of methyl ester could be achieved 

by using 1% catalyst. Since the model is very complex, by applying the limit from 0.2 to 

1.0%, the model becomes quadratic: 

y = – 40.639 Ca
2
 + 95.516 Ca + 41.807  

R
2
 = 0.9807 

The simplified model shows that maximum yield is 95.5%, as shown in Fig. 4.14 (b).  
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Fig. 4.14 (b) Effect of catalyst on the yield of methyl ester (selected range) 

4.7 Optimization of Reaction Time 

The third important parameter which affects the yield is the reaction time. Experiments had 

been carried out to establish the optimum time to accomplish the transesterification reaction. 

During this section 20% methyl alcohol and 0.45% catalyst (NaOH) was used. The 

experiments were carried out at the temperature of 70°C and the readings of reaction time 

were taken at suitable intervals of time from 20 minutes to three hours.  

It was found that 50% conversion was completed within first twenty minutes. The 

conversion rate went on increasing with the passage of time, but the rate of increase went on 

decreasing gradually. The highest conversion efficiency was obtained after two hours. 

Demirbas also reported that transesterification reaction was completed in two hours [45]. 

A second order polynomial model was established, as shown in Fig. 4.15, to determine the 

conversion efficiency ‘y’ for varying reaction time ‘t’.  

y =  – 0.0021t
2 + 0.8477t + 34.23 

R
2
 = 0.9961 

Figure 4.15 shows that two hours is the most suitable reaction time for transesterification, 

during which the reaction is completed and maximum yield of methyl ester could be 

achieved. 
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Fig. 4.15  Effect of reaction time on the yield of methyl ester 

4.8 Optimization of Reaction Temperature 

The next important factor which plays significant role in the conversion of vegetable oil into 

methyl ester is the reaction temperature. Many of the researchers recommended the 

temperature range from 50°C to 68°C [23,60,79,81].  

The present study displayed that the reaction temperature contributed remarkable effect on 

the yield of biodiesel. In this research the waste vegetable oil to methyl alcohol ratio was 

fixed as 5, amount of NaOH catalyst was fixed as 0.45%, and reaction was allowed to be 

completed for two hours. The reaction temperature was varied from 15°C to 85°C. It resulted 

that conversion efficiency was only 25 % at 15°C and increased to 40% at 20°C. In this way 

the conversion efficiency went on increasing with the increase of reaction temperature, and 

optimum temperature was found to be 65°C. The conversion efficiency at this temperature 

was 96%, just 1% increase was observed as temperature was increased from 60 to 65°C. 

After 65°C, there was a slight decrease in the yield of methyl ester which may be due to the 

volatility of the alcohol, as its boiling temperature is 70°C. Some other researchers also 

recommended that the most suitable reaction temperature should be 65°C [35,37,79].  

A third order polynomial model was developed between reaction temperature ‘T’ and the 

conversion efficiency ‘y’ and error analysis was also done.  
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y = 0.0003T
3 – 0.0699T

2 + 5.198T – 39.765 

R
2
 = 0.9932 

It can be seen from Fig. 4.16 that highest conversion efficiency of methyl ester could be 

obtained when the tranesterification reaction is carried out at the temperature of 60◦C. 
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Fig. 4.16  Effect of reaction temperature on the yield of methyl ester 

4.9 Properties of the Biodiesel 

The following important physical and chemical properties of the biodiesel have been 

measured: 

i. Flash Point 

ii. Pour point and cloud point 

iii. Specific gravity 

iv. Kinematic Viscosity 

v. Calorific Value 

4.9.1 Flash Point 

Flash point is the temperature at which the vapors of the fuel are made such that it may be 

ignited. The flash point of the developed fluid was measured with the help of APM-6 close 
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cup tester, as shown in Fig.4.17. Its value ranged from 184 to 193ºC for various vegetable oil 

methyl esters. 

 

Fig 4.17  Flash point tester 

4.9.2 Pour Point and Cloud Point 

Pour point is the temperature at which it may start flowing. If temperature of the 

environment is less than the pour point temperature of any fluid, gel formation is started. The 

cloud point is defined as the temperature, at which wax starts forming when temperature is 

reduced. 

The flow of fuel in the engine is necessary, so these properties are very important. They 

affect the performance of an engine, particularly in cold areas and in winter season. If 

environmental temperature goes down then the clogging of filters, fuel lines and fuel injector 

occurs. Droplet size and fuel flow rate is also influenced. These properties of the biodiesel 

were measured with the help of TANAKA pour/cloud point control unit, as shown in Fig 

4.18. The values of pour points for various oils methyl esters are found to be –7 to –8 and 

cloud points are 1.5 to 2°C respectively. 
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Fig 4.18 TANAKA pour/cloud point control unit 

4.9.3 Specific Gravity 

It is ratio of volumes of equal masses of any fluid to water. In this study the mass of 25, 50, 

and 100 ml of biodiesel was measured and average mass/ liter was calculated. Its values for 

sunflower, cotton seed, jatropha, and waste vegetable oils were found to be 0.88, 0.875, 0.87 

and 0.88 whereas specific gravity of diesel was found to be 0.845. 

4.9.4 Kinametic Viscosity  

The kinametic viscosity is a property of fluid which describes its flow characteristics. It is 

resistance against flow of different layers of fluid which plays a vital role while its passes 

through injection lines and injection pressure. Higher viscosity means higher resistance and 

lower flow. Viscosity is measured in centi stroke (mm2/ sec). Vegetable oils have much 

higher viscosity, it may be 10 to 100 times higher than that of mineral diesel. However, the 

viscosity of biodiesel is very close to mineral diesel.  It was measured with the help of AKV-

201 TANAKA automatic viscometer, as shown in Fig. 4.19, in accordance with ASTM 445. 

Kinematic viscosities of SME, CSME, JME, and WME, at 25ºC are 4.3, 4.3, 4.4, and 4.4 

respectively.  
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Fig 4.19 TANAKA automatic viscometer 

4.9.5 Calorific Value 

It is perhaps, the most important property of the fuel. It is the amount of heat librated when 

unit mass of fuel is burnt.  

The properties of sunflower oil methyl ester (SME), cotton seed oil methyl ester (CSME), 

waste vegetable oil methyl ester (WME), and jatropha oil methyl ester (JME) has been 

determined experimentally which were found to be 39.5, 40, 39.6, and 39 MJ/kg, as 

compared to 42.6 MJ/kg of diesel. 

4.10 Concluding Remarks 

It can be concluded that maximum yield of biodiesel can be obtained by using 21% 

methanol, 1% sodium hydroxide and maintaining the reaction temperature at 60◦C. The 

reaction will be completed within two hours. 

Removing of excess amount of methanol, sodium hydroxide, and water is essential. 
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The chemical and physical properties of biodiesel obtained from various types of oils are 

comparable with those of diesel. The detailed results of various properties of various methyl 

esters have been illustrated in Table 4.1 

Table 4.1 Properties of diesel, SME, CSME, WME, and JME 

Vegetable Oil Diesel SME CSME  JME WME 

Flash Point ºC 71 190 185 193 184 

Kinematic Viscosity  at 

25 °C cSt 

3.8 4.3 4.3 4.4 4.4 

Cloud Point ºC -7 1.5 1 2 2 

Pour Point ºC -15 -8 -8 -8 -7 

Specific Gravity 0.845 0.88 0.875 0.87 0.88 

LHV MJ/kg 42.6 39.5 40 39.6 39 
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Chapter 5 

Preliminary Engine Testing 

 

 

 

In this section the performance and exhaust emissions of diesel engine have been studied 

by using biodiesel derived from various vegetable oils, i.e, sunflower, cotton seed, 

jatropha, and waste vegetable oils. The engine was run using these biodiesel in pure as 

well as blended form with diesel in various proportions. 

Primarily the engine was tested to make comparison between diesel and its blends with 

various quantities of vegetable oil methyl esters i.e, sunflower, cotton seed, jatropha, and 

waste vegetable oils methyl esters. The ratio of methyl ester was varied from 0 to 100% 

with a step value of 20. The trends were analyzed and future strategy was developed in 

the light of these results.  

5.1 Experimental Setup and Procedure 

5.1.1 Experimental Setup  

The engine performance tests were conducted with a four strokes, three cylinder, direct 

injection, water cooled, naturally aspirated engine. The engine is equipped with necessary 

controls, i.e. speed, load, and fuel controls, and necessary instrumentation, i.e. fuel flow, 

speed, and load measuring system. The engine was connected to a three phase A.C 

electric generator of 24 KVA with power factor of 0.85 and of efficiency varying from 80 

to 85%. The exhaust line of the engine was connected to a five gas exhaust gas analyzer 

(IMR 3000). Detailed specifications of the engine and block diagram of the experimental 

set up are given in Appendix ‘A’.  

5.1.2 Engine Testing Procedure 

The engine was started and warmed up for ten minutes. Then the load switches were put 

on. Load increased gradually for each blend of fuel varying from 8 to 89 %. All tests
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were carried out at a constant speed of 1500 rpm. The engine speed (rpm) decreases with 

the increase of load which was adjusted with the help of speed controller. 

All experiments were repeated to ascertain the repeatability. The uncertainty analyses 

was made, details are given in Appendix ‘D’.  

(i) Measurement of Fuel Consumption 

A graduated glass cylinder was installed in the path of fuel line. The fuel supply was 

closed from the fuel tank with the help of a control valve and time was noted for an 

amount of 100 ml of fuel consumption. The rate of fuel consumption (FC) was 

calculated.  

With the change of each blend of fuel, the fuel filter of the engine was opened and 

complete mixture of fuel was drained so that it could not mix with previous blend.  

Each time, with the change of blend of fuel, the engine was run idle for a few minutes, to 

burn the remaining amount of fuel present in the fuel line before starting the new 

measurement. 

(ii) Calculation of Brake Power 

The voltage (V) and current (I) was measured with help of volt meters and ammeters to 

calculate the electric power developed by the generator. The engine brake power (BP) 

was calculated by using the following equation 

( )

g

COSIVIVIV
BP

η

φ332211 ++
=         5.1 

The generator efficiency (ηg) varies from 80 to 85% depending upon the electric power 

generated. The value of power factor (φ = 0.85) and efficiency curve provided by the 

manufacture of the equipment were used. 

(iii) Calculation of Brake Thermal Efficiency 

The BTE was calculated as follows: 
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CV*FC

*BP
BTE

3600
=          (5.2) 

Calorific Values (CV) for diesel, biodiesel and all of its blends were measured with the 

help of calorimeter.  

(iv) Calculation of Brake Specific Fuel Consumption 

Brake Specific Fuel Consumption (BSFC) was calculated as follows: 

BP

FC
BSFC =            (5.3) 

(v) Measurement of Exhaust Emissions 

A five gas exhaust gas analyzer was connected to the exhaust line of the engine and CO, 

THC, and NOx were measured in ppm. 

5.2 Engine Performance  

The engine performance was evaluated and exhaust emissions were measured using 

SME, CSME, JME, and WME in pure and blended form with diesel, as fuel. The engine 

was run at 1500 rpm for various loads ranging from 8 to 89%. The results were compared 

with those of diesel.  

To evaluate engine performance, experiments were carried out using diesel and its blends 

with sunflower oil methyl ester, cotton seed oil methyl ester, waste vegetable oil methyl 

ester, and jatropha oil methyl ester with various ratios at constant speed of 1500 rpm at 

different loads. The fuel consumption and brake thermal efficiency of engine was 

evaluated. The exhaust emissions of the engine i.e. CO, THC, and NOx were measured. 

5.2.1 Fuel Consumption   

The experimental results show that the rate of fuel consumption increases with the 

increase of load for every type of fuel as shown in Fig 5.1. As more energy is required to 
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cope with the increasing load, which obviously, is obtained by combusting more fuel. 

However the rate of increase in fuel consumption is higher with the increase of load up to 

30%.  

2

3

4

5

6

7

0 20 40 60 80 100

Load (%)

Diesel

S20

C20

W2 0

J2 0

 

2

3

4

5

6

7

0 20 40 60 80 100

Load (%)

Diesel

S4 0

C4 0

W40

J4 0

 

2

3

4

5

6

7

0 20 40 60 80 100

Load (%)

Diesel

S60

C60

W6 0

J6 0

 

2

3

4

5

6

7

0 20 40 60 80 100

Load (%)

Diesel

S8 0

C8 0

W8 0

J8 0

 

2

3

4

5

6

7

0 20 40 60 80 100

Load (%)

Diesel

S100

C100

W10 0

J10 0

 

Fig 5.1 (a) Effect of load on fuel consumption for various 

blends of diesel with different methyl esters 
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The rate of increase of fuel consumption is relatively lower, with the increase of load 

from 30% to 70% for diesel and from 30% to 80% for methyl esters. However, a rapid 

increase can be observed for higher loads as shown in Fig 5.1. It indicates that best and 

smooth combustion takes places when the engine is run between 30 to 70% load, after 

which it increases rapidly till maximum load of 89%. 

It can also be observed from Fig.5.1 (a) that the fuel consumption is lower in case of pure 

diesel (B0) as compared to its blends with biodiesel derived from various feedstock. This 

is due to the fact that the calorific value of diesel is higher than that of methyl esters. It 

can also be observed from these results that the amount of fuel consumption is almost the 

same for all biodiesel at same loads with same ratios in the blends. A slightly higher 

amount of fuel, in case of waste vegetable oil methyl ester is due to its slightly lower 

calorific value as compared to other methyl esters (Table 4.1). 

This extra amount of fuel may be due to unsmooth and incomplete combustion. However, 

this excess amount of fuel is too small to be neglected. 
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Fig 5.1 (b) Effect of load on fuel consumption using various proportion of WME  

The results show that the amount of fuel increases with the increase of ratio of WME in 

blends at different loads, as shown in Fig. 5.1(b).  However the difference is minor in 

case of use of W20. 



Chapter 5                Preliminary Engine Testing 

 
 

 58

5.2.2 Brake Thermal efficiency 

The brake thermal efficiency (BTE) increases with the increase of load for diesel and 

biodiesel, up to about 82% load and declines for higher loads. It indicates that optimum 

performance range of engine is up to 82% load, as shown in Fig. 5.2 (a).  
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5.2 (a) Effect of load on BTE for various blends of diesel with different methyl esters 
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Since the engine runs at constant speed, so combustion duration remains constant for 

each load. Higher amount of fuel is required at higher loads, but the complete combustion 

of higher amount of fuel does not take place in that available duration of time. The 

presence of higher amount of carbon monoxide and un-burnt hydrocarbon in the exhaust 

emissions of the engine, as shown in Fig 5.4 and 5.5, is also the result of this fact. 

It can also be observed from Fig. 5.2 that the decrease in BTE for loads higher than 82% 

is relatively lower, when the engine is run by biodiesel or their blends. Due to the higher 

cetane number of biodiesel, combustion time is elongated, which provides more time for 

combustion, resulting in smoother combustion, as compared to diesel. 

The results also exhibit that the brake thermal efficiency for all types of methyl esters is 

lower than that of diesel, which is due to their lower calorific values and higher specific 

gravity, viscosity, and surface tension.  

Although the combustion characteristics of biodiesel are not much different from mineral 

diesel, yet higher specific gravity, viscosity, and surface tension change the flow velocity, 

ignition delay, droplet size, sauter mean diameter, and penetration length. All of these 

parameters are responsible for lower brake thermal efficiency.  

The BTE decreases by increasing the ratio of biodiesel in the blends. The results show 

that BTE using B20 is almost similar to that of mineral diesel for all types of biodiesel. 
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Fig 5.2 (b)  Effect of load on BTE using various proportion of WME  
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The results also show that BTE is almost similar for sunflower, cotton seed, jatropha, and 

waste vegetable oils methyl esters, and of their blends with same ratios for same loads. 

However, a minor reduction is observed in case of use of biodiesel derived from waste 

vegetable oil, as shown in Fig.5.2 (b), but the difference is negligible. The results are in 

line with the results shown by Gumus [132]. 

5.3 Emission Analysis 

The exhaust emissions of an engine are important not only with reference to environment 

but also to the fuel economy and engine performance. In this part the most important 

components of exhaust emissions i.e. NOx, CO, and THC have been discussed.   

5.3.1 Oxides of Nitrogen 

Different types of oxides of nitrogen (NOx) are produced when oxygen reacts with 

nitrogen at temperatures higher than 1600ºC. These gases are dangerous for human and 

horticulture, and also contribute to weaken the ozone layer. These gases are also 

responsible for acid rains and their fine particles may damage respiratory system, 

accelerate heart problems, and even cause premature death. 

It can be observed from Fig. 5.3 (a) that the amount of NOx increases as load increases. 

The reason is very simple i.e., the engine temperature increases with the increase of load 

due to the consumption of higher amount of fuel. Many techniques have been developed 

to control the level of NOx in the emissions, like exhaust gas recirculation, water spray, 

after treatment, and catalytic conversion etc. 

Oxides of nitrogen become a serious challenge when the biodiesel is used in the engine. It 

can also be seen from Fig. 5.3 (a) that the amount of NOx increases by increasing the 

ratio of biodiesel in the blends of diesel and biodiesel. As the specific gravity of biodiesel 

is higher than that of diesel so the injection process starts earlier providing elongated 

combustion time which results in the higher amount of NOx emission. Fortunately, there 

is a negligible increase in its amount, just 2% with B20 but it increases rapidly for higher 
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ratios of biodiesel in the blends. Other scientists have also shown similar type of results 

[28,153].  
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Fig 5.3 (a) Effect of load on NOx emissions for various blends of diesel with 

different methyl esters 

Cetane number is a property of fuel which explains the ignition delay in the combustion 

chamber. The Cetane number of biodiesel is 52 to 54, as compared to 47 for diesel [150]. 

Higher Cetane number of biodiesel reduces ignition delay period, hence ignition starts 

earlier which may be responsible for producing more NOx. The improved combustion 
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efficiency with biodiesel produces less soot, resulting in less reduction in temperature. 

Consequently higher temperature in the cylinder causes the formation of higher amount 

of NOx. George et al. reported that soot radiates away the heat and reduces the 

temperature in the combustion chamber [151]. However, Gumus reported that the amount 

of NOx is lower when the engine is fueled with biodiesel and its proportion is inversely 

proportional to the ratio of biodiesel in the blends of fuel [132]. 

Higher surface tension, lower spray cone angle, and higher specific gravity of biodiesel 

as compared to diesel are also responsible for production of higher amount of NOx [152].  

This study concludes that the performance of CI Engine is well within affordable range 

when fed by methyl esters derived from various vegetable oils, whereas the exhaust 

emissions, except NOx, are much improved. Moreover the engine performance and 

exhaust emissions are not much different, when the CI engine is run by waste vegetable 

oil methyl ester as compared to other methyl esters, as shown in Fig. 5.3 (b).  
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Fig 5.3 (b)  Effect of loads on NOx emissions for various blends of WME  

Waste vegetable oil is available at lower cost, results in the reduction of cost of biodiesel 

production. As the availability of it is rising with the growing trends of fast food, so its 

availability will be even more plentiful. 
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5.3.2 Carbon Monoxide 

Carbon monoxide (CO) is a non-irritating, colorless, odorless, deadly toxin, and highly 

hazardous pollutant emission which affects the human lungs, heart, brain, and nervous 

system [153]. It can faint a person within small interval of time which can lead to death, 

if more than 100 ppm of CO is present in the breathing air [154].  

It is produced as a result of incomplete combustion and become part of exhaust emissions 

of engines; fortunately, its percentage is very low in case of compression ignition 

engines. It can further be controlled with the improvement in engine design, particularly, 

combustion chamber, ignition timing, and injection system. Scientists have been putting 

tremendous efforts to design and fabricate the engines to minimize CO emissions.  

The percentage of CO in the exhaust emissions increases with the increase of load for all 

types of fuels as shown in Fig. 5.4 (a). The reason can be that air fuel ratio decreases for 

higher loads, since the amount of intake air remains constant due to the constant speed of 

engine and amount of fuel continuously increases. Forson et al. also showed the results of 

similar type [140]. The trend of CO in the exhaust emissions of the engine is smooth up 

to 55% load for all types of fuels. For higher loads the rate of increase of CO is rapid in 

case of pure diesel. The estimated combustion time per cycle, for pure diesel, at 1500 

rpm, is about 2.44 ms. The amount of fuel consumed per cycle is 148.8 milligram, up to 

55% load. The amount of fuel consumption rises for higher load (227 milligram for 89% 

load), but the combustion time remains the same. The time interval is insufficient for the 

raised amount of fuel, due to which more amount of CO, in the exhaust emissions is 

observed.  

The rate of increase of CO in case of biodiesel and their blends is not so high, even at 

higher loads. The combustion time for biodiesel is about 2.54 ms, which is sufficient 

even for higher range of loads, producing less amount of CO. The trends show that the 

amount of CO decreases with the increase of ratio of biodiesel (SME, CSME, WME, and 

JME) in the blends of fuel for the same loads. Murillo et al. reported that CO emission in 

the exhaust was lowered by using biodiesel up to 50% load but it increased slightly up to 

75% load and then again decreased [155]. 
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Fig 5.4 (a) Effect of load on CO emissions for various blends 

of diesel with different methyl esters 

Scientists are continuously trying to reduce CO emission of the engines using various 

techniques, such as, by modifying the design of combustion chamber and fuel injection 

system, by using catalysts, by changing the fuel properties etc. Fortunately, biodiesel is 

oxygenated fuel, which provides excess amount of oxygen; hence the production of CO is 

reduced. Moreover due to higher specific gravity of various methyl esters than pure 

diesel, early injection of fuel elongates the combustion time therefore less amount of CO 

is produced by using sunflower oil methyl ester. 
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The results show that although there is reduction of CO when the engine is run by various 

methyl esters as compared to diesel, yet the amount of CO is almost same for all types of 

methyl esters and their blends with diesel at different loads. But a bit higher amount of 

CO is observed in the exhaust emissions of the engine when it is run with WME, as 

shown in Fig. 5.4 (b).  
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Fig 5.4 (b)  Effect of loads on CO emissions for various blends of WME  

5.3.3 Total Hydrocarbon 

The excess amount of total hydrocarbon (THC) in the exhaust emissions is not only the 

health hazardous but it also indicates the wastage of fuel because of incomplete 

combustion. It can be seen from Fig. 5.5 (a) that total hydrocarbon increases with the 

increase of load which is due to the consumption of more amount of fuel.  

It is also interesting to note that the amount of THC decreases by increasing the ratio of 

biodiesel in the blends at the same loads. This may be due to the fact that the biodiesel is 

oxygenated fuel which results in better utilization of fuel. Early injection and elongation 

of combustion period may also be the reason of these results. These results are similar to 

those of Najafi et al. [156]. 
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Fig 5.5 (a) Effect of load on THC emissions for various blends 

of diesel with different methyl esters 

The amount of THC for various types of methyl esters (SME, CSME, WME and JME) is 

not much different at same loads but the trends of SME and CSME (neat edible oils) are 

similar and smooth for all ranges of loads. However the trends of THC for WME and 

JME exhibit complicated behavior. Their trends are smooth up to 50% loads, then un-

smooth up to 70% loads and again become even for higher loads, which may be due to 

complex phenomenon of combustion and complicated chemistry of both of these oils. It 

will be worth saying that the acid number of both the oils are higher as compared to that 

of sunflower and cotton seed oils methyl esters. 
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It can be concluded that the results of the engine, when it is run by diesel and B20, for all 

types of biodiesel including WME, as shown in Fig. 5.5 (b), are almost similar. 

0

50

100

150

200

250

300

350

0 20 40 60 80 100

Load (%)

T
o

ta
l 

H
y

d
ro

c
a

rb
o

n
 (

p
p

m
)

Diesel

W20

W40

W60

W80

W100

 

Fig 5.5 (b)  Effect of loads on THC emissions for various blends of WME 

5.4 Concluding Remarks  

It can be concluded that the biodiesel/methyl esters developed using various types of 

edible, non-edible, and waste vegetable oils can used to run CI engines. Higher amount of 

fuel is consumed and lower BTE is obtained, in case of use of methyl esters, which is 

duel to lower calorific values of biodiesel as compared to diesel. The amount of fuel 

consumption is about 12% higher in case of use of pure methyl ester, which went on 

decreasing with the increase of ratio of diesel in the blend. However the values are not 

much different when B20 (a blend of 20% biodiesel and 80 % diesel) is used.  

Fortunately, the amount of CO and THC, in the exhaust emissions of the engine, 

decreases with the increase of ratio of biodiesel in the blends; however a little amount of 

NOx is increased. The decrease in CO and THC and increase in NOx emissions also 

depend upon the ratio of biodiesel in the mixture. 

To enjoy the real benefits of biodiesel, the excess amount NOx produced, when the CI 

Engines are fed with biodiesel, needs to be controlled.  
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It is worthwhile to say that behaviour of engine using different biodiesel derived from 

various feedstocks is not much different. Hence the waste vegetable oil is preferred over 

other feedstock, which is available abundantly at lower cost. Hence a blend of 20% WME 

and 80 % diesel (W20) has been used for further study.
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Chapter 6 

Modification in Nozzle Geometry of Fuel Injection System 

 

 

 

The physical, thermal and chemical properties of biodiesel have been tested and 

compared with diesel in the previous chapters. Their impact has also been studied on the 

performance and exhaust emissions of a CI engine. 

It has been observed that there is a decrease in brake thermal efficiency (BTE) and 

increase in fuel consumption (FC) when the engine is fueled with biodiesel. The increase 

in FC is due to the lower calorific value of biodiesel as compared to diesel. It appears that 

no mechanism has been devised so far to make up the reduction in BTE in case of 

biodiesel.  

Reduction in CO and THC in the exhaust emissions of a biodiesel fueled CI engine has 

also been observed, which is the advantage of biodiesel over diesel. However the amount 

of NOx is increased with the use of biodiesel derived from any feedstock, particularly the 

waste vegetable oil. 

To reduce the NOx emissions, changes in the fuel injection system of a CI Engine have 

been made to use biodiesel, which are discussed in this chapter. 

The performance and exhaust emissions of a CI engine are greatly influenced by its 

injection system; the following parameters are responsible for that.  

i) Injection Pressure 

ii) Size and Mass of Droplet 

iii) Cone Angle 

iv) Ignition Delay 

v) Injection Timing and Duration 

The fuel properties which affect the engine performance and exhaust emission are: 

kinematics viscosity, specific gravity, cetane number, surface tension, bulk modulus, 

flash point, calorific value, etc. Although most of the properties of biodiesel are very 

close to those of diesel, yet the small differences in the properties affect the performanc



Chapter 6    Modification in Nozzle Geometry of Fuel Injection System 

 

 70

and exhaust emissions of CI Engines. Hence certain changes in the geometry of injector 

nozzles and relevant working parameters are required to be made in case of use of 

biodiesel in CI engines. 

6.1 Injection Pressure 

It is the pressure at which fuel is injected in the cylinder of a compression ignition engine 

near the end of compression stroke. The pressure is developed by the fuel pump and it 

imparts vital role on the performance and the exhaust emissions of a CI engine. 

The injection pressure (pinj), compressed air pressure (pair), and density of fuel ( fρ ) 

affect velocity (u) and mass flow rate of fuel ( fm& ) injected. 

The pair increases as piston moves toward the top dead centre, which can be calculated as 

follows:  

Assuming polytropic compression of air in the cylinder 

n

air

n
a

ii
vpvp =           (6.1) 

where  

pi  is induction pressure 

vi  is induction volume = ηv vs 

pair is pressure of compressed air 

vs is swept volume of engine  

va is volume of compressed air  

ηv is volumetric efficiency 

and  n  is compression index  

 
Volume of compressed air at any specific crank angle (α) can be calculated as follows 

[157]: 
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vc is clearance volume 

R is the ratio of connecting rod length to crank radius 

By substituting the value of va in Eq. 6.1 and rearranging it, the pressure of compressed 

air at specific crank position can be calculates as follows: 
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Assuming pi = 1 bar, ηv = 85%, n = 1.3, and using the engine parameters as follows: 

vs = 2.5 ×10-3 m3  

vc = 0.16 ×10-3 m3 

R = 3.5255 

Cr = 16.5 

Eq. 6.3 can be rewritten, for pair in bars as follows:  
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According to the engine specification, the fuel injection starts at 17o BTDC (static) and 

ends at   5 o ATDC. During this injection duration the pressure of the compressed air 

varies from 22 to 35 bar, due to the movement of piston alone, as shown in Fig. 6.1. 
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Fig. 6.1  Pressure of compressed air vs crank angle 
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The pressure of fluid (compressed air and burnt gasses) inside the cylinder increases due 

to the decrease in volume as the piston moves toward TDC, as well as due to the 

combustion of the fuel. The theoretical determination of pressure due to combustion 

gasses is complicated. However, its value is not very high as compared to injection 

pressure, therefore in this study the average value of pair is assumed as 30 bar for various 

calculations. 

Assuming the flow as non-viscous and irrotational and applying Bernoulli’s equation 

between sections 1 and 2, shown in Fig. 6.2. 

 

Fig. 6.2  Spray of fuel by fuel injection system 
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As initial velocity (u1) and the height difference (z1 - z2) are negligible, p1 = pinj , p2 = pair, 

also ρ1= ρ2  = ρf.  Considering u2 = u. 
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According to continuity equation, mass flow rate of fuel through each orifice is  

 Auρm ff =&          (6.7) 

Section 1 

Section 2 
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where 

 A is the area of orifice of the nozzle 

Substituting the value of u in Eq. 6.7 and applying co-efficient of discharge (Cd) 
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where  

d is the diameter of the orifice of nozzle  

As the density of biodiesel is higher than that of diesel, therefore higher amount of 

biodiesel is injected as compared to that of diesel, for same injection pressure, assuming 

the same value of coefficient of discharge for diesel and biodiesel.  

6.2  Size and Mass of Droplet 

The liquid fuel stream injected into the engine cylinder is broken down into droplets 

when the gravitational force acting on it becomes higher than its surface tension. The 

average size of droplet (sautar mean diameter ds), which depends upon the diameter of 

orifice, density of fuel, and surface tension (σ ) of droplet, affect the spray pattern and 

combustion phenomenon. The sautar mean diameter (ds) is given by Lefebvre [158], as 

follows: 





















=

3

1

6

g

d
d

f

s
ρ

σ
         (6.9) 

The mass of droplet (md) can be calculated as follows:  

g

d
md

σπ
=           (6.10) 

As the surface tension of biodiesel is higher than that of diesel therefore ds and md will be 

higher, if the biodiesel is used in an engine instead of diesel, so the initiation of 

combustion becomes difficult. This problem can be handled by modifying the injection 

system. 
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6.3  Cone Angle 

When fuel comes out of the injection nozzle, it tries to spread in the available space. The 

outer most sprayed line’s angle is measured and is termed as cone angle. The cone angle, 

which defines the spray pattern, depends upon the density, viscosity, surface tension, and 

bulk modulus of the fuel. 

The fuel stream spreads and results in efficient mixing with air, producing smooth 

combustion at certain cone angle. Its value is decreased by increasing the injection 

pressure while penetration length is increased.  

Due to higher density, viscosity, and surface tension of biodiesel, as compared to diesel, 

lower cone angle is observed when the biodiesel is used in fuel injection system which 

results in higher amount of NOx in the exhaust emission of CI engine [150]. The dilemma 

can be handled by adjusting the injection pressure, injection timing and modifying the 

nozzle geometry.  

6.4  Ignition Delay 

Ignition Delay (Id) is the time lagged between the injection of the fuel and start of its 

combustion. Its value depends upon the cetane number of the fuel. The Id, which affects 

the combustion duration, is inversely proportional to cetane number as shown in Eq 6.11 

[159].  

52.1d )547.3(

15.840
1.512 I

−
+=

CN
        (6.11) 

Hence the combustion duration for each cycle is increased with the increase of cetane 

number as ignition delay is reduced. 

The cetane number of diesel fuel is 40 which results in the ignition delay of 5.06 ms 

where as the cetane number of biodiesel fuel ranges from 47 to 51 results in the ignition 

delay ranges from 4.89 to 4.23 ms. 

It can be concluded that ignition delay is shortened, resulting in increase in combustion 

duration, when the CI engine is run by using biodiesel instead of diesel, which changes 
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the combustion pattern. Higher amount of NOx and lower amount of other pollutant 

emissions i.e. CO, HC, smoke etc are produced as the result of that [160]. 

Therefore, certain modifications in the injection system are required to be made to cater 

the difference of cetane number and combustion pattern to reduce NOx when using 

biodiesel. 

6.5  Injection Timing and Injection Duration 

Injection timing is the crank angle position at the start of injection of fuel in the 

combustion chamber of a compression ignition engine. The fuel pump increases pressure 

of fuel gradually, and transfers it to the injector needle from fuel tank. Normally, the 

injector needle is under tension via a coil spring as shown in Fig. 6.3. When fuel enters 

the fuel injector it tries to lift the injector needle and spring tries to press it downwards.  

  

  

 

   

 

Fig. 6.3  Fuel Pump and fuel injector [161] 

As the pressure force in the fuel line becomes higher than the spring tension, the needle is 

lifted up and the fuel stream finds clear passage to enter the combustion chamber of 

engine through the injector nozzle. The needle remains up till the fuel pressure force 

remains higher than the spring tension. The interval through which the fuel passage 

remains open in a cycle is called injection duration. The total amount of fuel (mf), which 

enters the engine during each cycle, depends upon the time (ti) during which the fuel is 

injected in the cylinder in one cycle. 
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It can be found using Eq. 6.8 as follows: 

ifocf tmnnm &=           (6.12) 

where 

 nc is number of cylinder = number of injectors 

 no is number of orifices per injector 
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=         (6.13) 

where 

 θ  is the injection duration in degrees  

and  

N is the engine speed in revolution per minute. 

Substituting the values of fm&  from Eq. 6.8 and it  from Eq. 6.13 in Eq. 6.12 
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      (6.14)  

It means that the amount of fuel injected in the cylinder per cycle is directly proportional 

to the injection duration. 

The injection timing can be controlled by varying the tension in the spring of fuel 

injector. By adjusting the tension of injector spring at higher value, the opening needle is 

lifted later and results in retarded injection. 

The injection timing is also dependent on the density of fuel as the pressure force of fuel 

depends on its density. The injection timing is automatically changed by changing fuel of 

different density in a CI engine. The injection of fuel starts earlier resulting in advance 

ignition, when the diesel is replaced by biodiesel which has higher density. Generally the 

injection timing starts about 3o earlier when biodiesel is used instead of diesel, which 

changes combustion phenomenon and heat release pattern [152]. 

Due to advance timing and higher combustion duration higher amount of NOx is 

generated by using biodiesel. Various methods are used to control NOx emission, which 

include: 

i. Water Spray  

ii. Exhaust Gas Recirculation (EGR) 

iii. Retarded Injection 



Chapter 6    Modification in Nozzle Geometry of Fuel Injection System 

 

 77

Water spray and EGR methods have numerous problems and a lot of modifications are 

required to be made to the engine therefore; the retarded injection method has been used 

in this study.  

6.6 Concluding Remarks 

Biodiesel can be used successfully as an alternative fuel, it is an environmental friendly 

fuel and a reduced amount of CO, CO2, THC etc. is produced when the engines are 

fueled with it instead of diesel. However the amount of NOx is increased. Although there 

can be many reasons for the production of more NOx but the major reasons are advance 

injection timing and the elongation of combustion duration due to the higher specific 

gravity of biodiesel. 
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Chapter 7 

Engine Testing with Modified Fuel Injection System 

 

 

Previously, in chapter 5, it was proved that a blend of 80% diesel and 20% waste oil 

methyl ester (W20) would be a suitable fuel for adequate working of a compression 

ignition engine, hence only W20 has been used for further testing.  

In the previous chapter, it was concluded that NOx could be reduced by retarding the 

injection timing. But the problem associated with the retardation of injection timing is 

that combustion quality is deteriorated and brake specific fuel consumption (BSFC) is 

increased. Another problem is the increase in THC, and CO in the exhaust emissions of 

the engine.  

To improve the combustion quality, fuel injector nozzles having five orifices of same 

diameter have been used instead of four orifices. The effect of variation of retardation of 

the fuel injection and number of orifices, for different loads has been studied in terms of 

specific fuel consumption, and exhaust emissions of NOx, THC, and CO.  

Efforts have been made to determine suitable injection timing for given number of 

orifices of nozzles of fuel injector, so that the engine, using W20 fuel, may behave like 

that of using diesel fuel or better than that in terms of performance and exhaust 

emissions.  

Engine characteristics have been analyzed using fuel injectors with nozzles having four 

(FNO4) and five (FNO5) orifices at different injection timing for different loads. The 

characteristics of the engine, when run with diesel, using FNO4 at an injection timing of 

17º BTDC has been taken as reference. 

7.1 Brake Specific Fuel Consumption  

Normally, the brake specific fuel consumption (BSFC) decreases with the increase of 

load up to certain limit which is due to better combustion of fuel for higher loads. The
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BSFC decreases with the increase of load at various injection timings, till optimum load 

of 82 % and increases afterward, as shown in Fig. 7.1(a).  
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Fig. 7.1 (a)  Brake specific fuel consumption vs load at various injection timings  

BSFC also increases with the retardation of injection timing. For instance, for 8% load, it 

increases from 1.45 to 1.47, 1.49 and 1.51 kg/kwh when injection timing retards from 17º 

to 15º, 13º and 11º BTDC respectively. The increase in BSFC does not follow smooth 

curve from 45 to 65% load, particularly, at 13º and 11º BTDC injection timings, which 

shows instability in the combustion. 

BSFC increases when the engine is fueled with W20 instead of diesel. There is about 9% 

increase in BSFC, for 8% load, at an injection timing of 17º BTDC which decreases to 

7% for 82% load and then increases to 8% for 89% load, as shown in Fig. 7.1 (b). 
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Fig. 7.1 (b) Difference of brake specific fuel 
consumption at various injection 
timings using FNO4 
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Fig. 7.1 (c) Difference of brake specific fuel 
consumption  at various injection 
timings using FNO5 
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The difference in BSFC increases with the retardation of injection timings. The 

difference is found to be 10.8, 12, and 13% as the injection is retarded by 2º, 4º, and 6º 

BTDC respectively, as compared to 9% at 17º BTDC injection timing, for 8% load. 

Similarly it is found to be 7.0, 8.5, 8.8, and 10.2% at 17º, 15º, 13º, and 11º BTDC 

injection timings respectively, for 82% load.  

Fortunately, relatively lower BSFC is found with the use of FNO5 instead of FNO4, as 

shown in Fig. 7.1 (c), which may be due to improved combustion pattern. In case of use 

of FNO5, for 8% load, increase in BSFC is about 8.3, 9, 10.7, and 12% as compared to 9, 

10.8, 12, and 13%, in case of use of FNO4, at injection timings of 17º, 15º, 13º, and 11º 

BTDC  respectively. Similarly increase in BSFC is 6.7, 7.5, 9.1, and 10.5%, as compared 

to 7.0, 8.5, 8.8, and 10.2%, for 82% load at corresponding injection timings, replacing 

FNO5 with FNO4.  

It can be said that even lower BSFC can be achieved by using fuel injectors having 

nozzles with orifices more than five. 

7.2 Oxides of Nitrogen 

In this section, the variation in the amount of NOx in the exhaust emissions of the engine 

has been studied. The amount of NOx emission increases for higher loads at all the 

injection timings. It increases from 22 to 210 ppm as the load increases from 8 to 89%, 

when the engine is fed with diesel at 17º BTDC, as shown in Fig. 7.2(a). The reason for 

this is that higher amount of fuel is consumed, in case of higher loads, due to which 

temperature inside the cylinder increases which results in the production of higher 

amount of NOx in the exhaust emissions.  

The level of NOx further increases when the engine is fed with W20 fuel instead of 

diesel, at all injection timings and for all loads. For instance, it increases to 225 ppm, 

using W20 fuel, as compared to 210 ppm, using diesel, at the standard injection timing of 

17º BTDC for 89% load as shown in Fig.7.2 (a). The reason for this is that due to higher 

specific gravity of W20, as compared to diesel, the engine advances automatically, due to 

which higher amount of NOx emission is produced. Moreover W20 fuel is an oxygenated 

fuel and has higher cetane number due to which the combustion quality is further 
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improved. Therefore, temperature rises inside the engine cylinders, resulting in 

production of higher amount of NOx emission.  
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Fig. 7.2 (a)  NOx Emission vs load at various injection timings 

The amount of NOx emission decreases with the retardation of injection timing. Figure 

7.2 (b) shows the difference of amount of NOx produced with W20 fuel, using FNO4 at 

various injection timing. It can be seen that about 12% higher NOx is produced for 8% 

load when the engine is fed with W20 fuel, as compared to diesel, at 17 º BTDC. The 

difference in the amount of NOx decreases with retardation. It decreases to 10.2, 6.8, and 

5.2 % as the injection timing is retarded by 2º, 4º, and 6º BTDC respectively, for 8% 

load. There is about 60% reduction in the increase of NOx by retarding injection timing 

from 17º to 11ºBTDC. The combustion duration decreases as the engine retards, reducing 

NOx emission, as was expected.  

Although the rate of NOx production is increased for higher loads yet this increase rate is 

lower, in case of W20 fuel, as compared to diesel. The difference in NOx emission 

decreases to 5, 4, 2, and 1.25 %, for 82 % load, at injection timings of 17º, 15º, 13º, and 

11º BTDC respectively.  
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Fig. 7.2 (b) Difference of NOx emission at 
various injection timings using 
FNO4 
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Fig. 7.2 (c) Difference of NOx emission at 
various injection timings using 
FNO5 

 

A bit higher amount of NOx is formed when FNO4 is replaced with FNO5. Almost 1% 

more NOx emission is produced for all loads and at all injection timings, as shown in Fig. 

7.2 (c). Almost same difference in the amount of NOx emission is found for injection 

timing of 13º and 11º for loads higher than 70% using FNO5. Hence 13º BTDC is 

suitable for optimum working load of the engine, where only 2% higher amount of NOx 

is formed as compared to reference value. 

7.3 Total Hydrocarbon  

Total Hydrocarbon is another major type of pollutant emission which is produced due to 

incomplete combustion. It can be seen from Fig. 7.3 (a) that the amount of THC emission 

increases with the increase of load when the engine is fed with diesel or W20. For 

instance, it increases from 132.4 to 332.8 ppm using diesel and 125 to 315 ppm, using 

W20 fuel, as load increases from 8 to 89% at injection timing of 17ºBTDC. The reason is 

that higher amount of fuel is injected for higher loads but the combustion duration 

remains the same and the time interval is insufficient to burn the higher amount of fuel 

completely. Hence the incomplete combustion leads to produce higher amount of THC in 

the exhaust emissions of the engine. 

Fortunately, total hydrocarbon decreases by replacing diesel with W20 fuel. Almost 312 

to 330 ppm THC is found in the engine exhaust as compared to 335 ppm for 89% load at 

different injection timings. The reason is that the W20 fuel contains lower contents of 
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carbon and burns faster than diesel fuel therefore, lower amount of THC is found in the 

exhaust emissions. Moreover the presence of oxygen in the W20 fuel improves the 

combustion quality. 

Generally, higher amount of THC, in the exhaust emissions of the engine is produced 

when the injection timing is retarded. For instance, 125 ppm THC is observed for 8% 

load at injection timing of 17º BTDC which increases to 130, 132, and 135 ppm when 

injection timing is retarded to 15º, 13º, and 11º BTDC, for same load. Similarly 312.0, 

314.5, 338.9, and 334.4 ppm THC is found, for 82% load, at injection timings of 17º, 15º, 

13º, and 11º BTDC, respectively. The reason of this increase is the reduction in 

combustion duration, with the retardation of injection timing. 
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Fig. 7.3 (a)  Total hydrocarbon emission vs load at various injection timings 

It can be observed from Fig. 7.3 (b) that difference of THC emission between W20 fuel 

and the reference value (using diesel with FNO4 at 17º BTDC), decreases with the 

retardation of injection timings. For 8% load, about 7.3, 6.8, 5.8, and 3.8 % decrease in 

THC is observed at injection timings of 17º, 15º, 13º, and 11º BTDC respectively. THC 

emission curve at 17º BTDC injection timing is smooth up to 45% load, after which it 

decreases relatively at higher rate. The trends at injection timing of 15º and 11º BTDC are 

not much smooth, however that of 13º injection timing is relatively smoother. This mixed 

pattern of THC emission may be due to complex behaviour of combustion phenomenon. 

The objective of retardation is to reduce NOx emission but it resulted in increase in THC 

emission.  
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Fig. 7.3 (b) Difference in THC emission at 
various injection timings using 
FNO4 
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Fig. 7.3 (c) Difference in THC emission at 
various injection timings using 
FNO5 

It can be observed from Fig. 7.3 (c) that the difference in amount of THC is increased as 

the FNO4 is replaced with FNO5, for all loads, at all injection timings.  

The THC emission increases with the retardation of injection timings due to which the 

combustion deteriorates which is improved by replacing FNO4 with FNO5, particularly 

for lower load. For instance, 5% decrease in amount of THC, as compared to reference 

value, is found in exhaust emissions of engine for 82% load, in case of use of FNO4, 

which was increased to 5.78 % in case of use of FNO5, at 17º BTDC. Although 

negligible changes in difference of THC emission were observed for various loads at 

injection timing of 17º BTDC, yet a notable decrease in difference, for different loads, 

can be observed for other injection timings like 15º and 13º BTDC. 

The difference in THC emission is observed to be 5.0, 4.4, 3.7, and 2.8 % at injection 

timings of 17º, 15º, 13º, and 11º BTDC, respectively for optimum load of 82%, using 

FNO4.   The difference is increased to 5.1, 4.6, 3.9, and 3.2% at the corresponding 

injection timings for same load, using FNO5. 

Although the effect of replacement of FNO4 with FNO5, on THC emission is very small 

yet improvement could be made by making modifications in the combustion chamber 

design suitable for FNO5.  
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However, it can be said that THC emission would be decreased with the increase of 

orifices of nozzles of fuel injectors. It can be concluded that as long as THC emission is 

concerned, the most suitable injection timing is 11º BTDC with use of FNO5. 

7.4 Carbon Monoxide  

Carbon monoxide is highly dangerous pollutant emission that destroys the human 

nervous, circulatory, and respiratory systems. The presence of CO in the exhaust 

emissions indicates the inefficient combustion. Carbon Monoxide emission increases 

continuously with the increase of load when engine is run by using diesel or W20, as 

shown in Fig. 7.4 (a). For instance, its amount increases from 87.5 to 304.5 ppm as the 

load increases from 8 to 89% for reference condition. The reason is that, the higher 

amount of fuel is required for higher loads and that can not burn completely because of 

constant combustion duration. Since the speed of the engine is constant, so the 

combustion duration remains same for all the loads. The real combustion time is 

insufficient to burn all the fuel at higher loads, producing higher amount of CO.   
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Fig. 7.4 (a)  Carbon monoxide emission vs load at various injection timings  

Fortunately, the amount of CO emission decreases when the engine is run by W20 fuel 

instead of diesel in a compression ignition engine. It decreases from 87.5 to 54.8 ppm, for 

8% load, and from 304.4 to 275.5 ppm, for 89% load when diesel is replaced with W20 

fuel at 17º BTDC injection timing.  
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The amount of CO emission increases with the retardation of injection timing which is 

due to the reduction in combustion duration, resulting in incomplete combustion. For 

instance, for 8% load, it increases from 54.8 to 57.6, 62.3 and, 73.5 ppm as the injection 

timing retards  from 17º to 15º, 13º, and 11º BTDC, respectively. Similarly, for 89% load, 

it increases from 241.5 to 275.5 ppm, when the engine retards from 17º to 11º BTDC.  

It is obvious from Fig. 7.4 (b) that about 12% CO emission is decreased when the engine 

is fed with W20 fuel for 8% load at an injection timing of 17º BTDC, in case of use of 

FNO4. The decrease is gradual for higher loads till the difference is reduced to minimum 

value of 7% for 89 % Load. Almost similar type of pattern could be observed at other 

injection timing for various loads. Although the good quality combustion of diesel is 

found at higher load, yet the combustion of W20 fuel is even better than that of diesel. 

The difference in the amount of CO, in the exhaust emissions of engine also decreases 

with the retardation of injection timings. It is reduced from 12% to 9.6% as injection 

timings retards from 17º to 15º BTDC at 8% load. Similarly, it further decreases to 8.3 

and 5.5% as the injection timings retards to 13º and 11º BTDC respectively. It means 

higher amount of CO is produced with the retardation.  

At the same time the difference also decreases for higher loads. For 82% load, using 

FNO4, 9.5, 7.8, 3.6, and 1% decrease in CO is found at injection timing of 17º, 15º, 13º, 

and 11º BTDC respectively, it means that CO is increasing with the increase of 

retardation. The reason is that the combustion duration is decreased with the increase of 

late injection, resulting in incomplete combustion due to reduced combustion duration.  

The difference in CO is increased when the FNO4 is replaced with FNO5 for all loads 

and almost at all injection timings. It means that the amount of CO produced in the 

exhaust emissions of the engine is decreased when FNO4 is replaced with FNO5. Figure 

7.4(c) shows that decrease in the amount of CO is 16 % with FNO5 as compared to 12% 

with FNO4 for 8% load at an injection timing of 17º BTDC. The difference in CO 

emission decreases for higher loads which is about 9.5% at 82% load in case of FNO5 at 

the same injection timing. 
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Fig. 7.4 (b)   Difference of CO emission at 
various injection timings using 
FNO4 
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Fig. 7.4 (c)   Difference of CO emission at 
various injection timings using 
FNO5 

The difference in CO emission decreases from 16 to 15, 7.5 and 5% for 8% load when 

the injection timing was retarded from 17º to 15º, 13º and 11º BTDC. It was decreased 

from 9.6 to 7.8, 3.5 and 2% for 82% load for corresponding injection timings. 

The behavior of difference in CO production is very confusing at injection timing of 13º 

and11º BTDC. It decreases gradually up to 55% load and the starts increasing with 

unsmooth pattern for higher loads. The reason for decrease (increase in difference) in CO 

emission by increasing the number of orifices may be that droplet size of the injected fuel 

is decreased and good mixing of fuel and air occurs, improves the combustion quality 

therefore less amount of CO is produced. 

Although the lower amount of CO is produced when injection timings is 11º BTDC as 

compared to 13 º BTDC , yet this difference is not very big, especially, for 82% load. 

Therefore, 13º BTDC injection timing can be considered as suitable injection timing for 

adequate engine operation, as for as CO emission is concerned. 

7.5  Concluding Remarks 

The objective of this study is to control the amount of NOx in the exhaust emissions of a 

CI Engine using W20 fuel, without compromising the engine performance and other 

pollutant emissions. Generally, the level of NOx rises when the engines are fueled with 

biodiesel [162,163]. In this study, it has been concluded that the retardation of injection 

timings can help in controlling the NOx emission. As a result, fuel injection will be 
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delayed, and combustion duration will be reduced therefore lower amount of NOx 

emission will be produced. Rao reported that the NOx is reduced with late injection of 

fuel [164]. The effect of retardation on various engine performance parameters and 

exhaust emissions using W20 fuel can be observed from Fig. 7.5. 
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Fig. 7.5  Engine performance and exhuast emissions at various injection 
timings, for optimum load of 82%, using FNO5 

It can be seen that retardation of injection timing exhibits adverse effects on the engine 

performance and exhaust emissions except NOx emission when diesel is replaced by W20 

fuel. The brake specific fuel consumption, as well as, the amount of THC and CO 

emission increases, with the retardation. It is only the NOx emission which decreases with 

the retardation of injection timing. For instance, it decreases from 3.4 to 1.2% as injection 

retards from 17º to 15º BTDC, for optimum load of 82%.  The reduction in NOx is almost 

the same at 13º BTDC and further retardation, for optimum load. Hence, it is concluded 

that 13º BTDC is the suitable injection timing. 

As for as THC and CO emissions are concerned, they increase by 3.2 and 2.5 % 

respectively, when injection timing retards from 17º to 13º BTDC. 

For optimum load, break specific fuel consumption of W20 fuel increases from 7 to 9% 

when the injection timing is retarded from 17º to 13º BTDC. Hence only 7.5% higher 

amount of fuel is consumed as compared to reference value at this injection timing. 

In general use of FNO5 exhibits the best results, in case of use of W20, particularly when 

the injection timing is set at 13º BTDC.
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8.1 Conclusions 

1. Vegetable oils can be used successfully, as an alternative fuel for compression 

ignition engines, in pure and blended form, after modifying it chemically. 

2. Using optimized amount and type of alcohol and catalyst and optimized 

reaction temperature, and reaction time, more than 95% conversion efficiency 

of biodiesel can be achieved by transesterification method.  

3. Twenty percent methanol and 0.35 to 1.5% catalyst, is required for best yield 

of various types of oils. 

4. The reaction temperature and reaction time depends upon type of catalyst, and 

type of processes.  However, in general, reaction temperature is 55 to 70oC 

and reaction time is one to two hours for conventional catalysts and 

conventional processes. 

5. Residual methanol, glycerin and catalyst must be removed from biodiesel 

before using it in the engine.  

6. Although any type of oil can be used as feedstock yet waste vegetable oil is 

easily available at a very low cost. 

7. On an average, there is about 15% increase in fuel consumption and 10% 

decrease in BTE, in case of use of biodiesel in a CI engine, in pure or blended 

form, as compared to pure diesel. 

8. Lower amount of CO, and THC and higher amount of NOx is found in the 

exhaust emissions of CI engine fueled with biodiesel instead of diesel. 

9. Although 100% biodiesel can be used yet the comparable engine performance 

could be achieved using a blend of 80% diesel and 20% biodiesel (B20). 
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10. Higher amount of fuel is consumed and higher amount of NOx is produced, 

when the engine is fueled with W20 as compared to diesel. However BTE, 

CO, and HC emissions are decreased. 

11. It has been concluded that fuel NOx can controlled by retarding the injection 

timing from 17º to 11º BTDC and increasing number of orifices from four to 

five. 

12. By retarding the injection timing, combustion duration is decreased which 

leads to increase in brake specific fuel consumption, CO, and THC emissions 

but NOx emission is decreased. Hence compromised injection timing is 

required. 

13. When FNO4 is replaced by FNO5, BSFC, CO, and THC decreases, using 

diesel and W20 fuel, for almost all loads. However amount of NOx increases, 

but this increase is not significant. It can be speculated that even better engine 

performance and improved CO and THC emission can be obtained by 

increase number of orifices of nozzles of the fuel injectors. 

14. Experimentally, it has been established that engine exhibits good results, for 

optimum load of 82%, at an injection timing of 13º BTDC, using FNO5. In 

this case, 2% increase in BSFC, 1.8 % increase in THC, and 12 % increase in 

CO emission has been observed. On the other hand just 1.2% increase in NOx 

emission is observed as compared to reference values. 

8.2 Future Recommendations 

The production of biodiesel is required to be made easier, abundant in quantity 

and at lower cost. At the same time, efforts should be made to improve the quality 

of biodiesel and to increase its shelf life. For this purpose collection of waste 

vegetable oil should be organized and legislation, at national and international, 

should be made. The cultivation of new oil seed crops, particularly non-edible oil, 

which take lesser water, give more fruit, need less care, and can be grown in 

barren areas, should be done at war footing basis. 

New techniques and technologies which need less time, energy and amount of 

catalyst for production of biodiesel, should be invented. More attention should be 

paid on microwave radio frequency and super critical methanol methods. 
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The performance of CI engine can further be improved in terms of fuel 

consumption, BTE and exhaust emissions by addressing the following areas: 

1. Optimizing compression ratio of the engine. 

2. Improving combustion chamber design of the engine suitable for more than 

four orifices at retarded injection timing. 

3. Using electronically controlled injection system.  

4. Adding some anti-freezing chemicals in the biodiesel to avoid the gel 

formation, as cloud and pour points of biodiesel are higher as compared to 

diesel.  
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Appendix-A 

Specifications of the Engine 

     

 

 

 

 

 
 
 
 
 
 
 
 
 

 
 

Make/Type Perkins/AD 3.152 

Volumetric efficiency 85% 

Bore 91.4 mm 

Stroke 127.0 mm 

Injection Timing 17° BTDC 

No. of Nozzle 3 

No. of holes of Nozzle 4 

Brake mean effective pressure 7.157 bars 

Maximum engine power @ 1500 rpm 37.3 kW 

Maximum torque @ 1,400 rpm 248 Nm 
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Line diagram of Engine Testing Setup 
 

 
1 Diesel Engine 
2 Electric Generator 
3 Fuel Tank 
4 Exhaust Gas Analyzer 
5 Graduated Glass Cylinder 
6 Speed Controller 
7 Tachometer 
8 Volt meters 
9 Ammeters 
10 Load Control Switches 
11 Load Bank 
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Appendix-B  

Uncertainty Analysis  

Uncertainty or error is the perceived deviation between a measurement and its associated 

exact value.  It is standard practice to predict the deviations expected of any measurement 

system. Uncertainty reflects our confidence in a measurement, which may or may not 

bind the actual deviation depending upon the skill of the individual.  

Equipment Error 

Voltmeter     Simtec  ± 5 volt 

Ammeter Simtec  ±0.1 

Tachometer  BEW  ±1 rpm 

Fuel Measuring Cylinder  ±0.5 ml 

Stop Watch    ±0.1 s 

Exhaust Gas analyzer   Testo 350XL  

NOx  ±2% 

CO  ±2% 

THC  ±2% 

Experimental Data for optimum load of 82% using pure diesel 

Calorific Value (CV)  41.3 MJ/kg 

Specific Gravity (SG)  0.84 

Volts (each voltmeter) 220 Volt  

Current (each ammeter) 46.8 Amps  

Fuel Consumed  50 ml  

Time for fuel consumption  18.36 s 

NOx    166 ppm 

CO    280 ppm 

THC    286 ppm
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Generally there are two types of errors: theoretical errors and practical errors. 

1. Theoretical Error 

Theoretical error is due to mathematical calculations, truncation, or randomization of a 

value e.g., 2 = 1.41421356……but usually taken as 1.414.  

2.  Practical Error 

Practical error can further be subdivided into two types: random errors and systematic 

errors  

(i)  Random Errors 

Random errors arise from purely bogus effects that cannot be completely eliminated, are 

not repeatable on command, but are perpetual.  The effect of these random errors on a 

measurement system is usually reported as the precision, indicating some degree of 

expected fluctuation about a measured value. The best that can be hoped for random 

errors is to minimize their effects, and/or to deal with their discrepancies by statistical 

treatments.   

(ii) Systematic Error 

Systematic errors are repeatable and deterministic, meaning that they can be described 

and controlled by a finite set of parameters.  Systematic errors are preventable in theory, 

but never in a practical sense.  In fact, systematic errors are often accepted in 

measurement systems if they are less significant than random errors, or if they are 

“corrected” during post-collection data processing. Common sources of systematic errors 

include, but are not limited to: resolution limits, frequency distortion, discrete time/space 

aliasing, impedance conflicts, calibration inaccuracies, zero bias, hysteresis, nonlinearity, 

and drift. 

Considering the analog voltmeter as an example. The span of the meter is 0-400 volt, and 

the possible uncertainties that can be expected in the meter’s output can be determined.  

Using a well-respected calibration source for voltage that can be adjusted to any desired 

value, but initially set to “exactly” 220 volt. Its dial “flutters” between 215 and 225 volt, 
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it is interpreted this as a 5 volt bias at this input voltage, with a superposed random error 

of ± 5 volt. Continuing this process for a number of different calibration voltages, each 

time the dial flutters at most by ± 5 volt around some midpoint voltage that is never biased 

more than ± 5 volt from the expected value.  It can be conclude that the meter has a 

maximum systematic error of ± 5 volt.  

As a general rule, the uncertainty of any measurement device to be much less than its 

resolution is not expected, which is the smallest increment, indicated as an output.  This 

may be true as a matter of calibration procedure, or simply because of practicality. For 

instance, in the previous example, it is not expected to read the dial any closer than ~ 2.5 

volt, given that the dial has a resolution of 5 volt (and is constantly fluttering around).  

Therefore it would be impossible to calibrate the gauge to ± 0.5 volt. Although it is 

certainly possible for an instrument to be more accurate than its resolution, the accuracy 

is lost when the instrument is actually used for measurements. For this reason, most 

instruments have a resolution that reflects the uncertainty and no instrument is expected 

to be more accurate than its resolution. 

Error Propagation 

The determination of error of a complex system, containing several subsystems, is much 

completed. The cumulative error of all sub-systems is called as error propagation.  

Therefore the manner in which uncertainties propagate through an analysis to the final 

result(s) is determined analytically. Considering calculation of brake power (BP) 

measured by a voltmeter and ammeter.  

g

VICos
BP

η

φ
×= 3  (A.1) 

Where  

COSφ, power factor is 0.85 and gη , the generator efficiency is 0.85. 

As the measured values of voltage and current have uncertainty, therefore the attendant 

uncertainty must result in output (BP). 
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Using the uncertainties in the independent variables to determine high and low deviations 

from nominal. Independent variables are determined as I ± ∆I, and V± ∆V, we have: 

g

low

g

high

COS)VV)(II(
BP

COS)VV)(II(
BP

η

φ∆∆

η

φ∆∆

−−
×=

++
×=

3

3

 (A.2) 

Subsituting the numerical values: 

V = 220± 5  I = 46.8± 0.1  

565731
850

850522010846
3 .,

.

.))(..(
BPhigh =

++
×=  W 

512130
850

850522010846
3 .,

.

.))(..(
BPlow =

−−
×=  W 

 W766.5

 W769.5
30,888

−

+
=BP  (A.3) 

The fact that the uncertainty is unevenly distributed around the nominal value is not cause 

for concern, but is a bit cumbersome to report at times.  

Generally, the root-sum-square (rss) value is used, which maintains positive-definite 

contributions from each source of error. It can be calculated using 

( ) ( )2

2

2

2

B
B

R
A

A

R
Rrss ∆∆∆ 






∂

∂
+






∂

∂
=  (A.4) 

Whereas R is the resultant variable obtained using A & B, which are the independent 

variables. 

Brake Power (BP) 

Using rss formulation of error propagation 

( )
( )

( )
( )2

2

2

2

V
V

BP
I

I

BP
)BP( rss ∆∆∆ 
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∂

∂
=  (A.5) 

Where 
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g

VCOS

I

BP

η

φ
×=

∂

∂
3  
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Upon substitution of above values into (A.5), we obtain  

1705.BPrss =∆  W 

170588830 .,BP ±=  W 

70930 ..BP ±=  kW       (A.6) 

The uncertainty found is less than that originally proposed in (A.3), which is generally 

expected to be the case when computing error propagation using the rss formulation, for 

two reasons as follows:   

(i) the rss formulation is inherently less conservative than the straightforward 

analysis,   

(ii) the finite difference method is only an approximation. 

The true deviation in any function could be much higher than that predicted by any 

“localized” estimate based upon the gradient, especially for large deviations in the 

independent variables.  In spite of these, rss is preferred, since probability favors it as the 

most likely estimate of error in most cases. 

Fuel Consumption 

f

f

t

v
FC =            (A.7) 

vf = 50±0.5 ml   tf =18.36 ±0.1 s 

To apply the rss method  
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=rss)FC( ∆ 0.031 ml/s  

=rss)FC( ∆ 0.11 l/hr 

110809 ..FC ±=  l/hr 

Brake Specific Fuel Consumption (BSCF) 

 
BP

SGFC
BSFC wρ××

=  

where  

wρ  is the density of water = 1 kg/l  

 110809 ..FC ±=  l/hr 

 70930 ..BP ±=  kW 

Using rss method 
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0067026640 ..BSFC ±=  kg/kWh 

Brake Thermal Efficiency (BTE)  

Using rss method 
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CVBSFC

.
BTE

×
=

63
 

CV = 41.3 ±0.1 MJ/kg  

Using rss method  
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Emissions  

NOx    166±3 ppm 

CO    280±6 ppm 

THC    286±6 ppm
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Appendix C 

Research Publications 

(i) A Review of Biodiesel as Vehicular Fuel 

http://www.sciencedirect.com/science/article/pii/S1364032107000950 

 

(ii) Performance Evaluation of a Diesel Engine Using Biodiesel 

http://www.uet.edu.pk/research/researchinfo/9-RJ-JULY-2011/9-Art-9.pdf 

 

(iii) Production of biodiesel: A Technical Review 

http://www.sciencedirect.com/science/article/pii/S1364032111003248 
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Abstract

This article is a literature review of use of biodiesel fuel for compression ignition engines. This study is

based on the reports of about 50 scientists including (some manufacturers and agencies) who published

their results between 1900 and 2005. The scientists and researchers conducted the test, using different

types of raw and refined oils. These experiments with raw biodiesel as fuel did not show the satisfactory

results, when they used the raw biodiesel. The fuel showed injector coking and piston ring sticking.

Some of the scientists mixed with methanol or ethanol in presence of KOH or NaOH and then

filtered and washed. The process is called transeterfication and is used to degum, dewax and to

remove triglycerides from the vegetable oils. Transeterfication decreases the viscosity, density and

flash point of the fuel. The results obtained, by using such oils in compression ignition engines as fuel,

were satisfactory only for short term.

A vast majority of scientists mixed the transesterified biodiesel oil with diesel with different ratios.

When tested in long run, blends of the oil above 20% (B20) caused maintenance problems and even

sometimes damaged the engine. Some authors reported success in using vegetable oils as diesel fuel

extenders in blends of more than 20% even in long-term studies.

The main conclusion derived by the researchers is that coking is a potentially serious problem with

the use of unmodified vegetable biodiesel. However, the refined, chemically processed and degumed

vegetable oil mixed with diesel can be used to run compression ignition engine for longer duration.

It was reported that there was a slight decrease in brake power and a slight increase in fuel

consumption. However, the lubricant properties of the biodiesel are better than diesel, which can help

to increase the engine life. Moreover, the biodiesel fuel is environment friendly, produces much less

NOx and HC and absolutely no Sox and no increase in CO2 at global level.
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1. Introduction

The petroleum fuel is a blessing of God. It plays a vital role in industrial development,
transportation, agriculture sector and to meet many other basic human needs. However,
the world energy demand is increasing rapidly due to excessive use of the fuels but because
of limited reservoirs, the researchers are looking for alternative fuels. Another serious
problem associated with the use of petroleum fuel is the increase in pollutants emissions.
For instance, tons of the diesel are burnt in Lahore daily which leads to increase in CO2,
HC, NOx, SOx and many other nasty gasses. These polluted gasses are badly affecting the
respiratory system, the nervous system of people and producing a large number of skin
diseases. These gases also damage the health of animals and affect the plants and trees.
Acid rain is also due to these pollutants emission gasses. So the need to search alternative
fuels is inescapable.

Biodiesel can be one of the best alternatives. It is made from the oils of various types of
oilseed crops like sunflower, palm, cottonseed, rapeseed, soybean and peanut.

The use of biodiesel is almost as old as diesel engine itself. Rodulf Diesel patented his
engine in 1892 and introduced the first diesel engine intended to run on vegetable oil. In
1900 he ran the engine on peanut oil for several hours successfully. In 1912, he predicted
that in future the vegetable oil will be a fuel like diesel oil [1].

The duel fuel engines remained in use for long time. In 1940, huge reservoirs
of petroleum were found, its extraction and refinement was easy and cheaper. In 1970s,
the monopoly of some nations and political circumstances developed a new situation,
which forced the engineers and researchers to have an alternative and environment friendly
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fuel. Since then there has been a renewed interest in using vegetable oils in diesel engines
for various reasons including political considerations, environmental concerns and
economic aspects.
The seed oil is filtered and treated chemically to reduce the viscosity and to improve the

combustion and flow properties. Then it can be used as pure vegetable oil (B100) or by
mixing it with diesel in any proportions. The results obtained by using a blend of diesel and
vegetable oil, in an engine with a ratio of 80:20 (B20) were found to be the best. The
biodiesel has a number of advantages over the diesel. It is a renewable, non-toxic and
biodegradable. Since the biodiesel fuel (vegetable oils processed with methanol or ethanol)
is a renewable fuel, so it is non-toxic and does not increase the level of CO2 at all in the
atmosphere at global level. The exhaust emission of the fuel absolutely does not have SOx,

and considerably less amount of NOx are produced.
The scientist tested a number of different raw and processed vegetable oils like sunflower

oil, cotton oil, rapeseed oil, soybean oil, palm oil. In this paper, the results of some of the
scientists/researchers are compared and summarized.

2. Sunflower

The viscosity of crude sunflower oil is much higher, about 15 times greater than that of
diesel oil. However it becomes very close to diesel, when it is transesterfied. The viscosity of
methyl ester—processed by using methanol—is 3.2, while that of diesel is 2.8. The density
of methyl ester is just 4.5% higher than diesel. These properties become nearly the
same when the sunflower oil is used in the form of B20—blend of 20% vegetable oil and
80% diesel.

2.1. Use of raw sunflower

Bruwer et al. [2] studied the use of sunflower seed oil as a renewable energy source. He
ran the tractors with 100% sunflower oil instead of diesel fuel and reported that an 8%
power loss occurred after 1000 h of operation. The power loss was corrected by replacing
the fuel injectors and injector pump. After 1300 h of operation, the carbon deposits in the
engine were reported to be equivalent to an engine fueled with 100% diesel except for the
injector tips, which exhibited excessive carbon build-up.
Walt and Hugo (1981) examined the long-term effects of using sunflower oil as a diesel

fuel replacement in direct and indirect injected diesel engines. Indirect injected diesel
engines were run for over 2000 h using de-gummed, filtered sunflower oil with no adverse
effects. The direct injected engines were not able to complete even 400 h of operation on the
20% sunflower oil, 80% diesel fuel mixture without a power loss. Further analysis of the
direct injected engines showed that the power loss was due to severely coked injectors,
carbon buildup in the combustion chamber, and stuck piston rings. Lubricating oil
analysis also showed high piston, liner and bearing wear.
Tahir et al. [3] tested sunflower oil as a replacement for diesel fuel in agricultural

tractors. Engine performance using the sunflower oil was found similar to that of diesel
fuel, but due to relatively lower heating value of sunflower oil than diesel, more fuel was
consumed and engine produced slightly less power when it was fueled with sunflower oil.
Bettis et al. [4] analyzed sunflower, safflower, and rapeseed oils. He reported that the

vegetable oils were found to contain 94–95% of the energy content of diesel fuel, and to be
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approximately 15 times as viscous. Short-term engine tests indicated that for the vegetable
oils power output was nearly equivalent to that of diesel fuel, but long-term durability tests
indicated severe problems due to carbonization of the combustion chamber.

Other research at International Harvest Company [5] was done using three blends of
sunflower oil and diesel fuel. Results indicated that the sunflower oil caused premature
engine failure due to carbon buildup. It was noted that cold weather operation caused fuel
system malfunctions.

Fuls [6] reported similar findings for indirect and direct injection engines using B20. Fuls
was of the view that injector coking was the problem with using sunflower oil in direct
injected diesel engines.

German et al. [7] made an on-farm study using six John Deere and Case tractors by
averaged 1300 h of operation. Carbon deposits on the internal engine components were
greater for the tractors fueled with 50/50 sunflower oil/diesel than for those fueled with a
25/75 sunflower oil/diesel fuel blend. All the test engines had more carbon build-up than
normally seen in an engine fueled with diesel fuel.

2.2. Use of processed sunflower

In 1983 Engler et al. [8] studied the engine performance using sunflower and cottonseed
by substituting diesel. They reported that engine performance was very poor while using
these oils instead of diesel. However the performance is slightly better when the refined and
degummed oils were used. Carbon deposits and lubricating oil contamination problems
were noted, indicating that these oils were acceptable only for short-term use.

Yarbrough et al. [9] made experiments using sunflower oils as diesel fuel replacements.
They published their results that raw sunflower oils were found to be unsuitable fuels,
while refined sunflower oil was found to be satisfactory. The processing of sunflower oils is
required to degumm and dewax, even if the vegetable oils were blended with diesel fuel, to
prevent the failure.

Biofuel industries in their report entitled ‘Sunflower Biodiesel’ sunflower oil is an
environmentally friendly alternative fuel. It reduces significantly the harmful exhaust
emissions. There is a reduction of 12.6% CO2, 11% HC, 18% particulates and 15% air
toxics [biofuel industries] [10].

3. Cottonseed oil

The cottonseed oil is abundantly produced in Pakistan. The properties of methyl ester
are also very much similar to diesel, particularly, when it is used in the form of B20. The
viscosity of cottonseed oil is 3.2 and density is 0.9. These properties are comparable to
diesel. However the iodine value (IV) of the oil is higher than diesel, so the oil is relatively
less stable and more susceptible to oxidation.

3.1. Use of raw cottonseed oil

Goering et al. [11] studied the characteristic properties of 11 vegetable oils to determine
which oils would be best suited for use as an alternative fuel source. He reported that corn,
rapeseed, sesame, cottonseed and soybean oils had the most favorable fuel properties.
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International Harvester Company [12] reported that cottonseed oil and diesel fuel blends
behaved like petroleum-based fuels in short-term performance and emissions tests. The
experimental fuels performed reasonably well when standards of judgment were power,
fuel consumption, emissions, etc. However, engine durability was an issue during extensive
use of these fuel blends because of carbon deposits and fueling system problems.

3.2. Use of processed cottonseed oil

International Harvester Science and Technology Laboratory [12] also conducted tests
using blends of processed cottonseed oil and diesel. The cottonseed oil was refined almost
to food grade in order to remove the gummed material and to reduce viscosity, by using an
inexpensive commercial treatment. The cottonseed oil was mixed with diesel in blends of:
30%, 50%, 65% and 80% cottonseed oil. The tests were conducted 4 times, 15 h, each
time. The results with a 50% blend were most satisfactory. So, a 200 h endurance test was
conducted with the blended fuel. After the endurance test the engine showed scoring on
two of the cylinders, the corresponding pistons were also deeply scored with the surfaces
torn. All the engines’ top rings were heavily filled with a very hard carbonaceous deposit,
which was obstructing the rings functions.

4. Rapeseed oil

The flash point of rapeseed oil is 220 1C, which is much higher than that of diesel. It
makes the ignition relatively difficult, but the transportation and handling is much safer.
The calorific value is 10–15% less in comparison to diesel, but because of higher density
the volumetric content of heat value is nearly about the same as that of diesel.

4.1. Use of raw rapeseed oil

Schoedder [13], in Germany, used rapeseed oil as a diesel fuel with mixed results. Short-
term engine tests indicated rapeseed oil had comparable energy outputs to diesel fuel. The
tests showed that difficulties arose in engine operation after 100 h due to deposits on piston
rings, valves, and injectors. He indicated that further investigations are required to prepare
the fuel, which is suitable for continuous running of engine and suggest the required
modifications in the engine.
Studies in New Zealand by Sims et al. [14] indicated that vegetable oils, particularly

rapeseed oil, could be used as a replacement for diesel fuel. According to his results, the
initial short-term engine tests showed that a 50% vegetable oil fuel blend had no adverse
effects. While in long-term tests they encountered injector pump failure and cold starting
problems were also noted. Carbon deposits on combustion chamber components were
found to be approximately the same as that found in engines operated on 100% diesel fuel.
They concluded that rapeseed oil had great potential as a fuel substitute, but that further
testing was required.
Worgetter [15] tested rapeseed oil as an alternative fuel in a 43 kW tractor engine. The

test was aborted at about 400 h due to unfavorable operating conditions. The use of
rapeseed oil in the fuel resulted in heavy carbon deposits on the injector tips and pistons.
Upon engine tear down, it was found that the heavy carbon deposits on the pistons were
the cause of the noted power loss and not the fuel injectors.
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Wagner and Peterson [16] used rapeseed oil as a diesel fuel extender to study the long-
term effects of using vegetable oil as a fuel. They used a blend of 70% rapeseed oil and
30% diesel fuel successfully to operate a small single cylinder engine for 850 h; which
showed the excellent results. He also reported that the use of pure sunflower oil caused
severe piston ring gumming and catastrophic engine failure. However, no adverse
operating conditions were observed for short-term performance tests.

4.2. Use of processed rapeseed oil

Wagner and Peterson [16] reported mixed results when using rapeseed oil as a substitute
fuel. Attempts to heat the oil fuel mixture prior to combustion exhibited no measurable
improvement in fuel injection. Severe engine damage was noted during short-term engine
testing due to the use of rapeseed oil. A long-term test using a 70% rapeseed, diesel fuel
blend was successful for 850 h with no apparent signs of wear, contamination of
lubricating oil, or loss of power.

McDonnell et al. [17] studied the use of a semi-refined rapeseed oil as a diesel fuel
extender. Test results indicated that the rapeseed oil could serve as a fuel extender at
inclusion rates up to 25%. As a result of using rapeseed oil as a fuel, injector life was
shortened due to carbon buildup. However, no signs of internal engine wear or lubricating
oil contamination were reported.

The kinematics viscosity of rapeseed oil is much higher, which affects the flow properties
and characteristics of spray. It also cause the coking of injector nozzle. The positive point
of this alternative fuel is, reduced sulfur contents, hence the production of SOx, ash and
residual are very small.

The experimental results also showed that it will create problems, when used
unprocessed. Moreover, it should always be used in blended form.

5. Soybean oil

The properties of soybean oil are also very close to diesel. Its density is 0.884 kg/l at
21 1C. The cetane number of soybean oil is 51–58, and calorific value is 35MJ/kg and the
cetane no. of methyl ester is 46–67 and calorific value is 32MJ/kg, while the cetane number
of diesel is 48–50 and calorific value is 38.3MJ/kg. The flash point of the ester is higher
than that of diesel, which requires higher compression ratio and modifications in fuel
injector to ignite the fuel in a smooth pattern.

5.1. Use of raw soybean oil

Engelman et al. [18] used a mixture of soybean oil and diesel fuel blends in diesel engines
with a ratio of 10–50%. They tested the engine for 50 h and reported that carbon build-up
in the combustion chamber was very small. For the fuel blends studied, it was reported
that vegetable oils could be used as a fuel source in low concentrations. The BSFC and
power measurements for the fuel blends only differed slightly from pure diesel fuel. Fuel
blends containing 60% or higher concentrations of vegetable oil caused the engine to
sputter. Engine sputtering was attributed to fuel filter plugging. They concluded that waste
soybean oil could be used as a diesel fuel extender with no engine modifications.
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Caterpillar Tractor Co. (McCutchen, 1981) compared engine performance of direct
injection and indirect injection engines when fueled with 30% soybean oil, 70% diesel fuel.
The results showed that the engines having indirect injection, using blended fuel could be
operated satisfactorily. The problems were observed in the engines working on the direct
injection system; which were engine coking and sticking of piston rings.

5.2. Use of processed soybean oil

Barsic and Humke [19] used crude soybean oil, a 50:50 mixture of crude soybean oil and
diesel, and degummed soybean oil in a direct injection engine for a short term of 25 h. They
published their results which indicated engine’s performance and emissions for diesel and
vegetable oils resulted in lower thermal efficiency, lower NOx, more carbon monoxide,
more hydrocarbons and more particulates for the vegetable oil. The crude and degummed
soybean oil resulted 6% and 1% lower thermal efficiency as compared to diesel. The
coking of nozzles in both cases increased the emissions, with the crude soybean giving a
greater increase in total emissions than the degummed oil.
Braun and Stephenson [20], in the Pennsylvania State University carried out short term

tests on blends of degummed soybean oil, ethanol and diesel with the ratios of: 40:20:40,
and 40:30:30. They tested the engine for 25 h on each blend. No irregularities in the injector
spray pattern were observed.
The exhaust emission of methyl ester derived from soybean oil is neat, free from SOx

less, NOx and CO.

6. Palm oil

The palm oil is very frequently used in Malaysia as B5 as a biodiesel fuel. The iodine
value of the oil is slightly greater than that of pure diesel The IV influences the long-time
stability of properties. The viscosity is 3.5–5 and specific gravity 0.86–0.9; which is
acceptable. However it works very pleasantly when it is used in the blend form with diesel
oil. Like many other vegetable oils, its flash point is also higher than diesel (1101C). The
cetane number is 53–59 [waste vegetable oil] [21].

6.1. Use of raw palm oil

Sapaun et al. [22] reported that studies in Malaysia, with palm oil as diesel fuel
substitute, exhibited encouraging results. Performance tests indicated that power outputs
were nearly the same for palm oil, blends of palm oil and diesel fuel, and 100% diesel fuel.
Short-term tests using palm oil fuels showed no signs of adverse combustion chamber
wear, increase in carbon deposits, or lubricating oil contamination.
Mohamed M. EI-Awad et al. [23] performed experiments by using palm oil to replace

diesel oil. They used a four cylinder, four stroke direct injection diesel engine. The results
show that the engine brake power, torque and brake specific fuel consumption when using
crude palm oil (CPO) and diesel oil mixture are comparable with those when using
ordinary diesel fuel oil under various operating conditions. Under light load operation, the
CPO–diesel mixture suffered a loss of fuel efficiency and increased CO emissions relative to
the diesel system. In the high-speed range, the CPO mixtures showed comparable
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performance to that of diesel fuel for exhaust-gas composition and temperature,
particularly the 25% and 50% CPO mixtures.

6.2. Use of processed palm oil

Prateepchaikul and Apichato [24] made a comparison of refined palm oil and diesel oil
in a small single cylinder in-direct injection diesel engine. They ran the engine more than
2000 h. They concluded that during the 1000 h of operation the specific fuel consumption
of the engine fueled by refined palm oil was 15–20% higher and the black smoke density
was not significantly different but wear in the compression rings of the engine, fueled by
refined palm oil was significantly higher as compared to the use of pure diesel.

In general, like all other biodiesel fuels palm oil is also an excellent alternative fuel. It
creates less environmental pollution.

7. Peanut oil

Rudolf Diesel (1900) used peanut oil to run the diesel engine. In 1911 he wrote ‘‘The
diesel engine can be fed with vegetable oils and would help considerably in the
development of agriculture of countries which will use it.’’

7.1. Use of raw peanut oil

Deere and Company [19] studied the effects of mixing peanut oil and sunflower oil with
diesel fuel in a single-cylinder engine. The vegetable oil blends were observed to increase
the amount of carbon deposits on the combustion side of the injector tip when compared
with 100% diesel fuel. They commented that the vegetable oil fuel blends have a lower
heating value than that of diesel fuel. Fuel filter plugging was noted to be a problem when
using crude vegetable oil as diesel fuel.

8. Miscellaneous/unknown

Seddon [25] used different vegetable oils in dual fuel mode in diesel engine with great
success. He remarked that vegetable oils could be used as alternative fuels in compression
ignition engine vehicles under normal operating conditions.

Over 30 different vegetable oils have been used to operate compression engines since the
1900s [26]. Initial engine performance suggested that the oil-based fuels have great
potential as fuel substitutes. Extended operations indicated that carbonization of critical
engine components resulted from the use of raw vegetable oil as a fuel can lead to
premature engine failure. Blending vegetable oil with diesel fuel was found to be a method
to reduce coking and extend engine life.

Bacon et al. [27] tested several vegetable oils as potential fuel sources. They reported that
the initial engine performance tests using vegetable oils were found to be acceptable, while
use of these oils caused carbon build up in the combustion chamber. Continuous running
of a diesel engine at part-load and mid-speeds caused rapid carbon deposition rates on the
injector tips. Short 2 h tests were used to visually compare the effects of using different
vegetable oils in place of diesel fuel. The engine performance was found satisfactory and no
irregularly was found.
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Caterpillar [28] reported that vegetable oils mixed with diesel fuel in small amounts did
not cause engine failure. Short-term research showed that blends using 50/50 were partly
successful, but that 20% vegetable oil fuel blends showed very good result.
Ryan et al. [29] characterized injection and combustion properties of several vegetable

oils. They told that the atomization and injection characteristics of vegetable oils were
significantly different from those of diesel fuel due to the higher viscosity of the vegetable
oils. Engine performance tests showed that power output slightly decreased when using
vegetable oil fuel blends. Injector coking and lubricating oil contamination appeared to be
a more dominate problem for oil-based fuels having higher viscosities.
Pestes and Stanislao [30] used a one to one blend of vegetable oil and diesel fuel to study

piston ring deposits. Premature piston ring sticking and carbon build-up due to the use of
the one to one fuel blend caused engine failure. The maximum carbon deposits were found
on the face of the first piston ring. These investigators suggested that to reduce piston ring
deposits a fuel additive or a fuel blend with less vegetable oil was needed.
Nag et al. [31] studied the use of various oils grown natively in India. Performance tests

using fuel blends of 50–50 seed oil from the Indian Amulate plant and diesel fuel exhibited
no loss of power. Knock free performance with no observable carbon deposits on the
functional parts of the combustion chamber were also observed during these tests. Although
this seed oil was not commercially available at the time of this study, it was hoped that it will
be widely available in near future. However, they did not mention which oil they used.

9. Conclusions
(1)
 Although almost all types of vegetable oils can be used to replace the diesel oil,
however the rapeseed oil and palm oil can be the most suitable oils which can be used
as diesel fuel extender.
(2)
 Vegetable oils alone can be used only for small engines for a short-term period. For
long-term use and for heavy/big engines, blend of diesel and vegetable oils is
recommended.
(3)
 These vegetable oils should be used after proper filtration, deguming and dewaxing.
Proper quantities of other chemicals, such as methanol should be added to deacidify
and decrease the viscosity.
(4)
 While using vegetable oils in place of diesel oil, indirect fuel injection system is more
successful as compared to direct injection.
(5)
 The engine should be started by using diesel alone. After warming up it should be
shifted to vegetable oil blend.
(6)
 More care and regularity in maintenance and periodic services of the engine is required.

(7)
 Since the biodiesel generates much less polluted gases as compared to diesel it would be

better to use B100 in the urban areas.
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Abstract 

This article is a comparative study of use of mineral diesel and biodiesel derived from cotton 

seed oil of Pakistani origin. The main problems associated with biodiesel are, its very high 

viscosity and specific gravity, which are due to long chain triglyceride esters with free fatty acids. 

The esters are converted into simple structure mono-glyceride esters via transesterification 

process. The experiments were carried out using blends of diesel and biodiesel with different 

ratios, to investigate the performance characteristics of engine and exhaust emissions. The 

experimental results show that the engine using B100 resulting in about 10% higher brake 

specific fuel consumption and about 10% lower brake thermal efficiency as compared to the use 

of B0. The engine emissions were almost free from SOx, having reduced amount of CO, CO2, and 

THC, but having higher amount of NOx, when B100 was used as fuel. The fuel is becoming more 

popular due to the reduction in nasty pollutant emissions. 

Key Words:  Cotton Seed Oil; Biodiesel; Exhaust Emissions; CI Engines 

Nomenclature 

Bn : n% Biodiesel and (100-n)% Diesel 

BSFC : Brake Specific Fuel Consumption  

BTE : Brake Thermal Efficiency  

CI : Compression Ignition 

CO : Carbon Monoxide 

CO2 : Carbon Dioxide 

CSO : Cotton Seed Oil  

CSOME : Cotton Seed Oil Methyl Ester 

DI : Direct Injection 

FC : Fuel Consumption 

KOH : Potassium Hydroxide 

NaOH : Sodium Hydroxide 

NOx : Oxides of Nitrogen 

PAH : Polycyclic Aromatic Hydrocarbons 

PM : Particulate Matter  

rpm : Revolution per Minute 

SOx : Oxides of Sulfur 

THC : Total Hydrocarbon 

1. Introduction 

The rising cost of mineral diesel is becoming 

heavy burden on the economy of the poor countries 

like Pakistan, which spends major percentage of its 

budget to the import of diesel, which is continuously 

increasing due to increase in demand in transportation, 

industrial, and power sectors. 

The increase of pollutant gasses has become 

another major problem, which causes increase in 

green house effect, global warming, weakening of 

ozone layer, and acid rains. These are responsible, one 

way or the other, for damaging the respiratory system, 

nervous break down, skin diseases, and mutagenic [1].  

Vegetable oil is an alternative fuel which is 

becoming hot favorite nowadays, as it seems to be a 

good solution of reducing the pollutant emissions.  

In 1912, Sir Rodulf Diesel used neat peanut oil as 

fuel in his own designed diesel engine. He had firm 

belief that the vegetable oil would be the future fuel 

[2]. The researchers kept on working to use vegetable 

oils as fuel but their higher specific gravity and 

viscosity were the main hurdles in their further 

development. The discovery of huge reservoirs of 

petroleum, and their smooth combustion and higher 

thermal efficiency slowed down the research towards 

the use of vegetable oils. The mineral oil crises in 

1970’s, awareness of ruining of environment, 

invention of efficient techniques of vegetable oil 

extraction, and conversion of vegetable oils into 

biodiesel by chemical processing, once again, diverted 

the attention of the scientists towards the use of 

vegetable oils. 

There is much reduction in CO, CO2, and total 

hydrocarbon (THC) emissions from compression 

ignition (CI) engines by using biodiesel [3]. As the 

biodiesel is free from sulfur contents, so the exhaust 

emissions of CI engines are almost free from sulfur 

oxides. 
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Pakistan is an agriculture country. The main 

crops of Pakistan are wheat, rice, maze, sugarcane and 

cotton. In 2008-09, the cotton was cultivated on 2.82 

million hector land and about 2.573 million metric ton 

cotton was produced [4]. A huge amount of oil can be 

produced from this feedstock which can be converted 

into biodiesel to supplement the diesel fuel; hence a 

lot of foreign exchange can be saved. 

2. Literature Review 

Biodiesel is a renewable, nontoxic, 

biodegradable and environment friendly fuel which 

can be obtained from vegetable oils and animal fats. It 

can be used in all types of compression ignition 

engines directly or in the blended form. The engine 

run by biodiesel exhibits the reduced amount of 

pollutant gasses such as soot, THC, CO2, CO, 

particulate matter (PM), oxides of sulfur (SOx), 

carcinogenic polycyclic hydrocarbons, and polycyclic 

aromatic hydrocarbons (PAH) [5, 6, 7, 8, 9]. Biodiesel 

is an oxygenated fuel, so its combustion is better than 

that of mineral diesel resulting in lower harmful 

pollutant emissions than mineral diesel [10]. 

Many of the researchers reported that there was 

an increase in specific fuel consumption (SFC) and 

decrease in brake thermal efficiency (BTE) when the 

engines were fed with biodiesel (methyl or ethyl ester) 

derived from different sources of vegetable oils, which 

is due to their lower calorific values [11, 12, 13]. 

Cherng-Yuan Lin and Hsiu-Au Lin studied the 

characteristics of exhaust  emissions of a diesel engine 

using blended fuel (biodiesel and diesel), and  

reported that there was an increase in BSFC and NOx 

but decrease in CO and CO2, as the ratio of biodiesel 

was increased in the blends [14]. Goodrum and P. 

Geller claimed that the biodiesel has better lubricity 

which ultimately enhances the engine life [15].  

Ejaz and Younis reviewed the use of biodiesel 

derived from different types of vegetable oils and 

concluded that the properties of cotton seed methyl 

ester are comparable to that of diesel, so it is 

encouraging to use it as a fuel in CI engines without 

any modification [16].  

2.1 Use of Cotton Seed Oil 

Cotton seed oil (CSO) consists of triglyceride, 

diglyceride and monoglyceride esters possessing high 

molecular mass (852) that is the cause of its high 

viscosity which resists the flow particularly when it 

passes through the injection system [17]. Although the 

raw oil can be used as fuel in CI engines, yet it is not 

successful for long term running of engines. However, 

the oil can be used as an alternative fuel after 

processing it chemically, by which the viscosity and 

specific gravity is reduced. A number of chemical 

processes are used to convert the raw oil into 

biodiesel. The most common method among them is 

transesterification [18]. 

Goering et al. determined the characteristics of 

some vegetable oils, including cotton seed oil, and 

reported that CSO is also a candidate fuel [19].  

Md. Nurun Nabi et al. developed the biodiesel 

from CSO and tested it in a 4-stroke, single cylinder, 

water-cooled, naturally aspirated, direct injection (DI) 

diesel engine and concluded that there was a reduction 

of 14% smoke and 24% particular matter (PM) when 

it was fueled with a blend of 10% biodiesel and 90 % 

diesel (B10). CO reduced by 24% while NOx 

increased by 10% when the engine was fueled with 

B30 [8]. 

Y. He and Y. D. Bao conducted the experiments 

using blends of diesel and CSO in various ratios and 

concluded that CSO can be one of the best alternative 

fuels up to 30% CSO and 70% diesel. Its calorific 

value is higher as compared to many other vegetable 

oils. They also concluded that for the highest 

efficiency the appropriate injection angle was 22°, i.e. 

advanced by 3 to 5° as compared to pure diesel [20].  

3. Transesterification of Cotton Seed 
Oil 
Transesterification is the process by which the 

heavier molecules of vegetable oils or animal fats, 

which consist of mainly tri-glyceride, are converted 

into mono-glyceride. In this process, the oils are 

reacted with methanol or ethanol in the presence of 

acid or base catalysts. Reaction equation of 

transesterification process is 

 

where R1, R2, R3 are the Hydrocarbons (CnH2n+1), the 

value of n is different for different feed stock, more 

commonly 17 to 19. 

Three moles of methanol react with one mole of 

vegetable oil to form three moles of mono-glyceride 

(methyl ester) and one mole of glycerol. 



Pak. J. Engg. & Appl. Sci. Vol. 9, Jul., 2011 

 70 

Table 1:   Properties of Biodiesel 

Property Units Diesel CSO CSOME Standard Equipment  

Density at 25 ºC  Kg/liter 0.84 0.90 0.88 D 4052-96 Relative density bottle 

Viscosity at 25 ºC  mm
2
/sec 3.7 31.5 4.2 D 445-03 Bath Viscometer 

Calorific Value  MJ/kg 42.0 41.0 38.5 D 240-02 Bomb Calorimeter 

Flash Point ºC 74 285 220 D 93-02a Pensky martens closed cup 

 
Generally, base (NaOH or KOH) catalysts are 

used, to increase the reaction rate, as compared to acid 

catalysts. After the completion of reaction, mono-

glyceride ester and glycerol are separated, from which 

the mono-glyceride ester (biodiesel) can be used as 

fuel. 

3.1 Preparation of Biodiesel 

Five liters of CSO was obtained from local 

market. Oil was filtered by using double layer cotton 

cloth to remove the solid particles and other 

impurities.  

Twenty five grams lye of sodium hydroxide 

(NaOH) was mixed in one liter methanol (20% of oil) 

and stirred vigorously to get homogenous mixture, 

called sodium methoxide, which was poured in a 

transparent tank. The methanol was preferred over 

ethanol due to its lower cost, higher solubility, and 

fast reaction rate with the oil. 

The CSO was heated up to 65°C and poured in 

the tank, which already contained sodium methoxide. 

Both of the fluids were agitated continuously for two 

hours and allowed to cool and settle. After about an 

hour the thick, dark brown gel type fluid (glycerol) 

started settling in the bottom of the tank. The level of 

glycerol went on increasing till six hours. It seemed 

that the reaction and settling was completed in six 

hours, however to make certain, it was allowed to 

settle for further two hours. The light pale blackish 

fluid (biodiesel) was found floating above the gel 

(glycerol). Both were separated gravitationally in two 

different vessels. 

Since the transesterification is a reversible 

reaction, therefore, the excess methanol was used to 

ensure the completion of reaction. This was recovered 

by distillation method for further use. 

3,2 Washing and Neutralization 

Due to un-reacted NaOH, PH value of the 

biodiesel was found to be 9.5. The biodiesel was 

washed with distilled water repeatedly to remove the 

NaOH. The amount of soupy foam went on decreasing 

with every wash. After fourth wash, the soupy foam 

was completely absent and crystal clear water was 

found. At that time the PH value of biodiesel was 

found to be 6.9 which is very close to that of diesel. 

3.3 Testing of CSOME 

The properties of CSOME were tested in 

accordance with the international standards and 

compared with those of mineral diesel [21] as shown 

in Table 1. 

The density, viscosity, calorific value, and flash 

point were tested and found within the biodiesel 

standards of ASTM D 6751.  

4. Experimental Setup 

The performance tests were conducted with a 

four stroke, three cylinder, DI, water cooled, naturally 

aspirated CI engine. The engine was connected to a 

three phase A.C electric generator of 27 KVA with 

power factor of 0.9 and of efficiency varying from 80 

to 85%. The engine test bed was equipped with fuel 

measuring, speed control and measuring, load bank, 

voltage and current measuring system. The exhaust 

line was connected with a 5 gas exhaust gas analyzer 

(V402-01). Detailed specifications of the engine are 

given in Table 2. 

Table 2: Engine Specifications 

Make Perkins 

Type AD 3.152 

Volumetric efficiency at 25ºC 85% 

No. of nozzles  3 

No. of holes of each nozzle  4 

Brake mean effective pressure 7.157 bars 

Maximum engine power @ 1500 rpm 27 kW  

Bore 91.4 mm 

Stroke 127.0 mm 

Compression ratio 16.5:1 

Injection Timing 17º BTDC 
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5. Results and Discussion 

The experiments were conducted at constant 

speed of 1500 r.p.m. by varying the load from 3 to 33 

kW using B0, B20, B40, B60, B80 and B100 fuel. The 

engine performance characteristics and exhaust 

emissions were observed. 

5.1 Engine Performance  

5.1.1 Fuel Consumption 

Rate of fuel consumption (FC) increases with the 

increase of load, when the engine is fed with diesel 

and all of its blends with CSOME, as shown in Figure 

1(a). 
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Figure 1(a): Load vs FC 

The trends show that there is a very rapid 

increase in FC up to 27% load, after which it is 

relatively low up to 70% load. Thus the fuel 

consumption rate for 27 to 70% load seems to be the 

best. The rapid increase in FC in the first quarter of 

the load range is due to high friction and incomplete 

combustion. After which the combustion becomes 

better and relatively a smaller amount of fuel per unit 

load is required. As the load increases above 70%, the 

combustion becomes incomplete due to lack of time to 

burn the fuel, which results in higher rate of FC. 
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Figure 1(b): Ratio of CSOME vs FC 

In Figure 1(b) the rate of FC at different loads is 

compared using CSOME and its blends with diesel 

with different ratios. It can be observed that for the 

same load, the rate of FC goes on increasing with the 

increase of ratio of CSOME in the blends. The FC 

increases from 3.4 to 8.0 kg/hr with the increase of 

load from 8 to 89% for B100 fuel. It is due to the fact 

that the calorific value of CSOME is lower than that 

of diesel. It can also be observed that the rate of 

increase of FC is not very much different up to 70% of 

CSOME, but it rises sharply for higher ratios. The 

reason can be the dilemma of combustion of CSOME 

due its intricate chemistry. 

5.1.2 Brake Specific Fuel Consumption 

Figure 2(a) shows that brake specific fuel 

consumption (BSFC) decreases with the increase of 

load, which is the standard characteristic of the 

engine. 
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Figure 2(a): Load vs BSFC 

It can be observed that the BSFC decreases 

rapidly in first half of the load. At load more than 50 

%, the decrease is relatively small till the 70% load 

and between 50% to 80% loads BSFC seems to be 

much reasonable. As the load increases more than 

80%, BSFC starts increasing. The optimum working 

range seems to be between 70 to 80%. Similar types 

of results have also been obtained by F. K. Forson et 

al [22]. 
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Figure 2(b): Ratio of CSOME vs BSFC 
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Figure 2(b) shows that BSFC for CSOME and its 

blends is higher than that of diesel, which is due to 

lower calorific value of biodiesel. It can also be seen 

that the optimum point shifts toward the higher load, 

with the increase of biodiesel contents in the blends of 

the fuel, which may be due to the fact that the 

initiation of combustion becomes difficult with the 

higher ratios of biodiesel. C D. Rakopouls et al. 

conducted experiments using biodiesel derived from 

CSO and other feedstock and obtained the similar 

results [23]. 

5.1.3 Brake Thermal efficiency 

The trends of brake thermal efficiency (BTE) 

shown in Figures 3(a) and 3(b), indicate that it 

increases with the increase of load for diesel and all of 

its blends up to the optimum range of the load. It 

increases till 70% load for B0 and till 80% load for 

B100, while its peak value is between 70 and 80% 

load for blends of diesel and CSOME in different 

ratios. It may be due to better combustion and less 

losses at higher loads.  

Although BTE increases with the increase of 

load for each blend of diesel and CSOME yet the 

increase in case of higher concentration of biodiesel is 

relatively lower as compared to the use of diesel 

alone. P.K. Sahoo et al. have also shown similar trend 

[6]. 
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Figure 3(a): Load vs BTE 
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Figure 3(b): Ratio of CSOME vs BTE 

As load crosses the optimum limit, BTE starts 

decreasing for B0 to B100, which is due to the 

incomplete combustion of fuel and insufficient time 

available for transfer of heat. This fact has been 

discussed in emission analysis section in detail. Jehad 

A. A. et al. also showed similar type of trends [24]. 

5.2 Emission Analysis 

5.2.1 Carbon Dioxide 

Carbon dioxide (CO2) is the major constituent in 

the exhaust emissions of the engines, which 

contributes to too many problems like global 

warming, green house effects etc.  

The amount of CO2 in the emission increases 

with the increase of load. For B0 it increases from 4.9 

kg/hr to 25.4 kg/h, as load increases from 8 to 89%, as 

shown in Figure 4. This can be understood by the fact 

that there is an increase in fuel consumption with the 

increase of load as shown in Figure 1.  

Naturally more CO2 will be produced when more 

fuel will be burnt to deliver more thermal energy to 

the engine. This fact has also been endorsed by many 

other researchers [7, 11, 14]. 

0

5

10

15

20

25

30

0 20 40 60 80 100

Ratio of CSOME

C
O

2
 [

k
g

/h
r]

8%

28%

45%

55%

68%

81%

89%

Load

 

Figure 4: Ratio of CSOME vs CO2 emission 

It can also be seen in Figure 4 that relatively less 

amount of CO2 is emitted when engine uses more 

%age of CSOME. The amount of carbon dioxide 

reduces from 25.4 kg/hr to 19 kg/hr for 89% load, 

when the engine is shifted from diesel fuel to 

CSOME. The reason may be that the biodiesel fuel 

has less number of carbon atoms and its carbon to 

hydrogen ratio is lower as compared to diesel. Murat 

Karabektas et al. have also shown the similar type of 

results [25]. 

The amount of CO2 per kW decreases with the 

increase of load, which is due to the fact that there is 

better combustion of fuel for higher load, so less fuel 
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per kW is consumed resulting in less production of 

CO2. 

5.2.2 Carbon Monoxide 

Carbon monoxide (CO) is a dangerous pollutant 

gas which is the part of exhaust emissions of engines. 

It affects the nervous and respiratory systems. 

Scientists have been putting tremendous effort to 

design and fabricate the engines emitting reduced 

amount of CO. 

The percentage of CO is already very low in case 

of compression ignition engines, which can further be 

reduced with the improvement in engine design, 

particularly, combustion chamber, ignition timing, and 

injection system.  
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Figure 5: Ratio of CSOME vs CO emission 

The amount of CO increases with the increase of 

load as shown in Figure 5. As the load increases from 

8 to 89%, CO increases from 0.09 kg/hr to 0.3 kg/hr 

for B0. Since data is recorded at constant speed, so the 

engine inhales almost fixed quantity of air, while 

amount of fuel goes on increasing for each step of 

higher load. Thus air fuel ratio decreases, 

consequently level of CO rises. This fact is exhibited 

for each blend of fuel.  

Biodiesel, particularly CSOME is a God gifted, 

environmental friendly fuel. When it is used in an 

engine, there is about 40 % reduction in CO emission 

as compared to that of diesel emission, as can be seen 

in Figure 5. The main reason for the reduction in CO 

is the fact that the biodiesel is an oxygenated fuel. 

When the fuel decomposes each molecule of CSOME 

provides two atoms of oxygen. G. Lakshami and his 

fellow researchers also showed the similar results 

when they fueled the engine with used cooking oil 

methyl ester [26]. 

5.2.3 Oxides of Nitrogen 

The oxides of nitrogen (NOx) emissions are 

precarious pollutant emissions, which are produced, 

when the fuel is burnt at high temperature causing 

dissociation of N2, which ultimately leads to the 

formation of nitric acid. The NOx is also responsible 

for weakening the ozone layer. 
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Figure 6: Ratio of CSOME vs NOx emission 

Figure 6 shows that the amount of NOx is very 

low for lower load, which increases with increase of 

load for B0 to B100. The engine temperature increases 

at higher load, which is responsible for raising the 

level of NOx in the exhaust emission. 

The NOx level increases further, with the 

increase of percentage of CSOME in the blends of 

fuel. The rise is not very much appreciable up to B20, 

but it rises sharply for higher ratios of CSOME. The 

main reason of this phenomenon is the presence of 

oxygen in the fuel, which facilitates the NOx 

formation. Similar results have been shown by C.D. 

Rakopoulos at el [23]. The raised level can be handled 

by catalytic conversion, after treatment, and exhaust 

gas recirculation as proposed by José María López et 

al [27]. 

5.2.4 Total Hydrocarbon 

The data regarding the unburnt hydrocarbon 

emission was also recorded at constant speed for 

different loads, as shown in Figure 7. It can be 

observed that unburnt total hydrocarbon (THC) 

increases with the increase of load, for diesel and all 

of its blends, which may be due to the increase in fuel 

consumption with the increase of load. 
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Figure 7: Ratio of CSOME vs THC emission 
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The THC decreases by using higher ratio of 

CSOME in the blends at each load. It may be due to 

the presence of oxygen in the CSOME which leads to 

efficient combustion. Fortunately, the rate of increase 

of THC is lower for higher loads using higher 

concentration of CSOME. 

It can be concluded that there is an improvement 

of combustion efficiency with the increase of load up 

to optimum range. D.Y. C. Leung et al. also showed 

the similar results [28]. Almost similar trends are 

observed for all blends of diesel and CSOME. 

6. Conclusions and Recommendations 

 CSOME can be used in blended form as an 

alternative fuel in any compression ignition 

engine without any modification. 

 The FC and BSFC increases and BTE decreases 

with the increase of ratio of biodiesel in blends 

of diesel and biodiesel.  

 CO, CO2 and THC emissions are reduced by 

increasing ratio of biodiesel in the fuel. These 

pollutant gasses are harmful for environment 

causing global warming and green house effect 

and hazardous for respiratory system, nervous 

system, cardiac system and cause various types 

of skin diseases. Thus the biodiesel is an 

environmental friendly fuel. 

 The level of NOx rises in the emissions by 

increasing the proportion of CSOME in the 

blend, which can be controlled with catalytic 

conversion, after treatment, and by some 

modification in the design of fuel injection 

system of the engine. 

 Since the biodiesel fuel is almost free from sulfur 

so the exhaust emissions are almost free from 

SOx, when the engine is fed with CSOME and its 

blends 

 As the lubricating properties of the biodiesel are 

better so, the engine life may increase by using 

biodiesel and frequency of change of lubricating 

oil would be lower. This aspect is required to be 

further investigated. 

 As the pour point and cloud point of biodiesel are 

higher than those of diesel, so they may cause 

problems, particularly in winter season and cold 

areas. This problem can be handled by adding 

additives in the fuel and by adding the heating 

lines around the fuel tank. More research needs 

to be done in this regard. 
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a  b  s  t  r  a  c  t

The  energy  crises,  particularly  the  fear  of  depletion  of  mineral  oils  are  becoming  a very serious  issue.  Non-
oil  producing  countries  are  becoming  the  victim  of  the  scenario.  On  the  other  hand  the  environmental
pollution,  green  house  effect,  global  warming  and  acid  rain  are  also threatening  the  life.  Biodiesel  is  a
promising  alternative  fuel  which  can  cater  the  problems.  Vegetable  oils  can  be used  to  substitute  mineral
diesel  after  reducing  their  viscosity  and  specific  gravity.  For  this  purpose  different  techniques  are  used.
Among  these,  transesterification  is frequently  used  as  it is  the  most  reliable,  most  feasible,  and  can  be
ransesterification
uper critical methanol
icrowave irradiations

used  to  produce  biodiesel  easily.
The  conversion  efficiency  of  biodiesel  via  transesterification  depends  upon  the  nature  of  feedstock,

amount  and  type  of  alcohol  and  catalyst,  operating  temperature,  and  reaction  time.  In  this  study  the
performance  of  alkaline,  acidic,  and  enzymatic  catalysts  have  been  reviewed.  Modern  techniques  of
development  of  biodiesel  i.e.,  use  of microwaves  and  super  critical  alcohol  have  also  been  discussed
critically.
© 2011 Elsevier Ltd. All rights reserved.
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. Introduction respectively, if their use remains continue at the present pace
The rising cost and depletion of reserves of mineral oils are
ecoming the serious threat to the humanity, which have forced
he scientists to find out the new avenues of energy resources.
he reserves of oil and gas will be exhausted in 41 and 63 years

∗ Corresponding author. Tel.: +92 42 99029459.
E-mail address: emshahid@uet.edu.pk (E.M. Shahid).

364-0321/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.rser.2011.07.079
[1]. Since the consumption of oil and gas is increasing exponen-
tially, therefore these reserves will be depleted even earlier. The
scientist are already working on the feasibilities and commer-
cialization of solar, wind, and geothermal energies, and recycling
of municipal wastes. European countries have planned to use

5.75% of biofuels by the end of 2010 and 10% by the year 2020
[2].

In the year 2007–2008, the total consumption of petroleum
products in Pakistan were 11,528,722 TOE and out of which

dx.doi.org/10.1016/j.rser.2011.07.079
http://www.sciencedirect.com/science/journal/13640321
http://www.elsevier.com/locate/rser
mailto:emshahid@uet.edu.pk
dx.doi.org/10.1016/j.rser.2011.07.079


tainable Energy Reviews 15 (2011) 4732– 4745 4733

9
i
a

5
p
b
R
o
p
d
o
c

t
p
r
e
f
a
m
e
i
2
u
[

d
s
s
t
t
t
s

s
m
h
a
a
i
h
a
[
u
t
f
h
[

f
b
s

r
t
u
m
t
b
i

d
e
a
e

[42,43].
The byproduct of the reaction, the glycerol is also a useful

product. It is used to prepare animal feed, carbon feedstock in
E.M. Shahid, Y. Jamal / Renewable and Sus

,157,914 TOE was imported [1].  The major consumption of it was
n transportation and power sectors: 47.4% in transportation sector
nd 40% in power sector [3].

According to the reports of international agencies there will be
3% increase in the demand of energy by the year 2030. It is antici-
ated that the petroleum demand will increase from 84.40 million
arrels to 116.00 million barrels per day by 2030 in USA alone [4,5].
esearchers are also concentrating on the viability of vegetable
ils, which are renewable, biodegradable, and nontoxic. Their flash
oint is higher which makes their storage, transportation, and han-
ling easy. Various types of edible and non-edible oils, used cooking
ils, and animal fats have sufficient potential to be used as fuel in
ompression ignition engines.

The awareness and strict compliance of environmental legisla-
ions are also forcing the scientists to adopt the means to reduce the
ollutant emissions. These pollutants are serious threat to the envi-
onment [6].  The scientists have already proved that the exhaust
missions of the compression ignition (CI) engines, when they are
ed with vegetable oils, in pure or blended form, contain a reduced
mount of CO, CO2, THC, venomous compounds, and poly aro-
atic hydrocarbons [7–12]. The exhaust emissions of the diesel

ngines are almost free from oxides of sulfur (SOx) when their fuel
s replaced by vegetable oils [13]. However there is an increase of
–5% of NOx. It is also reported that vegetable oils produce some
nregulated harmful compounds like acetaldehyde and benzene
14].

The idea of using vegetable oil as a fuel is almost as old as the
iesel engine itself. In 1900 in an exhibition in Paris, the renowned
cientist Sir Rudolf Diesel used the peanut oil to run engine for
everal hours [15]. He was highly excited, and expressed that the
ime would come when the vegetable oil would be equally impor-
ant fuel. During the period of 1930s and 1940s, particularly during
he World War  II, the vegetable oils were used in emergency to
ubstitute diesel [16,17].

Some scientists tried to use straight vegetable oils in compres-
ion ignition engine but favorable results could not be found. The
ain issues were their high viscosity and low volatility which

indered the smooth combustion of these fuels. These unfavor-
ble properties are responsible for the plugging of the fuel lines
nd fuel injectors, carbon deposits on piston rings, and foul-
ng on the piston heads [18–22].  Generally, the vegetable oils
ave higher pour point and cloud point due to which these fuels
re not suitable in the cold areas particularly in winter season
23,24]. The vegetable oils also contain many saturated and unsat-
rated compounds and have high iodine value which increases
heir oxidation rate. Hence long time storage of such oils is not
easible [25]. The cetane number of vegetable oils is also much
igher than that of mineral oils, which reduces the ignition delay
26].

Schuchardt et al. reported that acrolein, a toxic compound, is
ormed when vegetable oil is combusted in the engine, which is
asically due to disintegration of glycerol [27]. Hence the use of
traight vegetable oil is not suitable.

The chemical structure of vegetable oils should be altered to
educe their molecular weight, viscosity, and specific gravity, and
o make their properties comparable to diesel such that they may  be
sed in diesel engines without any modifications to the engines. The
odified product is called biodiesel and it has tremendous advan-

ages over raw oils. It is recycle-able, environment friendly, and has
etter lubricant properties as compared to diesel particularly when

t is compared with ultra low sulfur diesel [28–30].
In 1982, an international conference was held in North Dokato to

iscuss the main issues related to biodiesel i.e., the effect of fuel on
ngine performance and durability, cost of fuel, fuel specifications,

dditives, oil producing plants, oil seed processing and extraction,
tc. [31].
Fig. 1. Basic transesterification technology.

2. Transesterification

Several procedures have been established to convert veg-
etable oils into fuels which have properties comparable to
diesel. These include transesterification, blending, cracking, micro-
emulsification, and pyrolysis [9,32–35].

Transesterification is the most commonly used method for the
development of biodiesel [9,35,36]. It has many advantages over
other processes e.g., it is performed under normal conditions and it
returns good yield of better quality biodiesel [37,38]. Hence trans-
esterification technique has been reviewed in this article.

Transesterification is a chemical method in which the triglyc-
eride is converted into diglyceride and diglyceride is converted into
monoglyceride which is methyl or ethyl ester named as biodiesel.
The reactions consist of consecutive reversible processes as shown
below [9,39–41].

Triglyceride + Alcohol � Diglyceride + R′COOR

Diglyceride + Alcohol � Monoglyceride + R′′COOR

In transesterification, alcohol is reacted with vegetable oil in the
presence of appropriate catalyst. Generally ethyl or methyl alcohol
is used consequently the ethyl/methyl esters are produced. After
the reaction, two  distinct layers of liquids i.e., ethyl/methyl ester
and glycerin are appeared which are separated as shown in Fig. 1.

The vegetable oil is reacted with methanol already mixed with
catalyst. The fluid is converted into crude biodiesel and crude glyc-
erin. The glycerin is refined and disposed off for further use. The
crude biodiesel is also refined and alcohol is separated from it which
is reused in the cycle.

One molecule of vegetable oil/triglyceride reacts with three
molecules of alcohol and produces three molecules of monoglyc-
eride and one molecule of glycerol. The reaction is shown in Fig. 2
Fig. 2. Transesterification of vegetable oils [42,43].
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Table 1
Conventional and non-conventional feedstock.

Conventional feedstock Non-conventional feedstock

Mahua Soybeans Lard
Piqui Rapeseed Tallow
Palm Canola Poultry fat
Karang Babassu Fish oil
Tobacco seed Brassica carinata Bacteria
Rubber plant Brassica napus Algae
Rice bran Copra Fungi
Sesame Groundnut Micro algae
Safflower Cynara cardunculus Tarpenes
Barley Cotton seed Latexes
Coconut Jatropha nana Microalgae

T
C

T
P
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ermentations, polymers, surfactants, pharmaceuticals and lubri-
ants [44].

The rate of yield of biodiesel via transesterification depends
pon many parameters. The most important of which are amount
nd type of alcohol, amount and type of catalyst, the reaction tem-
erature, and reaction time. The moisture contents present in the
eedstock and amount of free fatty acids also affect the yield.

Generally, the reaction is carried out at a temperature of
0–75 ◦C and completed within 2 h. Biodiesel and glycerol are sep-
rated gravitationally or centrifugally [45,46].

.1. Feedstock for biodiesel

More than 300 feedstock have been identified which could be
sed to produce biodiesel. The conventional and non-conventional
eedstock, used for the production of biodiesel, is shown in Table 1.
hese include edible oils, non-edible oils, wild oils, used cook-
ng oils, and animal fats [47]. The most common vegetable oils
re rapeseed, mustered, canola, sunflower, cotton seed, palm, soy-
ean, linseed, corn, olive, coconut, hazelnut, pistachio,jatropha,
onge, sesame, karanja, neam, mahu, caster, safallow, and jojoba
ils [48–51].  Soybean oil is commonly used in USA, rapeseed oil in
uropean countries, palm oil in Malaysia, and jatropha oil in India
52].

Dias et al. reported that the conversion efficiency of used oils
yellow grease) is lower than that of virgin oils. They converted the
sed and virgin, soybean and sunflower oils, and found that the
ield was 92% and 97% for used and virgin oil respectively [53].

In 2003 Dmytryshyn et al. converted the neat canola oil and yel-
ow grease, using methanol in the presence of base catalyst and
eported that the conversion efficiency was 87% and 58% for neat
anola oil and yellow grease respectively [54]. Whereas, Refaat
t al. transesterified neat and used sunflower oil using methanol

nd KOH and concluded that the conversion efficiency for both the
ils was same [55]. Alcantara et al. also reported that conversion
fficiency is not affected by using neat or used oil, provided that
ppropriate amount and type of alcohol and catalyst is used [56].

able 2
hemical structure of various esters [57].

Fat and oil Triglyceride Diglyceride Monog

able 3
roperties of various types of vegetable oils [59].

Vegetable oil Kinematic viscosity
at 38 ◦C (mm2/s)

Cetane no. Heating value (MJ/kg) 

Corn 34.9 37.6 39.5 

Cottonseed 33.5 41.8 39.5 

Crambe 53.6 44.6 40.5 

Linseed 27.2 34.6 39.3 

Peanut 39.6 41.8 39.8 

Rapeseed 37.0 37.6 39.7 

Safflower 31.3 41.3 39.5 

Sesame 35.5 40.2 39.3 

Soya  bean 32.6 37.9 39.6 

Sunflower 33.9 37.1 39.6 

Palm  39.6 42.0 – 

Babassu 30.3 38.0 – 

Diesel 3.06 50.0 43.8 
Laurel Jojoba oil
Used cooking oil Pongamiaglabra

However the requirement of amount of catalyst is generally higher
in case of used oil as compared to neat oil.

2.2. Chemical structure and properties

Vegetable oils and animal fats mainly consist of triglycerides
and diglycerides with a small fraction of monglyceride. The chem-
ical structure of these esters is compared with mineral diesel and
biodiesel in Table 2.

The average chemical formula for common diesel fuel is C12H23.
The vegetable oils consist of long chains with multiple branches
resulting in molecules of large size. The molecular weight of veg-
etable oils ranges from 850 to 995, which is much higher than that
of diesel which is 168 on average [58].

The kinematic viscosity and density of vegetable oils are much
higher than those of diesel due to their higher molecular weight and
complex structure. A comparison of various physical and chemi-
cal properties of diesel and of various vegetable oils is shown in

Table 3.

The properties of biodiesel (BD) are comparable with mineral
diesel. Hence it can be used as a fuel, in pure or blended form, in
compression ignition engines. The fuel can be used without any

lyceride Biodiesel/methyl ester Diesel

C12H23

Cloud point (◦C) Pour point (◦C) Flash point (◦C) Density (kg/l)

−1.1 −40 277 0.9095
1.7 −15 234 0.9148

10.0 −12.2 274 0.9048
1.7 −15.0 241 0.9236

12.8 −6.7 271 0.9026
−3.9 −31.7 246 0.9115
18.3 −6.7 260 0.9144
−3.9 −9.4 260 0.9133
−3.9 −12.2 254 0.9138

7.2 −15.0 274 0.9161
31.0 – 267 0.9180
20.0 – 150 0.9460

– −16 76 0.8550
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Table  4
Physical and chemical properties of methyl esters and diesel [57].

Vegetable oil
methyl ester

Kinematic viscosity
(mm2/s)

Cetane no. Lower heating value (MJ/kg) Cloud point (◦C) Pour point (◦C) Flash point (◦C) Density (kg/l)

Peanut 4.9 (37.8 ◦C) 54 33.6 5 – 176 0.883
Soya  bean 4.5 (37.8 ◦C) 45 33.5 1 −7 178 0.885
Babassu 3.6 (37.8 ◦C) 63 31.8 4 – 127 0.875
Palm 5.7 (37.8 ◦C) 62 33.5 13 – 164 0.880
Sunflower 4.6 (37.8 ◦C) 49 33.5 1 – 183 0.860
Tallow – – – 12 9 96 –
Rapeseed 4.2 (40 ◦C) 5 l–59.7 32.8 0.882
Palm 4.3–4.5 (40 ◦C) 64.3–70 32.4 – – – 0.872– 0.877
Soybean 4.0 (40 ◦C) 45.7–56 32.7 – – – 0.880
Diesel 3.06 50 43.8 – −16 76 0.855
20%  BD 3.2 51 43.2 – −16 128 0.859

Table 5
Physical and chemical properties of methyl esters and diesel [60].

Vegetable oil methyl ester Viscosity (c St) Density (g/L) Flash point (K) HHV (MJ/kg)

Cottonseed oil 3.75 871 455 41.18
Corn  oil 3.62 873 427 41.14
Crambe oil 5.12 848 463 41.98
Hazelnut oil 3.59 875 425 41.12
Linseed oil 2.83 885 415 40.84
Mustard oil 4.1 866 442 41.3
Olive oil 4.18 860 447 41.35
Palm oil 3.94 867 434 41.24
Rapeseed oil 4.6 857 453 41.55
Safflower oil 4.03 866 440 41.26
Sesame oil 3.04 880 418 40.9

865
863
864

m
p
t

v
d

i
s

h
a

3

a
i
v
r
c
q
a
s
c

T
P

Soybean oil 4.08 

Sunflower oil 4.16 

Walnut oil 4.11 

ajor modification to the engine. Singh et al. tabulated various
roperties of methyl esters of different vegetable oils and compared
hem with those of mineral diesel as shown in Table 4.

Ayhan also determined the properties of some methyl esters of
arious vegetable oils and made a comparison with those of mineral
iesel as shown in Table 5.

Different oils return the biodiesel of similar chemical and phys-
cal properties when these are transesterified, provided that that
uitable amount of alcohol and catalyst is used.

Banapurmath et al. compared the properties of methyl esters of
onge (HOME), jatropha (JOME) and sesame oil (SOME) with diesel
nd their results have been reproduced in Table 6.

. Use of catalysts

Transesterification process is carried out in the presence of cat-
lysts. Both acid and base catalysts are used and their selection
s made according to the characteristics of feedstock. The virgin
egetable oils, yellow grease (used cooking oil), or animal fats are
eacted with alcohol in the presence of acid or base catalysts. The
atalyst is used to expedite the reaction rate and to get better

uality biodiesel [36]. The base catalysts are preferred over acid cat-
lysts, owing to their capability of completion of reaction at higher
peed, requirement of lower reaction temperature, and their higher
onversion efficiency as compared to acid catalysts [62–65].  Fan-

able 6
roperties of diesel, HOME, JOME, and SOME [61].

Property Diesel HOME JOME SOME

Density (kg/m3) 840 870 870 882
Sp.  gravity 0.84 0.87 0.87 0.882
Kinematic viscosity (c St) at 40 ◦C 3.5 5.5 5.65 5.34
Flash point (◦C) 56 170 170 170
Calorific value (kJ/kg) 43,000 36,100 38,450 38,836
 441 41.28
 439 41.33
 443 41.32

grui et al. suggested that base catalyst is successful only when free
fatty acid (FFA) is less than one [66]. Crabbe is of the view that base
catalysts can also be used in case of FFAs greater than one but higher
amount of catalyst is needed [67]. On the other hand, Fukuda et al.
advocated that base catalysts exhibits excellent results when the
FFA of oil is below two. They also reported that the rate of trans-
esterification reaction becomes thousands times faster when base
catalyst is used instead of acid catalyst [68]. Dorado et al. com-
mented that the base catalysts are not successful for oils having FFA
greater than 3 [69]. However, Gerpan reported that base catalysts
could be effectively used for feedstock having FFA up to 5 [70].

The base catalysts cause the sponification when they react with
FFAs present in the vegetable oils or triglyceride, particularly when
the acid value of feedstock is high [71]. In such cases acid catalysts
are used.

The acid value of edible oils is normally low as compared to
non-edible oils. However the acid value of edible oils also increases
when they are used for frying purpose for long time. Tyagi et al.
reported that the acid value of soybean oil increases from 0.04% to
1.51%, when it is heated at 190 ◦C for 70 h [72]. The acid value of
rapeseed oil increases from 2 to 5.6 and that of palm oil increases
from 5.6 to 20, when the oils are used for frying [73,74]. In such
cases the use of acid catalysts shows better results.

3.1. Base catalysts

Base catalysts are popularly used to produce biodiesel, which
are mainly divided into two  types:

i. homogenous base catalysts
ii. heterogeneous base catalysts
3.1.1. Homogenous base catalysts
Various types of homogenous base catalysts are used for

the transesterification of vegetable oils. The most common
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Table 7
Properties of diesel, karanja oil, and biodiesel [91].

Properties ASTM test Diesel Karanja oil Biodiesel

Viscosity at 30 ◦C (c St) D0445-04E02 3.06 69.6 5.72
Density (kg m−3) D1298-99R05 860 911 885
Flash point (◦C) D0093-02A 76 230 170
Pour point (◦C) D0097-05A −16 −3 −6
Cloud point (◦C) D2500-05 −10 0 −2
Carbon residue (%) D0524-04 0.1 0.71 0.4
Ash  content (%) D0482-03 0.01 0.04 0.02
Sulfur content (%) D129-00R05 0.05 – 0.02
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mong these are sodium hydroxide, sodium methoxide, potassium
ydroxide, and potassium methoxide.

.1.1.1. Sodium hydroxide. The use of sodium hydroxide as cata-
yst is preferred over potassium hydroxide because it makes less
mulsification, eases the separation of glycerol, and is of lower cost
75,76].

Sinha et al. used sodium hydroxide, as catalyst, with methyl
lcohol to convert the rice brawn into biodiesel. They varied the
mount of catalyst and that of alcohol for various reaction temper-
tures and reaction times. They concluded that with methanol/oil
olar ratio of 9 and 0.75% NaOH, maximum yield was obtained in

 h at the reaction temperature of 55 ◦C [9].
Felizardo et al. reported that transesterified waste frying

il could be used as fuel to run the compression ignition
ngine. They suggested that methanol could be used to trans-
sterify oil in the presence of NaOH. They proposed that one
iter of methanol is sufficient for 4.8 l of oil, and 2.88 g NaOH

ill return the best results within 1 h. They performed all the
xperiments at 65 ◦C [77]. In 2008 Rashid et al. produced the
unflower methyl ester and optimized the affecting parameters.
hey reported that more than 97% yield could be obtained by
sing 1% NaOH and methanol/oil molar ratio of 6. They also con-
luded that suitable reaction temperature was 65 ◦C and time was

 h [78].
Hoda used cotton seed oil to convert it into biodiesel and

ptimized the parameters which affect the yield of biodiesel.
e employed methanol in the presence of NaOH by varying the
ethanol/oil molar ratio from 3 to 15 and amount of NaOH from

.3 to 0.9%. He concluded that maximum yield could be obtained
y employing methanol/oil molar ratio as 6 and amount of cat-
lyst as 0.3% of oil at temperature of 60 ◦C with reaction time of

 h [79].
Berchmans and Hirata transesterified crude palm and coconut

ils to produce biodiesel. They varied the affecting parameters and
oncluded that the oils having low FFA should be base transester-
ed using 1% NaOH and 28% methanol. They obtained 80% yield for
alm oil and 55% for that of coconut oil [80].

Leung and Guo compared and optimized the parameters which
ffect the yield of biodiesel using neat canola oil and used frying
il. They reported that conversion efficiency for neat canola oil was
0.4%, when it was transesterified using methanol/oil molar ratio
f 7 and 1% NaOH, maintaining the reaction temperature at 70 ◦C,
nd reaction time was 20 min. They further reported that the con-
ersion efficiency could be increased up to 93.5% by decreasing the
emperature from 70 ◦C to 40–45 ◦C but reaction time would be
ncreased up to 60 min. They also revealed that optimum parame-
ers for used frying oil were: methanol/oil molar ratio 7; 1.1% NaOH;
eaction temperature 60 ◦C; and reaction time 1 h. The maximum
ield was 88.8% [81].

Sharma and Singh conducted series of experiments on Jatropha
urcus oil. They varied the amount of methanol, NaOH, reaction
ime, and reaction temperature and concluded that the maximum
ield of 98% could be obtained by using 20% methanol and 1% NaOH
t reaction temperature of 60 ◦C with minimum reaction time of
0 min  [35].

Georgogianni et al. transesterified the used soybean oil and a
ixture of soybean and cotton seed oil using methanol and sodium

ydroxide. They concluded that the biodiesel produced from both
he oils have much similar properties which were also comparable
o mineral diesel [82].

Lubes and Zakaria compared the performance of two steps and

ingle step transesterification processes and reported that 1% NaOH
nd methanol/oil molar ratio of 6 yielded more than 95% biodiesel
hen temperature was maintained at 60 ◦C and the reaction was

ompleted in 1 h [83].
Calorific value (kJ/kg) – 42,490 38,416 37,425
Cetane number D613-84 50 39 48

Nye and Southwel remaked that methanol/oil molar ratio of 6, in
the presence of NaOH or KOH, yielded the satisfactory results [84].
Ahmad et al. optimized base catalyst for the transesterification of
peanut oil. They concluded that 3.4% of NaOH was appropriate [26].
Meng et al. expressed that good yield of biodiesel from used cooking
oil could be obtained by using methanol/oil molar of 6 and 1% NaOH
with reaction time of 1 h [85].

Yuan Lin and Hsiu-Au prepared the biodiesel from soybean oil
using methanol/oil molar ratio of 6 and 1% NaOH at 60 ◦C for 50 min.
Then 1% hydrogen per oxide (H2O2) was added in the biodiesel and
stirred in the reactor. The methyl ester was  separated and washed
with warm water to remove the un-reacted methanol and impu-
rities. The methyl ester was tested in a four stroke, four cylinder
engine and good results were found [86].

Zhang removed the moisture from the beef tallow before trans-
esterification. They transesterified tallow by using methanol/oil
molar ratio of 6 and 1% NaOH at 60 ◦C for 1 h. The methyl ester
was  re-transesterified using 20% methanol and 0.2% NaOH at 60 ◦C
for 20 min. Methyl ester was  washed and its properties were tested.
They reported that conversion efficiency was  80% and the quality
of biodiesel produced by two  steps transesterification was  better
than that of biodiesel obtained by single step reaction [87].

Chitra et al., Kulkarni and Dalai, and Leung and Chen also trans-
esterified different types of vegetable oils using sodium hydroxide
and they obtained good results [88–90].

3.1.1.2. Sodium methoxide. Sodium methoxide (NaOCH3) is more
effective than sodium hydroxide as catalyst because it is disinte-
grated into CH3O− and Na+ and does not form water in contrast to
NaOH/KOH. Moreover its required amount is 50% as compared to
sodium hydroxide [35]. But the catalyst is less common due to its
higher cost.

Srivastava and Verma prepared sodium methoxide solution
using 10 kg karanja oil, 28.5 g NaOH, and 2 kg methanol for transes-
terification. The reaction temperature was 70 ◦C and reaction time
was  about 1 h. After cooling, it was washed with 10% phosphoric
acid solution. They obtained 84% conversion efficiency. They also
tested the physical and chemical properties of biodiesel according
to standards and compared them with those of diesel, as shown in
Table 7.

Freedman et al. reported that 0.5% sodium methoxide and
1% sodium hydroxide exhibited similar results with methanol/oil
molar ratios of 6 [92]. Dias et al. established the optimum amount
of KOH, NaOH, and NaOCH3 for soybean oil, sunflower oil, and used
cooking oil. They concluded that 0.2–1% of any of these catalysts is
needed for neat oil and 0.4–1.2% is needed for used cooking oil [53].

Li et al. transesterified glycerides using methanol/oil molar ratio
of 5, in the presence of 0.6% sodium methoxide as catalyst. The

◦
reaction temperature was  maintained at 55 C and reaction time
was  half an hour. They obtained 97.25% conversion efficiency [93].

Rashid and Anwar transesterified safflower oil to convert it into
biodiesel. They varied the methanol/oil molar ratio from 3 to 18,
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eaction temperature from 30 ◦C to 60 ◦C and stirring speed from
80 to 600 rpm. They evaluated the performance of base catalysts
KOH, NaOH, KOCH3, and NaOCH3) and concluded that the best
onversion efficiency could be obtained by using 1% of sodium
ethoxide (w/v) with methanol/oil molar ratio of 6 at reaction

emperature of 60 ◦C, and stirring speed of 600 rpm. They did not
eport the optimum reaction time. The chemical and physical prop-
rties of biodiesel were also determined and found in accordance
ith (ASTM) D 6751 and EN 14214 specifications. Although they

btained 98% conversion efficiency, yet they did not carried out
heir experiments at temperatures higher than 60 ◦C. It was quite
ossible that the conversion efficiency might increase at higher
emperatures [94].

Encinar et al. evaluated the performance of sodium hydroxide,
otassium hydroxide, and sodium methoxide as catalysts using
ethanol. They varied the methanol ratio from 5 to 21% (by wt.)

f cynara cardunculus oil, amount of catalyst 0.1–1% (by wt) and
eaction temperature from 25 to 60 ◦C. They concluded that the
iodiesel of best quality could be achieved by the use of 1% sodium
ethoxide and 15% methanol at 60 ◦C. They reported that the prop-

rties of the obtained biodiesel were very much similar to those of
ineral diesel [95].

.1.1.3. Potassium hydroxide (KOH). Potassium hydroxide is a base
atalyst which is widely used in the transesterification process.
ncinar et al. compared the performance of NaOH and KOH and
eported that the performance of KOH was better than that of NaOH.
hey also reported that the separation of biodiesel and glycerol
as easier when KOH was used as catalyst; hence it was preferred

ver NaOH [96]. Isigigur et al. transesterified safflower seed oil
f Turkish origin using 1% KOH and obtained 97.7% methyl ester
97].

Tomasevic and Siler-Marinkovic converted sunflower oil and
sed cooking oil into biodiesel, using methanol in the presence of
aOH and KOH. They varied the methanol/oil molar ratio from 4.5

o 9 and KOH or NaOH from 0.5% to 1.5% of oil keeping reaction
emperature at 25 ◦C for 30 min. They concluded that use of 1% of
OH and methanol/oil molar ratio of 6 at 25 ◦C returned the highest
ield of best quality biodiesel in 30 min  [98].

Refaat et al. optimized the parameters affecting the produc-
ion of biodiesel. They used neat sunflower oil and waste vegetable
ils as feedstock for biodiesel. They reported that more than 96%
iodiesel could be obtained in 1 h by using 1% KOH and methanol/oil
olar ratio 6 at 65 ◦C reaction temperature. They also reported that

onversion efficiency was decreased by 1% when NaOH was  used
nstead of KOH [55].

Rodjanakid and Charoenphonphanich transesterified palm oil
tearin using 4 g of KOH and 200 ml  of methanol per liter of oil
t the temperature of 60 ◦C for 1 h. Magnetic stirrer was  used to
ix  the materials homogenously. After the completion of reaction

he methyl ester was separated from glycerol. The experiment was
epeated by using 300 ml  of ethanol and similar types of results
ere obtained. The methyl/ethyl ester was then washed, neu-

ralized and tested in accordance with ASTM 6751 standards for
hysical and chemical properties. They reported that the results of
ethyl esters were better than those of ethyl ester [99].
Meher et al. performed a series of experiments to estab-

ish the adequate amount of KOH and methanol to convert the
aranja oil into karanja methyl ester. They concluded that 1% KOH,
ethanol/oil molar ratio of 6, reaction temperature 65 ◦C, and reac-

ion time of 2 h were the optimum values for transesterification
eaction. They also reported that most of the reaction was  com-

leted within first 15 min; however 2 h were suitable to obtain
aximum conversion efficiency (97–98%) [36].
Karmee determined the conversion rate of crude pongamia pin-

ata oil using methanol/oil molar ratio 10 in the presence of KOH
le Energy Reviews 15 (2011) 4732– 4745 4737

as catalyst, at 60 ◦C and found 92% biodiesel. The conversion effi-
ciency was increased to 95% when tetrahydrofuran (THF) was used
as a co-solvent [100].

Tomasevic and Siler-Marinkovic performed a series of exper-
iments and concluded that biodiesel of good quality could be
obtained by using waste frying oil in the presence of 1% KOH
and methanol/oil molar ratio of 6 at 25 ◦C for half an hour. They
also reported that conversion efficiency could not be increased by
increasing the amount of alcohol or catalyst [98]. Rao et al. and Mit-
telbach and Trathnigg also transesterified sunflower oil using KOH
to produce sunflower oil methyl ester. They tested its physical and
chemical properties and commented that the biodiesel could be
used safely in compression ignition engines [101,102].  Higher con-
version efficiency of biodiesel could be obtained with higher ratio of
alcohol and KOH. Allawzi and Kandah displayed promising results
using 300 ml  ethanol and 1.2 g KOH for each liter of used soybean
oil [103].

Dorado et al. converted Brassica carinata oil into methyl ester.
They reported that methanol/oil molar ratio of 4.6 with 1.4% KOH at
20–45 ◦C, returned good results in 30 min. They also reported that
the lower amount of KOH and extra amount of methanol were the
causes of soap formation and reduced yield [104]. Antolín et al. con-
verted sunflower oil using 0.28% KOH and two  to three times excess
amount of methanol than stoichiometric ratio at reaction temper-
ature of 70 ◦C, and obtained more than 96% yield [105]. Hazelnut
kernel oil was  transesterified by Gumus, using methanol and KOH.
He tested the hazelnut methyl ester in a diesel engine and encour-
aging results were reported [106].

3.1.1.4. Potassium methoxide. Potassium methoxide is a base cat-
alysts which can also be used for transesterification reaction.
Although it was tested by many researchers, yet very few rec-
ommended using it on regular basis. Casas et al. transesterified
vegetable oil in the presence of KOH and CH3OK, as catalyst. They
compared the performance of these catalysts and reported that
99.2% yield was  obtained in 1 h when 0.455% of CH3OK was used
with methanol to oil molar ratio of 8.5, and reaction time was 1 h.
Whereas 98.1% yield was  obtained in 3 h when 0.382% KOH was
used with methanol to oil ratio of 11.3. No increase in conversion
efficiency was observed in any case by increasing the amount of
catalyst, methanol or time [63].

Encinar evaluated the performance of sodium hydroxide, potas-
sium hydroxide, sodium methoxide, and potassium methoxide as
catalyst using ethanol. They varied ethanol/oil molar ratio from 6 to
12, amount of catalyst from 0.1 to 1.5% by wt., and temperature from
35 to 78 ◦C. They concluded that KOH was  the most effective cat-
alyst among the four catalysts; however the conversion efficiency
using NaOH and CH3OK was almost the same. The maximum con-
version efficiency was  about 75%, the reaction was  completed at
higher rate when CH3OK was used instead of NaOH [107].

Vicente et al. compared the performance of sodium hydroxide,
potassium hydroxide, sodium methoxide, and potassium methox-
ide and concluded that the effects of all the four catalysts were
similar in the transesterification reaction. All the experiments were
conducted at temperature of 65 ◦C using methanol to sunflower oil
molar ratio of 6 and amount of catalyst 1%. The results are shown
in Table 8.

Rashid et al. converted cotton seed oil into biodiesel using
sodium hydroxide, potassium hydroxide, sodium methoxide and
potassium methoxide. It was resulted that 96% methyl ester was

obtained with sodium methoxide, 89% with sodium hydroxide, 84%
with potassium methoxide and 76% with potassium hydroxide in
2 h at 65 ◦C reaction temperature [108]. The yield of methyl ester,
using these catalysts, for different reaction times is shown in Fig. 3.
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Table 8
Effect of catalysts on the biodiesel purity and yield [43].

Sodium hydroxide Potassium hydroxide Sodium methoxide Potassium methoxide

Biodiesel purity (wt.%) 99.70 99.7 ± 0.04 99.69 99.76 ± 0.05 99.70 99.72 ± 0.03 99.40 99.52 ± 0.10
99.75  99.80 99.69 99.50
99.72  99.80 99.72 99.65
99.65  99.74 99.75 99.53

Biodiesel yield (wt.%) 86.33 86.71 ± 0.28 91.67 91.67 ± 0.27 99.17 99.33 ± 0.36 98.33 98.46 ± 0.16
86.67  91.67 99.33 98.50
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acid catalysts. The acid value of the products is reduced and then
87.00  91.33 

86.71  92.00 

.1.2. Heterogeneous base catalysts
Homogenous catalysts are very effective catalysts which are fre-

uently used but the major problem associated with the use of these
atalysts is their removal from methyl ester which needs excessive
ashing. A lot of energy, water, and time are consumed; moreover

hese catalysts cannot be reused. In contrast to that, the heteroge-
eous (solid) base catalysts being insoluble, are separated simply
ith filtration and can be reused many times. A lot of research has

een done in this direction. Commonly used solid base catalysts
re alkaline earth metal oxides, zeolite, KNO3 loaded on Al2O3,
NO3/Al2O3, BaO, SrO, CaO, MgO  etc. [109,110].  Among the solid
ase catalysts BaO takes minimum time while MgO  takes the max-

mum time to complete the reaction [111].
Ayhan reported that sunflower oil was converted into methyl

ster at the temperature of 252 ◦C in about 30 min  using 3% CaO and
ethanol to oil molar ratio of 41 [112]. Liu et al. used SrO as a solid

ase catalyst to convert soybean oil into biodiesel and achieved
ore than 95% conversion efficiency in just 30 min  at a temperature

f lower than 70 ◦C. They reported that the catalysts could be reused
en times effectively [113].

Liu et al. used calcium ethoxide as solid base catalyst which was
repared by reacting calcium and ethanol. They proposed the opti-
um condition as, methanol/oil molar ratio 12, calcium ethoxide

%, and 65 ◦C reaction temperature. More than 95% soybean oil was
onverted into methyl ester within 90 min  [114].

Kouzu et al. compared the performance of homogenous and
eterogeneous base catalysts for the transesterification of soybean
il. The experiments were conducted using calcium oxide (CaO),
alcium hydroxide (Ca(OH)2), and calcium carbonate (CaCO3). The
onversion efficiency was found to be 93% by using CaO, 12% by
sing Ca(OH)2, and 0% by using CaCO3 in 1 h. Since the use of CaO
eturned wonderful yield so further experiments were conducted
sing that catalyst by varying the reaction time, moisture contents,

nd feedstock of different characteristics. The results have been
eproduced in Table 9.
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ig. 3. Influence of catalyst type on the yield of cottonseed oil methyl esters
methanol/oil molar ratio of 6, temperature 65 ◦C, and rate of stirring 600 rpm).
99.83 98.33
99.00 98.67

3.2. Acid catalysts

Acid number is acidic functional group and measured in terms of
quantity of potassium hydroxide required to neutralize the acidic
characteristics of the sample [35].

Although the base catalysts are very efficient and popular for
transesterification processes but these catalysts do not exhibit good
results when the feedstock contains water contents and its acid
value is high. Base catalysts are highly sensitive to water contents,
which cause soap formation, and separation becomes difficult. The
acid values of most of the non-edible oils are higher than the per-
formance range of base catalysts. So, in such cases acid catalysts are
used. But the problems associated with these catalysts are, require-
ment of higher amount of alcohol, higher reaction temperature and
pressure, and slower reaction rate [9]. Reactor corrosion and envi-
ronmental issues are also the hurdles in the use of acid catalysts
[116].

Both homogenous and heterogonous acid catalysts can be used
for transesterification. The acid catalysts which are more commonly
used include, sulfuric acid, hydrochloric acid, phosphoric acid, and
sulfonated organic acids.

The FFA of neat edible oils is normally low but these oils are
costly and conversion of too much edible oil into biodiesel may
cause food crises [117,118].  Hence the only choice is the use of
waste oils or non-edible feedstock. The FFA of non-edible oils is
generally high. FFA of edible oils is increased when these oils are
used for frying purposes, due to hydrolysis of triglyceride. Acid cat-
alysts are recommended to handle such feedstock. The acid value
of some of the edible, non-edible, and used cooking oils is shown
in Table 10.

Acid catalysts are generally used for two step transesterification.
In the first step the oils are reacted with alcohol in the presence of
the oil is re-reacted with methanol in the presence of base catalysts
[102,124–127]. By this pretreatment the value of FFA decreases to
alkaline transesterification range. Generally the value is reduced to

Table 9
Influences of free fatty acids, moisture, and polar fraction on transesterification of
waste cooking oil (WCO) using calcium oxide [115].

Composition (wt%) Yield of FAMEa (%)

FFAb Moisture Polars 0.5 (h) 1.0 (h) 2.0 (h)

SBOc <0.1 <0.01 <0.1 62 93 >99
WCOd 2.6 0.05 18.7 0 66 >99
SBO-Fe 2.5 <0.01 <0.1 0 76 >99
SBO-Mf <0.1 0.05 <0.1 49 95 >99
SBO-Pg <0.1 <0.01 15 54 97 >99

a By transesterifying at reflux of methanol.
b Free fatty acid.
c Edible soybean oil.
d Waste cooking oil with acid value of 5.1 mg-KOH/g.
e Edible soybean oil blended with free fatty acids extracted from WCO.
f Edible soybean oil with a dosage of distillated water.
g Edible soybean oil blended with polar fraction extracted from WCO.
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Table  10
Acid value of edible and non-edible oils.

Edible oils Acid value Non-edible oils Acid value

Rapeseed oil [39] 2.0 Rubber oil [119] 17.0
Coconut oil [80] 1.2 Karanja oil [35] 2.5
Soybean oil [119] 0.2 Tobacco oil [120] 35.0
Cotton seed oil [119] 0.1 Polanga oi [12] 22.0
Palm oil [80] 6.1 Jatropha oil [121] 14.9
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of byproduct was  found [139]. The results reported by them are
reproduced in Fig. 5.

Some scientists developed sugar (sulfonated carbon) catalysts
for the development of biodiesel and satisfactory results were
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ess than one. In the next step the oil is re-transesterified by using
odium or potassium hydroxide as catalyst [128]. The feedstock
aving higher value of FFA is recommended to be transesterified in
wo step fashion.

.2.1. Homogenous acids
Dorado et al., Canakci and Gerpan, and Talens et al. converted

he feedstock of higher acid value into biodiesel. They exercised a
wo step esterification. In the first step they used liquid acid and

ethanol for their esterification with which their acid value was
educed and then the oils were re-esterified using base catalyst
69,129,130].

Sahoo et al. transesterified the polanga oil in two  steps. In the
rst step the oil was reacted with methanol in the presence of sulfu-
ic acid and in the second step the fluid was transesterified by 1.5%
OH and methanol/oil molar ratio of 9, for 4 h. They optimized the
mount of acid catalysts to reduce the acid value of polanga oil
rom 22% to 2%. They reported that 0.65% catalysts (98.4% anhy-
rous sulfuric acid) and methanol/oil molar ratio of 6 returned the
est results in 4 h. It was then re-transesterified with methanol/oil
olar ratio of 9 and 1.5% KOH for 4 h at 65 ◦C [12].
Wang et al. reported that the issue of high value of FFA could

e tackled the by a two stage transesterification. In the first stage
% w/w ferric sulfate and methanol/oil molar ratio of 10 was used
or 4 h and the temperature was maintained at 95 ◦C. In the second
tage NaOH of 0.5, 1, 1.5, 2, and 3 percent of oil was dissolved in
ethanol. It was then mixed with already esterified oil and stirred

or 2 h at the temperature of 65 ◦C, and more than 97% methyl ester
as achieved [65].

Puhan et al. converted linseed oil into biodiesel using 5% sulfuric
cid and methanol/linseed oil molar ratio of 20 at 62–65 ◦C for 5 h.
hen the biodiesel was washed with 5% salt water to reduce the PH
alue to neutral and product was dried in an oven, finally linseed
il methyl ester was found. They studied the chemical structure of
inseed oil and compared its properties with linseed methyl ester.
hey tested this fuel in a single cylinder, four stroke, direct injection
iesel engine, and found satisfactory results [131].

Ramadhas et al., Veljkovic et al. and Ghadge and Raheman
educed FFA of rubber oil (FFA 17), Tobacco oil (FFA 35) and Mahua
il (FFA 19) using acid catalyst. Their FFA was reduced to the range
hich was permissible for alkaline catalyst [119,120,122].

Although the acid catalysts are cheaper than base catalysts yet
ore amount of alcohol is needed when acid catalysts are used.
oreover, in the presence of acids in the reactants, the reactors of

pecial material are required; hence the overall cost is increased
132]. Crabbe et al. transesterified crude palm oil using 5% sulfuric
cid catalyst with methanol/oil molar ratio of 40. They conducted
he experiments at the temperatures of 70 ◦C, 80 ◦C, and 95 ◦C
nd varied the reaction time. They concluded that reaction rate
ould be increased by increasing the reaction temperature. They
eported that about 99.7% conversion efficiency was obtained in

ust 9 h at the reaction temperature of 95 ◦C and similar efficiency

as obtained in 24 h at the temperature of 80 ◦C, using the simi-
ar amount and type of catalyst [67]. However, very low yield was
eturned at 70 ◦C even after 24 h. The results are shown in Fig. 4.
Reaction time (h)

Fig. 4. Effect of reaction temperature and time on ester yield.

Miao et al. transesterified oil using trifluoroacetic acid as cat-
alyst to covert vegetable oil into biodiesel directly by one step
under mild pressure and temperature conditions. They reported
that more than 98% yield could be obtained in about 5 h by employ-
ing 2.0 M catalysts concentration using methanol/oil molar ratio of
20 [133].

3.2.2. Heterogeneous acid catalysts
Heterogeneous acid catalysts are preferred over homogenous

catalysts, because they do not dissolve in the alcohol and feedstock,
hence they can be separated easily by filtration and can be reused.
Such catalysts are effective for the esterification of FFA as well as
of triglycerides, so their use is admired [134].

In 1996 Chavan et al. used super acid (SO4
2−/SnO2) as catalyst

for esterification of ß Keto ester and obtained 97% conversion effi-
ciency in 6 h [135]. In 2001 Chavan et al. used Amberlyst-15 and
SO4

2−/SnO2 solid catalysts for esterification and they obtained the
excellent results. They reported that Amberlyst-15 was  cheaper and
more effective for primary, secondary and allylic alcohols [136].
Matsuhashi et al. concluded that sulfated tin oxide (SO42−/SnO)
have sufficient capabilities of esterification and strong acidity on
the surface [137].

Zabeti et al. compared the performance of ZrO2/SO4
2− and

ZrO2/WO3
2− and reported that conversion efficiency was 57% and

10% respectively [138]. Furuta et al. prepared solid super acid cata-
lysts of tungstated zirconia–alumina (WZA), sulfated tin, zirconium
oxides (SZA), and sulfated tin oxide (STO). They used them to trans-
esterify the soybean oil with methanol at 200–300 ◦C. The catalysts
showed high activities for the esterification and a very little amount
0
350300250200150

Tempature °C 

Fig. 5. Transesterification of soybean oil with methanol.
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ifferent catalysts.

eported. Such catalysts can be used to perform transesterifica-
ion process at relatively lower temperatures [140–142]. Wang
t al. compared the performance of sulfuric acid and ferric sulfate
Fe2(SO4)3) and reported that ferric sulfate exhibits better results
s compared to sulfuric acid and it could be used in mild conditions
65].

.3. Enzyme catalysts

The transesterification of vegetable oils or animal fats can also be
arried out by using enzyme catalysts which are preferred because,
y using them, soap is not formed; hence there is no problem
f purification, washing, and neutralization. Another advantage
f using enzymatic catalysts is that the reactions can be carried
ut at mild conditions. Enzymatic catalysts can also be applied on
he feedstock of high FFA and converts more than 90% of oil into
iodiesel. But the problems associated with enzyme catalysts are
heir higher cost and longer reaction time [143]. In spite of these
roblems interest is increasing in the use of enzymatic catalysts.
or instance, in the year 2004, as shown in Fig. 6, twenty-nine
esearchers published their results who used enzymatic catalysts,
hereas 25 used alkaline catalysts, and only 9 used acidic catalysts

144].
Athawale et al. transesterified soybean and linseed oil using

ipases and concluded that the use of lipozyme as catalyst showed
he excellent results for both the oils [145]. Jeong and Park con-
erted rapeseed oil in 24 h using methanol/oil molar ratio of 3
t 40 ◦C temperature with 5% (w/w) Novozym 435 as catalyst.
he conversion efficiency was more than 76%. Tert-butanol was
dded to restructure the effects of excess methanol [146]. Shah
t al. performed transesterification of Jatropha oil using three
ifferent enzymes (i) Chromobacterium viscosum, (ii) Candida
ugosa, and (iii) Porcine pancreas. They concluded that Chromobac-
erium viscosum was the best catalyst which returned 71% yield
n 8 h. They also reported that yield could be increased to 92%
sing optimum conditions [147]. Liu et al. used Novozym 435,
ipozyme TLIM, and Lipozyme RMIM enzymes as catalysts to con-
ert the stillingia oil into biodiesel in solvent-free and tert-butanol
ystem [148]. Soumanou and Bornscheuer reported that lipase
rom Pseudomonas fluorescens with methanol/sunflower oil molar
quivalent ratio of 4.5 could yield more than 90% biodiesel [149].
elson et al. reported that admirable results were found for transes-

erification of tallow using lipase from Mucor miehei with primary

lcohols and Candida Antarctica with secondary alcohols. They also
eported that similar type of results could be found for other feed-
tock of high FFA [150].
Fig. 7. Effect of microwave power level on transesterification of waste cooking oil.

4. Transesterification via radio frequency microwaves

Transesterification is also carried out using high frequency
microwave irradiations. Microwave irradiations expedite the
chemical reactions, reducing the time from hours to minutes and
minutes to seconds. The microwave radiations mainly consist of
infrared and radio waves. Generally the wavelength of microwaves
lies between 1 mm  and 1 m and frequency from 300 MHz  to
300 GHz [151].

Refaat et al. transesterified used cooking oil using 20% methanol,
1% NaOH at 65 ◦C. The reaction was completed in 60 min  and sep-
aration phase was completed in 8 h with conventional method.
The process was repeated with same amounts of alcohol and cat-
alyst using microwave irradiations. The reaction was completed
within 2 min  and separation phase was completed in 30 min. The
conversion efficiency was  100%, as compared to 96% with that of
conventional method [152]. Saifuddin and Chua produced ethyl
ester using 0.5% NaOH, 100% excess anhydrous ethanol using
microwave irradiation of 750 watts. They optimized the microwave
exit power and reaction time. It was  reported that the optimum
reaction time was 4 min  as compared to 75 min with usual trans-
esterification method at 50% exit power of 750 W microwave [76].
The results are shown in Fig. 7.

Microwave assistated technique was used by Zhang et al. to
convert yellow horn oil into methyl ester using heterogeneous cata-
lyst. In this process 1% catalyst Cs2.5H0.5PW12O40 and methanol/oil
molar ratio of 12 was  used, and more than 96% oil was converted
into biodiesel in 10 min. The catalyst is recyclable and can be used
at least 9 times [153]. Microwave assisted transesterification pro-
cess was  also adopted by Yaakob et al. to convert the Jatropha
oil and waste frying palm oil into their methyl esters. They opti-
mized the parameters i.e., the amount of methanol and NaOH, and
reaction temperature and time. They concluded that methanol/oil
molar ratio 12, 1% NaOH, 65 ◦C reaction temperature, and 7 min
reaction time is most appropriate. They obtained yields more than
88% in both cases [154]. Noureddini et al. and Krisnangkura and
Simamaharnnop carried out the transesterification of various oils
and reported that 1 min  time is sufficient to complete the reaction
for excellent conversion efficiency [155,156].

Lertsathapornsuk et al. used ethanol/waste frying palm oil ratio
of 12 and 3.0% NaOH for half minute to convert the oil into 97%
ethyl ester. Some modifications, as shown in Fig. 8, were made in
the kitchen microwave oven of 800 watt, to use in this process. The
properties of the ester were found exactly in accordance with the
international standard AST 6751 [157].

Lertsathapornsuk et al. also performed intensive experiments

assisted with microwave oven to optimize the amount of ethanol
and reaction time using 1% NaOH. They concluded that yield of
biodiesel was  increased from 7.19% to 100% as the molar ratio of
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thanol to the used cooking oil was increased from 3 to 9. The maxi-
um  yield (100%) was obtained in ten seconds when the alcohol to

il molar ratios were greater than 9. They also reported that chem-
cal reaction did not depend on the reaction time but it depended
n the oil/methanol molar ratio [158]. The results are shown in
able 11.

Stavarache et al. produced biodiesel using 28–40 kHz ultra-
ound. They reported that requirement of amount of catalyst is
educed from 50 to 66%, when ultrasound irradiations were used,
hile alcohol/oil molar ratio was the same as in the case of conven-

ional method. The reaction time was decreased by increasing the
requency of ultrasound. However, the low frequency ultrasound
eturned better yield [159].

. Transesterification using super critical methanol

Super critical methanol transesterification is a technique in
hich the feedstock is reacted with super critical methanol at

xtremely high pressure and temperature. With this technique the
egetable oils or animal fats can be converted into biodiesel with
ighly reduced time without the use of any type of catalyst. Due to
he absence of catalyst, no washing and neutralization is required.
nother merit of this process is that the water contents do not affect

he reaction. However, the problem associated with this technique
s the requirement of high pressure and temperature at which oil
nd supercritical methanol exist in the single phase.

Hawash et al. converted jatropha oil into methyl ester by con-

entional and super critical methanol methods. They reported that
he reaction was completed in 4 min  at 220 ◦C and 84 bars. The yield
as 100% and the process was simple [160]. Kusdiana and Saka

ransesterified rapeseed oil using conventional and super critical

able 11
onversion efficiency into fatty methyl ester by varying ratio of ethanol and reaction
ime.

Reaction time (s) % Yield of fatty ethyl ester at different molar ratio

3:1 6:1 9:1 12:1 15:1 18:1

10 7.19 23.9 100 100 100 100
20  5.44 34.27 100 100 100 100
30  3.82 27.84 100 100 100 100
40  5.93 31.32 100 100 100 100
50  6.69 39.21 100 100 100 100
60 6.67 32.31 100 100 100 100
80  2.52 41.16 100 100 100 100

100 8.67 24.87 100 100 100 100
inuous microwave reactor.

methanol methods. They reported that maximum conversion effi-
ciency could be obtained by applying methanol/oil molar ratio 42
via supercritical methanol treatment at the temperature of 350 ◦C
and pressure of 300 bars for 6 min  [161]. Demirba transesterified six
different vegetable oils by conventional method and super critical
methanol method. He reported that methanol/vegetable oil molar
ratio 41 returned best yield (about 96%) at the temperature and
pressure of 250 ◦C and 80 bars respectively. The reaction time was
reduced from 2 h with conventional method to 220 s with super
critical methanol method [33].

Yin et al. used co-solvent technique with super critical methanol
at the temperature ranging from 260 ◦C to 350 ◦C, methanol/oil
molar ratio was 42. They obtained more than 98% conversion of
soybean oil. They also resulted that using 0.1% KOH in the reaction,
temperature could be decreased to 160 ◦C [162]. Boocock et al. also
used co-solvent technique using tetrahydrofuran and reaction was
completed at moderate conditions and good yield was found [163].

Saka and Kusdiana prepared the methyl ester using rapeseed oil
by super critical methanol (SC MeOH) method and compared it with
conventional method [73]. The results are reproduced in Table 12.

Cao et al. transesterified soybean oil via supercritical methanol
using methanol/oil molar ratio of 42, at temperatures of 350 ◦C
and 400 ◦C and pressures of 450 and 650 bars. The good yield
was  obtained in 6 min. They also carried out the experiments
using propane as co-solvent which caused to produce biodiesel at
decreased temperature and pressure. The conversion efficiency was
also improved [164].

Kusdiana and Saka compared the conversion efficiency
of different oils using acid catalysts, base catalysts, and

supercritical methanol [74]. The results are reproduced in
Table 13.

Table 12
Comparison between the conventional method and the supercritical methanol
method for biodiesel production.

Conventional method SC MeOH method

Reaction time 1–8 h 120–240 s
Reaction conditions 1 bar, 30–65 ◦C >80 bars and >239.4 ◦C
Catalyst Acid or alkali None
Free fatty acids Saponified products Methyl ester
Yield Normal Higher
Removal for purification Methanol, catalyst and

saponified products
Methanol

Process Complicated Simple
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Table 13
Comparison of conversion efficiency of different feedstock with different methods.

Raw material FFA content wt% Water content wt% Yields of methyl esters wt%

Alkaline catalyzed Acid catalyzed Supercritical methanol

Rapeseed oil 2.0 0.02 97 98.4 98.5
Palm  oil 5.3 2.1 94.4 97.8 98.9
Used  frying oil 5.6 0.2 94.1 97.8 96.9

6

•

•

•

•

•

•

•

•

•

•

•

Waste palm oil >20.0 >61.0 

. Conclusions

Vegetable oils and animal fats can be used to supplement min-
eral diesel oil. Fortunately no modifications in the engines are
required to replace the diesel fuel with such fuels. These fuels are
naturally grown and recyclable.
Engines can be run on straight vegetable oil but for short terms
only. To run it for longer time the properties of vegetable oils, or
animal fats, and their chemical structure is required to be altered
prior to use them in the compression ignition engines.
Although, many means and ways are used to alter the chemical
structure and the properties of vegetable oils, yet transesterifi-
cation is more commonly used. It is an easy method and returns
biodiesel of better quality.
The conversion efficiency via transesterification depends upon
many factors, e.g., type of feedstock, type and amount of alcohol
and catalysts, reaction time, and reaction temperature.
Mainly ethanol or methanol is used for tansesterification pro-
cess. As methanol is cheaper, hence a vast majority of people
use methanol. Moreover, the lesser quantity of methanol (66%)
is used as compared to ethanol.
The reaction temperature and reaction time depends upon type of
catalyst, and type of processes. However, in general, reaction tem-
perature is 55–70 ◦C and reaction time is 1–2 h for conventional
catalysts and conventional processes.
Catalysts play very important role in the development of
biodiesel. Generally homogenous base catalysts are used. Most
of the biodiesel producers use sodium hydroxide or potassium
hydroxide. Although some researchers are of the view that
sodium hydroxide is better than potassium hydroxide and some
reported that potassium hydroxide is better than sodium hydrox-
ide. But most of the authors are of the view that both sodium
hydroxide and potassium hydroxide perform equally well.
Sodium and potassium methoxides return better yield than all
catalysts but they are costly, so they are not very frequently used.
Heterogeneous or solid base catalysts are cheaper and more effec-
tive for the feedstock of higher value of FFA.
Acid catalysts are preferred over base catalysts when feedstock
contains moisture and having higher value of FFA. Both homoge-
nous and heterogeneous acids are used for such oils. High reaction
temperature and time is needed with the use of acid catalysts.
Solid catalysts are insoluble in oil and alcohol, hence their sepa-
ration is easy and they can be reused many times. However, the
use of acid catalysts is environmental hazardous. In addition to
that corrosion free reactor is needed when acid catalysts are used.
Bio-catalysts (enzymes) are also used for transesterification but
these are costly and they require longer reaction time. Hence
these catalysts are not very frequently used.
Transesterification can be highly expedited using radio frequency
microwaves. Microwaves of 300 MHz  to 300 GHz with wave-
length of 1 mm to 1 m are generally used. This method is very

fast and efficient. The conversion and settling time is magically
decreased. The conversion time is reduced from 2 h to 4 min  and
settling time is reduced from 8 h to 30 min. No catalyst is required
in this procedure and excellent quality of biodiesel is produced.
No reaction No reaction 95.8

• Super critical methanol can also be used to expedite the trans-
esterification. The conversion of vegetable oils into biodiesel is
done in about 4 min  but the extremely high pressure and temper-
ature is required for this method. Therefore the reaction becomes
highly sensitive and costly. A lot of energy is required to build
such a high pressure and temperature. Use of co-solvent is also
used to improve the conversion efficiency.
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of biodiesel production by sunflower oil transesterification. Biores Technol
2002;83:111–4.

106] Gumus M.  Evaluation of hazelnut kernel oil of Turkish origin as alternative
fuel  in diesel engines. Renew Energy 2008;33:2448–57.

107] Encinar JM,  González JF, Rodríguez-Reinares A. Ethanolysis of used fry-
ing oil. Biodiesel preparation and characterization. Fuel Process Technol
2007;88:513–22.

108] Rashid U, Anwar F, Knothe G. Evaluation of biodiesel obtained from cotton-
seed oil. Fuel Process Technol 2009;90:1157–63.

109] Xie W,  Peng H, Chen L. Transesterification of soybean oil catalyzed by
potassium loaded on alumina as a solid-base catalyst. Appl Catal A: Gen
2006;300:67–74.

110] Suppes Galen J, Dasari Mohanprasad A, Doskocil Eric J, Mankidy Pratik J, Goff
Michael J. Transesterification of soybean oil with zeolite and metal catalysts.
Appl Catal A: Gen 2004;257:213–23.

111] Kabashima H, Katou T, Hattori H. Conjugate addition of methanol to 3-buten-
2-one over solid base catalysts. Appl Catal A: Gen 2001;214:121–4.

112] Ayhan D. Biodiesel from sunflower oil in supercritical methanol with calcium
oxide. Energy Convers Manage 2007;48:937–41.

113] Liu X, Huayang H, Wang Y, Zhu S. Transesterification of soybean oil to biodiesel
using SrO as a solid base catalyst. Catal Commun 2007;8:1107–11.

114] Liu X, Piao X, Wang Y, Zhu S. Calcium ethoxide as a solid base catalyst for the
transesterification of soybean oil to biodiesel. Energy Fuel 2008;22:1313–7.

115] Kouzu M,  Kasuno T, Tajika M,  Sugimoto Y, Yamanaka S, Hidaka J. Calcium
oxide as a solid base catalyst for transesterification of soybean oil and its
application to biodiesel production. Fuel 2008;87:2798–806.

116] Peng BX, Shu Q, Wang JF, Wang GR, Wang DZ, Han MH.  Biodiesel production
from waste oil feedstocks by solid acid catalysis. Process Saf Enviro Protect
2008;86:441–7.

117] Gui MM,  Lee KT, Bhatia S. Feasibility of edible oil vs. non-edible oil vs. waste
edible oil as biodiesel feedstock. Energy 2008;33:1646–53.

118] Gressel J. Transgenics are imperative for biofuel crops. Plant Sci
2008;174:246–63.

119] Ramadhas AS, Jayaraj S, Muraleedharan C. Biodiesel production from high FFA
rubber seed oil. Fuel 2005;84:335–540.

120] Veljkovic VB, Lakicevic SH, Stamenkovic OS, Todorovic ZB, Lazic ML. Biodiesel
production from tobacco (Nicotiana tabacum L.) seed oil with a high content
of  free fatty acids. Fuel 2006;85:2671–5.

121] Tiwari AK, Kumar A, Raheman H. Biodiesel production from jatropha oil
(Jatropha curcas)  with high free fatty acids: an optimized process. Biomass
Bioenergy 2007;31:569–75.

122] Ghadge SV, Raheman H. Biodiesel production from mahua (Madhuca indica)
oil  having high free fatty acids. Biomass Bioenergy 2005;28:601–5.

123] Sousa LL, Lucena IL, Fernandes ANF. Transesterification of castor oil: effect of
the  acid value and neutralization of the oil with glycerol. Fuel Process Technol
2010;91:194–6.

124] Lepper H, Friesenhagen L. Process for the production of fatty acid esters of
short-chain aliphatic alcohols from fats and/or oils containing free fatty acids.
US Patent No. 4608202; August 26, 1986.

125] Hancsók J, Kovács F, Krár M.  Production of vegetable oil fatty acid methyl
esters from used frying oil by combined acidic/alkali transesterification. Petrol
Coal 2004;46:36–44.

126] Sprules FJ, Price D. Production of fatty esters. US Patent 2; 1950. p. 366–494.
127] Berchmans HJ, Hirata S. Biodiesel production from crude Jatropha cur-
cas L. seed oil with a high content of free fatty acids. Bioresour Technol
2008;99:1716–2172.

128] Lianhua L, Pengmei LV, Wen  L, Zhongming W,  Zhenhong Y. Esterification
of  high FFA tung oil with solid acid catalyst in fixed bed reactor. Biomass
Bioenergy 2010;34:496–9.
le Energy Reviews 15 (2011) 4732– 4745

[129] Canakci M,  Gerpan JV. Biodiesel production from oils and fats with high free
fatty acids. Trans Am Soc Agric Eng 2001;44:1429–36.

[130] Talens L, Villalba G, Gabarrell X. Exergy analysis Appl to biodiesel production.
Resour Conserv Recycl 2007;51:397–407.

[131] Puhan S, Jegan R, Balasubbramanian K, Nagarajan G. Effect of injection
pressure on performance, emission and combustion characteristics of high
linolenic linseed oil methyl ester in a DI diesel engine. Renew Energy
2009;34:1227–33.

[132] Zhang Y, Dubé MA, McLean DD, Kates M.  Biodiesel production from waste
cooking oil: 2. Economic assessment and sensitivity analysis. Bioresour Tech-
nol 2003;90:229–40.

[133] Miao X, Li R, Yao H. Effective acid-catalyzed transesterification for biodiesel
production. Energy Convers Manage 2009;50:2680–4.

[134] Peterson GR, Scarrah WP.  Rapeseed oil transesterification by heterogeneous
catalysis. JAOCS 1984;61:1593–7.

[135] Chavan SP, Zubaidha PK, Dantale SW,  Keshavaraja A, Ramaswamy AV, Ravin-
dranathan T. Use of solid superacid (sulphated SnO2) as efficient catalyst in
facile transesterification of ketoesters. Tetrahedron Lett 1996;37:233–6.

[136] Chavan SP, Subbarao YT, Dantale SW,  Sivappa R. Transesterification of
ketoesters using Amberlyst-15. Synth Commun 2001;31:289–94.

[137] Matsuhashi H, Miyazaki H, Kawamura Y, Nakamura H, Arata K. Preparation of
a  solid superacid of sulfated tin oxide with acidity higher than that of sulfated
zirconia and its applications to aldol condensation and benzoylation. Chem
Mater 2001;13:3038–42.

[138] Zabeti M,  Daud WMAW,  Aroua MK.  Activity of solid catalysts for biodiesel
production: a review. Fuel Process Technol 2009;90:770–7.

[139] Furuta S, Matsuhashi H, Arata K. Biodiesel fuel production with solid superacid
catalysis in fixed bed reactor under atmospheric pressure. Catal Commun
2004;5:721–3.

[140] Zong MH,  Duan ZQ, Lou WY,  Smith TJ, Wu  H. Preparation of a sugar catalyst and
its  use for highly efficient production of biodiesel. Green Chem 2007;9:434–7.

[141] Toda M,  Takagaki A, Okamura M,  Kondo JN, Hayashi S, Domen K. Green chem-
istry biodiesel made with sugar catalyst. Nature 2005;438:178–82.

[142] Nakajima K, Hara M,  Hayashi S. Environmentally benign production of chem-
icals  and energy using a carbon-based strong solid acid. J Am Ceram Soc
2007;90:3725–34.

[143] Leung DYC, Wu X, Leung MKH. A review on biodiesel production using cat-
alyzed transesterification. Appl Energy 2010;87:1083–95.

[144] PintoI AC, GuarieiroI LLN, RezendeI MJC, RibeiroI NM,  TorresII EA, Lopes
WA,  PereiraIII PAP, Andrade JBD. Biodiesel: an overview. J Braz Chem Soc
2005;16:1313–30.

[145] Athawale VD, Rathi SC, Bhabhe MD.  Novel method for separating fatty esters
from partial glycerides in biocatalytic transesterification of oils. Sep Purif
Technol 2000;18:209–15.

[146] Jeong GT, Park DH. Lipase-catalyzed, transesterification of rapeseed oil
for  biodiesel production with tert-butanol. Appl Biochem Biotechnol
2007;148:131–9.

[147] Shah S, Sharma S, Gupta MN.  Biodiesel preparation by lipase-catalyzed trans-
esterification of Jatropha oil. Energy Fuels 2004;18:154–9.

[148] Liu Y, Xin H, Yan Y. Physicochemical properties of stillingia oil: feasibil-
ity  for biodiesel production by enzyme transesterification. Ind Crops Prod
2009;30:431–6.

[149] Soumanou MM,  Bornscheuer UT. Improvement in lipase-catalyzed synthesis
of  fatty acid methyl esters from sunflower oil. Enzyme Microbial Technol
2003;33:97–103.

[150] Nelson AL, Foglia TA, Marmer WN.  Lipase-catalyzed production of biodiesel.
J  Am Oil Chem Soc 1996;73:1191–5.

[151] Lidstrom P, Tierney J, Wathey B, Westman J. Microwave assisted organic syn-
thesis – a review. Tetrahedron 2001;57:9225–83.

[152] Refaat AA, Sheltawy STE, Sadek KU. Optimum reaction time, performance
and exhaust emissions of biodiesel produced by microwave irradiation. Int J
Environ Sci Technol 2008;5:315–22.

[153] Zhang S, Zu YG, Fu YJ, Luo M,  Zhang DY, Efferth T. Rapid microwave-assisted
transesterification of yellow horn oil to biodiesel using a heteropolyacid solid
catalyst. Bioresour Technol 2010;101:931–6.

[154] Yaakob Z, Ong BH, Kumar MNS, Kamarudin SK. Microwave-assisted trans-
esterification of jatropha and waste frying palm oil. Int J Sustain Energy
2009;28:195–201.

[155] Noureddini H, Harkey D, Medikonduru V. A continuous process for the conver-
sion  of vegetable oil into methyl ester of fatty acid. JAOCS 1998;75:1775–83.

[156] Krisnangkura K, Simamaharnnop R. Continuous transesterification of palm
oil in an organic solvent. JAOCS 1992;69:166–9.

[157] Lertsathapornsuk V, Pairintra R, Pairintra K, Krisnangkura K. Microwave
assisted in continuous biodiesel production from waste frying palm oil
and its performance in a 100 kW diesel generator. Fuel Process Technol
2008;89:1330–6.

[158] Lertsathapornsuk V, Pairintra R, Krisnangkura K, Chindaruksa S. Direct con-
version of used vegetable oil to biodiesel and its use as an alternative
fuel for compression ignition engine. http://www.thaiscience.info/ [accessed
12.08.10].

[159] Stavarache C, Vinatoru M,  Nishimura R, Maeda Y. Fatty acids methyl esters

from vegetable oil by means of ultrasonic energy. Ultrasonic Sonochem
2005;12:367–72.

[160] Hawash S, Kamal N, Zaher F, Kenawi O, El Diwani G. Biodiesel fuel from Jat-
ropha oil via non-catalytic supercritical methanol transesterification. Fuel
2009;88, 597–582.

http://www.thaiscience.info/


tainab
E.M. Shahid, Y. Jamal / Renewable and Sus
[161]  Kusdiana D, Saka S. Biodiesel fuel for diesel fuel substitute pre-
pared by a catalyst-free supercritical methanol. www.biodieselgear.com/
documentation/Methanol Super Critical Method.pdf [accessed 12.08.10].

[162] Yin JZ, Xiao M,  Song JB. Biodiesel from soybean oil in supercritical methanol
with co-solvent. Energy Convers Manage 2008;49:908–12.
le Energy Reviews 15 (2011) 4732– 4745 4745
[163] Boocock G, David GB, Konar SK, Mao  V, Sidi H. Fast one-phase oil-rich pro-
cesses for the preparation of vegetable oil methyl esters. Biomass Bioenergy
1996;11:43–50.

[164] Cao W,  Han H, Zhang J. Preparation of biodiesel from soybean oil using super-
critical methanol and co-solvent. Fuel 2005;84:347–51.

http://www.biodieselgear.com/documentation/Methanol_Super_Critical_Method.pdf
http://www.biodieselgear.com/documentation/Methanol_Super_Critical_Method.pdf

	A review of biodiesel as vehicular fuel.pdf
	A review of biodiesel as vehicular fuel
	Introduction
	Sunflower
	Use of raw sunflower
	Use of processed sunflower

	Cottonseed oil
	Use of raw cottonseed oil
	Use of processed cottonseed oil

	Rapeseed oil
	Use of raw rapeseed oil
	Use of processed rapeseed oil

	Soybean oil
	Use of raw soybean oil
	Use of processed soybean oil

	Palm oil
	Use of raw palm oil
	Use of processed palm oil

	Peanut oil
	Use of raw peanut oil

	Miscellaneous/unknown
	Conclusions
	References


	Production of biodiesel A technical review.pdf
	Production of biodiesel: A technical review
	1 Introduction
	2 Transesterification
	2.1 Feedstock for biodiesel
	2.2 Chemical structure and properties

	3 Use of catalysts
	3.1 Base catalysts
	3.1.1 Homogenous base catalysts
	3.1.1.1 Sodium hydroxide
	3.1.1.2 Sodium methoxide
	3.1.1.3 Potassium hydroxide (KOH)
	3.1.1.4 Potassium methoxide

	3.1.2 Heterogeneous base catalysts

	3.2 Acid catalysts
	3.2.1 Homogenous acids
	3.2.2 Heterogeneous acid catalysts

	3.3 Enzyme catalysts

	4 Transesterification via radio frequency microwaves
	5 Transesterification using super critical methanol
	6 Conclusions
	References





