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Abstract  

In this study, modeling and optimization of biodiesel production from waste cooking oil (WCO) 

were successfully carried out using RSM and CCD to assess the effect of operating parameters 

on response. Transestrification reaction was used to produce biodiesel, Using methanol alcohol 

and KOH catalysts, Two factors (Reaction temperature and oil to alcohol molar ratio) and one 

response (biodiesel production yield) were selected and evaluated using ANOVA. At the 

optimum conditions Temperature of 62.72°C, and oil: alcohol ratio of 4.3, a high biodiesel 

production efficiency was reached (96.2%) with 99.64%, 99.41% and 0.926 of coefficient of 

determination R2, R2adj and desirability, respectively. The results indicated an appropriate 

agreement between predicted and experimental data. 

Key words: Experimental design, RSM, WCO, optimization, modeling, Transesterification, 

biodiesel. 

Résumée 

Dans le cadre de cette étude, la modélisation et l’optimisation de la production de biodiesel à 

partir d’huiles de cuisson usées (WCO) ont été effectuées avec succès à l’aide de RSM et de 

CCD pour évaluer l’effet des paramètres de fonctionnement sur la réponse. La réaction de 

transestrification a été utilisée pour produire du biodiesel, avec l’utilisation d’alcool méthanol 

et de catalyseurs KOH, deux facteurs (température de réaction et rapport molaire huile-alcool) 

et une réponse (rendement de production de biodiesel) ont été sélectionnés et évalués à l’aide 

d’ANOVA. Dans des conditions optimales, une température de 62,72 °C et un rapport huile-

alcool de 4,3, un rendement élevé de la production de biodiesel a été atteint (96,2 %) avec 99,64, 

99,41 et 0,926 du coefficient de détermination R2, R2adj et de la désirabilité, respectivement. 

Les résultats indiquaient un accord approprié entre les données prévues et expérimentales. 

Mots clés: Plan d’expérience, RSM, WCO (déchets d'huile de cuisson), Optimisation, 

Modélisation, La Transestérification, biodiesel. 
 

   ملخص

RSM وCCD  ه  الدراسة  تمت  معالجة و محاكات صناعة  الوقود الحيوي من بقايا زيت القلي بنجاح باستخدام في هات

  لتقييم تأثير الشروط العملية على الاستجابة ,  استعملت عملية الاسترة  لإنتاج الديزل الحيوي  باستخدام  كحول  الميثانول

رة التفاعل و نسبة الكحول و الزيت الموليةوم , عاملين )  درجة حراوالمحفز هيدروكسيد  البوتاسي  ) .ANOVA جابة ا

    واحدة )المردود انتاج الوقود الحيوي(  تم اختيارهم و تقييمهم بواسطة

  حيث بلغت اعلى كفاءة     4.3و نسبة الزيت و الكحول المولية  ° 62.7في الشروط  التجريبية المثلى  كانت درجة الحرارة 

     لإنتاج الوقود الحيوي 96.2% مع 99.64 و 99.41 و 0.926 لكل من R2, R2 adj, Desirability  .بالترتيب

  و قد اظهرت النتائج توافق مناسب بين البيانات المتنبئ بها و البيانات التجريبية.

الوقود الحيويالنمذجة , الاسترة , :   تصميم التجارب, استجابة السطح, بقايا زيت القلي, التحسين , الكلمات الدالة .  
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GENERAL INTRODUCTION 

 

 
For more than a century, burning fossil fuels has generated most of the energy required 

to propel our cars, power our businesses, and keep the lights on in our homes. Even today, oil, 

coal, and gas provide for about 80 % of our energy needs. In addition, we are paying the price. 

Using fossil fuels for energy has exacted an enormous toll on humanity and the environment 

from air and water pollution to global warming [1]. 

When we burn oil, coal, and gas, we do not just meet our energy needs; we drive the 

current global warming crisis as well. Fossil fuels produce large quantities of carbon dioxide 

when burned. Carbon emissions trap heat in the atmosphere and lead to climate change [1]. 

More than 11billion tons of oil in fossil fuels are consumed every year. Crude oil 

reserves are vanishing at a rate of 4 billion tons a year. Several studies have projected that the 

crude oil reserves will be exhausted between 2050 and 2075 [2]. 

About 17 million tons of waste cooking oils are produced in the World annually and 

this production has an increasing trend. The biggest environmental problem is its improper 

disposal, since it has as a consequence clogging of the drainage systems, harm to the wildlife 

and much more other [107]. 

Developed and developing countries are encouraging research on the production of 

alternate fuels. Biodiesel is a fatty acid methyl ester, produced by the transesterification of 

vegetable oils or animal fats with an alcohol. Biodiesel emits fewer pollutants and is nontoxic. 

The ignition properties of biodiesel are similar to mineral diesel, and hence biodiesel is blended 

with other oils in all concentrations. A greater use of diesel fuels and a dependence on petroleum 

imports, in combination with high petroleum prices, environmental concerns, and government 

incentives, boosts the growth of the biofuel industry [2]. 

Biodiesel is not less effective than regular diesel, Moreover it is clean, priceless, 

renewable, biodegradable Fuel, It can be produced from different renewable resources such as 

cooking oil, But Before offering biodiesel to the costumers it is hard to convince Them To use 

biodiesel instead of diesel, Therefore we intended to optimize biodiesel quality and yield by 

using DOE.
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Design of Experiments is used to determine which factors or variables and interactions 

are significant in contributing to the effect being measured, and those variables and interactions 

that are insignificant and do not contribute to either a particular product property or processing 

condition. Using DOE saves both time and money by providing a usable understanding of the 

properties and process [3]. 

The aim of this study is to produce un alternative clean fuel from waste cooking oil and 

the optimization and modelling of biodiesel production yield, RSM and CCD were applied to 

assess the effect of two factors (Temperature and oil to alcohol molar ratio) on one response 

(biodiesel production yield). 

This thesis is divided into two parts as the following: 

 
The first part contains three-chapter cover bibliography review including the biodiesel 

production from waste cooking oil process and optimization using design of experiments. 

The second part contains two chapters concerning the analysis methods and the protocol 

adopted for biodiesel production from waste cooking oil. 
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CHAPTER I: Optimization and modelling 

biodiesel Production yield. 
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I.1 Diesel  

Diesel fuel oil is essentially the same as furnace fuel oil Diesel fuel, also called diesel 

oil, combustible liquid used as fuel for diesel engines, ordinarily obtained from fractions of 

crude oil that are less volatile than the fractions used in gasoline [4]. 

  Petroleum diesel, also called petro-diesel, or fossil diesel is produced when crude oil undergoes 

fractional distillation between the temperatures of 2000°C and 3500°C at atmospheric pressure, 

to produce a mixture of carbon chains that contains between 8 and 21 carbon atoms per molecule. 

Petroleum diesel is a fuel that is used to operate diesel engine-internal combustion engine. Most 

commonly, it refers to a specific liquid fuel obtained by the fractional distillation of petroleum, 

often called petro-diesel [5]. 

I.1.1 Diesel characterisations  

• Fuel stability [ [6 

 This qualitative test is performed in order to determine if additional mixing, additives 

or heating (in case low temperatures produce gel formation) are necessary. The samples were 

tested at 25°C (ambient temperature), +30°C (representative temperature of summer), +8°C 

(representative temperature of not critical winter) and 18°C (representative temperature of 

critical winter). Each sample was checked once a week during a 5 weeks period, we estimate 

that this is enough time to get to know its behaviour in long periods of storage.  

• Density  [6] 

 Density was measured according to EN ISO 12185. Following this standard, density   

should be tested at the temperature reference of 15 or 20°C.  

• Viscosity [6] 

 Kinematic viscosity was measured according to ISO 3104 which defines this property 

as the resistance to flow of a fluid under gravity at 40°C. The testing device used was a Walter 

Herzog GmbH MP-480, which measures kinematic viscosity within the limits of precision 

given in the standard.  

• Cloud point and pour point [6] 

 Cloud point was measured according to ISO 3015. Following this standard, to determine 

cloud point a 45 ml sample was cooled at specified rate and examined periodically.   

Pour point was measured according to ISO 3016. To determine pour point a 45 ml sample 

initially at 45°C is cooled at specified rate and examined in intervals of 3 C for flow 

characteristics. 
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• Flash point [6] 

 Flash point was measured according to ISO 2719. The testing device used was a 

Walter Herzog MP-329, which automatically determines empirical flash point of flammable 

liquids according to standardized test procedures. 

➢ Diesel properties :  

            Table I.1: Physical and chemical properties of No. 2 diesel fuel. [7]  

Property                                                Diesel fuel  

Chemical formula  C13.77H23.44 

C/H ratio 

 

6.90 

6.90 

Density at 15°C (g/cm3) 860 

Viscosity at 40°C (cst) 3.0 

Molecular weight (Kg/Kmol) 190 

Surface tension factor (N/m) 0.028 

Calorific value (MJ/Kg) 42.5 

Flash point °C 76 

Cetane number  48 

 

I.1.2 Diesel advantages and disadvantages  

• Advantages [8]  

➢ Least flammable, therefore least dangerous. 

➢ Easily available. 

➢ Longer lifespan of the engine compared to natural gas (dry combustion). 

➢ Relatively cheap, cheaper than gasoline in Europe. 

➢ Possibility to place a bigger external tank, home delivery is possible. 

• Disadvantages [8] 

➢ Short shelf life: 18-24 months. 

➢ Big storage tanks = increased installation costs. 
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➢ Possibly unavailable during power failure. 

➢ Not suited for shorter periods. 

➢ Watch out for moisture. 

➢ Heavy. 

➢ It takes a couple of seconds before the chamber where combustion takes place is 

warmed up enough (preheating). 

I.2 Biodiesel  

❖ Introduction  

    The world now days has watched the increase of petroleum Use and energy’s demand 

Due to the growth of  human population and industrialization, This has resulted The increase 

of petroleum and diesel prices, With the rapid decrease in fossil fuel reserves and the rising 

concerns about global warming and other related social-economic issues,  The alternative 

energy became more attractive and the world has turned the eyes into biodiesel fuel which is 

priceless, renewable, biodegradable and has less emissions . 

I.2.1 Biodiesel definition  

 Biodiesel is an animal or vegetable oil based diesel fuel that burns without the emission 

of much soot, carbon dioxide and particulate matter.  It consists of long chain mono-alkyl esters 

and is produced by transesterifying vegetable oil or animal fat. In this process, the animal or 

vegetable oil is converted into biodiesel when one mole of triglyceride reacts with three (3) 

moles of alcohol to produce a mole of glycerol and three moles of mono-alkyl esters. Biodiesel 

like petro-diesel is made of hydrocarbon chains that do not contain sulphur, or aromatics 

compounds in its composition. It is an alternative fuel that is obtained from renewable resources 

that burns in diesel engines with less environmental pollutants [4].   

I.2.2 Biodiesel types 

I.2.2.1 According to the source 

❖ Edible plant oils  

  Vegetable oil is the basis of first-generation biodiesel that can be used as replacement 

of conventional fossil-based [9]. 

   Biodiesel has been predominantly (more than 95 %) produced from edible vegetable oils 

(biodiesel first generation) all over the world, which are easily available on large scale from the 
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agricultural industry [10]. 

❖ Non-edible plant oils 

 The main commodity sources for biodiesel production from the non-edible oils can be 

obtained from plant species, such as Jatropha or Ratanjyote or seemaikattamankku (Jatropha 

curcas), Nagchampa rubber seed tree, neem, silk cotton tree, babassu tree, Euphorbia tirucalli, 

microalgae, etc. They are easily available in many parts of the world and are very cheap 

compared to edible oils in India [11]. 

❖ Waste cooking oils  

 Biodiesel is a product of a chemical reaction involving vegetable oil, alcohol and a 

catalyst. The feedstock mainly used for transesterification is edible vegetable oil. But this puts 

a strain on developing countries using this oil for cooking purposes. The solution to this problem 

would be to use used vegetable oil for production of biodiesel. Used vegetable oil is a by-

product from hotels, restaurants and shops selling fritters. These shops usually throw away the 

used oil as using it the next day decreases the quality of the fritters .By using used vegetable oil 

for biodiesel production handles the problem for waste management. A single shop can provide 

about 150 ml to 200 ml of impure used vegetable oil in a day [12].  

❖ Microalgae 

 There is a type of microalgae that can accumulate high lipid content and reserve it in 

the cell body to provide energy when carbon is not available in the medium. For biodiesel 

production, it is desired that the microalgae used have great lipid production capacity and that 

the lipid accumulated in the microalgae have similar composition as vegetable oil and animal 

fats that are currently used in commercial biodiesel production [13]. 

❖ Animal fats 

 Animal fats are primarily derived as by-products from meat animal processing 

facilities and by the rendering process. The main animal fats include tallow from processing 

cattle, lard and choice white grease from swine processing, and poultry fat from the processing 

of chicken, turkey, or other birds. The fats/oils generated by fish processing plant and leather 

industry fleshing wastes have also been found to be viable biodiesel feed stocks [14].  

I.2.2.2 Biodiesel generations  

I.2.2.2.1 First Generation Biofuels 

  The first-generation biofuels refer to such fuels that have been produced directly from 

food crops, for example, biofuels derived from biomass-containing starch, sugar, and vegetable 
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oil and fats [10]. 

 The structure of biofuel remains identical between different generations of biofuel. 

The most common feed stocks used for the production of first-generation biofuel are wheat, 

corn, and sugarcane. First-generation biodiesel can be produced from vegetable oils, soy, palm 

oil, sunflower oil, and so on through transesterification. Biodiesel is a liquid with similar 

composition as of fossil diesel but without sulphur and it consists of fatty acid methyl esters 

(FAMEs). Biodiesel consists mostly of methyl or ethyl esters of fatty acids derived from plants 

and animals fats [10]. 

I.2.2.2.2 Second generation 

 Several kinds of second-generation feed stocks can be utilized to produce biodiesel 

such as energy crops, agricultural remains, and wood residual wastage. The most common 

energy crops for this purpose are Jatropha, Aleurites moluccana, salmon oil, Rubber tree 

Madhuca longifolia, tobacco seed, sea mango, and jojoba oil. In addition, waste from cooking 

oils, non-edible oil crops, restaurant grease, beef tallow, animal fats, and pork lard can also be 

utilized as biodiesel feed stocks. Animal fats are preferable over first generation feed stocks 

due to properties such as higher-octane numbers, non-corrosiveness, lack of waste and 

sustainability. However, the main drawback of this generation of feed stocks is the lack of active 

technologies for the commercial exploitation of waste generated by biodiesel production [15].  

I.2.2.2.3. Third generation  

 The most accepted definition for third-generation biofuels is fuels that would be 

produced from algal biomass, which has a very distinctive growth yield as compared with 

classical lignocellulosic biomass. Production of biofuels from algae usually relies on the lipid 

content of the microorganisms. Usually, species such as Chlorella are targeted because of their 

high lipid content (around 60 to 70%) and their high productivity 7.4 g/L/d for Chlorella 

protothecoides. There are many challenges associated with algal biomass, some geographical 

and some technical [16]. 

I.2.2.2.4. Fourth generation 

 Fourth generation biofuel (FGB) uses genetically modified (GM) algae to enhance 

biofuel production. Although GM algae biofuel is a well-known alternative to fossil fuels, the 

potential environmental and health-related risks are still of great concern. An evaluation of these 

concerns and accordingly devising appropriate mitigation strategies to deal with them are 

important to a successful commercialized production of FGB. While extensive research has 

been carried out on genetic modification and other technologies that aim to increase the 

productivity of algae strains, only a handful of them deal with the legislative limitations 
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imposed on exploiting and processing GM algae [17]. 

 

I.2.3 Biodiesel characterizations  

                                           Table I.2: biodiesel characterization [18]. 

Property  Astm D6751 limits  UNE-UN 14214 limits  

Acid value  ≤0.5 mg KOH/g ≤0.5 mg KOH/g 

Carbon residue  ≤0.005 wt % (on 100 

sample) 

≤0.3 wt% (on 10% 

distillation residue ) 

Cetane number ≤47 ≤51 

Cloud point According to the climate 

zone °C 

- 

Density at 15 °C - 860-900 kg.m-3 

Kinematic Viscosity  1.9-6 mm2 s-1 3.5-5 mm2 s-1 

Distillation temperature  ≤360°C - 

Flash point  ≥93°C ≥101°C 

Free glycerol  ≤0.02 wt % ≤0.02% 

Total glycerol ≤0.240wt % ≤0.25 wt% 

Methanol content  0.2 wt% ≤0.2 wt % 

Methyl ester - ≥96.5 wt% 

Water and sediment  ≤0.05% ≤500 mg kg-1 

 

I.2.4 Advantages & disadvantages of biodiesel  

• Advantages [19] 

➢ Biodiesel is a renewable energy source as opposed to oil, the reserves of which are finite 

as the reserves of other fossil fuels. 

➢ Biodiesel can decompose easily under natural conditions, and over 90% pure biodiesel 

can be degrading in a few weeks.  

➢ Compared with common diesel and petrol, biodiesel has higher combustible value that 

makes it relatively safe to be stored and transport.  

➢ Biodiesel contains much less sulphur which not only provides lower share of toxic 

substances in the exhaust but also enables to provide the lubrication of movable parts 
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during the work of the engine. The decrease of other harmful compounds like PAHs and 

NOx occurs due to a big percentage of oxygen and more complete combustion of fuel. 

And pure or blend biodiesel also could suppress the net production of carbon dioxide. 

• Disadvantages [19] 

➢ High viscosity and surface stress would lead to bigger drops which may cause problems 

with the system of fuel injection. 

➢  Vegetable oil contains much more unsaturated compounds than diesel, so biodiesel from 

it is much easier subjected to oxidation. This parameter correlates with the iodine 

number. 

➢   More expensive due to the raw material. Nowadays, the raw material of biodiesel 

usually soybean oil in US and peanuts oil in EU. 

I.2.5 Comparison between diesel and biodiesel 

 Biodiesel is one alternative fuel that is becoming increasingly popular for use in diesel 

engines.  Biodiesel is biodegradable, considerably less toxic to aquatic organisms (in the event 

of spills) than petroleum diesel, has a high flash point, and is considered sustainable because it 

can be generated from renewable sources [20]. 

 According to the National Biodiesel Board, over 500 fleets in the United States are 

using the plant-based fuel.17 A 2009 study performed by the U.S. Department of Agriculture 

determined that soy-based biodiesel yields  4.5 units of fuel product energy for every unit of 

fossil fuel energy required to produce it. By comparison, petroleum diesel yields 0.83 units of 

fuel product energy per unit of fossil fuel energy consumed. Furthermore, the use of soybean-

based 100% biodiesel in an urban bus reduced net carbon dioxide emissions by 78%. Hill and 

colleagues determined that soy-based biodiesel provides 93% more energy than the fossil fuel 

energy invested in its production and reduces greenhouse gases by 41% compared with diesel. 

However, many argue that land-use changes may reduce some of the benefits of biodiesel [20].  

I.2.6 Biodiesel production  

I.2.6.1 Biodiesel production worldwide  

 The United States and Brazil were among the largest biodiesel producers in the world, 

totaling some 6.9 and 5.4 billion liters, respectively, in 2018. The United States is projected to 

reach production levels of over 1 billion gallons of biodiesel by 2025. After the implementation 

of the Energy Policy Act of 2005 which provided tax incentives for certain types of energy, 
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biodiesel production in the U.S. began to increase.  The Volumetric Ethanol Excise Tax Credit 

is currently one of the main sources of financial support for biofuels in the United States. In 

2010, the U.S. exported about 85 million gallons of their biodiesel products. Comparatively, 

Argentina accounted for over half of the world’s total exports. The United States has one of the 

highest bioenergy capacities in the world, totaling 13,151 megawatts in 2017 [21]. 

 

 

                        

 

 

 

 

 

                                        

 

 

                         Figure I.1: Biodiesel production in billion liters [21]. 

I.2.6.2 Causes and consequences of producing biodiesel  

• Causes  

 The continuous growth of global energy demands and the consequent environmental 

pollution over the last decades have turned into serious concern shared by policy-makers as 

well as the general public. On the other hand, the conventional resources of energy, such as oil, 

natural gas, and coal are non-renewable and fear of their depletion in the next century has also 

been the subject of intense debate, coal might be an exception though. In response to these 

challenges and to ensure harmonious coexistence of human and environment while sustainable 

economic growth and development are also achieved, the production and use of renewable 

energy carriers such as biofuels have been growing in many parts of the world [22]. 

• Consequences  

 Until recently, many policy-makers assumed that the replacement of fossil fuels with 

fuels generated from biomass would have significant and positive climate-change effects by 

generating lower levels of the greenhouse gases that contribute to global warming. Bioenergy 

crops can reduce or offset greenhouse gas emissions by directly removing carbon dioxide from 

the air as they grow and storing it in crop biomass and soil. In addition to biofuels, many of 
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these crops generate co-products such as protein for animal feed, thus saving on energy that 

would have been used to make feed by other means [23]. 

 

I.2.6.3 The use of biodiesel among 2008-2020  

Table (I.3) bellow shows the use of biodiesel in 23 European country in 2008 -2020. 

 

                         Table I.3: Biodiesel usage among 2008-2020 [24]. 

Country  Increase of biodiesel usage 2008 to 2020 

(Ktoe) 

UK 1764                                   

Spain 2380 

Germany  1963 

Italy 972 

France  916 

Greece 136 

Czech republic  396 

Irland  304 

Netherlands 252 

Sweden  123 

Romania 228 

Portugal 313 

Finland  280 

Bulgaria   150 

Luxemburg  150 

Slovenia  154 

Denmark  130 

Austria 79 

 

I.3 Vegetable oils ( cooking oils)  

I.3.1 Vegetable oil definition 

 Vegetable oils are liquids extracted from seeds and fruits of plants and consist of 

mixtures of organic compounds that contain, depending on their origin, approximately 98% of 

triglycerides and small amounts of monoglycerides and diglycerides, in addition to free fatty 

acids (long-chain carboxylic acids), phospholipids, carotenes, tocopherols, water, and other 
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impurities. Even after the refining process, small amounts of free fatty acids and water are 

present in the vegetable oils. Triglycerides are also found in animal fats. A triglyceride is a 

highly hydrophobic substance synthesized from the combination of 1 mole of glycerol with 3 

moles of long-chain carboxylic acids, where the three hydroxyl groups present in the structure 

of the glycerol bind to the carboxylic radicals of the fatty acids, which, in turn, do not 

necessarily have chains with the same number of carbon atoms [25]. 
 

 

 

 

 

 Figure I.2: Schematic representation of the structure of an unsaturated triglyceride [25]. 

Table I.4 represents the nomenclature and the chemical structure of some fatty acids found in 

vegetable oils and their systematic names. The left portion originates from glycerol; the right 

portion originates, from top to bottom, from oleic, palmitic, and linoleic acids. 

Table I.4: Nomenclature and Chemical Structure of Fatty Acids Commonly Found in           

Vegetable Oils [25]. 

Common name  Sytematic name  Structure  Molecular 

formula  

Lauric Dodecanoic  12:0 

Myristic Tetradecanoic  14:0 

Palmatic Hexadecanoic  16:0 

Stearic Octadecanoic  18:0 

Oleic 9z- Octadecenoic  18:1 

Ricinoleic 12-Hydroxy-9z-

Octadecenoic 

 18:2 

Linoleic  9z,12z 

Octadecarienoic 

18:3 

Linoleic   Eicasanoic                                        20:0 

Erucic   13z Docosenoic                                   22:1 

 

I.3.2 Cooking oil types 

I.3.2.1 Sunflower oil  

 Sunflower oil is one of the most important vegetable oils employed for deep-frying. It has been 

used in the cooking of food such as French fries and frozen prefried foods at home, in fast-food 
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restaurants, and in the industry [26]. 

  Sunflower oil is made with 11 percent saturated fatty acids, 20 percent monounsaturated fatty 

acidsand 69 percent polyunsaturated fatty acids [27]. 

 

 

  

 

 

 

 

 Figure I.3: sunflower oil chemical structure.                                     

I.3.2.2 Corn oil 

 Corn oil is highly effective food oil for lowering serum cholesterol. Because of its low 

content of SFAs which raises cholesterol and its high content of PUFAs which lowers 

cholesterol, consumption of corn oil can replace SFAs with PUFAs, and the combination is 

more effective in lowering cholesterol than simple reduction of SFA [28]. 

 Corn oil is produced from the germ of the corn kernel which is obtained by 

degerminating corn in the hominy, starch and glucose industries. The germ represents 

approximately 10% of the dry kernel and contains about 50% of oil [29]. 

 

 

 

 

 

 

 

                                     

I.3.2.3 Palm oil 

  Palm oil is obtained from the reddish pulp (mesocarp) of the fruits, mainly those of the African 

palm. 

Palm oil is a typical multipurpose vegetable oil; it is used in food products (cooking oils, 

margarine and other spreads, crisps, baked food, food additives, confectionary, dairy and dairy 

replacements, prepared foods, snacks), in food for livestock and household pets (as fat 

supplement), and in several non-food productions (biodiesel, oleochemicals, cosmetics and 

textiles). The wide range of applications for mesocarp oil is due to its fatty acid (FA) 

Figure I.4: sunflower oil. 

Figure I.5: Corn oil. 
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composition. Palm oil has approximately equal amounts of saturated (SFA) and unsaturated 

fatty acids (UFA) [30]. 

 

 

 

   

  

                                                    

Figure I.6: palm oil. 

I.3.2.4 Olive oil  

 Olive oil is one of the most reputative traditional foods in the world. Indeed, the 

cultivation of olives to produce olive oil has deep roots in the history of the Mediterranean 

region [31]. 

 The composition of olive oil is primarily triacylglycerols (~99%) and secondarily free 

fatty acids, mono- and diacylglycerols, and an array of lipids such as hydrocarbons, sterols, 

aliphatic alcohols, tocopherols, and pigments. A plethora of phenolic and volatile compounds 

are also present. Some of these compounds contribute to the unique character of the oil [32]. 

 

 

 

 

          

 

                                                   

Figure I.7: olive oil. 

I.3.2.5 Canola oil  

 Canola oil is the only known vegetable oil with a sulphur atom in some fatty acid 

structures that are responsible for the sulphur flavour in the oil. 

Canola oil has unique characteristics such as fatty acid composition and levels of 

tocopherols, phytosterols, and polyphenols. Canola oil contains about 12% α-linolenic acid 

(omega-3) and about 65% oleic acids. Also, it contains a low amount of saturated fatty acids (< 

7%) compared to other common vegetable oils. [33] 
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                                             Figure I.8: Canola oil.  

I.4 Cooking oil characteristics 

I.4.1 Lipid composition 

 The chemical composition of a fat partly dictates its physical and functional properties. 

The chemical nature of lipids is dependent on fatty acid structure and distribution on the 

glycerol backbone. Fatty acids vary in chain length and in the number, position, and 

configuration of double bonds. TAGs composed of saturated fatty acids have high-melting 

points and are generally solid at ambient temperature, whereas TAGs consisting of unsaturated 

(monoene, polyene) fatty acids are usually liquid at room temperature [34]. 

 In frying, oil is heated in air and in the presence of light at temperatures of 160-200 

°C for relatively long periods of time. For economic reasons, the same oil/fat is used many 

times or continuously.  

 The conditions used for frying cause major physical and chemical changes in the oil, 

which differs from oil to oil, depending on their composition. Some common physical changes 

observed in vegetable oil after frying are (i) an increase in the viscosity, (ii) an increase in the 

specific heat, (iii) a change in the surface tension, (iv) a change in color, and (v)an increase in 

the tendency of fat to foam [35]. 

I.4.2 Cooking oil production worldwide:  

 This statistic shows the global consumption of vegetable oils from 2013/14 to 2019/20. 

In 2018/19, sunflower seed oil consumption amounted to 18.07 million metric tons worldwide. 

Global vegetable oil production amounted to around 203 million metric tons in 2018/2019 [36]. 
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     Figure I.9: Consumption of vegetable oils worldwide from 2013/14 to 2019/2020, by oil 

type [36].   

I.4.3 Cooking oil used in Algeria  

I.4.3.1 Sunflower oil  

 Algeria exported 112 tonnes of sunflower oil in 2018. Through 2018 alone, the demand 

for the processed category has seen significant growth, changing by 100% over the previous 

year 2017. Between 2015 and 2018, sunflower oil exports grew by 100 per cent, earning Algeria 

$0.12m for the year 2018. The sunflower oil exports are categorized as: 

 Crude sunflower-seed or safflower oil (HS code 151211) the yearly growth in the 

volume of Algeria sunflower oil between 2015 and 2018 was 100% compared to the period 

between 2017 and 2018. Algeria's share of the world's total sunflower oil exports in 2018 was 

less than 1% [37]. 

 

                       Figure I.10: value of sunflower oil in tunes – Algeria [37]. 
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 I.4.3.2 Olive oil  

 Algeria is one of the biggest producers of olive oil in the world (9TH PLACE). In 

2006, the area covered by olive trees was 263,352 HA with a production of 196,258 TONS 

(17.8 L of oil /quintal of olives). According to International Olive Oil Council (I.O.C.) data, the 

Algerian production of olive oil, In 2007, WAS 215,000 TONS, while the Italian production 

was 490,000 TONS and the European community production was 2,030,800 TONS of oil. The 

oliviculture is concentrated mainly in the centre of the country, the “KABYLIE” with 58.4% of 

the total oliviculture area (153,708 HA) [38].  

I.4.4 Waste cooking oil  

 Waste cooking oil, which is much less expensive than pure vegetable oil, is a 

promising alternative to vegetable oil for biodiesel production. 

 The quantity of waste cooking oil generated per year by any country is huge. The 

disposal of waste cooking oil is problematic, because disposal methods may contaminate 

environmental water. Many developed countries have set policies that penalize the disposal of 

waste oil through the water drainage.10 The production of biodiesel from waste cooking oil is 

one of the better ways to utilize it efficiently and economically [39]. 

I.5 Design of experiments (DOE) 

I.5.1 Definition  

 The design of experiment (DOE) is very widely employed in various science domains 

because of its benefits, such as, minimizing the number of experiments that are required to be 

accomplished, whereby, the laboratory works are considerably reduced [40], Experimental 

design and optimization are tools that are used to systematically examine different types of 

problems that arise within [41]. DOE is a statistical formal methodology allowing an 

experimentalist to establish statistical correlation between a set of input variables with a chosen 

outcome of the system/process under study under certain uncertainties, called uncontrolled 

inputs [42]. 

I.5.2 Response of surface methodology 

I.5.2.1 Central composite design (CCD) 

 The CCD optimization process involves three main steps:  

(i) Conducting designed experiments. 

(ii)  Proposing the statistical model using regression analysis technique, 

(iii) Predicting the experiment response variables and consequently checking the model 

using a confirmation test [43]. 
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  The CCD model has a more or less a linear relationship with Mach number, nozzle pressure 

ratio and area ratio whereas, a nonlinear relationship with L/D ratio [44]. 

I.5.2.2 Box Behnken design (BBD) 

 Box-Behnken designs (BBD) are a class of rotatable or nearly rotatable second-order 

designs based on three-level incomplete factorial designs. For three factors its graphical 

representation can be seen in two forms: 

 1 - A cube that consists of the central point and the middle points of the edges. 

 2- A figure of three interlocking 2*2 factorial designs and a central point. 

❖ Conclusion: 

 Fossil fuels and diesel emissions are making huge negative impacts on our 

environment, However biodiesel is an attractive alternative that could decrease air pollution 

and gas emissions in the air, Moreover, biodiesel production from waste cooking oil will not 

just save the air from high pollution but also saves the water treatment stations by decreasing 

the oil thrown in the aquatic sewages. 

 Cooking oil is widely used and produced in the whole world, Thus biodiesel 

production would be costless, While catalysts and alcohols can be easily found, All what we 

must focus on is the yield and the quality of the production, which can be achieved using design 

of experiments.
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❖ Introduction 

The biodiesel production from waist cooking oils has been extensively studied in recent 

years.  And many researchers have shown several ways to produce biodiesel, However, The 

transesterification has been considered as one of the best methods, concerning its low cost and 

popularity in the chemical laboratory.  

In the transesterification we can use different catalysts and different alcohols as well, 

but ethanol and methanol are widely used alluding to their low cost and physical properties. 

II.1 Biodiesel production Methods  

✓ Blending. 

✓ Microemulsions. 

✓ Pyrolysis. 

✓ Transesterification. 

II.1.1 Transesterification 

Transesterification is regarded as one of the best techniques to convert oil into biodiesel, 

as it has the most promising solution to the high viscosity problem among other approaches due 

to its low cost and simplicity. Furthermore, this technique has been identified as a widely 

available technique for industrialized biodiesel production due to its high conversion efficiency 

and low cost [45].   

 

 

                          Figure II.1: The tranesterification Reaction [46]. 

  

 II.2.2 Vegetable oil transestrification 

Chemically vegetable oils are triglyceride molecules with structural differences in their 

glycerol bound alkyl moiety. Transesterification of these triglyceride molecules with short-
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chain alcohols in the presence of suitable catalyst results in fatty acid methyl esters and glycerol 

[45]. 

II.2.3 Mechanism of Tranesterifcation 

The mechanism for the transesterification is a series of consecutive reversible reactions, 

where a triglyceride is converted stepwise to diglyceride, monoglyceride and, finally, glycerol. 

In each one of the steps a mole of ester is liberated. They are reversible reactions even though 

the equilibrium tends toward the products, that is, glycerol and the free fatty esters [47]. 

 

                            Figure II.2: Transesterification Mechanism [48]. 

 

II.3 Tranestrification catalysts 

II.3.1 Acid catalysts  

Transesterification has been carried out traditionally and most frequently by the use of 

acid catalysts such as sulfuric, sulfonic, phosphoric, and hydrochloric acids. This method is 

employable in various cases unless acid sensitive components are involved [45]. 

II.3.2 Base Catalysts 

Base-catalyzed reaction is another conventional, popular transesterification. This 

reaction had been known since 1880s but it was not until 1920 and 1921 that systematic studies 

appeared in a comprehensive manner [45]. 

There are various alkali-based catalysts have been utilized as homogeneous and 

heterogeneous transesterification. Base catalyzed transesterification is substantially less time 

consuming with respect to acid catalyzed transesterification and it is regularly used technique 

for commercial purpose [49]. 
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I.3.3 Amine catalysts: 

Amine Catalysts Strongly basic amines have found extensive use as transesterification 

catalysts recently. Taber discovered the effectiveness of 4-(dimethyl amino) pyridine (DMAP), 

which was employed for /3-keto esters. 39 This class of compounds acts somewhat differently 

from others in transesterification [45]. 

II.4 Alcohols used in the transestrification 

Methanol, ethanol, propanol, butanol and amyl alcohol have been used in biodiesel 

production. However, high prices and complex and expensive alcoholysis conditions make all 

but methanol and ethanol unsuitable for practical use [50]. 

In general, both methanol and ethanol can be obtained from plant materials. Since methanol is 

cheaper, it is the most commonly employed alcohol [50]. 

 The Figure II.3 shows How The transesterification reaction Can be effected by different Type 

of alcohols: 

           

          Figure II.3: The performance of different alcohols in the transesterification [51]. 

 

II.5 Biodiesel production 

The biodiesel production has been widely used in many countries, However, The 



                                                                                                 Chapter II : Biodiesel production 

 
  

25  

production of biodiesel by waste cooking oil has several levels, The reaction between the reacts 

(waist cooking oil, alcohol and catalysts), when the reaction is done, two phases will appear, 

Biodiesel and glycerine, which lead us to the next level, the separation level, But that is not the 

final results, the biodiesel still needs to be washed by water and dried. 

 

 

 

 

 

 

 

 

 

 

              Figure II.4: Biodiesel production process [52]. 

 

II.5.1 Biodiesel production Levels 

II.5.1.1 Transestrification 

For the production of biodiesel, a vegetable oil reacts with ethanol or methanol in the 

presence of a catalyst. From this, methyl or ethyl esters are obtained, which are the components 

of biodiesel. Along with the esters, glycerol is also produced. That reaction is called 

transesterification. Stoichiometrically, when the reaction takes place, for every mole of 

triglycerides reacting, three moles of alcohol are used. However, a higher molar ratio of alcohol 

is usually used for maximum ester production [48]. 

II.5.1.2 Separation 

Once the transesterification reaction is completed, two major products exist: esters 

(biodiesel) and glycerol. The glycerol phase is much denser than the biodiesel phase and settles 

at the bottom of the reaction vessel, allowing it to be separated from the biodiesel phase. Phase 

separation can be observed within 10 min and can be completed within several hours of settling. 

The reaction mixture is allowed to settle in the reaction vessel in order to allow the initial 

separation of biodiesel and glycerol, or the mixture is pumped into a settling vessel. In some 

cases, a centrifuge may be used to separate the two phases [53]. 
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 II.5.1.3 Biodiesel Washing 

Water washing is generally carried out to remove soap, catalyst, methanol and other 

contaminants from FAME [54]. 

Crude methyl ester was purified by washing gently with warm water. Washing was 

carried out at pH 4.5 in order to neutralize the residual catalyst and soap. Excess amount of 

water may be present in the washed methyl esters. According to the ASTM standard of 

biodiesel, this amount of water must be lowered to a maximum of 0.05% (v/v) [55]. 

II.5.1.4 Drying  

Biodiesel were then dried at a temperature of 100-110 degrees Celsius until the air 

bubbles disappear [56]. 

II.6 Main factors affecting the production  

II.6.1 Molar ratio of methanol to oil 

The methanol/oil molar ratio is one of the most important variables affecting the ester 

yield. The stoichiometric ratio for transesterification is 3:1 (methanol/oil). Since this is an 

equilibrium reaction, an excess of methanol will increase the oil conversion by shifting this 

equilibrium to producing FAME. An acid catalyzed reaction usually needs much more alcohol 

than an alkali catalyzed one [19]. 

 II.6.2 Reaction time  

Freedman has observed the increase in fatty acid esters conversion when there is an 

increase in reaction time. The reaction is slow at the beginning due to mixing and dispersion of 

alcohol and oil. After that the reaction proceeds very fast. However the maximum ester 

conversion was achieved within < 90 min [57]. 

II.6.3 Reaction Temperature  

Reaction temperature is another important factor that will affect the yield of biodiesel. 

For example higher reaction temperature increases the reaction rate and shortened the reaction 

time due to the reduction in viscosity of oils. Usually the transesterification reaction temperature 

should be below the boiling point of alcohol in order to prevent the alcohol evaporation. The 

range of optimal reaction temperature may vary from 50°c to 60°c depends upon the oils or fats 

used [57]. 

II.6.4 Effect of catalyst concentrations  

A catalyst functions to accelerate the reaction rates. For transesterification reaction, an 

increasing amount of heterogeneous catalyst caused the slurry (mixture of catalyst to reactant) 

too viscous giving rise to a problem of mixing and a demand of higher power consumption for 

adequate stirring. On the other hand, when the catalyst loading amount was not enough, 
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maximum production yield could not be reached. To avoid this kind of problem, an optimum 

amount of catalyst concentration had to be investigated [58]. 

II.6.5 Effect of Mixing Intensity  

To achieve perfect contact between the reagent and oil during transesterification ,they 

were mixed together .It has been observed that during the transesterification reaction ,the 

reactants initially form a two phase liquid system .The mixing effect has been found to play a 

significant role in the slow rate of reaction .As phase separation ceases ,mixing on the kinetics 

of the transesterification process forms the basis for process scale up and design .The mixture 

is stirred At about 650 to 700 rpm for one hour .It was found that phase separation occurs after 

3-4 minutes stirring but maximum ester yield was reached after 30 minutes of stirring [58]. 

II.6.6 Effects of water and free fatty acids  

Water and FFA in oils and fats can pose a great problem during transesterification. 

When water is present, especially at elevated temperatures, it can hydrolyze the triglycerides to 

diglycerides and form an FFA. However, the presence of water at average temperatures leads 

to formation of excessive soap formation. When an alkali catalyst such as sodium or potassium 

hydroxides is present, the FFA will react to form saponified product [59]. 

II.7 Biodiesel characteristics  

II.7.1 Viscosity of Biodiesel 

Fuel viscosity is the main property that plays an important role in the combustion of 

fuel. The direct injection in the open combustion chamber through the nozzle and pattern of 

fuel spray decides the ease of combustion and thermal efficiency of the engine. Too low 

viscosity can lead to excessive internal pump leakage whereas system pressure reaches an 

unacceptable level and will affect injection during the spray atomization. The effect of viscosity 

is critical at low speed or light load conditions [47]. 

II.7.2 Flash point  

The main purpose of the flash point specification is to ensure that the manufactured 

FAME has been sufficiently purified by removal of excess methanol. Even small amounts of 

residual methanol in FAME will cause a significantly depressed flash point [60]. 

II.7.3 Cloud point  

The cloud point is defined as the temperature at which crystallization of the heavier fatty 

acid esters starts as the fluid is cooled. As the solid phase develops in the liquid bulk, the 

solution becomes cloudy. With a further decrease in the temperature, the crystal particles grow 

rapidly and agglomerate, reducing the capacity of the liquid to flow through porous media by 

plugging the filters, and eventually gel the fluid, preventing it from flowing altogether [61]. 
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II.7.4 Cetane index 

The cetane index is a basic property, and defined as a measurement of the ignition 

performance of a fuel. This parameter is influenced by structural features of fatty acid alkyl 

esters, such as chain length, degree of unsaturation and branching of the chain. It should be 

emphasized that the higher the cetane index, the better will be the combustion. Residual 

methanol in biodiesel is responsible for a decrease in the cetane index [61]. 

II.7.5 Pour point  

The pour point is defined as the temperature at which the fuel can no longer be poured 

due to gel formation. The observation of the samples starts at a temperature that is at least 9° C 

above the expected pour point [62]. 

II.8 International biodiesel standard specifications 

    The table (II.1) below shows the biodiesel properties standards that help us to produce a Good 

biodiesel Following the international standards: 

                              Table II.1: international biodiesel standards [63].   

Properties 

 

Units ASTM 

method 

EN14214 

Ester content % (m/m) - 96.5 

Flash point ͦ C 130 min ˃101 

Water and sediment vol% 0.050 max  0.05 

Kinematic viscosity‚ 40Cͦ mm2/s 1.9-60 3.5-5 

Copper strip corrosion  Rating  No.3 max Class1 

Cetane  - 47 min ≥51 

Cloud point  ͦ C Report - 

Acid number Mg KOH/gm 0.50 max 0.50 max 

Phosphorus content mass% 0.001 max  0.001 max. 

Total glycerine  %(m/m) 0.240 max  0.25 max. 

Methanol content %(m/m)  0.20max. 

Sodium/potassium  ppm 5 max. 

combined 

5 max. 
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II.9 Calculation of biodiesel yield 

    Biodiesel yield is calculated as the following equation (II.1): 

                                           η =   ;                                   (II.1) 

The theoretical amount of produced biodiesel for a 100 % yield is calculated taking into account 

that 3 mol biodiesel are produced from 1 mole oil. The real amount of produced biodiesel is 

calculated knowing the volume, density and molar weight of biodiesel [64]. 

The density calculated by equation (2) [64]: 

                                                       v

m
=

;                                                          (II.2) 

Volume yield is calculated as the following equation (3) [65]: 

                              Volume yield% = 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑖𝑙 𝑓𝑒𝑑
 X 100 ;                                   (II.3) 

❖ Conclusion: 

Biodiesel is an attractive alternative to diesel fuel, it can be made from waste cooking 

oil By transesterification reaction that needs alcohol and catalysts, methanol and ethanol  

alcohol are widely used in the transesterification, while the catalysts used could be an acid, 

base, or amine catalyst. 

Many factors could affect the transestrification reaction such as oil:alcohol molar ratio 

, reaction temperature and time, thus, it can influence the production yield or quality . 

Biodiesel follows international standards that should be considered after analysing it, 

therefore we can assume that our production enjoys High qualities. 

In the next chapter we will be talking about design of experiments that would help us in 

biodiesel production. 
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Introduction     

In the 21 century we are blessed with the huge help that technology offers us, however 

we cannot deny the help of programs in different processes, Such as Design of experiments 

(DOE). 

Design of experiments minimizes bias in the comparison which helps in reducing error, 

Also DOE could help us to find better yield of production in a short time with law costs. We 

can use DOE in different processes and experiments, and biodiesel production is one of them, 

However DOE could enhance biodiesel quality and the yield of production. 

III.1 Design of Experiments   

III.1.1 Definition:  DOE is a systematic approach to understanding how process and product 

parameters affect response variables such as process ability, physical properties, or product 

performance. It is a tool similar to any other tool, device, or procedure that makes the job easier. 

Unlike quality, mechanical, or process tools, DOE is a mathematical tool used to define the 

importance of specific processing and/or product variables, and how to control them to optimize 

the system performance while maximizing properties. DOE uses statistical methodology to 

analyze data and predict product property performance under all possible conditions within the 

limits selected for the experimental design. In addition to understanding how a particular 

variable affects product performance, interactions between different process and product 

variables are identified DOE is a technique or procedure to generate the required information 

with the minimum amount of experimentation, using the following [66]: 

• Experimental limits 

• Specific experimental conditions 

• Mathematical analysis to predict the response at any point within the experimental limits.  

III.1.2 Design of Experiments Advantages  

✓ To generate knowledge in the experimental domain of interest.  

✓ To reliably estimate the experimental variability (pure error).  

✓ To guarantee the adequacy between the proposed model and the experimental data (to 

make it easy to detect the lack of fit). 

✓ To predict the observed response, as exactly and precisely as possible, in points within 

the experimental domain where no experiments were done.  
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✓ To propose sequential strategies to carry out the experimentation with different 

alternatives according to the results obtained.  

✓ To maintain a high efficiency with respect to economical cost, time, and any other 

practical limitations.  

✓ To make the decision making possible under uncertainty conditions, reducing the 

ambiguity [67]. 

   III.1.3 Design of Experiments process    

The process involved in conducting a successful design of experiments can be broken   

down into five steps [68]: 

• Define the problem. 

• Plan the experiment. 

• Run the experiment. 

• Analyse the data by using statistical methods. 

• Report the results. 

III.1.4 Terminology   

Experimental design and analysis has a standardized terminology that is, unfortunately, 

different from that used in survey sampling [69]. 

• Factor:  one of the variables under the control of the experimenter that is varied over 

different experimental units. If a variable is kept constant over all experimental units, 

then it is not a factor because we cannot discern its influence on the respondent from 

that used in survey sampling. 

• Levels:  values of the factor used in the experiment. 

• Response variable: what outcome is being measured? 

• Treatment:  the combination of factor levels applied to an experimental unit. If an 

experiment has a single factor, then each treatment would correspond to one of the 

levels. If an experiment had two or more factors, then the combination of levels from 

each factor applied to an experimental unit would be the treatment. For example, with 

two factors having 2 and 3 levels respectively, there are 6 possible treatment 

combinations. 
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• Experimental unit:  the unit to which the treatment is applied. 

III.1.5 DOE Software  

DOE can be quickly designed and analyzed with the help of suitable statistical software. 

For this purpose, there are some commercial and freeware statistical packages. The well-known 

commercial packages include: Minitab, Statistica, SPSS, SAS, Design-Expert, Statgraphics, 

Prisma, etc. The well-known freeware packages are: R and Action for Microsoft Excel [70]. 

III.1.6 Selection of DOE  

Selection of a suitable design out of existing alternatives depends upon the availability 

of resources and the degree of control for probable validity to make decisions over errors as a 

part of desired hypothesis A design with minimal runs allows verification of curvature in a 2-

level screening design and avails reserved resources to rerun process so as to evade unfavorable 

consequences [68]. 

III.1.7 Analyzing the Results   

Analyzing the results of experiments is linked to the initial design choice. If the 

experiments are well-prepared, the results are easy to interpret, and they are also rich in 

information. Thanks to computers and software, the construction of experimental designs and 

the necessary analysis calculations have become simple. These tools also support graphical 

representations that illustrate the results spectacularly and increase understanding of the 

phenomenon [71]. 

III.1.8 Design of experiments types  

 III.1.8.1 Full factorial Design  

In a Full factorial design (FFD), the effect of all the factors and their interactions on the 

outcome (s) is investigated. A common experimental design is one, where all input factors are 

set at two levels each. These levels are termed high and low or + 1 and − 1, respectively. A 

design with all possible high/low groupings of all the input factors is termed as a full factorial 

design in two levels. If there are k factors, each at 2 levels, a full factorial design will be of 2k 

runs as mentioned earlier. When the number of factors is more than five, a full factorial design 

requires a large number of experimental runs and is not effective [72]. 

III.1.8.2 Fractional factorial design  

Fractional factorial designs are designs that include the most important combinations of 

the variables. The significance of effects found by using these designs is expressed using 

statistical methods. Most designs that will be shown later are fractional factorial designs. This 

is necessary in order to avoid exponential explosion. Quite often, the experiment design 

problem is defined as finding the minimum number of experiments for the purpose [73]. 
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III.1.9 Modelling and optimization  

The virtues of using machine learning and evolutionary algorithms to model and 

optimize data rich environments thus seem promising because they are automatic, involving 

little human intervention and expertise. We believe and are exploring how they can be made 

adaptive to improve parameter estimates with increasing data, as well as seamlessly detecting 

system (and therefore model) changes, thus being capable of recursively updating and 

optimizing a modified or new model [74]. 

 

 

III.2 Response surface methodology (RSM) 

III.2.1 Definition:  Response surface methodology (RSM) is a tool that was introduced in 

the early 1950s by Box and Wilson (1951). RSM is a collection of mathematical and statistical 

techniques that is useful for the approximation and optimization of stochastic models. The 

objective function associated with such models is subject to random noise and is referred to as 

noisy or stochastic objective function. It also has important applications in the design, 

development, and formulation of new products, as well as in the improvement of existing 

product designs [75]. 

➢ the RSM procedure is carried out as follows [76]:  

    1- A series of experiments are performing for adequate and reliable measurement of the 

response of interest. 

    2- A mathematical model of the second-order response surface with the best fit is developed. 

    3- The optimal set of experimental parameters producing the optimum response value is 

determined. 

   4- The direct and interactive effects of the process parameters are represented through two 

and three dimensional plots.  

The successful use of RSM is critically dependent upon the experimenter’s ability to 

develop a suitable approximation for function. Usually, a low-order polynomial in some 

relatively small region of   the independent variable space is appropriate. In many cases, either 

a first-order or a second order model is used.  In general, the first-order model is [77]: 

                                         22110 xx  ++;                                        (III.1) 

the second-order model is: 
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III .2.2 Response surface methodology Designs  

III.2.2.1 Central Composite Design (CCD)  

Technological processes in the case of small number of preformed experiments 

compared with “one variable at a time” approach.  

Response surface methodology comprised of several methods to design the 

experimental procedures and one of them is Central Composite Design (CCD). Optimization 

carried out with CCD can allow screening of a broad range of parameters as well as the role of 

each factor. In addition, CCD is also able to evaluate a single variable or the cumulative effect 

of the variables to the response.  Although this ability is shared with the other types of 

experimental design such as full factorial and partial factorial method, it differs in a way that 

the experimental runs are reduced. For instance, with just four independent variables, full 

factorial method will suggest at least 81 experimental runs plus replication Otherwise when 

using CCD method, only 31 experimental points (16 factorial points, 8 axial points and 7 center 

points) are needed.   Before any variables can be carried into experimental phase, the variables 

must be coded according to (III.3): 

                                                      iiiI XXXX −= )(
;                                             (III.3) 

Where 𝑥𝑖 is the coded level; 𝑋𝑖 is the natural level for the independent variable; 𝑋 ̅𝑖 is 

the mean for the natural level of the independent variables; and ∆𝑋𝑖 is the step change value 

[78]. 

   CCD can be described as 2𝑛 factorial design with additional central and axial points, allowing 

calculating parameters of a second-order model. It involves 2𝑛 factorial points, 2𝑛 axial points 

and one central point. Usually axial and/or central points are replicated. Axial points are placed 

at the distance 𝛼 from the design center, thus CCD uses five levels of parameters: +𝛼, +1, 0, 

−1, −𝛼. The value of 𝛼 is usually chosen to make design either orthogonal or rotatable [79]. 

III.2.2.1.1 Central composite faced design (CCFD)  

In this design the star points are at the centre of each face of the factorial space, so α = ± 

1 and only three levels are used. Complementing an existing factorial or resolution V design 

with appropriate star points can also produce this design. CCF designs provide relatively high 

quality predictions over the entire design range, but poor precision for estimating pure quadratic 

coefficients. They do not require using points outside the original factor range [73]. 
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                     Figure III.1: Generation of a central composite design [80]. 

 

III.2.2.2 Box behnken Design (BBD)   

Box–Behnken design (BBD) is an independent, rotatable quadratic design with no 

embedded factorial or fractional factorial points where the variable combinations are at the 

midpoints of the edges of the variable space and at the center [81].   

These designs typically require more runs than CCDs in the same number of variables. 

To construct a Box-Behnken design in k factors, first identify an incomplete block design with 

k treatments divided into blocks of size b (Balanced incomplete block designs are often used, 

in which each of the k treatments is applied to the same number of experimental units, and each 

of the 
( )n

k   pairs of treatments are applied to the same number of pairs of experimental units in 

a common block.), Each of the k treatments corresponds to one of the k factors [82]. 

III.2.3 Mathematical modelling  

The field of response surface methodology consists of the experimental strategy for 

exploring the space of the process or independent variables, empirical statistical modelling to 

develop an appropriate approximating relationship between the yield and the process variables, 

and optimization methods for finding the values of the process variables that produce desirable 

values of the response. In this report we will concentrate on the second strategy: statistical 

modelling to develop an appropriate approximating model between the response y and 

independent variables x1, x2,,…,x k [77].   

In general, the relationship is:  

                                                  += ).....,( 21 kxxxfY ;                                           (III.4) 
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III.3 Analysis of variances (ANOVA)  

  III.3.1 Definition:  Analysis of variance (ANOVA) is a statistical tool used to detect 

differences between experimental group means. ANOVA is warranted in experimental designs 

with one dependent variable that is a continuous parametric numerical outcome measure, and 

multiple experimental groups within one or more independent (categorical) variables. In 

ANOVA terminology, independent variables are called factors, and groups within each factor 

are referred to as levels. The array of terms that are part and parcel of ANOVA can be 

intimidating to the uninitiated, such as: partitioning of variance, main effects, interactions, 

factors, sum of squares, mean squares, F scores, family wise alpha, etc.. [83]. 

  III.3.2 P-value: The p-value is calculated from the F null sampling distribution with matching 

degrees of freedom. But only if we believe that the assumptions of the model are 

(approximately) correct should we believe that the p-value was calculated from the correct 

sampling distribution, and it is then valid [84]. 

  III.3.3 The coefficient of multiple determination R2:  R2 is defined as the ratio of the 

explained variation to the total variation and is a measure of a degree of fit [85]. R2 is a measure 

of the amount of reduction in the variability of y obtained by using the regressed variables k x1, 

x2,..., xk in the model [77].  A very low R2 indicate that the selected model for the experimental 

design does not accurately predicted the experimental data and hence the experimental data 

needs to be checked for conformance to the assumption of ANOVA [86]. 

The coefficient of multiple determination R2 is defined as (III.5) [77]: 

 

                                               SSt

SSe
R −=12

;                                                     (III.5)   

 

  III.3.4 R2 adjusted:  The adjusted R2 gives “the fraction of the variation explained by changes 

in the factor” when one is analyzing data collected using EIMSE- optimal box-behnken or 

central composite design, one expect adjusted R squared value in excess of 0.50 or 50% . 

Otherwise there is a concern that some or all of the responses are not trust worthy and/ or that 

the most important factors are unknown and uncontrolled during the testing [87]. 

  III.3.5 F-value: Fisher F-test value explains the distribution of the actual data around the fitted 

model [95]. The F-value compares the mean square with the residual mean square [89]. 

  III.3.6 The prediction error sum of squares (PRESS)  

                                  PRESS = 
 = 
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1  ;                                         (III.6) 
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From Equation (5) it is easy to see that the PRESS residual is just the ordinary residual 

weighted according to the diagonal elements of the hat matrix hii. Generally, a large difference 

between the ordinary residual and the PRESS residual will indicate a point where the model fits 

the data well, but a model built without that point predicts poorly [77]. 

  III.3.7 R predicted: R prediction has already been proposed and is calculated from the 

prediction of the residual error sum of square (PRESS) [90]. 

  III.3.8 Lack of fit (LOF): The test for lack-of-fit compares the variation around the model 

with pure variation within replicated observations. This test measured the adequacy of the 

different models based on response surface analysis [91]. 

III.4 Graphical analysis  

  III.4.1 Pareto chart: Screening designs are often used in the first step to DoE in order to 

select the most important input factors and discard the insignificant ones. Pareto charts are 

useful tools to achieve this purpose, because they allow to put the input factors (and their 

interactions) in order of importance [92]. 

The Pareto plot allows one to detect the factor and interaction effects that are most 

important to the process or design optimization study one has to deal with. It displays the 

absolute values of the effects, and draws a reference line on the chart. Any effect that extends 

past this reference line is potentially important [93].  

  III.4.2 Normal plot: The normal probability plot indicates whether the “residuals” follow a 

normal distribution, in which case the points will follow a straight line. Expect some moderate 

scatter even with normal data. Look only for definite patterns like an "S-shaped" curve, which 

indicates that a transformation of the response may provide a better analysis [86].  

  III.4.3 Histogram of the residuals: to detect multiple peaks, outliers, and nonnormality. The 

histogram should be approximately symmetric and bell-shaped [94].   

  III.4.4 Residuals versus the fitted values: to detect nonconstant variance, missing higher-

order terms, and outliers. The residuals should be scattered randomly around zero [94]. 

  III.4.5 Residuals versus order: to detect time-dependence of residuals. The residuals should 

exhibit no clear pattern [94]. 

  III.4.6 Response optimizer plot: A response optimizer plot is useful in determining the 

operating conditions that will results in a desirable response [95]. 

  III.4.7 Surface plot: The 3D response surface plot is a graphical representation of the 

regression equation. It is plotted to understand the interaction of the variables and locate the 

optimal level of each variable for maximal response [96].    

Response surface plots such as contour and surface plots are useful for establishing 

desirable response values and operating conditions. In a contour plot, the response surface is 
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viewed as a two-dimensional plane where all points that have the same response are connected 

to produce contour lines of constant responses. A surface plot generally displays a three-

dimensional view that may provide a clearer picture of the response [93]. 

  III.4.8 Contour plot:  A contour plot is a 2D plot of a three-dimensional surface where the 

corresponding surface intersects planes with constant elevation. It means that there is just one 

z value for every x and y pair on the contour plot [97]. Contour plot gives better understanding 

about the influence of variable and their interactions on the response as compared to the 3D 

surface plot [96].  

 

❖ Conclusion: 

Design of experiment is an important tool that is widely used in different section of 

science and productions, by using Response surface methodology, we can reach the best 

response of our production, and using DOE is a costless way to get a production with the 

qualities we want in a short period of time, Such as biodiesel production. 

In the next chapter we will be using design of experiments in order to get a better 

biodiesel yield. 
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CHAPTER I: Optimization and modelling 

biodiesel Production yield. 
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❖ Introduction 

Biodiesel production has been one of the most important productions worldwide, Due 

to its properties that make it an attractive alternative to diesel fuel. 

But also we need to enhance both yield and quality of the biodiesel production, thus , 

Using design of experiment plays a huge rule helping us to reach a better yield, In fact, A strong 

model is important to gain both time and costs. In this chapter we will be using Minitab 

program, and CCD design and get a better yield and better results. 

I.1 Materials and Methods 

The aim of this study is the modelling of biodiesel production, The data was processed 

using statistical software (Minitab 19), applying response surface methodology ‘RSM’ to 

determine the optimum condition for biodiesel production. 

The parameters were obtained from “Multivariable Analysis and Optimization of 

Biodiesel Production from Waste Cooking Oil 2018, by Mohammad Ali Zahed, Zahra 

Zakeralhosseini, Leila Mohajeri,  Gholamreza Nabi Bidhendi and Saba Mesgari, Iran” where 

Temperature and  Oil:Alcohol ratio were taken as factors and biodiesel production yield as a 

response. 

                                                 TableI.1: Factor level. 

Factor  Lower value  Higher value  

Temperature 50° C 70 °C 

Oil: Alcohol ratio 3 5 

 

The Central composite Face-Centered Design (CCFD) carried out in the work offered a 

useful data linear, interactions and quadratic effects [98], The CCFD consisted of 14 

experiments including 4 factorial experiments, 4 axial experiments, and 6 replicates of center 

point, The factor levels taken were 50°C -70°C of temperature and 3-5 oil: Alcohol molar ratio, 

as shown in table I.1. 

The general model form shown in equation I.1 used in this study eq (I.1):              
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  ;                        (I.1)          

Y= the Independent variable. 

β0: the model intercept. 

βi: the regression coefficient of the ith factor. 

βii: the quadratic regression coefficient of the ith factor. 

βij: is the ith and jth-factor interaction.    
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I.2 Results and Discussion 

  I.2.1 Fitting of Process Models and Statistical Analysis  

The CCF employed is based on un-coded levels of the independent variables, the 

developed equation of the biodiesel production yield corresponds with this experiment is 

given by the by the equation (I.2): 

Y Biodiesel =-214.24 + 9.296 T + 8.67 Mratio - 0.08094 T*T - 2.494 Mratio*Mratio + 0.2025 

T*Mratio ;                                                                                                                             (I.2) 

• Y biodiesel = The biodiesel production yield. 

• T= Temperature. 

• M.ratio = oil: Alcohol molar ratio. 

I.2.2 Biodiesel Production and Analysis of Variance (ANOVA) 

   The experimental matrix generated by Minitab software using by Central Composite 

Face Design was designed is shown in table I.2: 

                                             Table I.2: Expremetal matrix. 

                                            

EXP  Point 

type  

Temperature  Oil: Alcohol 

M.Ratio 

1 +1 50 3 

2 +1 70 3 

3 +1 50 5 

4 +1 70 5 

5 -1 50 4 

6 -1 70 4 

7 -1 60 3 

8 -1 60 5 

9 0 60 4 

10 0 60 4 

11 0 60 4 

12 0 60 4 

13 0 60 4 

14 0 60 4 

 

 

The predicted and experimental results for biodiesel production are presented in Table I.3. 
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                     Table I.3: Predicted and experimental results for biodiesel production. 

Number  Experimental Predicted  Residual  

1 82.1 82.1868 -0.08676 

2 86.0 86.0034 -0.00343 

3 79.6 79.8701 -0.27010 

4 91.6 91.7868 -0.18676 

5 83.8 83.4431 0.35686 

6 91.5 91.3098 0.19020 

7 92.2 92.1098 0.09020 

8 94.3 93.8431 0.45686 

9 95.1 95.3912 -0.29118 

10 95.3 95.3912 0.40882 

11 95.3 95.3912 -1.09118 

12 95.3 95.3912 -0.49118 

13 96.4 95.3912 1.00882 

14 95.3 95.3912 -0.09118 

   

In order to determine the effect of the individual terms and their interaction on the 

biodiesel production yield, moreover the importance and fitness of the quadratic regression 

model, the analysis of variances ‘ANOVA’ was carried out Statistical results are shown in 

table I.4. 

 

Table I.4: Analysis of variance results. 

 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Model 5 417.365 99.64% 417.365 83.473 441.54 0.000 

  Linear 2 97.333 23.24% 97.333 48.667 257.43 0.000 

    T 1 92.827 22.16% 92.827 92.827 491.02 0.000 

    Mratio 1 4.507 1.08% 4.507 4.507 23.84 0.001 

  Square 2 303.629 72.49% 303.629 151.814 803.04 0.000 

    T*T 1 286.004 68.28% 185.625 185.625 981.88 0.000 

    Mratio*Mratio 1 17.625 4.21% 17.625 17.625 93.23 0.000 

  2-Way 1 16.402 3.92% 16.402 16.402 86.76 0.000 
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Interaction 

    T*Mratio 1 16.402 3.92% 16.402 16.402 86.76 0.000 

Error 8 1.512 0.36% 1.512 0.189     

  Lack-of-Fit 4 0.679 0.16% 0.679 0.170 0.81 0.576 

  Pure Error 4 0.833 0.20% 0.833 0.208     

Total 13 418.877 100.00%         

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Model 5 417.365 99.64% 417.365 83.473 441.54 0.000 

  Linear 2 97.333 23.24% 97.333 48.667 257.43 0.000 

    T 1 92.827 22.16% 92.827 92.827 491.02 0.000 

    Mratio 1 4.507 1.08% 4.507 4.507 23.84 0.001 

  Square 2 303.629 72.49% 303.629 151.814 803.04 0.000 

    T*T 1 286.004 68.28% 185.625 185.625 981.88 0.000 

    Mratio*Mratio 1 17.625 4.21% 17.625 17.625 93.23 0.000 

  2-Way 

Interaction 

1 16.402 3.92% 16.402 16.402 86.76 0.000 

    T*Mratio 1 16.402 3.92% 16.402 16.402 86.76 0.000 

Error 8 1.512 0.36% 1.512 0.189     

  Lack-of-Fit 4 0.679 0.16% 0.679 0.170 0.81 0.576 

  Pure Error 4 0.833 0.20% 0.833 0.208     

Total 13 418.877 100.00%         

                                     

The P-values are the results of hypotheses testing for every individual coefficient. P-

value or probability value is a statistical method for evaluating the significance of the 

parameters, The P-values less than 0.05 were assumed to be significant [99].  

According to the results shown in the table 3 the quadratic regression model has a p-

value less than 0.0001, the test result shows that the temperature, molar ratio and their 

interaction Temperature*Temperature, molar ratio*molar ratio, molar ratio*Temperature have 

an important effect on the biodiesel production yield. The model is statistically significant at 

the 95% confidence level. 

The ANOVA analysis also shows the Lack-of-Fit (LOF) value, which can be used to 

investigate the model sufficiency. LOF value of 0.81 > 0.05 implies that the Lack-of-Fit is not 

significant relative to the pure error. The model F- value of 441.54 implies that the model is 
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statistically significant. 

The quality of the quadratic polynomial model fit was expressed by the coefficient of 

determination (R2), which is a key output of regression analyses.  According to jogleka and 

May [100], for a good fit of a model, the correlation coefficient should be at a minimum of 

0.80. High R2 value illustrates good agreement between the calculated and observed results 

within the range of experiment [100]. Noticing table I.5, R2, R2 (adj) and R2pred values 99.46%, 

99.41% and 98.89%, respectively, while R2 was 98.89%, which indicate a good predictability 

of the model.   

PRESS value was 4.64 which refers to dependent response variable of the whole data scenario 

[108]. 

                                                       Table I.5: model summary. 

S R2 R2(adj) PRESS R2(pred) AICc BIC 

0.434799 99.64% 99.41% 4.64618 98.89% 41.24 27.05 

 

 

I.2.3 statistical analysis of results 

Pareto chart has a really clear reading and organizing to  the absolute values of the 

standardized effects from the largest effect to the smallest effect, However all the bars that cross 

the reference line reference are significant,  the bars that didn’t cross  the they are insignificant.  

According to Fig I.1 all of the effects crossed the reference red line, which indicates that 

all the effects are significant,  furthermore AA, A have a strong effect, while B has less effect 

but yet unnegligeable. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

  

                         Figure I.1: Pareto chart of the standardized effects. 
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    Each point on the normal plot represents a factor considered in the experimental design [102] 

points distributed along the straight line without any response transfer appears as a normal 

distribution curve of residuals [103]. Normal plot of the standardized effects shown in Figure 

I.2 all the factors are statistically significant.  

    The points A, B, AB have a positive effects, the increase of the Temperature (A) and 

Oil:Alcohol molar ratio (B) and the interaction  AB leads to the increase of the biodiesel 

production yield, In fact, Temperature*Temperature  (AA) and molar ratio*Molar ratio (BB) 

have a negative effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure I.2: Normal plot of the standardized effects. 
 

 

 The normal probability plot of the residuals was used to verify the assumption that the 

residuals are normally distributed. In the Normal probability plot shown in Figure I.3 the 

residuals are approximately follow a straight line, which indicates that the model prediction is 

accurate. 

 

 

 

 

 

 

 

 

 

 

 

 

  

                                         

Figure I.3: normal probability plot. 
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A residual plot shows the deviation of predicted values from observed values. The 

residual values (vertical axis) are the differences between the experimental values and the fitted 

values and they are used to evaluate the adequacy of the model [102]. The residuals versus fits 

plot shows that the residuals are randomly distributed and have constant variance. 

According to the figure I.4, the plot falls randomly around the centre line, which indicates that 

the residuals are independent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.4: Versus fit of residual. 

 

  The histogram plot shown in figure I.5 is used to determine whether the data are skewed or 

include outliers [104]. 

 

 

 

 

 

 

 

                                        

                                           

                                          

 

 

Figure I.5: Histogram of residual. 

 

    The figure I.6 shows the versus order, this is a plot of all residuals in the order that data was 
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collected and can be used to find non-random error. a positive correlation is indicated by a 

clustering of residuals with the same sign, a negative correlation is indicated by a rapid change 

in the signs of consecutive residuals [105]. 

 

 

 

 

 

 

 

 

 

 

 

                                                     

Figure I.6: versus order. 

 

I.2.4 Graphical analyses 

➢ Factorial plot : 

• Main effect plot: According to figure I.7 Main effect plot shows that the best yield can 

be achieved when the temperature reaches 62 °C, and 4.3 of  Alcohol to oil molar ratio. 

• Interaction plot: In figure I.8 Interaction plot shows the best value of the interaction 

that helps for a better yield. 

 

 

 

 

 

 

 

 

 

 

 

 

                                        

                                  Figure I.7: Main effects plot for yield. 
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Figure I.8: Interaction plot for yield. 

 

 Surface plot shown in Figure I.10 shows the response surface plot of the biodiesel yield 

for the combined parameters temperature and molar ratio. The yield of biodiesel increased with 

an increment in the amount of the temperature near its medium value and then decreased 

sharply, however at the medium value of the molar ratio, the yield showed the same behaviour 

with noticeable decreasing at the level of higher and lower value. The results indicate that to 

get a higher biodiesel production yield, a medium value is preferred for both temperature and 

molar ratio, with 62°C of temperature and 4.3 of molar ratio.                

 

 

 

 

 

 

 

 

 

 

 

                Figure I.9: Surface plot of yield vs molar ratio, Temperature. 

                   

 The figure I.10 shows the contour plot vs molar ratio, temperature, The contour areas 

help to explain how the biodiesel yield varies with a change in the experimental conditions, and 

identifies the optimum operating conditions and related response values. The darkest area of 

the contour plot refers to ≥95% of the yield, that is correspondent to 60, 61,62, 63, 64,65 °C of 
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temperature, and 4.0, 4.3, 4.6, 5 of molar ratio. 

 

 

 

 

 

 

 

 

 

 

                          Figure I.10: contour plot of yield vs molar ratio, Temperature. 

 

I.2.5 Optimization: 

 In this stage optimization of Biodiesel yield was done by using response optimizer part 

of Minitab 19 software, by running the optimization program, maximum Biodiesel production 

Yield obtained was 96.2%. The desirability function of biodiesel production yield is shown in 

figure I.11, The objective is to maximize the yield of biodiesel production, the predicted values 

are 62.72°C of temperature and 4.29 of oil to Alcohol molar ratio. 

 The desirability function (D) can take values from 0 to 1. Weight lower than 1 give 

more importance to the goal whereas weights than 1 give more importance to the goal [106]. 

The desirability of biodiesel yield d=0.926 was achieved as presented in Table I.6. 

 

 

 

 

 

 

 

 

 

 

                                           

Figure I.11: The optimal conditions 
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Table I.6: Numerical optimization criteria for maximum biodiesel production. 

Criteria  Goal Lower limit Higher limit 

Temperature In range 50°C 70°C 

Molar ratio In range  3 5 

Efficiency Maximum  86% 97% 

       

 Optimization process was carried out to determine the optimum value of biodiesel 

production yield, after performing a screening of factors and their interactions, the response 

surface analysis was carried out. The maximum biodiesel production yield obtained is 96.2%, 

The optimal conditions resulting from this optimization were a reaction temperature 62.72°C 

and Molar ratio 4.3. 

 ANOVA results had shown that both factors Temperature and oil to alcohol and their 

interactions are significant and have a strong effect on the biodiesel yield. 

 

I.3 Results Comparison 

 The aim of this study is the   Noticing Table I.7 that compares the results we had with 

the article reference that we are working on to improve, we can clearly notice better Results, 

which is something we successfully achieved.     

                                             Table I.7: Results comparison. 

 My results  Article results  

R2  99.64 % 99.2 % 

R2 (adj) 99.41 % 98.7 % 

Press  4.64 7.79 

Lack of fit 0.81 0.34  

Desirability  0.926 0.608 

Temperature  62.72 62.83 

Molar ratio 4.3 4.3 

Yield  96.2% 96.08% 

 

 Noticing the huge change in R2, R2 (adj), Press and lack of fit that would make a big 

difference in the model strength, However the desirability changed from 0.608 to 0.926, 

Moreover the yield was enhanced to  96.2%. we can say that  we Found a better results. 
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❖ Conclusion:  

 The aim of this study was modelling and optimization of biodiesel production, the 

Response surface methodology based on the Central Composite Face-Centered Design was 

Applied to study the effect of temperature and Oil:alcohol molar ratio on the biodiesel 

production, Anova results showed that both temperature and molar ratio and their interaction 

have a great effect on the transesterification reaction. 

 Finding better results than the article results was done successfully, by enhancing R2, 

R2 (adj) Desirability, lack of fit, and the Yield, which indicate that we had a better model. The 

optimal values obtained from the numerical-statistical evaluation, reaction temperature of 

62.72°C and 4.3 oil: Alcohol molar ratio of 4.3, which gave the highest biodiesel production 

yield 96.2%. 

 Finally, modelling and optimization of biodiesel production yield were done 

successfully.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

CHAPTER II: Biodiesel production from waste 

cooking oil. 
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❖ Introduction  

According to the statistics, huge amount of cooking oil are being wasted forasmuch 

the huge consumption of oils around the world and its importance in humans food. 

Instead of throwing waste cooking oil in the nature and cause various type of damages 

in the environment, we adopted the transesterification reaction to convert the waste cooking oil 

into a useful, clean and renewable biodiesel, Using methanol alcohol and KOH catalysts. 

 

II. Material and methods 

II.1 Method 
Transesterification reaction is a costless and traditional reaction, it was carried out to 

produce biodiesel using methanol alcohol and KOH catalyst.  Methanol alcohol is a pricless 

alcohol with good physical and chemical characterizations that help for an effective 

productivity and the oil used was wasted sunflower oil. The figure II.1 shows the 

transesterification reaction progress:  

 
 

 

 

 

 

 

 

 

 

 

 

                                         Figure II.1: Transesterification reaction  
 

II.2 Materials and equipment  
              Table II.1. : materials and products used In the biodiesel production . 

Products  Materials  Devices  

- Methanol. 

- Waste cooking oil. 

- KOH. 

- Distilled water. 

- Thermometer. 

- Balance . 

- Erlynmayer flask.  

- Watch glass. 

- Funnel. 

- Stand and clumb. 

- Beaker. 

- Magnetic stirrer with hot 

plate.  

- Separature funnel . 

- Oven . 

- Magnet. 

- Ph meter. 
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II.3.Experimental Procedure 

• Waste cooking oil preparation 

    The Waste Cooking Oil (WCO) has food particles, polymer and decomposition products, 

that are very unfavorable for the transesterification and would affect the Biodiesel production, 

Thus, the pretreatments of WCO including physical and chemical treatments are necessary 

before starting the reaction 

➢ Firstlly, the WCO was filtered by using filter paper folded into a cone in a glass funnel 

to get rid of any food particles or products that can be present in the WCO. 

➢ Secondly, WCO was heated to 80°C remove any water drops that may be contained in 

the oil.  

• Reaction 

➢ 10 ml of methanol were mixed with 1g of potassium hydroxide KOH in a beaker, placed 

on a magnetic stirrer until the KOH is totally solved in the methanol, and acquire the 

methoxide solution. 

➢ 30 ml of the prepared oil were cooled to the reaction temperature 45°C to 60°C, then 

the produced methoxide was added to the oil, placed on the magnetic stirrer with hot 

plate at 65°C, The stirrer is switched on during the reaction at a speed of 400 rpm. The 

reaction lasts up to 2 hours. 

• Separation 

After the transesterification, the mixture obtained was is poured into Separator funnel 

where the mixture rests for 3 hours, incrementally, two phases appear as shown in figure II.2 

The upper phase is the biodiesel obtained, and the lower phase is glycerine.  

Glycerine can be used in many other productions like soap and many other important 

productions. 

By opening the separator funnel van cautiously, the glycerine is allowed to fall into a 

beaker, and close the van quickly when only biodiesel is left the the separation funnel. 
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                                           Figure II.2: Biodiesel separation. 

 

II.4 Washing biodiesel 

➢ Wasing biodiesel is a necessary step to remove the residues of methanol, KOH, soap 

and glycerine, by washing the biodiesel carefully several times by hot distilled water, 

with one minute shaking. 

➢ Washed biodiesel must rest for 2 hours to separate the water and biodiesel. 

II.5 Drying Biodiesel 

   The biodiesel obtained was dried in the oven at 100°C for 2 hours.    

❖ Conclusion 

The transesterification was used to produce biodiesel from waste cooking oil in this work, 

by using methanol alcohol and koh catalyst, acrossing five important steps, WCO preparation, 

Transesterification reaction, separation, biodiesel washing and drying. 

The transesterification of WCO is a costless way to produce clean biofuel and afford the 

need of energy in the world. 
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General conclusion 
 

For the sic of our environment and saving the earth from different kind of pollutions, we 

have to move quickly, and using biodiesel is one of the strategies that we have to start working 

on to reduce both air and water pollution. Also, using biodiesel produced from waste cooking 

oil will not just reduce gas emissions in the air or reduce the amount of oils thrown in the water 

problem, which water treatment stations are facing, But it’s also a costless source of energy. 

We can easily produce biodiesel from waste cooking oil that we can get from houses or 

restaurants of even companies, those oils could be sunflower oil, soja oil, corn oil, seed oil, and 

many other kinds of vegetable cooking oil that are widely produced in the world, and their 

production increase by the increase of human population. 

Transesrefication is the most used method in biodiesel production, However, Ethanol and 

methanol are the most used alcohols in this reaction, and that’s according to their physical and 

chemical proprieties and low cost, sodium hydroxide NAOH and potassium hydroxide KOH 

can be used as catalysts in this reaction since they are both available in almost every laboratory, 

Moreover, many factors could effect this reaction that should be always considered such as oil 

to alcohol molar ratio, reaction temperature, reaction Time and many others. 

Biodiesel production from waste cooking oil follows the important steps bellow: 1- 

Transeterification reaction. 

2- Separation. 

3- Washing and drying. 4- Biodieselanalyses. 

While the last one is an important step to make sure, the biodiesel produced follows the 

international standards. 

Using design of experiments played a huge role in enhancing both biodiesel quality and 

yield, however, creating a great model is necessary to achieve the goal. RSM was applied in 

this thesis using CCF design, where a greater model than the article model was created, By 

having better results such as R2 R2 adj , PRESS , S, Lack of fit, desirability and the yield. 

After using CCF design 14 experiment were ran, where Temperature and Oil to alcohol 

molar ratio were considered as factors while biodiesel production yield as a response, the results 

found were great and satisfying, R2 and R2 adj were found 99.64% and 99.41% respectively, 

4.64 as PRESS and 0.81 as lack of fit, while desirability enhanced to reach 0.926, Importantly 

yield was found 96.2% with the optimum conditions 62.72°C for temperature and 4:3 oil to 

alcohol molar ratio. 
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