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Abstract 

The dwindling resources of fossil fuels coupled with the steady increase in energy 

consumption have encouraged research interest in alternative and renewable energy sources. 

Biodiesel is one of the most promising alternatives for fossil fuels. To foster market 

competitiveness for biodiesel, it is necessary to produce biodiesel from economically viable and 

environmentally sound feedstocks. In this study the availability and feasibility of converting 

WCO to biodiesel fuel has been studied. It was found that about 536,500 liters of waste oil could 

be generated as a waste from the assessed food service establishments in Addis Ababa annually. 

This waste oil is usually poured into the sewer system of the city or disposed to a landfill sites 

resulting in contamination of water and land resources. This environmental problem could be 

solved by utilizing used cooking oil to produce cleaner biodiesel fuel.  In this work, biodiesel 

(methyl ester) was prepared from a sample of waste cooking oil collected from local restaurants. 

Methyl alcohol with potassium hydroxide as a catalyst was used for the transesterification 

process. Results obtained indicated that waste cooking vegetable oil was efficiently converted to 

biodiesel using a single step alkaline transesterfication process with 88.5% conversion yield.   

Biodiesel’s  physical and chemical fuel properties including density, viscosity, acid value, flash 

point, cloud point, pour point,  water and sediment content, iodine value, calorific value, and ash 

content  were determined according to ASTM test methods. All of the results are within the 

range of the ASTM biodiesel standard specifications with the exception of the kinematic 

viscosity, which slightly deviates from the standard requirement. Blending with petrodiesel or 

biodiesel having low viscosity can easily improve this property. Although the overall availability 

of waste cooking oil is limited, production of biodiesel from this feedstock for diesel substitute is 

particularly important because of its added benefit of recycling waste products, the decreasing 

trend of economical oil reserves, environmental problems caused due to fossil fuel use and the 

high price of petroleum products.  
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1 Introduction 

1.1 Background and Justification  

The world is presently confronted with the dual crises: fossil fuel depletion due to the 

increase of world energy demand as the result of global industrialization and the enormous 

growth of the world population and environmental degradation due to the use of fossil fuels.  Our 

dependence on these energy sources threatens energy security and affects economic growth 

especially in fuel importing countries like Ethiopia. Almost all of Ethiopia’s liquid fuel 

requirements are imported in the form of refined petroleum products. This external energy 

supply is unsteady and has become a burden to the rapidly growing national economy. 

Furthermore, diesel powered motor vehicles in the road transport sector are an important 

contributor to the total gas emissions in the urban cities (Christoffel, 2010). 

The issue of energy security resulting from the depletion of world petroleum reserves and 

environmental issues has forced governments and researchers to look for alternative renewable 

energy sources (Fukuda et al, 2001). The alternative energy sources of fossil fuels include 

hydropower, wind, solar, geothermal, hydrogen, nuclear, and biomass (Demirbas, 2005). Among 

these alternative energy sources, biofuels derived from biomass are considered as the most 

promising alternative fuel sources because they are renewable, environmental friendly and 

economically viable (Fukuda et al., 2001). Biofuels can be any liquid or gaseous fuels that can 

be produced from biomass, including biodiesel, ethanol and biogas. The most common biofuels 

used in transport sector is biodiesel. Biodiesel is a renewable liquid fuel that can be produced 

locally, helping reduce the country’s dependence on imported crude oil. Biodiesel can be 

produced from numerous feedstocks, including vegetable oils, tallow and animal fats, restaurant 

waste, and trap grease (Foglia et al., 1997). Consequently, the chemical and physical properties 

of the biodiesel depend on the type of feedstock used. Biodiesel production has grown at a fastest 

rate, in recent years, although overall production is still significantly lower than ethanol 

(Demirbas, 2008). Considerable efforts have been made to develop biodiesel fuels that have 

similar properties and performance as the petroleum based fuels. However its implementation in 

the general market depends on making this fuel more competitive. 
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Currently, compared to petroleum based diesel, the high cost of biodiesel is a major 

barrier to its commercialization. It costs approximately one and a half times that of petroleum 

based diesel depending on feedstock oils (Prokop, 2002). It is reported that approximately 70%-

95% of the total biodiesel production cost arises from the cost of the raw material (Fukuda et al, 

2001).  Also the land use for production of edible oil for biodiesel feedstock competes with the 

use of land for food production. The use of low cost feedstocks such as WCO and non-edible oils 

should make biodiesel competitive in price with petroleum diesel (Prokop, 2002). Figure 1.1 

depicts biodiesel production costs. In more recent years, attempts to utilize WCO as a feedstock 

for biodiesel production have been made to overcome both the economic and environmental 

problems. 

 

 

 

 

 

 

 

 

 

 

Figure 1 Distribution of biodiesel production costs (Kemp, 2006) 

Biodiesel, as an alternative fuel, has many merits. It is simple to use, is derived from 

domestic and renewable biomass resources. It is biodegradable, nontoxic, noninflammable, and 

essentially free of sulfur and aromatics and has lower emissions (US National Biodiesel Board, 

2006). It enhances the engine lubricity (Kurki et al., 2006) and contributes to sustainability 

(Khan et al., 2007). CO2 produced by combustion of biodiesel can be recycled by 

photosynthesis, thereby minimizing the impact of biodiesel combustion on the greenhouse effect 

(Körbitz, 1999; Agarwal and Das, 2001). Biodiesel has also a higher CN than diesel fuel and 

contains 10–11% oxygen by weight (Canakci, 2007). However, biodiesel has some 

disadvantages such as high feedstock cost, inferior storage and oxidation stability, lower 
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volumetric energy content, inferior low-temperature operability versus petrodiesel, and, higher 

NOX, exhaust emissions (DeOliveira et al., 2006 and Knothe et al., 2005).  

Although the production and use of biodiesel has increased significantly in many 

countries around the world, it is a fuel which is new to Ethiopia, and is neither currently 

commercialized nor used. However, there is a growing demand for biodiesel development in 

Ethiopia. Both local and foreign companies are interested to grow the non edible feedstocks like 

Jatropha for biodiesel production. In terms of waste oils based biodiesel, it is neither currently 

produced nor research efforts were made.  

1.2 Environmental Benefits of biodiesel 

            Diesel fuel consumption significantly contributes to the emission of GHG, NOx, SOx, 

CO, PM, VOCs PAH and nitrited PAH compounds (US Department of Energy, 2004) .The use 

of biodiesel could reduce CO2 and other harmful substances (US Department of Energy, 2004). 

Table 1 shows average biodiesel emissions compared to diesel. 

Table 1 Average Biodiesel Emissions Compared to Diesel 

  

 

 

 

 

 

 

Source: (US Department of Energy, 2004) 

The potential GHG reductions from switching to biodiesel from petroleum based diesel 

depend largely on the type of feedstock used to produce the fuel. Biodiesel production is less 

energy intensive than that of corn ethanol (Kemp, 2006). Burning fossil fuels releases more than 

6 billion tons of CO2 per year, twice as much as the biosphere can absorb (Mahfuzah, 2009). The 

excess CO2 in the atmosphere would increase global temperature.  

All biofuels depend on the conversion of sunlight to energy (carbohydrates). Plants use 

water and CO2 from the atmosphere as the raw materials for making carbohydrates. Burning 

plant products in an engine releases CO2 back into the atmosphere, to be taken up again by other 

Emission Type 

 
B100 B20 

Total hydrocarbon -68% -14% 

CO -44% -9% 

Particulate matter -40% -8% 

NOx +6% +1% 

PAH -80% -13% 

Sulfates -100% -20% 

CO2 -80% -16% 
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plants. Natural mechanisms maintain a balance between the CO2 removed from the atmosphere 

by growing plants and the CO2 released back into the atmosphere when the organic matter burns 

or dies and decays. Activitities that do not disrupt this balance are described as carbon-neutral. 

In fact, there is no actual reduction in the amount of CO2 produced when biodiesel is 

burned instead of petrodiesel. The same amount of CO2 will come out of the exhaust pipe with 

either fuel. But the CO2 released by burning biodiesel is part of the current natural cycle; it does 

not raise the level of CO2 in the atmosphere. Biodiesel is carbon-neutral and does not cause 

global warming. Petrodiesel is not carbon-neutral. Burning petrodiesel releases CO2 that has 

been trapped beneath the earth for millions of years, upsetting the natural balance and raising the 

level of CO2 in the atmosphere, causing global temperatures to rise (McCormick et al., 2001).  

In practice, not all biodiesel is carbon neutral. It depends how it is produced. 

Industrialized agricultural production of oil crops like soybean or rapeseed depends heavily on 

fossil fuel inputs and biodiesel made from these crops is not carbon-neutral. Organic farms do 

not use fossil fuel-based chemical fertilizers and their fossil-fuel inputs are much lower, 

shrinking to zero when they produce their own fuel and energy on farm. 

1.3 Waste cooking oil; environmental and health impacts and benefits as alternative fuel 

Some health risks can be traced from the use of WCOs in animal feeding, such as 

undesirable levels of contaminants, particularly PAHs, PCBs, dioxins and dioxin related 

substances (Riera et al., 2000). Consuming these undesirable contaminants causes serious long 

term health hazards due to bioaccumulation of these hazardous compounds in the body (Riera et 

al., 2000).  Disposal of WCOs could also have large environmental implications, because of high 

COD (Riera et al., 2000). 

The disposal of waste vegetable oils down kitchen sinks cause blockages of sewer pipes 

when the oil solidifies. Properties of degraded UFO after it gets into sewage system are 

conductive to corrosion of metal and concrete elements (Canakci & Sanli, 2008). It also affects 

installations in waste water treatment plants. Thus, it adds to the cost of treating effluent or 

pollutes waterways (Szmigielski et al., 2008). 

The new process technologies developed during the last years made it possible to produce 

biodiesel from UFOs comparable in quality to that of virgin vegetable oil biodiesel with an 

added attractive advantage of being lower in price (Canakci, 2007; Chhetri et al., 2008; Refaat et 
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al., 2008). The processing costs for the production of biodiesel from waste oil and grease are 

higher per gallon than the processing costs of virgin vegetable oils due to pretreatment 

requirements (Issariyakul et al., 2007). However, the cost of the feedstock is generally low and 

sometimes free. From a waste management standpoint, producing biodiesel from UFO is 

environmentally beneficial, since it provides a cleaner way for disposing these products.  

Biodiesel from UFO leads to a far better life cycle analysis. It has to be realized that, the 

effect of CO2 saving is significantly higher when using UFO as feedstock, because here the 

effects of the agricultural production of vegetable oils is not taken into consideration. In many 

researches WCO biodiesel showed net energy ratio (NER) of 5-6 compared to 2-3 for rapeseed 

or soybean biodiesel and 0.8 for petrodiesel (Rutz and Janssen, 2008). The NER is evaluated by 

dividing the energy output of the system by the cumulative energy demand of the system. The 

processing of UFO into biodiesel is an ideal alternative to remove contaminants from the food 

chain (Supple et al., 2002). Limiting factor is the limited availability of WCO on the market.  

1.4 Problem statement 

The issue of energy security resulting from the depletion of world petroleum reserves, 

increase of petroleum price and environmental concerns has stimulated governments and 

researchers to look for alternative renewable energy sources that are technically feasible, 

economically competitive and environmentally acceptable (Meher et al., 2005). Among 

alternative energy sources, biofuels derived from biomass, have been gaining increasing 

attention recently as a replacement for fossil fuels (Knothe et al., 2005). Biodiesel is the most 

common biofuels used in transport sector (Demirbas, 2008).  Currently, compared to petroleum 

based diesel, the high cost of biodiesel is a major barrier to its commercialization.   A convenient 

way to lower the costs of biodiesel is to use the by-products as a potential source of energy, 

rather then treat them as waste. A cheaper feedstock, such WCO, can be used to improve the 

economics of biodiesel which is competitive in price with petroleum diesel (Issariyakul et al., 

2007). Besides, using waste oils offsets the need for virgin crops for biodiesel production and 

recycles what would be discarded and resolves environmental problems. 

 Fried foods such as potatoes, flesh and fish are becoming popular food in Addis Ababa 

hotels, restaurants and cafeterias. Consequently oil used for frying is regularly poured down the 
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drain, creating environmental and human heath problems when integrated into the food chain 

through animal feeding.  

Therefore, due to the limited availability of agricultural area leading to competition with 

the food industry as well as the relatively high price for vegetable oils at the moment; making 

biodiesel from WCO would help to reduce the cost of biodiesel production, environment and 

health effect of WCO and conserve resource by converting problematic waste into fuel. 

1.5 Objectives of the study 

1.5.1 General Objectives  

The primary objective of this study is to assess the resource availability of waste cooking 

oil as alternative biodiesel feedstock in Addis Ababa and examine its suitability as feed stock for 

biodiesel production.  

1.6.2 Specific Objectives 

• To assess the availability of waste cooking oils for the production 

of biodiesel in Addis Ababa 

• To determine the free fatty acid content, water and sediment, 

density and kinematic viscosity of WCO that affect the yield and 

characteristics of the biodiesel produced  from the oil 

• To produce biodiesel from the sample of waste cooking oil on 

laboratory scale and to determine the biodiesel’s physical and 

chemical fuel characteristics 

• To examine whether or not the fuel related properties of this 

biodiesel meet the standards and specifications of the prescribed 

ASTM D 6751  
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2 Literature review 

2.1 Introduction  

The worldwide petroleum reserves are diminishing at an alarming rate. According to Cao 

(2003), the estimate of the known worldwide reserves of petroleum is about 1.27 trillion barrels; 

these reserves are predicted to be consumed in about 40 years. Another disadvantage of the use 

of various petroleum products results from their pollutant emissions. The increase in pollutant 

emissions has led to several environmental problems such as an increase in CO2 levels in the 

atmosphere, acid rain, photochemical smog and the depletion of the ozone layer (Lin, C.Y. & Lin 

H.A., 2007). 

Thus, due to increasing uncertainty about global energy production and supply, the 

increase in crude oil prices and environmental concerns due to the use of fossil fuels are the 

major reasons to search for alternatives to petrodiesel. The alternative fuels must be inexpensive, 

abundant, and their combustion products must be environmentally friendly and must be used in 

existing engines without any or with minor modifications (Canakci & Gerpen, 2003).  Replacing 

fossil fuels with biofuels could reduce the world dependence of fossil fuel. Biofuels are abundant 

worldwide, are largely friendly to the environment and can be used in existing engines without 

modification (Kurki et al., 2006). 

Alternative biofuels for engine use can be categorized as either gaseous or liquid 

(Christoffel, 2010). Gaseous alternative fuels include natural gas, propane, as well as hydrogen. 

They are the cleanest of all fossil fuels and their reserves are larger than those of crude oil. The 

main challenges related to the use of alternative gaseous fuels are the traveling range, space 

storage, engine initial capital costs, and the lack of a refueling infrastructure (Christoffel, 2010). 

The liquid alternative fuels include alcohol fuels and biodiesel fuels. The only 

oxygenated hydrocarbons that are viable as alternative fuels are methanol and ethanol. Methanol 

is the more versatile of the two alcohols because of its huge potential resource base (it can be 

manufactured from any organic material). The use of pure methanol requires substantial 

modifications to the engine (Canakci, & Gerpen, 2003). Ethanol is a grain alcohol, which is 

produced mainly from sugar cane. Unfortunately, ethanol does not possess suitable ignition 

properties under typical diesel conditions; this is due to the temperatures and pressure that are 

characteristic of the diesel engines and cause a longer ignition delay when using ethanol (De-

gang et al., 2005). Ethanol is more corrosive than diesel, has poor lubricity and more expensive 
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to produce (De-gang et al., 2005). Higher energy input is required in ethanol production 

compared to other energy crops and this leads to environmental problems such as soil 

degradation (De-gang et al., 2005). Ethanol blends well with gasoline. A major drawback in 

ethanol-diesel fuel blends is that ethanol is immiscible in diesel over a wide range of 

temperatures because of their difference in chemical structures and characteristics. These can 

result in fuel instability due to phase separation. This may cause a problem for a vehicle’s fuel 

system and the performance of the engine. 

Biodiesel is a domestically produced, renewable fuel that can be manufactured from 

vegetable oils, animal fats, or recycled restaurant greases (Knothe et al., 2005). These fats and 

oils are chemically reacted with an alcohol to produce the technical term for biodiesel: fatty alkyl 

esters. 

There are three generations of biodiesel (Christoffel, 2010). First-generation biodiesel is 

made from food crops/ vegetable oils. They may offer some CO2 benefits and could help to 

improve domestic energy security. However, there are concerns about the sourcing of feed 

stocks, including the impact they may have on biodiversity, land use and competition with food 

crops, leading to food shortages and price rises (Christoffel, 2010). Second-generation biodiesel 

is manufactured from non-food feed stocks and waste fats and oils. The advantages of such 

biodiesel are threefold. Firstly, they are not food crops; secondly they significantly reduce CO2 

production and thirdly, offer better engine performance (Kurki et al., 2006). Algae fuel, also 

called oilgae or third generation biodiesel, is a biodiesel from algae. 

The characteristics of biodiesel are similar to those of diesel and it has good emission 

profile compared to petrodiesel (Canakci and Gerpen, 2003).  In spite of the many advantages of 

biodiesel, it has not yet been commercialized all over the world. The high costs and limited 

availability of vegetable oil feedstock are always critical issues for the production of biodiesel 

(Christoffel, 2010). Exploring ways to reduce the high cost of biodiesel has been an activity of 

much interest in recent biodiesel research, especially for those methods concentrating on 

minimizing the raw material costs. One way to reduce the cost of biodiesel is to use less 

expensive feedstock such as used vegetable oil from restaurants (Issariyakul et al., 2007).  
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2.2 Current status of biodiesel  

Researchers in EU and the United States began investigating vegetable oils as a fuel 

source in the late 1970s and early 1980s after the Organization of Petroleum Exporting Countries 

(OPEC) oil crisis. The general conclusion at that time was that vegetable oils were too viscous to 

be used in modern diesel engines over long periods of time. Transesterifying the vegetable oil 

into its methyl ester yielded a fuel or blending component more similar to petrodiesel that could 

serve as a drop-in replacement in existing engines (US National Biodiesel Board, 2006). The 

current status of biodiesel production in the EU and US described represents political measures 

with the fundamental objective of achieving full utilization of renewable energy sources in a 

stepwise manner for combating climate change, reducing local environmental loads and 

contributing toward a secure supply of energy. 

The EU chose biodiesel to be its main renewable liquid fuel. Fuel use of ethanol in the 

EU is much less important. Low European corn production and a high proportion of diesel 

engines compared to the United States make biodiesel a more attractive alternative in the EU. 

The primary organic oil used to make European biodiesel comes from rapeseed. Biodiesel use is 

particularly strong in Germany, where B100 is untaxed. Biodiesel production expanded rapidly 

in the EU since 1992, and an estimated 1 million metric tons (300 million gallons) were 

produced in 2001, requiring the use of 1.5 million hectares (3.7 million acres) of land for oilseed 

production. Proposals from the EU Commission called for biofuels to account for 2 percent of 

fuel use in 2005 and 5.75 percent by 2010. Biodiesel is expected to make possible most of the 

increase, given the maturity of the biodiesel processing and distribution infrastructure (Tamara, 

et al., 2003) 

Table 2.1: Biodiesel status in US 

 

 

  

Source: (Biodiesel Webinar, 2009) 

 

Year In millions of gallons Year In millions of gallons 

2000 2 2005 75 

2001 5 2006 250 

2002 15 2007 450 

2003 20 2008 700 

2004 25   
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2.3 Basics of Biodiesel Production 

Biodiesel production involves the transesterification of oils or fats using alcohols. 

Transesterification is the general term used to describe the reaction of fats or oils with anhydrous 

alcohols to form biodiesel/alkyl esters and glycerol in the presence of either alkaline, acid or 

enzyme catalysts (Zhang et al., 2003). Biodiesel is monoalkyl esters of long chain fatty acid, 

derived from a wide range of renewable readily available feedstocks including vegetable oils 

from rapeseed, palm, and soybeans as well as animal fats such as tallow, lard and fish oil or 

waste cooking oil (Zhang et al., 2003). In alkaline catalyzed reaction, transesterfication involves 

a TAG reaction with short chain monohydric alcohols (e.g., methanol or ethanol) in the presence 

of the most commonly used alkaline catalysts such as NaOH or KOH. Glycerol is valuable 

byproduct that can be used in making of soaps, cosmetics and numerous other products (Rozakis 

and Sourie, 2005). Biodiesel with the best properties is obtained using KOH as catalyst in many 

studies (Encinar et al., 2005). Although acid catalyzed reaction is used in biodiesel production, 

the alkali-catalyzed reaction is preferred, because the transesterfication reaction is generally 

faster, less expensive, more complete than acid catalysts (Singh et al., 2006 and Boocock et al., 

1996). Acid catalysts used for transesterification could be sulfuric acid (H2SO4), sulfonic acids 

(RSO3H), and hydrochloric acid (HCl) 

The biodiesel industry currently uses sodium methoxide; since methoxide cannot form 

water upon reaction with alcohol such as with hydroxides (Zhou and Boocock, 2006). This 

process occurs at relatively low temperatures, pressures, reaction times, and is less corrosive to 

industrial equipment than acid catalyzed methods.  

Methanol is the most commonly used alcohol because of its low cost and the advantages 

of its physical and chemical properties but it is a highly toxic alcohol (Issariyakul et al., 2007). 

Thus, methyl, rather than ethyl ester production was modeled because methyl esters are the 

predominant commercial products. Most of the world’s methanol is being produced using natural 

gas as a feedstock (Knothe et al., 2009). Ethanol is a preferred alcohol compared to methanol 

because it is derived from agricultural products and is renewable and therefore biologically less 

objectionable in the environment (Pimentel and Patzek, 2005). However, production of methanol 

from renewable biomass resources is a growing interest. Other alcohols, such as propanol, iso-

propanol, and butanol may also be used in the preparation of biodiesel.  

The production of biodiesel from fats and oils follow the following relationship: 
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100 g of oil + 10 g of methanol → 100 g of biodiesel + 10 g of glycerol 

  , 

 

…..Equation 2.1 

 

       

  100 g Oil or Fat 10 g Alcohol 10 g Glycerine 100 g Biodiesel  Where R
,
, R

,
, and R

,,, 
are long 

fatty acid chains  

Source: (Gerpen, 2005) 

In the reaction, one mole of triglyceride reacts with 3 moles of methanol to produce 3 

moles of methyl esters, the biodiesel product, and one mole of glycerol.  

An alkaline catalyst is not a proper choice for transesterification containing high FFA 

feedstock. This is because FFA would drive the reaction partially to saponification which 

consumes the catalyst, lowers ester yield, and causes difficulty in glycerol separation (Issariyakul 

et al., 2007). The presence of water would also give rise to hydrolysis of the produced ester and 

favour saponification. Soap formation reduces catalyst efficiency, causes an increase in viscosity, 

and makes the separation of glycerol difficult (Issariyakul et al., 2007). Acid catalysts are 

insensitive to FFA. However, acid catalyzed reactions are slow; require high operating 

temperature, high alcohol to oil molar ratio, and an anti-corrosion reactor (Gerpen et al., 2004). 

In the case of feedstock with higher FFA, the two step acid-alkaline catalyzed 

transesterification process can be used to produce biodiesel (Issariyakul et al., 2007). This 

process starts with acid-catalyzed esterification of FFA followed by alkali-catalyzed 

transesterification. Feedstock with lower FFA content can be purified either by separation of 

FFA or saponification of FFA with alkaline (also known as caustic stripping) then 

transesterifying triglycerides using an alkaline catalyst (Issariyakul et al., 2007).  
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Figure 2 Biodiesel Production Pathways 

Source: prepared flow chart  

2.4 Kinetics of transesterification 

           Kinetic data is of great importance in terms of process assessment and development. 

Transesterification consists of a series of consecutive, reversible reactions where triglyceride 

gives rise to diglyceride, diglyceride gives rise to monoglyceride, and finally monoglyceride 

gives rise to glycerol (Issariyakul et al., 2007). In each step, one mole of ester is formed per one 

mole of acylglycerol consumed. 

Methanol and ethanol are not miscible with oil at room temperature, hence the reaction 

mixture is usually mechanically stirred to improve rate of mass transfer. At the initial stage of the 

reaction, acylglycerol in the oil phase takes a significant amount of time to dissolve into the 
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alcohol phase where the catalyst resides. The amount of time necessary for this process depends 

highly on the solubility of oil in alcohol and hence, the type of alcohol has a great effect on how 

fast the reaction can occur. Oil is more soluble in ethanol than methanol. The larger nonpolar 

group in ethanol is assumed to be a crucial factor for the better solubility in ethanol. However, 

for the same reason, the emulsion formed during ethanolysis is stronger and more difficult to 

break down than that formed during methanolysis (Issariyakul et al., 2007). The unreacted di- 

and monoglycerides possess both polar and nonpolar groups and are assumed to be a crucial 

compound stabilizing the emulsions (Zhou et al., 2003). Therefore, the completion of the 

reaction is essential for the good separation of glycerol from biodiesel. It is more likely for the 

equilibrium of methanolysis to be closer to completion in comparison to those when other 

alcohols are used. This is because the methoxide ion, the actual catalyst, formed as a result of 

ionization of methanol, is most reactive among those ions formed from other alcohols, i.e., 

ethanol, propanol, and butanol (Issariyakul et al., 2007).  The mixture of methyl-ethyl alcohol is 

hypothesized to take advantage of good solubility from ethanol and good glycerol-biodiesel 

separation and reaction equilibrium from methanol. In addition, if part of the methanol is 

replaced by ethanol, there would be less dependency on the synthetic sources of methanol.  

Freedman et al. (1984) studied the kinetics of transesterification of cottonseed, peanut, 

sunflower, and soybean oil with methanol and butanol. Various alcohols to oil molar ratios were 

used with NaOCH3, NaOH and NaOC4H9 as alkaline catalysts and H2SO4 as an acid catalyst. A 

plot of ester percentage versus time showing an S-shape curve during transesterification was 

obtained. This indicates that the rate of ester formation was slow initially as well as prior to 

completion. In the case of 3:1 alcohol to oil molar ratio, a lower percentage of ester was obtained 

as compared to the case when a 6:1 alcohol to oil molar ratio was used. Optimum alcohol to oil 

molar ratio is suggested as 6:1. The further increase in alcohol to oil molar ratio would not help 

to improve ester yield but only add cost to alcohol recovery. At 6:1 alcohol to oil molar ratio, 

0.5% NaOCH3 was as effective as a 1.0% NaOH catalyst. In conclusion, it is recommended that 

a substantially anhydrous feedstock for transesterification with FFA content less than 0.5% is 

required. The optimum conditions recommended are a 6:1 alcohol to oil molar ratio with either 

0.5% sodium methoxide or 1.0% sodium hydroxide as a catalyst. 

Freedman et al. (1986) investigated the kinetics of methanolysis and butanolysis of 

soybean oil. The catalysts used were NaOCH3 and NaOC4H9 as alkaline catalysts and H2SO4 as 
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an acid catalyst. The reaction was much slower under acidic conditions than those when an 

alkaline catalyst was used. In the case of methanolysis, a rapid increase of methyl ester was 

observed without a rapid change in di and monoglyceride. Therefore, they have proposed a shunt 

reaction in which all three chains of the triglyceride molecule were simultaneously attacked by 

methanol or, more accurately by methoxide ions. 

Boocock et al. (1996) disagreed with the “shunt reaction” mechanism proposed by 

(Freedmen et al., 1986). They argued that there is no sound reason why three methoxide ions 

would simultaneously attack a triglyceride molecule. Alternatively, they explained this 

phenomenon in terms of the limitation of mass transfer due to the nature of the two phase 

system. Since oil is not miscible with methanol, it takes significant time for oil to dissolve in 

methanol. The reaction is therefore limited by the oil concentration in the methanol phase where 

the catalyst locates. The hydroxyl group in mono- and diglycerides makes them more soluble in 

methanol than for the triglyceride. Once dissolved in the methanol phase, there is more chance 

for mono- and diglyceride to react with methanol than to transfer back to the oil phase. This 

explains Freedman’s result; where no rapid change of the intermediate mono- and diglycerides 

was observed. To overcome this mass transfer limitation due to the two phase reaction, 

tetrahydrofuran (THF) was used as a co-solvent to render a single phase of oil-methanol. The 

rate of reaction increased significantly after THF was added into the system. Boocock et al. 

(1998) introduced the concept of catalyst depletion and polarity of the reaction mixture to 

explain the behaviour of ester formation in which the rate of ester formation becomes decelerated 

at the final stage of the reaction. They measured the percentage of depletion of hydroxide ion 

concentration during methanolysis of soybean oil and compared it with the rate of ester 

formation. They concluded that the half life of the hydroxide catalyst is too long to explain the 

deceleration of ester formation. Then they compared transesterification of soybean oil with 

coconut oil. The coconut oil has a shorter alkyl group than that in the soybean oil hence making 

it more polar than soybean oil. They observed that methanolysis of coconut oil occurred faster 

than that of soybean oil. Their result indicates that polarity does play a role in the reaction. 

Temperature had no detectable effect on the ultimate conversion to ester. However, 

higher temperatures decrease the time required to reach maximum conversion (Pinto et al., 

2005).  
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2.5 Low cost feedstocks for biodiesel production 

The feedstocks used for biodiesel production currently are mainly high quality food grade 

vegetable oils, such as soybean oil, rapeseed oil and palm oil. However, in order to compete with 

diesel fuel and survive in the market, lower cost feedstocks are preferred, including WCO, 

grease, soapstocks (known as the by-product of the refining of vegetable oils). The non-edible 

oils, like Jatropha, can also be used to produce biodiesel. In addition, growing interest arises 

concerning algae-based biodiesel (Aresta et al., 2005). 

In summary, WCO, grease, and soapstock are potential feedstocks for biodiesel 

production, which can lower the cost of biodiesel since they are inexpensive. However, since all 

these feedstocks contain high FFA, it will cause soap and water formation when using alkaline 

catalyst, which could decrease the ester yield and make the separation of ester, glycerol, and 

wash water more difficult (Issariyakul et al., 2007).  Acid catalysts can convert FFAs into esters. 

The two-step process, of which the first step serves as a pretreatment, is usually preferred.  

2.6 Waste Cooking Oil and the frying process 

 Waste cooking oils result from the frying or cooking of food by food manufacturers and 

catering establishments such as restaurants and industrial kitchens at temperatures from 140-200 

ºC (Nawar, 1984).. There are two general categories of waste oil: WCO and trap grease. Trap 

grease is waste fats and oils that are collected by the special traps before they are poured down 

the drain. The cleanest and easiest to work with is WCO. Restaurants are required to install 

grease traps in their drains to prevent fats and oils that go down the drain from entering sewer 

pipes. Trap greases are mostly oily wastes obtained from utensils washing, floor and stoves 

cleaning, food residues, etc. and have no commercial value. Greases mainly contain 

triglycerides, diglycerides, monoglycerides, and FFA (8-40%). A grease containing 8-12 wt. % 

FFA is categorized as a yellow grease, and a grease containing >35 wt. % FFA is categorized as 

a brown grease (Kulkarni & Dalai, 2007). 

 Cooking oil used for frying are sunflower oil, palm oil, coconut oil etc. as they are easily 

available. As oils are heated for an extended time (abuse), they undergo oxidation (degradation) 

and give rise to oxides. Many of these such as hydroperoxides, epoxides and polymeric 

substances have shown adverse health/biological effects such as growth retardation, increase in 
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liver and kidney size as well as cellular damage to different organs when fed to laboratory 

animals (Potgieter et al., 2004 and Riera et al., 2000). 

Viscosity and acid value of the oil increase after frying (Knothe et al., 2009). Thus, the 

identification of these parameters is a prerequisite for determining the viability of the vegetable 

oil for transesterification process and is essential to identify the right processes that can be 

performed to achieve best results (Canakci, 2007). 

For economical reasons, normally the same oil is used during continuous and repeated 

frying. Frying is performed in one batch of oil for several days, may be several weeks. UFOs 

from restaurants and food industries have a wide variety of qualities. During the frying process, 

oil may undergo changes due to hydrolytic, oxidative and thermal reactions. Changes in the main 

fat constituents are known, although it is not easy to foresee the rate of oil degradation due to the 

high number of variables involved in the frying process (Issariyakul et al., 2007). A chemical 

change during the frying process makes the oil to increase the free fatty acids content and the 

viscosity of the oil, change its colour to dark brown or even red and increase the tendency of fat 

to foam (Nawar, 1984).  

There are a number of studies attempting to find out what exactly happens during the 

frying process as the chemistry of frying oils is still not fully understood. Nawar explained that 

the initiation step involves the production of free radicals (R·). The reaction is propagated by the 

abstraction of hydrogen atoms to the double bonds in unsaturated molecules. Then, oxygen 

drawn from the air attacks at these locations to form peroxide radicals (ROO·), which further 

give rise to hydroperoxides (ROOH). These hydroperoxides tend to proceed toward oxidative 

degradation and lead to secondary oxidation products. As the frying process proceeds, fryer oil 

develops many polymerized materials and unknown toxic compounds which are harmful to 

human health and hence cannot be used for edible purposes. Also, due to oxidation and 

polymerization more polar compounds like free short-chain fatty acids, mono- and diglycerides, 

aldehydes, ketones, polymers, cyclic and aromatic compounds are formed (Nawar, 1984). Thus, 

the polymeric components lead to the formation of foam and increase the viscosity of the oil. 

 

Initiation:                     +

+•→ HRRH ………………………………………...Equation 2.2 

Propagation:               •→+• ROOOR 2 ……………………………………. .Equation 2.3 

                                   ROOHHROO →+•
+ ……………………………….. Equation 2.4   
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                                              •+•→ OHROROOH  ……………………………… Equation 2.5 

Termination:                        ROHHRO →+•
+ ……………………………………..Equation 2.6 

                                             OHHOH 2→+•
+ ……………………………………..Equation 2.7 

2.7 Waste Cooking Oil based biodiesel 

The use of edible vegetable oils and animal fats for biodiesel production has recently 

been of great concern because they compete with food materials - the food versus fuel dispute 

(Pimentel et al., 2009 and Srinivasan, 2009). Hence, the recent focus is the use of non-edible 

plant oil source and waste products of edible oil industry as the feedstock for biodiesel 

production meeting the international standards. 

Waste vegetable oils are generally low in cost but contain increased FFA level and other 

undesirable impurities. Wang et al. (2008) investigated a two-step catalyzed processes for 

synthesis of biodiesel by using WCO. In the first step, ferric sulfate catalyzed methanolysis was 

carried out, while KOH catalysis was performed in the second step. Compared with one-step 

catalysis the two-step catalyzed process provided a more simple and economic method to 

produce biodiesel from WCO.  

Similarly, Issariyakul et al. (2007) also used the two step process to transesterify WCO, 

except that sulfuric acid was selected as acid catalyst and mixtures of methanol and ethanol were 

used for transesterification in order to use the better solvent property of ethanol and rapid 

equilibrium using methanol. More than 90% ester was obtained by using the two-stage method 

compared with yield of ~50% ester by using the single stage alkaline catalyst. In the two-step 

process that is developed by Canakci (2007), acid catalyst, H2SO4 is first chosen to reduce the 

FFA to less than 1%, and then the pretreated feedstock is transesterified under alkaline catalysis. 

The advantage of this two-step process relies on the fact that it can increase the reaction rate by 

using alkaline catalyst and avoid soap formation by applying acid catalyst. 

The performances of biodiesel obtained from WCO in terms of engine performance and 

emissions were also studied by many researchers. Çetinkaya et al. (2005) investigated the engine 

performance of biodiesel fuel originated from WCO in a Renault Mégane automobile and four-

stroke, four cylinder Diesel engine. The results showed that the torque and brake power output 

obtained from the WCO biodiesel were 3-5% less than those of diesel fuel. The engine exhaust 

gas temperature at each engine speed of biodiesel was less than that of diesel fuel. Higher values 

of exhaust pressures were found for diesel fuel at each engine speed. The injection pressures of 
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both fuels were similar (Lin, C.Y.and Lin, H.A, 2007). They also used WCO to prepare biodiesel 

and then conducted a study in which the exhaust gas of biodiesels were compared when the 

engine was operated by using the different fuel types, including neat biodiesel, biodiesel/diesel 

blends, and normal diesel fuels. Among the collected data, the authors found that B20 and B50 

were the optimum fuel blends. Al- Widyan (2002) utilized ethyl ester of waste vegetable oils as 

fuel in diesel engines and initiated a study to investigate its potential to substitute oil based diesel 

fuel. The fuels evaluated included 100% ester, several ester/diesel blends and diesel fuel as the 

baseline fuel. The tests were run on a standard test rig of a single-cylinder, direct-injection diesel 

engine. The results indicated that the blends burned more efficiently with less specific fuel 

consumption, resulting in higher thermal efficiency. Moreover, less CO and unburned HCs than 

diesel fuel were produced for the blends. The blends and 100% ester surpassed/exceeded the 

diesel fuel in essentially all aspects of engine performance considered. Overall, 100% ester and 

75:25 ester/diesel gave the best results regarding performance, while as for emissions concerned, 

the 50:50 blends exhibited the best results. 

2.8 Waste Recovery System in biodiesel production 

The materials that can be recaptured within the process of making biodiesel are the 

alcohol and the byproduct glycerol (Luke, 2007). As the transesterification process is reversible, 

additional amounts of alcohol are required to drive the chemical reaction to the right to produce 

biodiesel and glycerin (Singh et al., 2006). Once the transesterification process is complete and 

all the alcohol that can be used has been used, there will be a certain amount of alcohol left 

within the solution of biodiesel and glycerin. The alcohol remaining in the biodiesel and glycerin 

can be either evaporated out or recaptured and used within the next batch of biodiesel. It makes 

economical sense to recapture as much of this valuable resource as possible to minimise the costs 

involved in making biodiesel (Luke, 2007). Therefore, it is required that some form of waste 

recovery system be incorporated into the design of the biodiesel plant to recapture any methanol 

that would otherwise go to waste. 

There is a particular characteristic of alcohol that makes it quite easy to recapture, and 

that is its boiling temperature. Methanol has a boiling point of 64.7 °C at 1 atmosphere. 

Therefore, if the raw biodiesel and glycerin solution are exposed to temperatures that are above 
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the boiling point, the methanol will evaporate from the solution where can then be condensed 

and stored.  

One of the significant factors affecting biodiesel price is the value of the byproduct 

glycerol. It was reported that a $0.11/kg increase in glycerol price could cause a decrease in 

biodiesel price by $0.01/kg (Zhang et al., 2003). Glycerol can be refined into glycerine, which is 

used in many industrial sectors such as food and beverage, pulp and paper, pharmaceutical, 

textile, and cosmetic.  

2.9 Purification of biodiesel 

The purification process is one of the crucial processes that will determine the quality of 

the finished product (Luke, 2007). This process is commenced after the methanol has been 

removed from the raw biodiesel. So essentially, all that is remaining are some traces of glycerin, 

soap and very low FFA, if the transesterification process has completed properly (Luke, 2007). 

The purification process is responsible for removing the impurities that remain in the raw 

biodiesel. However, it is not that simple to remove these impurities both cheaply and effectively. 

The specific design requirement of the system must not increase the cost of the biodiesel beyond 

the point at which it is not longer economically feasible and the proposed purification system 

must be capable of producing a fuel that can meet the ASTM and EN standards. 

2.9.1 Purification through Water 

Purification through the use of water has been very popular for smaller producers of 

biodiesel as it is cheap and reasonably effective method of biodiesel purification, provided that it 

is done correctly (Luke, 2007). The way that the water purifies the biodiesel is through 

physically mixing water with the raw biodiesel. The first step to the process is to add distilled 

warm water or clean water up to a ratio of 1:3 (volume ratio) to the raw biodiesel. The water is 

then gently mixed through the raw biodiesel and absorbs any water soluble impurities out of the 

raw biodiesel. The mixture is then allowed to settle down in order to separate the phases and the 

water is removed as waste from the bottom phase. The process is repeated several times until the 

water remains clear which indicates the biodiesel is reasonably clean. 

Traditional water wash has been widely used and proved to be effective to remove most 

impurities. However, there are many disadvantages. The first major failure of this process is, if 
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the water is mixed too excessively with the oil, it will create a mayonnaise like emulsion (Luke, 

2007 and Canakci and Gerpen, 2001). If this happens it will take quite some time to settle out, 

several days, maybe even weeks. Another major failure is the biodiesel’s affinity to water. 

Although water is generally not soluble in biodiesel, biodiesel still has some affinity to water and 

a small amount will remain in the fuel unless it is removed (Canakci and Gerpen, 2001). 

Obviously, water within the fuel system of a vehicle is highly undesirable so any excess water 

needs to be removed if this process is used. Trace water molecules left in purified biodiesel can 

be removed by drying agent like anhydrous sodium sulphate. The final down fall, is that, the 

water used to wash the biodiesel will only absorb the water soluble impurities out of the 

biodiesel. What remains are the oil soluble impurities such as any remaining free fatty acids, 

glycerin and vegetable gums (Luke, 2007). So even after the water purification process is 

complete the final product can still harm the fuel system of the engine it is being used. However, 

water washing has purified biodiesel, direct from glycerol separation, to the requirements of EN 

14214 Standard (Berrios and Skelton, 2008). 

2.9.2 Purification through Absorbent Powder 

Another method of purifying biodiesel is the use of an impurity absorbing powder. The 

powder that is used for this process is synthetic Magnesium Aluminum Silicate, commonly 

known as talcum powder. The way this method of purification works is by simply adding the 

powder to the raw biodiesel, mixing and filtering the powder out (Van Gerpen, 2007). This 

would be done for several minutes to allow the powder to absorb all of the impurities from the 

biodiesel. Purification through Absorbent Powder absorbs both water soluble and oil soluble 

impurities. Therefore, FFA, glycerin, soap and vegetable gum content are dramatically decreased 

to barely recognizable levels (Van Gerpen, 2007). The waste powder is not harmful to the 

environment and is safe to use and the biodiesel produced easily satisfies the ASTM and EN 

standards on biodiesel (Van Gerpen, 2007). 

2.10 Biodiesel fuel characteristics  

The determination of biodiesel fuel quality is an issue of great importance to the 

successful commercialization of this fuel. It is important to control the quality of biodiesel to 

meet the ASTM standard before using it in a diesel engine. Problems will occur in diesel engine 
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when using biodiesel that does not meet the international standard. For example, triglycerides 

and diglycerides, if present, would increase the overall viscosity of biodiesel ester and cause the 

formation of sediments when used in a diesel engine (Bondioli and Folegatti, 1996). 

Hydroperoxides are very susceptible to an oxidation reaction yielding aldehydes and acids. In 

addition, Hydroperoxides, if present, can induce polymerization and form insoluble gums and 

sediments (Frankel, 1998). These compounds do not combust properly and result in carbon 

deposits (Ma and Hanna, 1999). Free fatty acids in a biodiesel may increase the likelihood of 

corrosion. The unsaturated free fatty acids are susceptible to an oxidation reaction, which leads 

to the formation of hydroperoxides and ultimately increases deposits in fueling system. In order 

to test the quality of biodiesel as a diesel fuel substitute, ASTM has set a standard for biodiesel 

as a fuel for use in diesel engines. Numerous properties are included in the standard (see 

Appendix C).  

2.10.1 Density at 15 °C 

This property is important mainly in airless combustion systems because it influences the 

efficiency of atomization of the fuel (Felizardo et al., 2006). Density, relative density or specific 

gravity is a factor governing the quality and pricing of biodiesel. However, this is uncertain 

indication of its quality unless correlated with other properties. The density of biodiesel is 

needed to make mass to volume conversions, calculate flow and viscosity properties, and is used 

to judge the homogeneity of biodiesel tanks. 

2.10.2 Cetane Number 

  Cetane number is a dimensionless descriptor of the ignition quality of a diesel fuel 

(Knothe et al., 1998). It is a prime indicator of DF quality. It is a measure of how easily the fuel 

will ignite in the engine. The CN is related to the time that passes between injection of the fuel 

into the cylinder and the start of ignition. 

For the cetane scale, a long, straight-chain hydrocarbon, hexadecane (C16H34; trivial name 

cetane), is the high quality standard and a primary reference fuel (PRF); it was assigned a CN of 

100. At the other end of the scale, a highly branched compound, 2, 2, 4, 4, 6, 8, 8-

heptamethylnonane (HMN, also C16H34), a compound with poor ignition quality in a diesel 

engine, was assigned a CN of 15 and it also is a PRF (ASTM D 975, 2002). Thus, branching and 
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chain length influence CN with that number becoming smaller with decreasing chain length and 

increasing branching. The standard ASTM D 975 for conventional DF requires a minimum CN 

of 40, whereas the standards for biodiesel prescribe a minimum of 47 (ASTM D 6751, 2009).  

For B100, the cetane number is seldom an issue because all of the common fatty acid esters have 

cetane numbers near or above 47 (ASTM D 6751, 2009). 

Despite the inherently relatively high CN of fatty compounds, NOx exhaust emissions 

usually increase slightly when operating a diesel engine with biodiesel (Knothe et al., 1997). The 

connection between the structure of fatty esters and exhaust emissions was investigated by 

studying the exhaust emissions caused by enriched fatty acid alkyl esters as fuel (Knothe et al., 

1997 and McCormick et al., 2001). NOx exhaust emissions reportedly increase with increasing 

unsaturation and decreasing chain length, which can also lead to a connection with the CN of 

these compounds. Biodiesel containing high amounts of saturated fatty acids such as palm oil, 

lard and beef tallow (65, 65 and 75 respectively) will possess a higher CN while those with high 

amounts of unsaturated fatty acids  possess a lower CN (Knothe et al., 2005). 

2.10.3 Heat of Combustion/Calorific value 

Gross heat of combustion (HG) is a property proving the suitability of using fatty 

compounds as DF. The heat content of vegetable oils and their alkyl esters is nearly 90% that of 

DF and the heats of combustion of fatty esters and triacylglycerols are in the range of ~1300–

3500 kg cal/mol for C8– C22 fatty acids and esters (Freedman and Bagby, 1989). HG increases 

with chain length. Fatty alcohols possess heats of combustion in the same range. For purposes of 

comparison, the literature value for the heat of combustion of cetane is 2559.1 kg-cal/mol (at 20 

°C); thus it is the same range as fatty compounds (Weast et al., 1986). 

2.10.4 Kinematic viscosity  

Viscosity is a measure of the resistance of a liquid to flow due to internal friction of one 

part of a fluid moving over another. It affects the atomization of a fuel upon injection into the 

combustion chamber and thereby, ultimately, the formation of engine deposits; the higher the 

viscosity, the greater the tendency of the fuel to cause such problems (ASTM D 975, 2002).  

Viscosity is important for establishment of optimum storage, handling and operational 
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conditions. High viscosity is the major fuel property explaining why neat vegetable oils have 

largely been abandoned as an alternative DF. 

The viscosity of petrodiesel fuel is lower than that of biodiesel, which is also reflected in 

the kinematic viscosity limits at 40 °C of petrodiesel standards, which are 1.9–4.1 mm
2
/s for DF 

in the ASTM petrodiesel standard D 975 and 2.0–4.5 mm
2
/s in the European petrodiesel standard 

EN 590. 

The difference in viscosity between the parent oil and the alkyl ester derivatives can be 

used to monitor biodiesel production (De Filippis et al., 1995). The effect on viscosity of 

blending biodiesel and conventional petroleum derived diesel fuel was also investigated (Gerpen 

et al., 2004), and an equation was derived that allows calculation of the viscosity of such blends. 

2.10.5 Cold weather properties and performance 

Low temperature operability of biodiesel fuel is an important aspect from the engine 

performance standpoint in cold weather conditions (Knothe et al., 2005). In spite of biodiesel’s 

many advantages, performance during cold weather may affect its year round commercial 

viability in moderate temperature climates. 

2.10.5.1 Cloud Point and Pour Point 

The cloud point is the temperature at which crystals first appear in the fuel when cooled 

(Chandler et al., 1992). At temperatures below CP, larger crystals fuse together and form large 

agglomerates that can restrict or cut off flow through fuel lines and filters and cause start-up and 

performance problems the next morning (Botros., 1997). The temperature at which crystal 

agglomeration is extensive enough to prevent free pouring of fluid is determined by 

measurement of its pour point (Owen and Coley, 1990). ASTM D 6751 requires the producer to 

report the cloud point of the biodiesel sold, but it does not set a range as the desired cloud point 

is determined by the intended use of the fuel. 

 Transesterification does not alter the fatty acid composition of the feedstocks. Therefore, 

biodiesel made from feedstocks containing higher concentrations of high-melting point saturated 

long-chain fatty acids tend to have relatively poor cold flow properties (Knothe et al., 2005). 

Therefore, compared with fossil diesel fuel, one of the major problems with the employment of 

biodiesel is its poor low temperature properties.   
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Due to their high content of saturated fatty acids, tallow methyl esters (TME) and Palm 

oil methyl esters have CP of 17 °C and 13 °C, respectively (Fukuda et al., 2001). In contrast, 

feedstocks with relatively low concentrations of saturated long-chain fatty acids generally yield 

biodiesel with much lower CP and PP. Thus, feedstocks such as linseed, olive, rapeseed, and 

safflower oils tend to yield biodiesel with CP ≤ 0 °C (Lang et al., 2001). Cold flow properties of 

biodiesel can be reduced by blending with petrodiesel, treating with petrodiesel fuel additives, 

transesterification of vegetable oils or fats with long or branched-chain alcohols, and 

crystallization fractionation (ASTM D 6751, 2009). 

2.10.6 Carbon residue 

This test method covers the determination of the amount of carbon residue left after 

evaporation and pyrolysis of an oil, and is intended to provide some indication of relative coke 

forming properties (ASTM D 524, 2002). The carbon residue is a measure of how much residual 

carbon remains after combustion. The test basically involves heating the fuel to a high 

temperature in the absence of oxygen. Most of the fuel will vaporize and be driven off, but a 

portion may decompose and pyrolyze to hard carbonaceous deposits. This is particularly 

important in diesel engines because of the possibility of carbon residues blocking the fuel 

injectors. The most common cause of excess carbon residues in B100 is an excessive level of 

total glycerin (ASTM D 6751, 2009).  

2.10.7 Iodine value.  

The iodine value is an important measure for the determination of the unsaturation in 

fatty acids, which is only dependent on the vegetable oil. This property greatly influences fuel 

oxidation and the deposits formed in the injector of diesel engines (Felizardo et al., 2006). With 

increasing iodine value of unsaturated fatty acids, the effect of polymerization is stronger. 

2.10.8 Vacuum distillation end point 

Distillation can be used to remove high molecular weight components such as mono-, di-, 

and triglycerides from the biodiesel ester (Gerpen, 2005). However, distillation at reduced 

pressure (vacuum distillation) is required because the biodiesel will thermally decompose using 

atmospheric distillation (Gerpen, 2005). The specification value of distillation in the ASTM D 

6751 standard is set as 90% off at 360 °C. This specification was incorporated to ensure that the 
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fuel has not been adulterated with high boiling contaminants such as mono-, di-, and 

triglycerides. 

The vacuum distillation, end-point test covers the determination of the range of boiling 

points for petroleum or biodiesel products that can be partially or completely vaporized at a 

maximum liquid temperature of 400 
o
C (ASTM D 86, 2002). This test method is used for the 

determination of the distillation characteristics of the fuel and fractions that may decompose if 

distilled at atmospheric pressure.  

The boiling range is directly related to viscosity, vapour pressure, heating value, average 

molecular weight, and many other chemical, physical, and mechanical properties (ASTM D 

6751, 2009). Any of these properties can be the determining factor in the suitability of the 

product in its intended use. 

Note that, the distilled biodiesel has a higher peroxide value than the undistilled one and 

is more prone to oxidation (Gerpen, 2005). Gerpen explained that during the distillation process, 

natural anti-oxidants such as Vitamin E are removed which leads to the higher peroxide value 

and hence, reduced stability. 

2.10.9 Copper strip corrosion 

The copper strip corrosion is used for the detection of the corrosiveness of copper to fuels 

and solvents due to the presence of acids in the fuel (ASTM D 6751, 2009). For B100, the most 

likely source of a test failure would be excessive free fatty acids, which are determined in 

accordance with an additional specification. The producer may choose to run this test 

periodically, but the acid number determination is the more important acid content Quality 

Control (QC) measurement (ASTM D 130, 2002). 

2.10.10 Ash Content 

 This test monitors the mineral ash residual when a fuel is carbonized, and the residue 

subsequently heated to a constant weight in a muffle furnace at a temperature of 775 ± 25
o
C, 

cooled and weighed (ASTM D 482, 2002). Ash can result from abrasive solids, water or oil 

soluble metallic compounds like soaps or from extraneous solids such as dirt and rust, and 

unremoved catalysts (ASTM D 6751, 2009). 
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For biodiesel, this test is an important indicator of the quantity of residual metals in the 

fuel that came from the catalyst used in the esterification process. Producers that use a base 

catalyzed process may wish to run this test regularly. Many of these spent sodium or potassium 

salts have low melting temperatures and may cause engine damage in combustion chambers. 

2.10.11 Total sulfur 

Basically, biodiesel is sulphur free, but this test is an indicator of contamination of 

protein material and/or carryover catalyst material or neutralization material from the production 

process (ASTM D 6751, 2009). Fuel sulphur produces sulphur dioxide during combustion in a 

diesel engine and has a negative effect on the formation of black smoke. Hence, a low level of 

sulphur, or no sulphur, is beneficial to the performance of the diesel engine due to the lower 

emissions and the decrease of the levels of corrosive sulphuric acid accumulating in the engine 

crankcase oil.  

2.10.12 Acid number 

The acid number is the quantity of base, expressed as milligrams of KOH per gram of 

sample, required to titrate a sample to a specified end point (ASTM D 974, 2002). Acid number 

determination is an important test to assess the quality of a particular biodiesel. It can indicate 

the degree of hydrolysis of the methyl ester, a particularly important aspect when considering 

storage and transportation as large quantities of free fatty acids can cause corrosion in tanks 

(Wang et al., 2008). Usually, for a base catalyzed process, the acid value after production will be 

low since the base catalyst will strip the available free fatty acids.  This test should be performed 

regularly as a part of the producer QC program (ASTM D 974 2002). 

2.10.13 Free and Total glycerin 

Free and total glycerin is a measurement of how much triglyceride remains unconverted 

into methyl esters. Total glycerin is calculated from the amount of free glycerin, monoglycerides, 

diglycerides, and triglycerides (ASTM D 6751, 2009). Free glycerol results from incomplete 

separation of the ester and glycerol products after the transesterification reaction. This can be a 

result of imperfect water washing. It is hypothesized that additional water washes or longer 

settling times would reduce the levels of free and total glycerin in the finished product. 
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2.10.14 Water and sediment 

Appreciable amounts of water and sediment in biodiesel tend to cause fouling of the fuel 

handling facilities and to give trouble in the fuel system of a burner or engine (ASTM D 2709, 

2009). An accumulation of sediment in a storage tanks and on a filter screens can obstruct the 

flow of fuel from the tank to the combustor. Water can cause corrosion of tanks and equipment, 

and if detergent is present, the water can cause emulsions or a hazy appearance. Water supports 

microbiological growth at the fuel water interfaces in fuel systems. 

While biodiesel is generally considered to be insoluble in water, it actually absorbs 

considerably more water than diesel fuel does. Biodiesel can contain as much as 1500 parts per 

million of dissolved water (Watanabe et al., 2001). At the most, biodiesel should contain 0.050% 

by volume of water. 

2.10.15 Flash Point 

The flash point is the lowest temperature corrected to barometric pressure of 101.3 kpa 

(760 mm Hg) at which application of an ignition source causes the vapours of the fuel to ignite 

under specified conditions of test (ASTM D 93, 2002). The flash point temperature is the 

measure of the fuel to form a flammable mixture with air. It is only one of a number of properties 

which must be considered in assessing flammability hazard of a material. 

Biodiesel has a high flash point; usually more than 150 °C, while conventional diesel fuel 

has a flash point of 55-66 °C (Knothe et al., 2005). If methanol, with its flash point of 12 °C is 

present in the biodiesel the flash point can be lowered considerably (Mallinckrodt Baker Inc., 

2009).  
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3 Materials and methods 

3.1 Method of data collection 

The potential sources of waste cooking oil such as restaurants, hotels and cafeterias were 

identified by house to house assessment of these food service establishments. The data regarding 

the quantity of WCO generated, frying duration, temperature and the type of vegetable oil used 

for frying food were collected. The frying temperature range was obtained from temperature 

gauge inbuilt in fryer or in certain cases by measuring with thermometer while frying. The frying 

temperature depends on the type of food being fried and oil used for frying. 

Data were collected through direct communication/contact with the chef of the food 

service establishment or from any relevant individuals. The amount of WCO produced in each 

restaurant, cafeteria and hotel was determined by measuring or estimating the minimum amount 

of WCO generated at the end of batch frying. The detail is found in the Appendix A. 

Date recording format was used in recording the data (see the attached format with row 

data in the Appendix A). Discussions were also made with the respondent to get more 

information. Eventhough certain people in high income groups/Owners were not easily 

approachable, every effort was made to create friendly atmosphere of trust and confidence so 

that respondents felt at ease while talking and discussing. 

3.2 Sampling 

Eventhough it was supposed to apply simple random sampling, a simple random 

sampling did not constitute homogeneous group as waste cooking oils originated from different 

types of refined oils used for frying foods. Therefore, to obtain a representative sample, stratified 

sampling technique was applied. The sample sources were sub-divided into three distinct strata 

(WCO generated from frying of food using palm, cotton seed and sunflower oils). WCO 

generated from similar types of oil used for frying food were categorized under the same strata. 

They are individually more homogeneous. Selection of sample from each category was based on 

random sampling technique.   

88.2% of the assessed WCO was originated from palm oil. One can take a representative 

sample from palm WCO without blending. However, blending of samples was preferred in order 

to treat undesirable properties of palm WCO as WCO derived from palm contains large 
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quantities of long chain saturated fatty acids which tend to increase viscosity and poor low 

temperature performance of its respective biodiesel (Knothe et al., 2005). 

The sample size taken from each stratum was proportional to the size of the strata, 

because some strata are too small and same are too large. Accordingly, a blend of sample size of 

10 liters was taken by blending the samples taken from 20 different food service establishments 

as indicated in Appendix B. 

Table 3.1 Proportional Sampling procedure 

 

Therefore, Volumes of sample taken form food service establishments for the blending 

was based on the above volume proportion and the volume proportion of each food service 

establishment to the total WCO volume contribution of food service establishments selected for 

sampling (see Appendix B). 

 

 

 

 

 

 

 

 

 

Plate 3.1 WCO samples collected from different restaurants and cafeterias 

3.3 Experimental Setup and Procedures 

There are four operations: 

Pre-treatment, transesterification, phase separation, and purification (washing and drying) 

Oil type Amount 

assessed, lt 

Volume of 

blended 

sample, lt 

Volume proportion taken 

Sunflower 3,649 

10 

(3,649/98650)*10 = 0.37 

Cotton seed  7,980 (7980/98650)* 10 = 0.81 

Palm 87,021 (87021/98650)* 10 = 8.82 

Total 98, 650 10 
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3. 3.1 Pre-treatment of WCO 

3.3.1.1 Preparation of waste cooking oil     

        The WCO samples collected were allowed to stand for about 3 to 4 weeks so that 

impurities were settled down and the liquid portion was decanted. The remaining dirt and 

suspended materials, charred food, and other non-oil material were removed by filtering the 

decanted waste oil through clean double-layer of light woven cotton material. Then, the filtered 

cooking oil sample obtained was investigated for density, free fatty acid, water and sediment and 

kinematic viscosity before transesterfication. 

3.3.1.2 Acid value and % Free fatty acid  

The reaction of FFA in the feedstock with KOH catalyst may form emulsions which 

make separation of the biodiesel more difficult; possibly leading to yield loss (Felizardo et al., 

2006). To minimize the generation of soaps during the reaction, the target reduction for FFA in 

the feedstock should be 0.5 wt % or less (Knothe et al., 2005).  

 Acid value was determined by the acid–base titration technique. KOH was used as a 

standard alkali solution. Free fatty acid of oil was calculated as percent by mass of oleic/ palmitic 

acid, which was obtained by dividing the acid value by 2.  

Into 250 mL Erlenmeyer flask, about 20 g of sample was introduced. 100 mL of titration 

solvent (which is a mixture of 495 mL Isopropanol, 500 mL of toluene and 5 mL distilled water 

per liter of solution) and 0.5 mL of indicator solution (P-Naphtholbenzein) were added to the 

flask.  The mixture was stirred until the sample was entirely dissolved by the solvent. With out 

delay, the mixture was titrated with standardized 0.0999054 N KOH solution by shaking 

vigorously   to a green-black endpoint.  

Blank titration was performed on a 100 mL of the titration solvent and 0.5 mL of the 

indicator solution by similar procedure. 

The Acid value was calculated by the following equation: 

1.3.....................................................................
1.56)(

Equation
W

xNxBA
ValueAcid

−
=

 

A = Volume in milliliters of standard KOH used in the titration  

B = Volume in milliliters of standard KOH used in titrating the blank  
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N = Normality of standard KOH  

W = Weight of the sample in gram 

The acid value calculated was also used to estimate the amount of KOH required to 

neutralize free fatty acid in addition to KOH needed for transesterification. 

3. 3.1.3 Specific gravity/ Density of WCO 

Relative density/density was measured in accordance with ASTM D 1298, 2009 Standard 

Test Method for Density, Relative Density (Specific Gravity), or API gravity of Crude Petroleum 

and Liquid Petroleum Products by Hydrometer Method. WCO was homogenized by agitation of 

the whole content of the sample before the measurement. The observed or measured specific 

gravity and density at ambient temperature were corrected to 60/60 
o
F and 15 

o
C (in g/mL) from 

the conversion table, respectively. 

3. 3.1.4 Kinematic viscosity @ 40
o
C 

Kinematic viscosity of the sample was determined using ASTM D 445, Standard Test 

Method for Kinematic Viscosity of Transparent and Opaque Liquids (ASTM D 445, 2002). In 

this test method, after a sample was filled in the viscometer, the time was measured for a fixed 

volume of the sample to flow under gravity through the capillary of a calibrated viscometer from 

point A to point B inside the viscometer at a temperature of 40 
o
C. Then, the kinetic viscosity 

was calculated as the product of the measured flow time in seconds and the calibration 

constant(c) of the viscometer:  

ν = c x t…………………………………………………………………………….Equation 3.2 

 

 

 

 

 

 

 

 

Plate 3.2 Determination of kinematic viscosity using viscometer 

B 

A 
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3. 3.1.5 Water and Sediment 

Water and sediment test was done as per ASTM D 2709 Standard Test Method for Water 

and Sediment in Middle Distillate Fuels by Centrifuge (ASTM D 2709, 2002). Water and 

sediment testing was done using 100 mL of homogenized WCO sample and centrifuging it at 

1870 rpm for 10 minutes at ambient temperature  in a centrifuge tube readable to 0.005 mL and 

measurable to 0.01 mL. After centrifugation, the volume of water and sediment which was 

settled into the tip of the centrifuge tube was read to the nearest 0.005 mL and reported as the 

volumetric percent water and sediment. 

3.3.2 Ester preparation/Transesterfication 

For effective alkaline transesterification process, WCO should contain minimal amount 

of water and FFAs; because every molecule of water and FFA will destroy a molecule of catalyst 

and form emulsion of soaps that hinders transesterfication and glycerine separation from 

biodiesel (Issariyakul et al., 2007). However, the amount of FFA and water and sediment 

detected in WCO sample was minimal. Therefore, direct alkaline transesterification procedure 

was employed for biodiesel production from this WCO without any pretreatment, since the acid 

value is less than 2 mg KOH/g. 2 mg KOH/g is the maximum limit acid value for an efficient 

transesterification, without a significant decrease in the methyl ester yields (Singh et al., 2006).   

3.3.2.1 Single step alkaline catalyzed transesterification 

A required sample of raw WCO was weighted (approximately, 600 g for each batch) and 

placed in a dry one liter beaker equipped with a thermometer. The catalyst was first dissolved in 

anhydrous (99.8% mass) methanol (6:1 molar ratio of methanol to oil), which represented a 

100% excess of the stoichiometric amount required for the transesterification. The reaction 

utilized 1.2% of WCO sample weight of KOH (about 7.2 g for each batch) granules as catalysts. 

The required amount of catalyst was quickly weighed, protecting it as much as possible from 

atmospheric moisture and carbon dioxide. The solid catalyst was added to methanol (about 130 g 

of methanol for each batch) and was vigorously stirred in safety hood until completely dissolved. 

With the WCO sample stirred and heated to 65 
o
C on a hot plate, freshly prepared potassium 

methoxide solution made by mixing methanol with KOH was added into the beaker. The mixture 

was maintained at a temperature of 50 to 60 
o
C and stirred continuously for 1 hour in the safety 
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hood. The beaker was covered with aluminum foil during the operation to prevent the 

evaporation of alcohol and the alkoxide from absorbing water from the air. The beaker was then 

removed from the hot plate and the reaction mixture was transferred to a separatory funnel to 

allow the separation of glycerol. The products of the reaction were allowed to settle for 24 hours/ 

overnight. Thus, the reaction products separated into two layers; the ester product formed the 

upper layer and the by-product glycerine formed the lower layer. The glycerine phase was 

drained out from the bottom and the top phase (crude methyl ester) was separated from the 

bottom phase by decantation and then poured into another flask. Plate 3.3 depicts the separation 

of the phases.  After separating the phases, the residual catalyst and alcohol were washed from 

the ester with water. Before purification processes crude biodiesel yield was determined. 

 

 

 

 

 

 

 

Plate 3.3 Biodiesel and Glycerine Separation 

3.3.2.2 Purification of methyl esters 

The raw biodiesel was purified by washing with distilled water to remove all the residual 

water soluble by-products. 30% (v/v, based on methyl ester layer) of clean deionized warm water 

(50 
o
C) was added to raw biodiesel in a clean separating funnel. Approximately 30% of water 

based on methyl ester layer was added to the raw biodiesel at each step of washing. The 

separating funnel was shaken gently for 2 minutes and the mixture was then allowed to settle for 

15 minutes to separate biodiesel and water layers. The water was removed as waste from the 

bottom phase. The process was repeated a minimum of three times until the water remains clear 

which indicates the biodiesel is reasonably clean (see Plate 3.4). Milky like emulsion was formed 
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during the water washing process. It took a week to settle out this emulsion. Then purified 

biodiesel was decanted and filtered through several layers of tissue paper.  

After separation, the biodiesel was transferred to a clean conical flask and dried using 

sodium sulphate. During drying, excess quantity of powder sodium sulphate was added and 

agitated for five minutes and then allowed to settle for half an hour. The content was then filtered 

through many layers of tissue paper to remove sodium sulphate. After washing and drying over 

the anhydrous sodium sulphate (Na2SO4), a final product, biodiesel, was obtained as a clear, red - 

brown liquid (see Plate 3.5). 

 

 

 

 

 

 

 

 

 

 Plate 3.4 Effectively washed biodiesel                            Plate 3.5 Purified biodiesel 

After washing and drying the biodiesel, Water and residual methanol from the ester was 

removed by slowly heating it in one liter beaker on the hotplate at a temperature range of 110 – 

115 
o
C while stirring for an hour. Then the beaker was removed from the heater and cooled. The 

final products were used to determine fuel related properties and biodiesel yield.   

3.3.3 Determination of biodiesel fuel Characteristics 

The physical and chemical properties of the methyl esters made from WCO were 

determined by using ASTM standard test methods for petroleum products, lubricants and fossil 

fuels at Ethiopian Petroleum Enterprise laboratory. The methods employed for characterization 

are summarized in Table.3.2.  
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Table 3.2 ASTM Test Methods for Biodiesel 

 

 

 

 

 

 

 

Property Test  Method 

Density @15 
o
C, g/mL  Density was measured with a hydrometer in accordance with 

ASTM D1298, 2002 

Kinematic viscosity @ 40 

ºC, mm
2
/s 

The kinematic viscosity was measured by using a glass capillary 

viscometer with a calibration constant (c) and measuring the 

time (t) in seconds, the fluid took to go from point A to point B 

inside the viscometer in accordance with ASTM  D 445, 2002 

Water and Sediment, % 

volume 

Water and sediment testing was done using 100 mL of biodiesel 

in centrifuge tube and centrifuging it at 1870 rpm for 10 minutes 

in accordance with ASTM  D 2709, 2002 

Flash point (Closed cup), 
o
C A brass test cup of specified dimensions filled into the inside 

mark with the test specimen and fitted with a cover of a 

specified dimensions was heated and the specimen stirred at 

specified rates. An ignition source was directed into the test cup 

at regular intervals with simultaneous interruption of stirring, 

until the flash was detected. The flash point was measured with a 

Pensky-Martens closed cup tester in accordance with ASTM D 

93, 2002 

Cloud point
 
, 

o
C The specimen was cooled in the cooling medium at the specified 

rate and examined periodically in accordance with ASTM D 

2500, 2002. The cloud point was reported to the nearest 1 
o
C at 

which any cloud was observed at the bottom of the test jar which 

was confirmed by continued cooling  
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Property Test  Method 

Pour point, 
o
C PP was tested in accordance with ASTM D 97, 2002. After 

preliminary heating; the sample was cooled in the cooling medium 

at specified rate and examined at intervals of 3 
o
C for flow 

characteristics. The observed reading of test thermometer was 

recorded and the result was reported after 3 
o
C was added to the 

observed temperature  

Copper corrosion 3hrs 

@ 100 
o
C 

Copper corrosion was tested using ASTM D 130, 2002. A polished 

copper strip was immersed in biodiesel in the test tube and allowed 

to heat in a 100 °C oil bath for 3 hours. After 3 hours, the strip was 

removed, examined, and compared with a set of copper strip 

corrosion standards furnished by ASTM. 

Acid number, mg 

KOH/g sample 

Acid value was determined by the acid–base titration technique in 

accordance with ASTM D 974, 2002. Into 250 mL Erlenmeyer 

flask, about 20 g of sample, 100 mL of titration solvent and 0.5 mL 

of indicator solution (P-Naphtholbenzein) were added.  The mixture 

was stirred until the sample was entirely dissolved by the solvent. 

The mixture was titrated with standardized KOH solution by 

shaking vigorously to green-black endpoint. 

Cetane Index Cetane index was determined according to ASTM D 976, 2002 

Standard test method using the following formula: 

 A Cetane index = 454.74-1641.416D + 774.74D
2   

-  0.554B + 

97.803(log B)
 2    

where, 

D=Density @ 15 
o
C g/mL 

B=Corrected mid Boiling point (at 50% volume recovered) 
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Property Test  Method 

Ash Content, % mass 20 g sample in a crucible was ignited and allowed to burn until 

only ash and carbon remain. The carbonaceous residue was 

reduced to ash by heating in a muffle furnace at a temperature of 

800 
o
C, cooled and weighed in accordance with ASTM  D 482, 

2002 

Carbon Residue, % mass 10 g of sample was placed in a crucible and subjected to 

destructive distillation. At the end of the specified heating period, 

the crucible containing  the carbonaceous residue was cooled in a 

desicator and weighed according to ASTM  D 524, 2002 

 

Distillation, 90% recovery  

,
o
C  

According to ASTM D 86, 2002, 100 mL of sample was distilled 

in a laboratory batch distillation at ambient pressure and 

observations of temperature readings and volume of condensate 

were made. The temperatures were corrected for atmospheric 

pressure. 

Calorific value Calorific value was measured at Geological Survey of Ethiopia 

using adiabatic bomb calorimeter (1241 calorimeter) by charging 1 

gram of sample in the oxygen bomb calorimeter 

Iodine value Iodine value was determined at Ethiopian Health and Research 

Institute laboratory. A sample was weighed and placed in a flask 

to which carbon tetrachloride was added. Then KI solution was 

added to the solution, followed by the addition of distilled water. 

The solution was then titrated with 0.1 N Na2S2O3 solution using 

starch as an indicator. Blank run was also conducted similar to the 

procedure as described above. 

Methyl ester composition Methyl ester composition was determined at Addis Ababa 

university department of chemistry laboratory using GC 
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4. Results and discussion 

4.1 Estimated available quantities of waste oils for biodiesel production 

The total quantities of waste oils generated from the assessed hotels, restaurants and 

cafeterias in Addis Ababa per year were found to be 536,650 liters. Table4.1 shows the details. 

The amount collected could be considerably higher if the waste oil generating sources were fully 

assessed. The assessment was restricted due to financial and time constraints. Similarly the 

conversion of grease waste into biodiesel was not covered by this study due to financial 

constraints.  

The total quantity of WCO (91 tonnes or 98,650 liters) would produce 81 tonnes or 

91,000 litres of biodiesel per year, assuming 88.5% conversion yield and densities of WCOs and 

its corresponding biodiesel to be 0.9252 g/mL and 0.8884 g/mL, respectively. 

Table 4.1 Available quantities of waste oils for biodiesel production 

 

The properties of waste cooking oil are the function of the frying temperature and length 

of use, as well as the oil used for frying. For economical reasons, normally the same oil is used 

during continuous and repeated frying. Frying is performed in one batch of oil for several days, 

or several weeks. The temperature observed during frying was in the range of 100 
o
C to 200 

o
C. 

Potatoes, fishes, fleshes and other vegetable based food items are the food types that are mostly 

fried. Depending on the work load and the quantity of food used for frying, the oil is discarded 

sometimes at the end of each day and sometimes once in two to seven days or once in a week to 

three weeks. 

Type of  waste  Oils used for frying Amount in liter Amount, % 

volume 

Sum in  

liter 

                              

 

Waste cooking oil 

Palm oil 87,021.5 88.2 98,650.5 

Cotton seed oil 7,980 8.09 

Sunflower oil 3,649 3.7 

Trap grease Olive oil & Soybean 

plus grease  

438,000 100 438,000 

Total 536,650.5 
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4.2 Feedstock properties 

4.2.1 Relative density /density of WCO  

Density of WCO is needed to make mass to volume conversions, calculate flow and 

viscosity properties, and is used to judge the homogeneity of WCO sample. The average density 

of waste cooking oil measured at 15 
o
C was found to be 0.9252 g/mL, which is greater than the 

average density of its respective biodiesel at the same temperature (i.e. 0.8884 g/mL). This is an 

expected finding since biodiesel molecules are single, long chain fatty esters with higher 

mobility than the bigger and bulkier triglyceride molecules. The high density of WCO could be 

due to bulkier triglyceride molecules and the formation of polymeric components during frying, 

which leads to the formation of foam and increase the viscosity and density of the oil (McNeill et 

al., 1986).   

4.2.2 Kinematic Viscosity  

High viscosity is the major problem, preventing the use of vegetable oils and animal fats 

directly in diesel engines. The average viscosity of WCO was measured to be 55.3 mm
2
/s at 40 

°C. This high value is due to the presence of higher molecular weight molecules such as 

triglycerides, polymerized triglycerides, and many other unknown heavier compounds formed 

during frying (Nawar, 1984). 

After transesterification, esters showed substantial reduction in viscosity. The viscosity of 

biodiesel measured at 40 °C was found to be 6.35 mm
2
/s. During the frying process under high 

temperatures in the presence of air and moisture, a variety of degradation reactions can occur in 

the oil, leading eventually to changes in the properties of the oil, including an increase in the 

viscosity (McNeill et al., 1986).  Also, viscosity of used oil increases considerably, because of 

the formation of dimeric and polymeric acids and glycerides (Agarwal et al., 2003). 

Biodiesel kinematic viscosity is much lower than that of its respective oil. This is an 

expected finding since biodiesel molecules are single, long chain fatty esters with higher 

mobility than the bigger and bulkier triglyceride molecules. 
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 Table 4.2 Kinematic Viscosity of WCO measured @ 40 
o
C 

4.2.3 Free fatty acid content/Acid value 

The WCO in this study had an acid value of 1.76 mg KOH/g and is less than 2.0 mg 

KOH/g which has often been recommended as the limit acid value for an efficient 

transesterification using the base catalyzed reaction (Singh et al., 2006). The oil and biodiesel 

contained 0.88% and 0.0315% weight of free fatty acid, respectively. This feedstock was directly 

transesterified by a method described in section 3 of this paper without significant yield loss.  

Table 4.3 Acid value of WCO 

 

4.2.4 Water and Sediment 

The average water and sediment content of UFO obtained was quite low (<0.0250 V/V 

%) so that it met the requirements. Therefore, its effect of forming soap and emulsions during 

transesterfication was negligible. Moisture is a minor component found in feedstock tested. 

Moisture can react with the catalyst during transesterification which can lead to soap formation 

and emulsions (Knothe et al., 2005). If the feedstock moisture was above 0.050 wt% (Max. 

  
Viscometer 

size 

Viscometer 

number 

Viscometer 

constant, C 

(mm
2
/s

2
) Flow time(s) 

Kinematic 

viscosity(ν), C*S 

(mm
2
/s) 

Test1 75 29434 0.009793 5647 55.301071 

Test2 75 29435 0.009176 6042 55.441392 

Test3 75 29501 0.1187 464 55.076800 

Average 55.273088 

 Wt.of 

Sample 

taken in g 

 

Normality 

of KOH,N 

 

Volume 

of 

KOH, 

mL 

 

volume of 

blank 

titration,mL 

 

Acid Value, 

mg KOH/g 

 

%  Free acid 

content, Acid 

Value/2 

Test 1 20.0125 

 

0.00999054 

 

6.5 

 

0.1 

 

1.7924 

 

0.8962 

 

Test 2 

 

20.9922 

 

0.00999054 

 

6.565 

 

0.1 

 

1.7261 

 

0.86304 

 

Average 1.75925 0.87962 
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limit), the feedstock would have been dried to reduce the moisture before further conversion in 

order to minimize the effect of forming emulsions during transesterification.   

4.2.5 Amount of potassium hydroxide Catalyst 

The FFA contained in the waste oil can be neutralized by basic KOH to produce an 

undesired substance (a soap, which is an emulsifying agent). The amount of KOH needed, 

therefore, should allow for the amount needed in the production of the potassium methoxide 

catalyst as well as that is necessary for the neutralization of the free fatty acid in the oil according 

to the reactions: 

CH3OH    +    KOH    →    CH3OK    +    H2O……………………………………….Equation 4.1 

32.04 g           56.1 g           70.13 g         18.02 g 

RCOOH    +    KOH    →    RCOOK    +    H2O……………………………………..Equation 4.2 

Fatty acid         Base   Salt/soap         Water 

Since it takes one mole of catalyst to neutralize one mole of FFA, the amount of 

additional catalyst required is equal to (% FFA) x (0.197)/0.86 = 0.87962 x (0.197)/0.86= 0.2% 

of the triglycerides weight. The factor 0.197 represents the ratio of the mass KOH to the mass of 

free fatty acid. Also note that a factor of 0.86 has been included with the KOH calculation to 

reflect that reagent grade KOH is only 86% pure. If other grades of catalyst are used, this factor 

should be adjusted to their actual purity. Therefore, a total of 1.2% of triglyceride weight of 

KOH is required since 1% of triglyceride weight of KOH is required for the transesterfication 

process. 

4.3 Transesterification 

The potassium hydroxide used reacted with the methanol to produce the potassium 

methoxide catalyst. A reaction mixture contained 130.2 g of methanol available for the 

production of the biodiesel sample and 7.2 g of potassium hydroxide catalyst, for every 600 g of 

the cleaned WCO. The KOH was added at 1.2% of the weight of cleaned oil. 

During the transesterification process the reaction mixture changed to a turbid dark-

brown color (due to saponification as a result of FFA content of WCO sample) within the first 

few minutes, and then it changed to a clear transparent red - brown color. Finally, the mixture 
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again became somewhat turbid and dark colored at the bottom of the container due to the 

formation of emulsified free glycerol.  

Soaps, at least in trace amounts, have been formed during or subsequent to the 

transesterification process. These reactions have a tendency to occur during the first instant of 

transesterification because of the small amount of water and FFA in the system. Even small 

quantities of water can decrease the extent of the conversion reaction (Knothe et al., 2005). The 

source of the interfering water for this reaction may be the use of water containing methanol, or 

water in the other reactants at the beginning (from atmospheric exposure).  

4.4 Separations of biodiesel and glycerin 

The ester/glycerol separation is typically the first step of product recovery in biodiesel 

processes. The separation process is based on the facts that fatty acid methyl esters and glycerol 

are sparingly mutually soluble, and that there is a significant difference in density between the 

ester and glycerol phases (see Plate 3.3). The presence of methanol in one or both phases affects 

the solubility of ester in glycerol and glycerol in ester. WCO Fatty acid methyl esters have a 

density of about 0.8884 g/mL, while the glycerol phase has a density in the order of 1.05 g/mL, 

or more. The glycerol density depends on the amount of methanol, water, and catalyst in the 

glycerol. This density difference is sufficient for the use of simple gravity separation techniques 

for the two phases. 

  However, the rate of separation is affected by several factors. Most biodiesel 

processes use relatively intense mixing, at least at the beginning of the reaction, to incorporate 

the sparingly soluble alcohol into the oil phase (Singh et al., 2006). If this mixing continues for 

the entire reaction, the glycerol can be dispersed in very fine droplets throughout the mixture 

(Singh et al., 2006). This dispersion requires from one hour to several hours to allow the droplets 

to merge into a distinct glycerol phase (Singh et al., 2006). For this reason, mixing was generally 

slowed as the reaction begins to progress, to reduce the time required for phase separation. 

The presence of significant quantities of mono-, di-, and triglycerides in the final mixture 

can lead to the formation of an emulsion layer at the ester glycerol interface (Zhou et al., 2003). 

This layer represents a net loss of product, unless it is recovered and separated. At worst, the 

ester phase will not meet the biodiesel specification and will have to be re-run. If problems with 

mono, di, and triglycerides occur, one should re-evaluate the entire reaction to see where 
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improvements can be made to improve process yields in the preceding steps. However during the 

separation process this was not significantly observed. 

After completion of transesterification, the reaction mixtures were allowed to settle and 

cool down for 24 hours. After the mixture was cooled down, crude biodiesel and glycerin phases 

were seen clearly. This phase separation was seen within few minutes. However, the crude 

biodiesel was slightly cloudy and less transport. The clear separation was observed after 24 hours 

of settling. Thus, crude biodiesel was separated from glycerine phase effectively, because the 

settling time was more than enough for phase separation.  

4.5 Methyl ester yield 

The product yield considering either crude or purified esters is defined as the mass 

percentage of the final product relative to the initial mass of WCO introduced into the 

transesterification. The methyl esters yield obtained by a single step alkali transesterification of 

WCO under similar reaction conditions is given in Table 4.4. It is known that the more acidic the 

feedstock is the lower yield that could be obtained by base transesterification because of the 

more pronounced deactivation of the catalyst and soap formation by the FFAs in the feedstock. 

Since the acid content of the feedstock is minimal compared to what was expected, a significant 

yield loss was not observed. 

According to this study, it is possible to prepare methyl ester of acceptable quality from 

WCO with simple method of transesterification with high yields. The average crude biodiesel 

yield obtained was 93% by weight. However, the variations in crude biodiesel yield were 

observed in same batches of transesterfication. This might be due to the variations in reaction 

conditions such as temperature and rate of stirring the reaction mixture. The agitation of the 

reaction mixture was done manually. This could not keep the consistence of agitation through 

out the batches. Similarly, the reaction temperature was not maintained to the specific value 

during the transesterfication, due to the absence of thermostatic magnetic stirrer. Shah et al. 

(2007) studied the effect of reaction temperature in the range of 45 to 70 
o
C. The highest 

conversion of triglyceride obtained was at 60 
o
C. The obtained results show that the higher 

temperatures resulted in higher reaction rate to produce more fatty acid methyl esters. This 

shows that maintaining temperature at 60 
o
C is required for a better yield. Therefore, due to the 
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presence of unconverted quantities of mono-, di-, and triglycerides in the final mixture can lead 

to the formation of an emulsion and hence a net loss of product.  

Table 4.4 Biodiesel product yield 

 

On average, esterification of WCO gave much higher yields, due to the low levels water 

and free fatty acids in the oil. However after washing and purification the yield was reduced to 

88.5%.  As water was being mixed through it quickly turned to a milky white colour indicating 

the presence of soap. The low yield after washing was partly due to excessive losses of methyl 

ester during washing (caused by limitations in the washing design) or due to the presence of high 

concentration of water soluble impurities in the crude biodiesel or due to the slight solubility of 

methyl ester in water (Canakci and Gerpen, J.V., 2001). Thus, methyl esters loss might happen 

due to retention of methyl ester in the water phase. 

4.6 Purification Processes 

The purification process is one of the crucial processes that will determine the quality of 

the finished product. It is the purification process that is responsible for removing contaminants, 

and it is therefore the functional requirement of the system is to remove the impurities that 

remain in the raw biodiesel.  Purification processes, including washing and drying, are necessary 

since untreated biodiesel contains impurities, such as free glycerol, soap, free fatty acid, 

methanol, catalysts, metals and glycerides. The remaining unreacted methanol in the biodiesel 

has safety risks and can corrode engine components, the residual catalyst KOH can damage 

Exp. 

N0 

Wt. of 

WCO(g) 

Wt. of 

Methanol 

(g) 

Wt. of 

KOH 

(g) 

Wt. of 

Crude BD 

(g) 

% yield 

of Crude 

BD 

Wt. of 

Purified 

BD(g) 

% yield of 

purified BD 

1 600.5559 130.6980 7.3026 539.3763 89.8128 523.1295 87.1075 

2 600.1486 130.5068 7.2880 550.3657 91.7049 524.7687 87.4398 

3 600.5498 130.3193 7.3630 548.4141 91.3187 528.6610 88.0295 

4 602.0406 130.2617 7.3072 573.1674 95.2041 546.5607 90.7847 

5 602.4165 130.9124 7.2873 574.1278 95.3041 541.4171 89.8745 

6 601.3800 130.3641 7.2864 551.0383 91.6290 524.1107 87.1513 

7 600.7492 130.6821 7.3056 568.8694 94.6933 536.3781 89.2849 

Sum 4207.841 

 

913.7444 

 

51.1401 3905.359 

 

 3725.026  

Average 92.8115  88.5258 
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engine components, and soap in the biodiesel can reduce fuel lubricity and cause injector coking 

and other deposits (ASTM D 6751, 2009).  

During the water washing process, water absorbed water soluble impurities out of the raw 

biodiesel. As the water was being mixed through it quickly turned a milky white colour and the 

methyl ester layer became turbid indicating the presence of soap (see Plate 4.1).  

 

 

 

 

 

 

 

 

Plate 4.1 Water washing process of Crude biodiesel 

Traditional water wash has been widely used and proved to be effective to remove most 

impurities. Berrios, M. and Skelton (2008) found only water washing has purified biodiesel, 

direct from glycerol separation, to the requirements of European Standard for Biodiesel (EN 

14214). However, there are many disadvantages. If the water is mixed too excessively with the 

oil, it will create a mayonnaise like emulsion and will take quite some time to settle out (Luke, 

2007 and Canakci and Gerpen, 2001). Although water is generally not soluble in biodiesel, 

biodiesel still has some affinity to water and a small amount will remain in the fuel unless it is 

removed. Thus methyl esters loss happens due to retention of ester in the water phase (Canakci 

and Gerpen, 2001). Dry washes, the use of ion exchange resin, such as magnesium aluminum 

silicate can remove all these disadvantages (Van Gerpen, 2007). 

4.7 Biodiesel fuel Characteristics 

The physical and chemical properties of the methyl esters obtained by single-step alkali 

transesterification of the WCO are summarized in the following table. 
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Table 4.5 Characterization of Methyl Esters of WCO 

Property 

 

Units Test method 

ASTM 

Standard 

limit 

Result European 

EN 14214 

Cloud point ºC D 2500 Report 7  

Pour point ºC D 97 Report 6  

Density @ 15 
o
C g/mL D 1298  0.8884 0.86-0.90 

Kinematic 

viscosity, 40 ºC 

mm
2
/s D 445 1.9-6.0 6.35  

Water and 

Sediment 

vol.% D 2709 Max 0.05 Trace  

Flash point 

(Closed cup) 

ºC D 93 Min 130 177  

Copper corrosion 

3hrs @ 100 
o
C 

- D 130 Max 3 1a  

Acid Number mg KOH/g D 974 Max 0.8 0.063  

Iodine value g I2/100g  <115  78 

Ash Content % mass D 482 Max 0.01 0.0035  

Carbon Residue  % mass D 189 0.35 0.14  

Cetane number - D 976 Min 47 47  

Distillation, 90% 

recovery 

ºC D 86 Max 360 348  

Calorific value Kg cal/mol   2619.7  

Note: Calorific value range for C8– C22 fatty acids and esters is ~1300–3500 kg-cal/mol 

(Freedman and Bagby, 1989). 

4.7.1 Cloud point and pour point  

Low temperature operability of biodiesel fuel is an important aspect from the engine 

performance standpoint in cold weather conditions (Knothe et al., 2005). The cloud and pour 

point are also the important properties of biodiesel fuel. Cloud point is the temperature at which 

a cloud of wax crystals first appear in the oil when it is cooled (ASTM D 2500, 2002). The pour 
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point is the lowest temperature at which the oil sample can still be moved. These properties are 

related to the use of biodiesel in the cold temperature.  

The cloud point of methyl esters of WCO was found to be 7 
o
C. It has higher CP than 

petrol diesel. The PP of WCO methyl ester was found to be 6 
o
C. Transesterification does not 

alter the fatty acid composition of the feedstocks. Therefore, biodiesel made from feedstocks 

containing higher concentrations of high-melting point saturated long-chain fatty acids tends to 

have relatively poor cold flow properties (Foglia et al., 1997). The result of WCO biodiesel’s 

methyl ester composition shows that the biodiesel made from WCO feedstock contains about 

70% high melting long chain fatty acids; namely palmitic and stearic acids which agree with the 

CP and PP results. Higher cloud and pour point of esters may be also due to the formation of 

polymerized esters during transesterification as indicated in the literature review. From these 

results it is clear that WCO derived esters would be a suitable candidate as a diesel fuel substitute 

in tropical countries and not as suitable at B100 in colder climate conditions. Therefore, the 

methyl esters produced from WCO marginally perform in cold temperatures. CP and PP are one 

of the tests that are included as a standard in ASTM D 6751, 2009. ASTM D 6751, 2009 requires 

the producer to report the CP and PP of the biodiesel sold, but it does not set a range as the 

desired CP and PP are determined by the intended use of the fuel. 

4.7.2 Density @ 15 
o
C 

The density of biodiesel is used to judge the homogeneity of biodiesel. This property is 

important mainly in airless combustion systems because it influences the efficiency of 

atomization of the fuel (Felizardo et al., 2006). The result obtained (Table 4.5) showed that the 

methyl ester produced in this study had a density of 0.8884 g/mL which falls in the range 0.86–

0.90 g/mL, specified according to the standard EN 14214, 2004. 

4.7.3 Kinematic Viscosity 

It affects the atomization of a fuel upon injection into the combustion chamber and 

thereby, ultimately, the formation of engine deposits; the higher the viscosity, the greater the 

tendency of the fuel to cause such problems (ASTM D 975, 2009).  The viscosity of biodiesel 

methyl esters measured at 40 
o
C was found to be 6.35 mm

2
/s. It is slightly out of the range 

recommended by ASTM standard. The ASTM standard for biodiesel viscosity is 1.9-6.0 mm
2
/s 
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at 40 
o
C. The value is not surprising for waste frying oils biodiesel, as it is known that during the 

frying process under high temperatures in the presence of air and moisture, a variety of 

degradation reactions can occur, leading eventually to changes in the properties of the oil, 

including an increase in the viscosity of WCO and its biodiesel product (Nawar, 1984). Viscosity 

also increases with chain length and with increasing degree of saturation (i.e., with decreasing 

degree of unsaturation) (Foglia et al., 1997). WCO biodiesel was made from WFO feedstock 

containing higher concentrations of saturated long-chain fatty acids which tends to increase the 

viscosity of methyl esters. This high viscosity property can be improved by blending the 

biodiesel with petrodiesel or with biodiesel having low viscosity. The viscosity of the ME was 

much lower than that of the feedstock oil (about 9 times lower).  

4.7.4 Water and Sediment 

An accumulation of sediment in a storage tanks and on a filter screens can obstruct the 

flow of fuel from the tank to the combustor (ASTM D 2709, 2002). Water can cause corrosion of 

tanks and equipment. The biodiesel sample generated during this study had trace volume or 

undetectable levels of water and sediment. This shows that the drying process was effectively 

done so that WCO biodiesel met the ASTM standard requirement (ASTM standard requirement 

for water and sediment is 0.05 vol. % Max). 

4.7.5 Flash Point 

The flash point temperature is the measure of the fuel to form a flammable mixture with 

air. It is only one of a number of properties which must be considered in assessing flammability 

hazard of a material. For biodiesel, a flash point of below 130 °C is considered to be out of 

specification (ASTM D 6751, 2009).  

The measured flash point of this biodiesel was 177 °C, indicating very low or negligible 

methanol levels in the biodiesel. This high flash point is probably not only due to very low 

methanol content but more likely due to the presence of methyl esters with C16 and C18 carbon 

chain lengths which predominate in this biodiesel (see Table 4.6). 

4.7.6 Copper Corrosion 

The copper corrosion test measures corrosion forming tendencies of fuel when used with 

copper, brass, or bronze parts. The presence of acids can tarnish copper. 
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The ASTM D 130, 2002 limit for copper corrosion is number 3. The WCO biodiesel 

passed ASTM specifications as the copper strip immersed in biodiesel which was allowed to heat 

in a 100 °C oil bath for 3 hours has a rating of 1a, when compared with a set of copper strip 

corrosion standards furnished by ASTM. Usually, for a base catalyzed process, the acidity will 

be low since the base catalyst will strip the available free fatty acids. 

4.7.7 Acid value 

The acid value is defined as the milligrams of KOH required to neutralize the free acids 

in 1 g of sample. The mono-alkyl esters present in biodiesel are the predominant chemical 

species present in B100 biodiesel. The structure of mono-alkyl esters in biodiesel is made of long 

chain fatty acids.  

The acid value determination is an important test to assess the quality of a particular 

biodiesel. It can indicate the degree of hydrolysis of the methyl ester, a particularly important 

aspect when considering storage and transportation as large quantities of free fatty acids can 

cause corrosion in tanks.  

The test result for the acid value for WCO methyl ester was found to be 0.063 

mg/KOH/g. The biodiesel is within specification as it falls under the ASTM D 6751, 2009 limit 

for acid value (0.8 mg KOH/g). This shows that the transesterification cleaning and drying 

processes were effective. Usually, for a base catalyzed process, the acid value after production 

will be low since the base catalyst will strip the available free fatty acids. 

4.7.8 Iodine value 

The iodine value is a measure for the determination of the unsaturation in fatty acids. 

This property greatly influences fuel oxidation and the deposits formed in the injector of diesel 

engines (Felizardo et al., 2006). With increasing iodine value of unsaturated fatty acids, the 

effect of polymerization is stronger (Felizardo et al., 2006). According to EN 14214, 2004 MEs 

used as diesel fuel must have an iodine value of less than 115 g I2 per 100 g of sample. The MEs 

obtained in this study had an iodine value of 78 g I2/100 g. The iodine value was in a very good 

agreement with EN 14214, 2004 standard specifications.  
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4.7.9 Ash Content 

Ash may come from abrasive solids, soluble metallic soaps, and unremoved catalysts 

(ASTM D 482, 2002). It can result from oil or water soluble metallic compounds or from 

extraneous solids. 

The maximum ASTM limit for ash content is 0.010 % by mass and the evaluated 

biodiesel ash content is 0.0035 % by mass which is far below the maximum ASTM limit value. 

This low ash content is due to effective washing in the purification process. 

 

 

 

 

 

 

 

 

Plate 4.2 Ash content determination by ignition 

4.7.10 Carbon Residue 

The carbon residue test indicates the extent of deposits that result from the combustion of 

a fuel. Carbon residue which is formed by decomposition and subsequent pyrolysis of the fuel 

components can clog the fuel injectors. ASTM D 6751, 2009 includes carbon residue as a 

standard for biodiesel. 

Biodiesel made from the WCO feedstock had a carbon residue 0.14% by mass, which is 

below the maximum ASTM standard requirement. The maximum allowable carbon residue for 

biodiesel by mass is 0.35% according to ASTM D 6751 standard. Since the most common cause 

of excess carbon residues in B100 is an excessive level of total glycerin, sample of the biodiesel 

could contain total glycerin, within the ASTM standard requirement (ASTM D 6751, 2009). 
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4.7.11 Cetane Index 

This property could be regarded as an indicator of the cetane number, which is a property 

that reflects the ignition quality of biodiesel. The higher the cetane number, the more efficient 

the ignition is (Knothe et al., 1998). Because of the higher oxygen content, biodiesel has a higher 

cetane number compared to petroleum diesel. The structure of fatty esters can also influence 

emissions, with the NOx emissions being lower with increasing saturation (McCormick et al., 

2001). Saturated compounds have higher cetane numbers (i.e., cetane index) than unsaturated 

compounds. Contrary to the determination of the cetane number that requires tedious 

experimental procedure, the cetane index can be obtained by simple calculation.  

 Cetane index is determined according to ASTM D 976, 2002 Standard test method using 

the following formula: 

A Cetane index = 454.74-1641.416D+774.74D
2
-0.554B+97.803(log B)

 2 
where, 

D=Density @ 15 
o
C g/mL 

B=Corrected mid Boiling point (at 50 % volume recovered), 
o
C 

The cetane index of WCO biodiesel from this experiment was found to be 46.  

Cetane number = cetane index –1.5 to +2.6 (Patel, 1999) by taking the mean of the minimum 

value of CN and maximum value of CN calculated from cetane index, CN was found to be ~ 47 

ASTM standard limit of cetane number for biodiesel is 47 minimum. For B100, the 

cetane number is seldom an issue because long unbranched chain fatty acid esters have higher 

cetane numbers.  Knothe et al. (2005) pointed out that biodiesel containing high amounts of 

saturated fatty acids (low iodine numbers) such as palm oil, lard and beef tallow (65, 65 and 75, 

respectively) possess a higher CN. 

CN is one of the qualities of biodiesel. The higher cetane number indicates the higher 

engine performance of biodiesel, resulting in lower emission of all pollutants other than oxides 

of nitrogen (NOx) (Knothe et al., 1997). Eventhough, vacuum distillation temperature data is 

required for the calculation of cetane index; the value of CN calculated using temperature data of 

atmospheric distillation is still within the specification of ASTM standard. Vacuum distillation 

was not used because of the inavailability of vacuum distillation apparatus.  
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4.7.12 Heat of Combustion/Calorific Value 

Gross heat of combustion (HG) is a property proving the suitability of using fatty 

compounds as DF. The heats of combustion of fatty esters and triacylglycerols are in the range of 

~1300–3500 kg-cal/mol for C8– C22 fatty acids and esters (Freedman and Bagby, 1989). HG 

increases with chain length. Fatty alcohols possess heats of combustion in the same range. The 

calorific value of WCO based biodiesel was 9289.91 Cal/g. This is equivalent to 2619.7 kg-

cal/mol which is with in the above range (1300–3500 kg-cal/mol). 

4.7.13 Distillation at atmospheric pressure 

Distillation is used to determine quantitatively the boiling range of the biodiesel product.. 

Eventhough, distillation at atmospheric pressure provides some clues or information about the 

properties of methyl esters such as the boiling range of the biodiesel product, distillation at 

reduced pressure (vacuum distillation) is required because the biodiesel will thermally 

decompose using atmospheric distillation.  The plot pattern of volume of distillate recovered 

versus temperature in Figure 4.1 indicates this fact. The decrease in temperature as the 

distillation progresses indicates the decomposition of methyl ester which results in the formation 

of low boiling molecular substances. Similarly, the color of the recovered distillate slightly 

deviates from the color of the biodiesel, which indicates the formation of new compound due to 

decomposition (see plate 4. 3). 

 Since the fatty acid chains of the methyl esters, which comprise biodiesel, predominantly 

contain 16 to 18 carbons, they have similar boiling temperatures, between 318 and 360 °C (see 

Figure 4.1). The boiling range gives information on the composition of methyl ester and the 

behavior of the fuel during storage and use. Volatility is the major determinant of the tendency of 

a methyl ester mixture to produce potentially explosive vapour.  

The distillation value of the biodiesel sample at 90% volume recovery was determined to 

be 348 
o
C. The value is within the range of ASTM D 6751, 2009 standard. This ensures that the 

biodiesel does not contain high boiling contaminants such as mono-, di-, and triglycerides. The 

specification value of distillation in the ASTM D 6751 standard is set as 90% off at 360 °C. 

The distillation characteristics affect starting war-up, and tendency to vapour lock at high 

temperature or at high altitude or both (ASTM D 975, 2002). The presence of high boiling 

components can significantly affect the degree of formation of solid deposits. 
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Volume vs Temperature
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Figure 4.1 Graphical representation of volume of distillate recovered versus temperature 

 

 

 

 

 

 

 

 

Plate 4.3 Distillate recovered 

4.7.14 Methyl ester composition 

The fatty acid methyl ester composition of the WCO biodiesel in this study, consisted 

mainly of methyl esters of stearic (C18:0), 39%, palmitic (C16:0), 31.2%, oleic (C18:1), 24.5%, 

linoleic (C18:2), 4.5%, and myristic (C14:0), 0.7% (see Table 4.5 and 4.6). The result of WCO 
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based methyl ester composition is indicated in GC chromatogram (Appendix E). The high 

concentration of stearic acid in WCO sample may be due to the additional release of animal fat 

that was contained in the food being fried into the frying oil during frying, because animal fat 

contains long chain saturated fatty acids like stearic acid (Foglia et al., 1997). 

Table 4.6 Result calculation Method Uneal Detector 

Reten. Time (min) Area 

mv. s 

Height 

(mv) 

Area 

(%) 

Height 

(%) 

WOS 

38.120 99.717 24.740 0.7 1.4 0.07 

43.823 4180.503 591.512 31.2 32.4 0.11 

48.117 3280.749 386.124 24.5 21.1 0.15 

48.337 5229.728 685.879 39.0 37.5 0.12 

48.780 602.537 139.334 4.5 7.6 0.07 

Total 13393.234 1827.388 100 100  

 Source: Addis Ababa University Chemistry GC laboratory 

Table 4.7 Fatty acid profile of WCO and its biodiesel fatty acid methyl ester  

 

 

 

 

 

 

 

 

Fatty acids Formula Common 

acronym 

Methyl esters % composition 

by mass 

Palmitic acid C15H31COOH C16 : 0 Methyl palmitate 31.2 

Stearic acid C17H35COOH C18 : 0 Methyl strearate 39.0 

Oleic acid C17H33COOH C18 : 1 Methyl oleate 24.5 

Linoleic acid C17H31COOH C18 : 2 Methyl linoleate 4.5 

Myristic acid C13H27COOH C14 : 0 Methyl myristate 0.7 
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5 Conclusion and recommendation 

5.1 Conclusion  

� The experimental work carried out in this study shows that biodiesel of acceptable quality 

can be produced from waste cooking oil generated from food service establishments 

� The production of biodiesel by alkali single-step transesterification of waste frying oil 

with an acid value less than 2 mg KOH/g is feasible without any previous treatment 

under the conditions applied in this study 

� The findings of this work clearly indicate that, biodiesel derived from waste cooking oil 

is perhaps the greenest liquid fuel available because of the primary ingredient being a 

post-consumer waste product 

� Biodiesel obtained from WCO has poor low-temperature properties. Blending with 

petrodiesel or biodiesel having good performance at low temperature can improve these 

properties and  also viscosity of the biodiesel  

� Production of biodiesel from waste cooking oil has the added benefit of recycling waste 

products, although the overall availability of these waste feedstocks is limited.  

� The fuel properties of biodiesel derived from waste cooking oil all met the ASTM D 

6751, 2009 biodiesel Standard except kinematic viscosity which is slightly greater than 

the required standard. 
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5.2 Recommendation  

� More research on the esterification of a blend of non edible oils & used cooking oils 

should be undertaken to raise the yield  and to increase the quality of  biodiesel so that the 

effect on the economics of biodiesel production will be more significant 

� Further study on grease trap oils conversion to biodiesel should be undertaken in future 

work to examine its feasibility as feedstock for biodiesel production 

� To achieve maximum yield of biodiesel using the waste cooking oil feedstock, the 

optimum conditions should be studied and compared with those produced from a neat 

vegetable oil and to improve the technique that enhances the product purification process, 

consequently achieves higher biodiesel yield, and further reduces the production costs of 

biodiesel 
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7 Appendices 

Appendix A: Row Data in the assessment of WCO 

Table A1 WCO derived from Palm oil 

 No Name of Service 

Provider 

Date 

assessed 

Type of 

oil used 

for   

frying 

food 

Vol. of WCO 

produced, 

lt 

vol. of 

WCO 

disposed/

yr 

Frying 

duratio

n/day 

Frying 

Temp. oC 

1 

Addis regencry 

Hotel 15/11/2011 Palm oil 13/7 678 1-7 140 _200 

2 Sor Amba Hotel 22/11/2010 Palm oil 4/ 2 730 2-3 170_180 

3 Wabishebell Hotel 22/11/2010 Palm oil 30/10 1095 10 120_ 200 

4 Jerusalem Hotel 23/11/2010 Palm oil 15/ 7 782 7-10 150_200 

5 Ras Hotel 24/11/2011 Palm oil 10/15 243 15 120-200 

6 Churchill Hotel 24/11/2012 Palm oil 25/7 1303 7 130- 180 

7 Ghion hotel 29/11/2011 Palm oil 20/7 1043 7 100-200 

8 

Jupiter International 

Hotel, kasanchis 3/12/2010 Palm oil 4/ 2 730 2-3 130_180 

9 

Hotel de leopol 

international 6/12/2010 Palm oil 5/5 365 5 120-170 

10 

Addis Ababa Golf 

club 7/12/2010 Palm oil 6/ 7 313 4-7 120-180 

11 

F D R E Defence 

forces Officers Club 7/12/2010 Palm oil 20/ 7 1043 7 150-200 

12 

Carnivore Addis 

Restaurant 13/12/2010 palm oil 5/1 1825 1 120-180 

13 

Queen of Sheba 

Hotel 13/12/2010 palm oil 30/7 1564 3 130-190 

14 

M.N International 

Hotel 13/12/2010 palm oil 15/7 782 4-7 120-200 

15 

Roof Top 

Restaurant 27/12/2010 palm oil 5/7 261 7 140-200 

16 

London Cafteria and 

Restaurant 27/12/2010 palm oil 10/7 522 3-4 120-200 

17 

Jupiter International 

Hotel 2 bole 27/12/2010 palm oil 15/7 548 3-7 150-190 

18 Wassamar Hotel 27/12/2010 palm oil 8/5 584 3-7 140-200 

19 KZ Hotel 27/12/2020 palm oil 10/15 243 15 160-200 

20 

Bole Ambassador 

Hotel 29/12/2010 palm oil 15/7 779 7 130_180 
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 No Name of Service 

Provider 

Date 

assessed 

Type of 

oil used 

for   

frying 

food 

Vol. of WCO 

produced, 

lt 

vol. of 

WCO 

disposed/

yr 

Frying 

duratio

n/day 

Frying 

Temp. oC 

21 Dreamliner Hotel 29/12/2011 palm oil 20/7 1042 2-6 160 

22 Adot Tina Hotel 31/12/2010 palm oil 5/7 261 2-7 130-200 

23 

China Bar and 

Restaurant 11/1/2011 palm oil 5/1 1825  120 to 200 

24 

Huan le Cheng 

Chanise restaurant 17/01/2011 palm  oil 4/ 1 1460 1 120 to180 

25 

Avant Restaurant & 

wine bare 17/01/2012 palm oil 4/5 292 5 140/1160 

26 london Café airport 17/01/2011 palm oil 40/7 2086 7 121 to 180 

27 Yellow spot café 17/01/2011 palm oil 10/7 521 3-7 160 

28 

Atlas International 

Hotel 18/01/2011 palm oil 15/30 365 up to 7 120-170 

29 Roomi Burger 18/01/2011 palm oil 2/1 730 1-3 120-180 

30 Desalegn Hotel 24/01/2011 palm oil 10/15 244 10 120-160 

31 Bole mini 24/01/2011 palm oil 1 .5/1 548 1-3 110-180 

32 

Bon 

café_Restaurant & 

Bar 24/01/2011 palm oil 10/4 913 1-3 180 

33 Lion s Cage pastery 25/01/2011 palm oil 7/10 256 10 120-160 

34 A & M café 25/01/2011 palm oil 0.5.1 182.5 1 120-150 

35 Sapphair Café 25/01/2011 palm oil 1/1 365 1-2 110-160 

36 King Gorge Café 25/01/2011 palm oil 1/1 365 3-7 180 

37 Terrace Café 25/01/2011 palm oil 1/1 365 1-3 120-1160 

38 National pastry 25/01/2012 palm oil 4/3 486 3 160 

39 Africa Coffee 25/01/2011 palm oil 1/1 365 1-2 120-170 

40 

Geneve Café & 

Restaurant 25/01/2011 palm oil 4/3 487 1-3 160 
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 No Name of Service 

Provider 

Date 

assessed 

Type of oil 

used for   

frying food 

Vol. of 

WCO 

produced, 

lt 

vol. of 

WCO 

disposed/

yr 

Frying 

duratio

n/day 

Frying 

Temp. 

oC 

41 

Good James Restaurant 

café &Bar 25/01/2011 palm oil 20/7 1046 1 120-190 

42 Raizel Café 25/01/2011 palm oil 6/7 313 3-7 165 

43 Evian,s Café 26/01/2011 palm oil 20/7 1043 1-2 110-180 

44 La eoquette Café 26/01/2011 palm oil 5/5 365 3-5 170 

45 Alem buna 26/01/2012 palm oil 10/7 523 4-7 150-180 

46 Sarem café 26/01/2011 palm oil 4/5 209 5 130-160 

47 pizza Corner 26/01/2011 palm oil 40/20 730 up to 7 100-150 

48 

New mellenium Model 

Restaurant 26/01/2011 palm oil 10/15 243 10-15 170 

49 Mini Restaurant 26/01/2012 palm oil 6/7 313 5-7 160 

50 Coffe plus 26/01/2013 palm oil 1/1 52 7 130-150 

51 

Geneve Café & 

Restaurant 2 26/01/2011 palm oil 6/5 313 5 170 

52 Seble Bar & Restaurant 26/01/2011 palm oil 2/ 1 730 1-2 110-180 

53 

Shalom Café & 

Restaurant 26/01/2011 palm oil 20/7 1043 1-3 120-160 

54 Made Coffee & pizza 26/01/2011 palm oil 7/5 365 2-4 130-18- 

55 Enda café 31/01/2011 palm oil 5/7 256 7 160-200 

56 PiZZeria House 31/01/2011 palm oil 5/7 256 7 

120-

1160 

57 

Sydney Café & 

Restaurant 31/01/2011 palm oil 10/5 730 4-5 120-200 

58 

Channel Bar & 

Restaurant 31/01/2011 palm oil 5/ 7 268 5-7 140-180 

59 Five Zone pizzeria 31/01/2011 palm oil 4/7 208 7 160 

60 

Sun rise Café & 

Restaurant 31/01/2011 palm oil 10/7 521 3-7 120-180 

61 

Romina Café & 

Restaurant 31/01/2012 palm oil 20/7 1043 3-7 120-200 
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No Name of Service 

Provider 

Date 

assessed 

Type of oil 

used for   

frying 

Vol. of 

WCO 

produced, 

lt 

vol. of 

WCO 

disposed/

yr 

Frying 

duratio

n/day 

Frying 

Temp. 

oC 

62 Pizza pizza Restaurant 31/01/2011 palm oil 10/7 521 4-5 160 

63 

Pizza Di Napoli 

Restaurant 31/01/2011 palm oil 10/7 521 3-4 130-180 

64 

Macdona Pizzera and 

Bar 31/01/2011 palm oil 7/7 365 5-7 119-150 

65 Post café & Restaurannt 31/01/2011 palm oil 1/1 365 1 120-160 

66 Leycun Café ½/2011 palm oil 10/7 521 3-7 120-150 

67 

Coroccodile Café & 

Restaurant ½/2011 palm oil 12/15 292 10-15 170 

68 National café 1/3/2011 palm oil 4/7 208 7 120-160 

69 Mini café & restaurant 1-2 2011 palm oil 6/5 438 3-5 160 

70 Rose café & restaurannt 1-2 2011 palm oil 12/10 438 7 110-150 

71 Yesh café 1-2 2011 palm oil 3/5 219 3-5 - 

72 

Lalibela bar & 

Restaurant 1-2 2011 palm oil 4/3 487 3 120-200 

73 Burger king & café 1-2 2011 palm oil 3/3 365 3 115-160 

74 Yana bar & Restaurant 1-2 2011 palm oil 10/7 521 3-7 110-170 

75 Oscar Café 2/2/2011 palm oil 4/7 209 5-7 120-18- 

76 coffee days 2/2/2011 palm oil 15/7 782 3-7 120-160 

77 

Lavera Cucina 

Reataurant 2/2/2011 palm oil 6/7 312 7 150 

78 Denever Café 2/2/2011 palm oil 5/7 261 5-7 130-160 

79 Trio Café 2/2/2011 palm oil 4/7 209 7 120-160 

80 Nes Café 2/2/2011 palm oil 5/7 261 4 

up to 

180 

81 Jonny Café 2/2/2011 palm oil 6/7 312 4-7 140-170 
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 No Name of Service 

Provider 

Date 

assessed 

Type of oil 

used for   

frying 

Vol. of 

WCO 

produced, 

lt 

vol. of 

WCO 

disposed/

yr 

Frying 

duratio

n/day 

Frying 

Temp. 

oC 

82 Dara Café 2/2/2011 palm oil 10/7 521 2-3 160 

83 

Addis Zone 

Bar,Restaurant & 

Pizzeria 2/2/2011 palm oil 5/ 10 182.5 3-7 120-140 

84 

Prima Café 22 

Junnction Branch 2/2/2011 palm oil 12/ 7 626 2-3 120-160 

85 Gardbean café 2/3/2011 palm oil 10/7 521 3-7 110-150 

86 

Marsilas pizzeria 

&Restaurant 2/3/2011 palm oil 12/7 626 4-7 115-160 

87 Sunbird Café 3/2/2011 palm oil 40/30 487 3 150 

88 Redbean 1 3/2/2011 palm oil 10/10 365 6 130-170 

89 Rosetta Café & Pizzeria 3/1/2011 palm oil 5/7 268 4-7 120-180 

90 

La Parisrenne Café & 

Bakery 3/2/2011 palm oil 8/5 584 5 130-160 

91 

New york Café & 

Restaurant 7/2/2011 palm oil 80/30 973 up to 7 120-160 

92 

Kaldl´s Coffee Denbel 

branch 7/2/2011 palm oil 35/30 425 3-6 130-160 

89 Kal Café & Restaurant 7/2/2011 palm oil 5/7 256 4 115-170 

90 

kaldl's Coffee Bole 

medanalem 7/2/2011 palm oil 40/30 487 3-5 120-160 

91 Damu Hotel 7/2/2011 palm oil 10/15 244 10 140-180 

92 

Elephant walk café & 

Restaurant 7/2/2011 palm oil 5/7 256 7 - 

93 Coffee. Com 7/2/2011 palm oil 4/7 209 4-7 140-180 

94 Laza café 7/2/2011 palm oil 6/7 313 7 125-160 

95 Bicos Café 7/2/2011 palm oil 4/3 487 3-4 120-180 

96 Swiss Café 7/2/2011 palm oil 2/5 146 5 130-150 

97 Pacific Hotel 8/2/2011 palm oil 40/30 487 3-15 120-200 
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No Name of Service 

Provider 

Date 

assessed 

Type of oil 

used for   

frying 

Vol. of 

WCO 

produced, 

lt 

vol. of 

WCO 

disposed/

yr 

Frying 

duratio

n/day 

Frying 

Temp. 

oC 

98 

Kaldl´s Coffee Gurd 

Shola branch 8/2/2011 palm oil 10/7 521 3-7 130-160 

99 

Green View Restaurant 

&pizzeria G shola 8/2/2011 palm oil 5/7 256 3-7 120-160 

100 

Green View Restaurant 

&pizzeria B meda 8/2/2011 palm oil 5/7 256 3-7 120-160 

101 

Raizel Café 2   junction 

22   8/2/2011 palm oil 8/ 7 256 5-7 120-170 

102 

Chicago Café & 

Restaurant 9/2/2011 palm oil 3/7 156 3-7 - 

103 

Kaldl´s Coffee junction 

22 No 1 9/2/2011 palm oil 7/7 365 7 130-160 

104 

Kaldl´s Coffee junction 

22 No 2 9/2/2011 palm oil 10/7 521 2-5 130-160 

105 Red bean 2 9/2/2011 palm oil 9/7 469 4-7 120-160 

106 Ararat Hotel 10/2/2011 palm oil 3/3 365 3-4 130-170 

107 Bashale Hotel 10/2/2011 palm oil 20/7 1043 3-5 

1120-

180 

108 Paki Café 11/2/2011 palm oil 15/30 182.5 7 - 

109 

Zola Café, Restaurant 

& pizzeria 11/2/2011 palm oil 15/10 548 3-7 160 

110 Tikiar fast food 11/2/2011 palm oil 2/3 243 2-3 110-160 

111 

Denever Café Pastery 

& fast food 14/02/2011 palm oil 5/7 256 7 140-180 

112 

Yohas Restaurant,café 

&pizzeria 14/02/2011 palm oil 9/7 469 4-7 130-180 

113 

Backyard Café & 

Freshness 14/02/2011 palm oil 18/7 939 2-4 100-150 

114 Caldl's Coffee Lancha 14/02/2011 palm oil 25/7 1303 3 120-180 

115 

3G café bar & 

restaurant 14/02/2011 palm oil 5/4 456 3-4 120-150 

116 

Saml's perfect day Café 

& Restaurant 14/02/2011 palm oil 1.5/2 548 2 140-170 

117 Saay Pastry 16/02/2011 palm oil 7/7 365 3 - 

118 

Getesh Bar & 

Restaurant 16/02/2011 palm oil 5/7 256 2-4 120-160 
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 No Name of Service 

Provider 

Date 

assessed 

Type of oil 

used for   

frying 

Vol. of 

WCO 

produced, 

lt 

vol. of 

WCO 

disposed/

yr 

Frying 

duratio

n/day 

Frying 

Temp. 

oC 

119 Emale Café 16/02/2011 palm oil 2/1 730 1-2 140 

120 Prima Café 16/02/2011 palm oil 5/7 256 3 140-180 

121 Ibex Hotel 17/02/2011 palm oil 10/30 122 15 - 

122 Lapizia Café 17/02/2011 palm oil 10/7 521 2-4 140-190 

123 Bella Bistro Restaurant 17/02/2011 palm oil 20/7 1043 2-4 110-170 

124 Le Phenix Restaurant 17/02/2011 palm oil 10/7 521 3-6 150 

125 Friendly Burger House 17/02/2011 palm oil 4/7 209 7 - 

126 Ras amba hotel 18/02/2011 palm oil 10/15 243 15 110-160 

127 Addis View Hotel 18/02/2011 palm oil 5/7 256 3-4 120-180 

128 

Lidya Café & 

Restaurant 18/02/2011 palm oil 7/7 365 2-3 150 

129 Green valley Hotel 18/02/2011 palm oil 12/7 626 3-7 100-160 

130 

Down town Café & 

Resturant 21/02/2011 palm oil 10/7 521 1-3 - 

131 

Bloom Café & 

Restaurant 21/02/2011 palm oil 6/7 313 7 140-160 

132 Caldl's Coffee mexico 21/02/2011 palm oil 10/7 521 1-3 120-160 

133 

Geneve Café & 

Restaurant 21/02/2011 palm oil 8/7 417 2-4 130-180 

134 

August Café & 

Restaurant 21/02/2011 palm oil 30/7 1564 1 100-160 

135 Rov Bar & Restaurant 21/02/2011 palm oil 12/7 627 1-3 125-170 

136 

Free Town Bar & 

Restaurant  22/02/2011 palm oil 10/10 521 2-3 120-160 

137 Centro café 23/02/2011 palm oil 8/7 417 2-3 - 

138 Aphels restaurant &café 23/02/2011 palm oil 6/4 548 6 140-160 
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 No Name of Service 

Provider 

Date 

assessed 

Type of oil 

used for   

frying 

Vol. of 

WCO 

produced, 

lt 

vol. of 

WCO 

disposed/

yr 

Frying 

duratio

n/day 

Frying 

Temp. 

oC 

139 Epipany Café 23/02/2011 palm oil 3/7 156 7 140-170 

140 Kings Hotel 23/02/2011 Palm oil 15/10 548 10  

141 Crown Hotel 23/02/2011 palm oil 15/7 782 3-7 110-150 

142 Lina Café & Restaurant 24/02/2011 palm oil 5/7 256 3-4 160 

143 Kaleb Hotel 25/02/2011 palm oil 12/7 625 3-7 130-170 

144 Harmony Hotel 25/02/2011 palm oil 25/7 1303 3 110-160 

145 

Timnath Serah Café & 

Restaurant 25/02/2011 palm oil 12/7 626 4-7 120-150 

146 

Chemon pastry & 

restaurant 1/3/2011 palm oil 8/6 487 5 130-160 

147 

Habesha bar and 

restaurant 1/3/2011 palm oil 10/7 521 7 - 

148 

Kaldl's Coffee Near 

Bole  4/3/2011 Palm oil 10/7 521 3-7 120-180 

149 

Kaldl's Coffee, other 6 

branches   Palm oil 

average(583

x6) 3486  - 

150 Sisters bar &restaurant 1/3/2011 Palm oil 12/7 626 4-6 120-170 

151 

Ee Bistro Café & 

Restaurant 4/3/2011 palm oil 4.5/7 231 4 140-170 

152 

Majora Bar & 

Restaurant 4/3/2011 palm oil 6/7 313 3-5 120-180 

153 

Steep in Café & 

Restaurant 4/3/2011 palm oil 5/7 256 4-7 110-150 

154 

Marsila Pizzeria & 

Restaurant 4/3/2011 palm oil 8/7 417 2-4 160 

155 

Velvet Restaurant & 

Pastry 5/3/2011 palm oil 10/7 521 3-4 140-160 

Total 87, 021.5   

 

Table A2: WCO derived from Cotton seed oil 

 
No  Name Date 

assessed 

Type of oil 

used for frying 

Volume 

of WCO 

lt/day 

volume 

WCO 

/yr 

Frying 

period/

day 

Frying 

Temp. 

oC 

1 Semen Hotel 15/11/2010 cotton seed oil 40/7 2087 3 to 7 180 

2 Addis Ababa Restaurant 23/11/2011 cotton seed oil 4/7 209 1 150-180 

3 Ethiopia Hotel 24/11/2010 cotton seed oil 10 /10 365 7 to10 130_ 200 

4 Global Hotel 29/11/2010 cotton seed oil 25/10 608 3 to 10 120_ 200 

5 Embilta Hotel  9/12/2010 cotton seed oil 15/10 365 3 to 7 150-180 

6 Hotel D afque hotel 10/12/2010 cotton seed oil 20/15 487 7 135-180 

7 Finfinne Addarash Hotel 8/12/2010 cotton seed oil 5/7 261 7 120-160 

8 Axum hotel 21/12/2010 cotton seed oil 35/7 1825 7 150-200 

9 Hotel Concorde 10/1/2011 cotton seed oil 15/7 782 3 to 7 150 

10 National Hotel 11/1/2011 cotton seed oil. 5/7 261 3 to 7 160 

11 Cali Restaurant 31/01/2011 cotton seed oil 10/15 243 10 to 15 140-160 

12 Genet Hotel  21/02/2011 Cotton Seed oil 40/30 487 7 to 10 130-150 

Total  7, 980   
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Table A3: WCO derived from Sunflower oil 
 

Name Date 

assessed 

Type of oil 

used for 

frying 

Volume of 

WCO/prod

uced,lt/day 

volume 

WCO 

disposed/yr 

Frying 

duration/

day 

Frying 

Temp. 

oC 

Intercontinental Hotel  6/12/2010 sunflower oil 25/7 1303 3-7 130-170 

Addis Ababa Hilton Hotel 23/12/2010 sunflower oil 40/7 2085 7 115-190 

Chez Nina fast food & Bar 17/01/2011 sunflower oil 5/ 7 261 2-7 120-180 

Total 3, 649   

 

Table A4: Trap Grease Waste 

 
Name Date 

assessed 

Type of oil 

used for 

frying 

Volume of 

WCO/produc

ed,lt/day 

volume 

WCO 

disposed/yr 

Frying 

duratio

n/day 

Frying 

Temp. 

oC 

Sheraten Addis Hotel 14/12/2010 

soybean & 

olive oil 36,000/mounth 438, 000 a day 100-140 

 

Appendix B: Hotels, Restaurants and Cafeterias selected for sampling 

 

No Food Service 

Establishments 

Category Origin of 

WCO 

Volume 

WCO,lt 

Total Volume of 

Sample 

taken in lt 
1 Intercontinental Hotel  Hotel sunflower oil 1303 

3649 

0.132083122 

2 Addis Ababa Hilton Hotel Hotel sunflower oil 2085 0.211353269 

3 Chez Nina fast food & Bar Restaurant sunflower oil 261 0.026457172 

4 Semen Hotel Hotel cotton seed oil 2087 

3912 

0.431548295 

5 Axum hotel Hotel cotton seed oil 1825 0.377372 

6 Wabishebell Hotel Hotel palm oil 1095 

24793 

0.389593784 

7 Jerusalem Hotel Hotel palm oil 782 0.278230447 

8 

Jupiter International Hotel, 

kasanchis Hotel palm oil 730 0.259729189 

9 

F D R E Defence forces 

Officers Club Restaurant palm oil 1043 0.371092526 

10 Carnivore Addis Restaurant Restaurant palm oil 1825 0.649322973 

11 london Café airport Cafteria palm oil 2086 0.742185053 

12 Bon café_Restaurant & Bar Café & rest palm oil 913 0.324839383 

13 Pizza Di Napoli Restaurant Restaurant palm oil 521 0.185368367 

14 Carnivore Addis Restaurant Restaurant palm oil 1825 0.649322973 

15 Kaldl's Coffee, 14 branches Café & Res palm oil 8150 2.89971629 

16 Carnivore Addis Restaurant Restaurant palm oil 1825 0.649322973 

17 

New york Café & 

Restaurant Café & rest palm oil 973 0.346186988 

18 Bashale Hotel Hotel palm oil 1043 0.371092526 

19 Backyard Café & Freshness Café palm oil 939 0.334090012 

20 Bella Bistro Restaurant Restaurant palm oil 1043 0.371092526 

Sum  10 
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Appendix C: Standards for Biodiesel Specifications 

Table C1: ASTM D-6751-03a Standard for Biodiesel (B100)(ASTM Standard, 2009) 

Property Units Limits 

Flash point (closed cup) o
C 130.0 min 

Water and sediment % volume 0.050 max 

Kinematic viscosity 40,
o
C 

mm2/s 1.9 – 6.0 

Sulfated ash % mass 0.020 max 

Sulfur % mass 0.0015 max 

Copper strip corrosion(3 hr at 100
  o

C ) rating No. 3 max 

Cetane number  47 min 

Carbon residue % mass 0.050 max 

Acid number mg KOH/g 0.80 max 

Free glycerine % mass 0.020 

Total glycerine % mass 0.240 

Phosphorus content % mass 0.001 max 

Distillation temperature, 90 % recovered 
o
C 360 max 

Table C2: PR EN 14214 Standard for Biodiesel (B100)(EN Standard, 2004) 

Property  Units Limits 

Flash point  oC 101 min 

Water and sediment mg/kg 500 max 

Kinematic viscosity 40,
o
C mm2/s 3.5 - 5.0 

Density 15
 o
C kg/m3 860 - 900 

Total Contamination mg/kg 24 max 

Sulfur Mg/kg 10 max 

Copper strip corrosion (3 hr at 100
  o

C ) rating Class 1 

Carbon residue (on 10 % distillation residue) % (m/m) 0.3 max 

Acid number Mg KOH/g 0.50 max 

Iodine Value  120 max 

Methanol Content % (m/m) 0.2 max 

Free glycerine % (m/m) 0.02 

Total glycerine % (m/m) 0.25 

Phosphorus content mg/kg 10 max 

Alkaline metals (Na + K) mg/kg 5.0 max 
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Monoglyceride content % (m/m) 0.8 max 

Diglyceride content % (m/m) 0.2 max 

Triglyceride content % (m/m) 0.1 max 

Linolenic acid methyl ester % (m/m) 12 max 

Polyunsaturated (>= 4 double bonds) methyl esters % (m/m) 1.0 max 

Table C3: Standard Specification for Diesel for oil (ASTM D 975, 2002) 

Property  Taste method ASTM Limit value 

Flash point  
o
C D 93 52 Min. 

Water and sediment,%  volume D 2709 0.05 Max. 

Kinematic viscosity @ 40  
o
C,mm

2
/s D 445 1.9 Min. 

4.1 Max. 

Distillation temperature, 90 % recovered, 
o
C D 86 282 Min. 

338 Max. 

Ash content, % mass D 482 0.01 Max. 

Sulfur, % mass  D 0.5 Max. 

Copper strip corrosion (3 hr at 100
  o

C ) D 130 No 3 Max. 

Cetane number D 613 40 Min. 

Carbon residue, % mass D 524 0.35 Max. 

Cloud point, 
o
C  D 2500 report 

Appendix D: Biodiesel fuel property analysis and results                

Date analyzed 06/04/2011-15/04/2011     

Table D1: Kinematic viscosity @ 40 
o
C D-445 

 Viscometer 

size 

Viscometer 

Number 

Viscometer 

constant, 

mm
2
/s

2
 

Flow times, s Kinematic 

viscosity(v), C*t 

(s) 

Test1 75 29434 
0.009793 650 6.36545 

0.007311 875 6.397 

Test2 75 29435 
0.009176 694 6.368144 

0.007339 890 6.3537 

Test3 75 29436 
0.009584 658 6.306272 

0.007169 880 6.30872 

Average 6.349881 
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Table D2: Specific Gravity/Density D-1298 

  Test1  Test 2 Test 3 Average 

Measured specific gravity  0.8835/@ 24 
o
C 0.8840/@ 23.6 

o
C 0.8840/@ 23.8 

o
C  

Specific gravity corrected to 

60/60
 o
F 

0.8887 0.8886 0.8888 0.8887 

Measure density g/mL 0.8825/@ 23.8 
o
C 0.8825/@ 23.8 

o
C 0.8825/@ 24 

o
C  

Density corrected to 20
  o

C, g/mL 0.8850 0.8850 0.8851 0.885033 

Density corrected to 15 
o
C g/mL 0.8884 0.8884 0.8886 0.88848 g 

Table D3: Atmospheric Distillation D- 86 

 Test 1 

 

Test 2  Average 

Observed Corrected Observed Corrected  

Initial boiling point, 
o
C 308 320.4 305 31.7.5 318.4 

10% vol. recovered , 
o
C 316 328.55 318 330.6 329.55 

40% vol. recovered , 
o
C 317 329.57 318 330.6 330 

50% vol. recovered , 
o
C 319 331.6 320 332.6 332.1 

90% vol. recovered , 
o
C 333 345.6 336 351 348.4 

95% vol. recovered , 
o
C 336 349 340 353 351 

Final Boiling pointm 
o
C    346 359 346 361 360 

Barometric pressure, mmHg 582.5 583  

Corrected temperature reading to 760 mmHg Pressure 

Cc=0.00012(760-P)*(273+tc), where   

tc= the observed temperature reading 

Cc= correction should be added algebraically to the observed temperature reading 

P= Barometric pressure, prevailing at the time and location of the test mmHg  

Table D4: Distillation volume of distillate recovered versus temperature  

 Test1 Test2 Average 

Volume of distillate 

recovered, mL 

Observed 

temp., 
o
C 

Corrected 

temp., 
o
C 

Observed 

temp.,
 o
C 

Corrected 

temp., 
o
C 

 

5 310 322.4 315 327.5 325 

10 312 324.5 318 330.6 327.5 

15 313 325.5 318 330.6 328 

20 313 325.5 316 328.5 327 

25 312 324.5 316 328.5 326.5 

30 315 327.7 317 329.6 328.5 

35 315 327.5 318 330.6 329 

40 316 328.5 318 330.6 329.5 

45 317 329.6 319 331.6 330.6 

50 319 331.6 320 332.6 332.1 

55 319 331.6 321 333.7 332.6 
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60 320 332.6 322 334.7 333.6 

65 321 333.7 323 335.7 334.7 

70 322 334.7 324 336.7 335.7 

75 324 336.7 327 339.8 338.2 

80 325 337.7 329 341.8 339.8 

85 324 336.7 330 342.8 339.8 

90 333 345.7 336 348.9 347.4 

95 336 348.9 340 353.1 351 

Table D5: Flash Point 
o
C D93 

Properties Test 1 Test 2 Test3 Average 

Observed, Corrected Observed Corrected Observed Corrected  

Temp. 
o
C  168 174 172 176 176 182 177 

Barometric 

pressure, 

mmHg 

583 583 582.5  

Corrected flash point=C+0.033(760-P) where 

C=observed flash point  

P=ambient barometric pressure, mmHg 

 

Table D6: Conrad son Carbon Residue D-189  
 

 Test1 Test2 Average 

Mass of sample in, g 
10.1513 10.3336 

 

Mass of Empty crucible, g 
21.7429 20.7777 

Mass of empty crucible plus mass of carbon residue, g 

21.7572 20.7921 

Mass of carbon residue, g 0.0143 0.0144 

% carbon residue = ( mass of carbon residue/mass of 

residue)*100 
0.141 0.139 0.14 

 

Table D7: Water and sediment D 2709 
 

 Test 1 Test2 Test3 Average 

Final vol. of water and sediment per 100 mL of sample  in 

the 1
st
 test tube, mL 

Trace trace Trace trace 

Final vol. of water and sediment per 100 mL of sample  in 

the 2
nd

 test tube, mL 
Trace trace Trace Trace 

Water and sediment, %(V/V)= (V1+V2)/2 Trace trace Trace trace 
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Table D8: Total Acidity, mg KOH/gram of sample D-974 

 Test1 Test2 Average 

KOH required for titration of the sample(A), mL 
0.3 0.35 

 

KOH required for titration of the blank(B), mL 
0.1 0.1 

Morality/Normality of KOH(M) 
0.0999054 0.0999054 

Weight of sample used(W), g  20.0481 20.0652 

Acid Number, mg KOH/g  = 

 (A-B)*(M*56.1)/W 0.056 0.0683 0.063 

Table D9: Ash Content D-482 

 Test1 Test2 Average 

Mass of sample in, g 20.0217 19.1731 

 

Mass of Empty crucible, g 
21.7057 26.1445 

Mass of Ash  plus mass of crucible, g 
21.7065 26.4151 

Mass of ash, g 0.0008 0.0008 

Ash, mass %= (mass of Ash/mass of 

sample)*100 
0.004 0.003 0.0035 

 

Table D10: Miscellaneous test results 

 

 

 

 

 

 

 

 

Property Test 1 Test 2 Test 3 Average 

Cloud point, 
o
C ASTM D-2500 7 8 8 7 

Pour point, 
o
C  ASTM D-97  6 6 6 6 

ASTM color  ASTM D-1500 <4 <4 <4 <4 

Copper corrosion 3hrs @ 100
o
C D130 1a 1a 1a 1a 

o
API gravity ASTM D-1298 =(141.5/specific 

gravity)-131.5 27.72 27.7 27.74 27.72 

Cetane Index ASTM D 976       Cetane index     =      

454.74-1641.416D+774.74D
2 

+ 0.554B +97.803(logB)
2 

where, 

D=Density @ 15
o
C g/mL 

B=Corrected mid Boiling point 
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Appendix E: GC Chromatogram of WCO Biodiesel 
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