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Abstract 

At present, the use of other sources of energy other than energy source from crude oil has 

accelerated. This is due to limited resources of fossil fuel, increasing prices of crude oil and 

environmental concerns. Alternative fuels such as biofuel are becoming more important because it 

can serve as a replacement for petroleum diesel due to its comparable fuel properties and cleaner 

emission. For use in a standard diesel engine, biodiesel can be blended (mixed) with petroleum 

diesel at any concentration. In this study, transesterification of waste cooking oil with methanol 

was catalyzed by heterogeneous catalyst TiO2-supported-MgO and the biodiesel produced was 

characterised. Waste cooking oil (WCO) was used because it is regarded as one of the cheapest 

feedstock for biodiesel production in that most oils from oil crops are used as food. Waste cooking 

oil is available in vast amounts each day in every restaurants and fast food outlets worldwide. The 

waste cooking oil used in this study was laboratory prepared by the addition of 5 wt. % of oleic 

acid into 95 wt. % of soybeans oil.10 wt. % of titanium-supported-magnesium oxide catalyst 

(MgO/TiO2) used was prepared by incipient wetness impregnation and characterized using XRF, 

BET and XRD. These materials were tested with the catalyst for the conversion of waste 

vegetable oil to biodiesel in presence of methanol and hexane co-solvent. Methanol to oil mole 

ratio of 18:1 was employed in the transesterification process. When hexane was used as cosolvent, 

methanol to oil mole ratio of 18:1 and methanol to hexane mole ratio of 1:1 was used. The effects 

of reaction time, reaction temperature and hexane co-solvent on the waste vegetable oil 

conversion has been established. The 1HNMR analysis was used to estimate the structure of 

FAME produced. It was observed that the oil conversion increases with the increased reaction 

time, reaction temperature and use of hexane as co-solvent.  

 

 

Keywords — Biodiesel (FAME), waste cooking oil, titanium-supported-magnesium oxide 

catalyst (MgO/TiO2), oleic acid, hexane co-solvent, transesterification, XRF analysis, BET 

analysis, XRD analysis, 1HNMR analysis 
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CHAPTER ONE 

1.0 Introduction 

1.1 Background and Motivation  

Energy security and environmental concern across the globe have prompted regulatory bodies 

and law makers to demand for alternative energy. Bio-diesel has been considered as a good 

alternative source of energy. To have a fuel that fulfills all the energy security needs and 

environmental benefits is the greatest driving force for the use of biodiesel and its blends. 

Biodiesel was introduced in South Africa before the World War II to power heavy duty vehicles. 

The commercial development of biodiesel was initiated in South Africa in 1979 when Sunflower 

oil was transesterified and refined to a standard similar to petroleum diesel fuel (Sani et al., 

2013).The discovery of fossil fuel as cheap, safe and efficient sources of energy discouraged the 

usage of biodiesel. However, recent domestic, environmental and economic concerns have 

prompted resurgence in the use of biodiesel throughout the world. Biodiesel is an engine fuel 

derived from animal fats, vegetable fats and/or micro algae. Biodiesel fuel is processed and 

refined from raw materials with high oil content.  Biodiesel can be used either as a replacement 

for petroleum diesel or blended (mixed) with petroleum diesel at any concentration for use in a 

standard diesel engine. Diesel engines were originally designed to run on straight vegetable oil 

(SVO) but, during the 20th century, petroleum diesel fuel became more readily available and 

economical as a fuel source for diesel engines. The published engineering literature strongly 

indicates that SVO has technical issues which reduce engine life (Dahiya, 2014). High fuel 

viscosity of SVO at normal operating temperatures can cause premature wear of fuel pumps and 
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injectors. It can also dramatically alter the structure of the fuel spray coming out of the injectors 

to increase droplet size; decrease spray angle and increase spray penetration (Anjaneya, 2014). 

 

Biodiesel can be produced through transestrification - a process that combines vegetables oils 

with alcohol (methanol or ethanol) in the presence of sodium hydroxide catalyst to yield fatty 

ester (a biodiesel) and a byproduct of glycerin.  The term biodiesel refers to 100 percent pure fuel 

(B100) that meets the American Society for Testing and Materials (ASTM) requirements for 

biodiesel fuel in its D 6751 standard (National biodiesel board, 1996).Proven substitutes for 

biodiesel production are edible vegetable oils such as olive oil, palm oil, soybean oil, canola oil, 

sunflower oil etc. Most of these oils are in high demand by the food industry for human 

consumption. This therefore presents a major obstacle in the commercialization of biodiesel from 

edible oils. Non edible oils such as waste cooking oil is less expensive and can be used as an 

alternative to edible vegetable oil. It can therefore be said that waste cooking oil, which is 

otherwise wasted, is one of the most economical choices to produce biodiesel thus benefiting the 

environment. Chhetri et al., (2008) reported that the Energy Information Administration in the 

United States estimated that some 100 million gallons of waste cooking oil is produced per day 

in USA while the UK produces over 200,000 tons of waste cooking oil per year. The volatility of 

the biofuels industry has created reason for farmers in the agricultural sector to consider 

producing “On-farm energy”.  Farmers are starting to realize that producing biodiesel on the 

farm has the potential to help farmers become more independent by developing a more stable 

and secure fuel supply, as well as benefit the environment and prolong equipment life. It is 

therefore imperative to investigate and characterize the optimum conditions for the production of 

biodiesel from waste cooking oil which is the focus of this study. However, global 
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industrialization requires high energy and this causes pollution due to widespread usage of fossil 

fuels. To avoid pollution and make our environment green, it is necessary that we develop 

renewable energy sources that will be environmentally friendly and readily available. This will 

also make our economy very competitive. Biodiesel is defined by ASTM D6751 as a fuel 

composed of mono-alkyl esters of long-chain fatty acids derived from renewable vegetable oils 

or animal fats designated B100 and meeting the requirements of ASTM D6751 (Hansen, 2008). 

 

Biodiesel is found to have good environmental, qualitative and economic benefits. Solasa et al., 

(2013) reported that in 2000, biodiesel became the only alternative fuel to have successfully 

completed the EPA-required Tier I and Tier II health effects testing under the Clean Air Act. 

These independent tests conclusively demonstrated biodiesel’s significant reduction of virtually 

all regulated emissions, and showed biodiesel does not pose a threat to human health. He went 

further to report that biodiesel contains virtually no sulphur or aromatics and the use of biodiesel 

in a conventional diesel engine results in substantial reduction of un-burnt hydrocarbons, carbon 

monoxide and particulate matter (that is a reduction in greenhouse gases). Moreover, biodiesel 

has a positive energy balance. For every unit of energy needed to produce a gallon of biodiesel, 

at least 4.5 units of energy are gained. It has an inherent lubricity, low toxicity, derivation from a 

renewable and domestic feedstock, superior flash point, and biodegradability, as well as an 

overall reduction in most regulated exhaust emissions (Moser, 2008).Qualitatively, biodiesel has 

been standardized and registered as a fuel and fuel additives. The standard ensures that only 

high-quality biodiesel reaches the marketplace. The two most important fuel standards are 

ASTM D6751 (ASTM 2008a) in the United States and EN 14214 (European Committee for 

Standardization, CEN) in the European Union (Tomes et al., 2011). The increasing synthesis of 
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biodiesel from green energy source is a big motivation for the industry. Biodiesel industry 

contributes significantly to the domestic economy by delivering green jobs and national 

competitiveness to the economy. 

 

1.2 Research Problems/Questions  

This study is set to answer the following questions:  

 What are the best conditions for the production of biodiesel from waste cooking oil? 

 Can the biodiesel produced from waste cooking oil be characterized by 1HNMR analysis? 

 

1.3    Aim and Objectives 

The aim of this study was to produce biodiesel from waste soybean oil. This aim was expected to 

be achieved through the following objectives: 

 Preparation and optimization of titanium-supported-magnesium oxide catalyst to catalyze 

waste cooking oil transesterification to biodiesel. 

 Investigate the operating conditions such as effect of time, temperature, hexane cosolvent and 

alcohol to oil mole ratio that will achieve the highest activity, highest life time and good 

resistance to reaction medium. 

 Study the effect of magnesium oxide catalyst on Titanium support for the optimum 

production of biodiesel from waste cooking oil. 

 Characterize the quality of the biodiesel produced using 1H NMR analysis 
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1.4 Scope of the Research and Limitations  

This study is within the scope listed below: 

 Preparation of the calcined support titanium (IV) oxide (TiO2)  

 Impregnation of the active Magnesium nitrate on the titanium support to yield the catalyst 

(MgO/TiO2). 

 Characterisation of the catalyst produced. 

 Catalytic testing to yield fatty acid methyl ester (FAME) at 1 hour reaction time. 

 Characterization of the biodiesel produced using HNMR analysis. 

 

1.5 Structure of the Dissertation  

The background, motivation, aims and objectives with scope and expected contribution to 

knowledge of the dissertation are presented in Chapter one. This is followed by relevant 

literature review in Chapter two which explains why biodiesel production is now of major global 

interest. Also traditional biodiesel processes, reasons for the use of solid magnesium oxide 

catalyst and supported titania catalyst are also outlined in this chapter. Research design and 

methodology which describe a logical sequence of operations for detailed experimental analyses 

are presented in chapter three. Experimental results and discussion of this study are reported in 

chapter four while conclusions emanating from the analyses of the experimental results and 

recommendations for further studies are presented in chapter five. 
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CHAPTER TWO 

2.0 Literature Review 

2.1 Introduction 

For centuries, the world had relied on non-renewable crude oil for its energy supply. As a result, 

the International Energy Agency predicts that from now to 2030, world energy consumption will 

increase by 45 percent (IEA, 2008). With a 2% growth rate, world oil production will rise 

exponentially from current levels of about 27 billion barrels per year to a maximum of about 55 

billion barrels per year in 2037 (Cavallo, 2002), hence oil demand is growing exponentially. It 

has been widely reported that oil production in 33 out of 48 countries has now peaked and global 

oil production is approaching an all-time peak. There are various predictions about the decline of 

oil peaks. The World Energy Forum has predicted the dwindling of oil reserves that in less than 

10 decades more; all these energy supplies will be exhausted (Yacob, 2009).  Bentley, (2002) 

suggested that the global peak of all hydrocarbons (oil plus gas) is likely to be in about 10 or 

more years, etc. OPEC assumption gives the peak production date of world crude oil to be 2008 

as shown in Figure 2.1. 

 

Figure 2.1: World oil production to 2100 (Source: US Energy Information Administration 

(US EIA), International Energy Outlook 2011) 

http://ikennaemejichibuzor.com
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Also in 2008, US Energy Information Administration (US EIA) gave a production peak estimate 

of about 73.78 million barrels per day (MBD) which exceeded the previous peak of 73.74MBD 

in 2005. If Campell's estimate of 2.20 TB (trillion barrels) of Total Ultimate Recovery Reserves 

(URR) is used, estimate shows that there will be production decline rate after 2012. Also, 

according to projections by the US EIA, demand for crude oil as an energy source will continue 

to grow in the future. However, over-reliance on crude oil is expected to diminish as shown in 

the Figure 2.2. 

 

Figure 2.2: Annual world energy consumption, by fuel type: 1990 to 2035 (Source: US 

Energy Information Administration (US EIA), International Energy Outlook 2011).Note: 

Liquids are made up of petroleum and other liquid fuels including petroleum-derived fuels 

and non-petroleum-derived liquid fuels 

 

By the year 2035 crude and other liquid fuels are estimated to provide only 29% of global energy 

demands. The use of other sources of energy is expected to accelerate. Natural gas and coal 
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consumption will increase by about 50% while nuclear and renewable energy will grow with 

renewable sources receiving increasing support and meeting around 14% of world energy needs 

by 2035. As a result of these predictions, researchers have identified renewable raw materials 

which can be processed into liquid fuel as alternatives to keep pace with society’s need for 

energy supply. Biodiesel has received most of the interest because of its similarity with 

conventional diesel (petro diesel) in terms of chemical structure and energy content. According 

to Kahn Ribeiro et al., (2007) transport predominantly relies on a single fossil resource, 

petroleum that supplies 95% of the total energy used by world transport. The growing interest in 

biodiesel as alternative to petro diesel will help to reduce global dependency on crude oil. This 

wide spread interest in producing and using biodiesel is not limited to the United States alone as 

many countries around the world have biodiesel awareness especially many European countries. 

Biodiesel can be used in any CI diesel engine without any modification when it is blended 

together with petroleum-derived diesel (Rahim et al., 2012). 

 

2.2 Biodiesel Feedstock 

A variety of oil can be used to produce biodiesel. This includes, Waste vegetable oil (WVO), 

Soybean oil, Jatropha oil, Sunflower oil, Animal fat, Chinese tallow, Coconut oil, Rapeseed oil, 

Linseed oil, Palm seed oil, Canola oil, Algae oil, etc. However, when selecting feedstock, factors 

like cost and availability are of paramount interest. No matter the feed-stocks used in trans-

esterification technologies, the biodiesel produced is supposed to meet certain specifications. 

Biodiesel specifications according to Euro and US standards are given in Table 2.1.  
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Table 2.1: Quality Specifications for Biodiesel in the U.S. and Euro (Biodiesel Primer, 

2006) 

 

The oil feed-stocks used for biodiesel synthesis are grouped into: 

 

2.2.1 Virgin oil 

Virgin oils commonly used for worldwide biodiesel synthesis are rapeseed (mainly in the 

European Union countries), soybean (Argentina and the United States of America), palm (Asian 

and Central American countries) and sunflower. Other oils used are peanut, linseed, safflower, 

used vegetable oils and also animal fats. Advantage of using virgin vegetable oil (edible oil) as 

raw material for production of biodiesel is their low free fatty acid content (Gnanaprakasam et 



12 
 

al., 2013) as a result they do not need pretreatment, do not deactivate catalyst and does not form 

by product like soap. However, most oil crops are used as food. The issue of land is also a major 

problem. This raises the whole food versus fuel debate which gets most of our government 

agitated and very worked up. Instead of using virgin vegetable oil, waste cooking oil can be used 

as raw material for the synthesis of biodiesel. 

 

2.2.2 Waste oil 

One of the cheapest feedstock you can use is waste cooking oil, also called waste vegetable oil 

(WVO), grease, etc. You will find this in every kitchen all over the world. Restaurants and fast 

food outlets use vast amounts of cooking oil each day. The use of waste vegetable oil for 

biodiesel synthesis has a major problem caused by the present of water and free fatty acid (FFA). 

Demirbas, (2005) reported that the presence of FFAs and water causes soap formation, consumes 

catalyst and reduces catalyst effectiveness. It also interferes with the separation of free fatty 

methyl esters and glycerol. These challenges are resolved by pre-treatment of the WVO and 

proper formulation of good supported solid catalyst. 

 

2.2.3 Micro-organisms 

A much safer feedstock for biodiesel production would be algae oil as they are not in 

competition with other food crops. They can't be eaten and they don't use land that can be used to 

plant food crops.  A number of species of micro-algae have up to 60% oil content. It is important 

to note that not all algal oils are satisfactory for making biodiesel, but suitable oils occur 

commonly. High levels of CO2, water, light, nutrients and mineral salts are necessary for the 

growth of microalgae. Production processes take place in raceway ponds and photo-biological 
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reactors (Chisti, 2007).Wagner, (2007) reported that Michael Briggs at the UNH Biodiesel 

Group, offers estimates for the realistic replacement of all vehicular fuel with biodiesel by 

utilizing algae that have a natural oil content greater than 50%, which Briggs suggests can be 

grown on algae ponds at wastewater treatment plants. 

 

2.3 Catalysis 

Generally, Catalysis is the essential technology for accelerating and directing chemical 

transformation. It is the increase in rate of a chemical reaction due to the participation of a 

substance called a catalyst. Furthermore, catalysis is the most important technology in 

environmental protection. It is viewed among researchers as only one of many aspects of a 

modern biodiesel process production. The selection of a catalyst for the production of biodiesel 

is an essential factor in determining the product yield. Minimizing the amount of catalyst usage 

and maximizing the quality of product yield is a great challenge facing researches on biodiesel 

production.  A good catalyst must possess both high activity, long-term stability and a more 

important attribute called selectivity, controlled surface area and porosity, good resistance to 

poison(deactivation behavior), good resistance to high temperature and temperature fluctuations 

and high mechanical strength (resistance to crushing). However, catalyst activity is a function of 

its specific surface area, base strength and base site concentration. High specific surface area, 

strong base strength and high concentration of base sites are characteristics of an active 

transesterification catalyst (Refaat, 2011).   

 

Catalysts provide the better way. They alter the pathway for the reaction, so that the barrier 

becomes smaller. Catalysts are required to facilitate chemical reactions so that they occur at 
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useful rates and with preference to the desired product. If the rate of a reaction is too low, the 

size of the vessel in which the reaction takes place will be excessively large and expensive. If the 

product selectivity is low, the reactants are not used efficiently, and energy will be needed to 

separate the desired products from the undesired products.  According to report from U.S. 

Department of Energy, the availability of catalysts that make the reaction go fast (active 

catalysts); make the reaction go to the desired products (selective catalysts); and last a long time 

or regenerate themselves (stable or regenerable catalysts) allows us to carry out chemical 

reactions in the most efficient, economical, and environmentally responsible manner (BRN, 

2007). Hagen, (2006) classified catalysts according to the state of aggregation in which they act 

as given in Figure 2.3.  

 

Figure 2.3: General classification of catalysts (Hagen, 2006) 

 

However, the most common reliable catalyst used traditionally for conventional trans-

esterification of vegetable oil is the Homogeneous Catalyst  

2.4 Homogeneous Catalyzed Processes  
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Homogeneous catalysts are those catalysts that are in the same phase with their feedstock. They 

interact with their feedstock, either in a Liquid-liquid phase reaction or Gas-Gas phase reaction 

to yield the product. Either a base or acid can be used as a homogeneous catalyst for 

transesterification depending on the feed composition. 

 

2.4.1 Homogeneous base catalyzed processes  

Homogeneous base catalysts are best situated for feedstock that has low Free Fatty Acids (i.e. 

carboxylic acid with general molecular formula (RCOOH). Homogeneous base catalyst 

commonly used for transesterification includes 

 Alkaline metal alkoxides such as Sodium methylate (NaOCH3) or potassium methylate 

(KOCH3) and 

 Alkaline metal hydroxides (e.g. KOH and NaOH)  

The basic Reaction for Conventional Biodiesel process is: 

                                                                 Catalyst 

Vegetable Oil (Tryglyceride)   +   Alcohol   ⇄     Ester (Biodiesel)   +   Glycerol   (i) 

 

Using monohydroxy alcohols like methanol and ethanol as feedstock, produces corresponding 

esters (Biodiesel), hence above reaction can be written as: 
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Vegetable oil            Methanol                 Methyl Ester             Glycerol 

(Trygleceride)           (Biodiesel)   

 

It was reported that alkaline metal alkoxide catalyst are the most conventional active catalyst for 

biodiesel synthesis as they give yields greater than 98% in a relatively short reaction time of 30 

minutes. However, their requirement for the absence of water makes them in appropriate for 

typical industrial processes in which water cannot be completely avoided (Ejikeme et al, 2010 

and Schuchardt et al., 1998). Producing alkoxide ions (methoxide ion or ethoxide ion) using 

(homogeneous) base catalysts like NaOH or KOH is the key to the trans-esterification reaction. 

The Mechanism of the base-catalyzed transesterification of vegetable oils occurs in five steps as 

given by equations iii, iv, v, vi and vii. 

 

1. NaOH catalyst dissolves in methanol, with sodium ion disassociating itself to become more 

of a spectator as given in equation iii.   

        NaOH     ⇄      Na+ +   OH-    (iii) 

2. The hydroxyl ion (OH-) deprotonates methanol forming a nucleophilic methoxide catalyst 

and water (By nucleophilic we mean ions are fully negative and will be attracted toward 

positive ions to form a coordinated dative bond) 

              OH- + CH3OH    ⇄CH3O
-   +   H2O                     (iv) 
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3. The nucleophile catalyst then attacks the carbon of the carbonyl group of the triglyceride to 

form an unstable tetrahedral intermediate as given in equation v. 

 

4. The intermediate dissociates into FAME and diglyceride anion as shown in equation vi.  

The diglyceride ions deprotonates methanol to form a stable diglyceride and at the same time 

regenerates the active catalytic methoxide as shown in equation vii. 
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5. Once methoxide catalyst is regenerated, the cycle starts again at another tri- , di- , or mono- 

glyceride to finally form glycerol and 3 equivalents of FAME (Ejikeme et al., 2010 and 

Schuchardt et al., 1998). 

 

For alkaline metal hydroxides, it is important to mention that they are cheaper than metal 

alkoxides but less active. However, they are good alternatives since they can give the same high 

vegetable oil conversion just with an increased catalyst concentration of about 1or 2 mole %. The 

presence of water is not required in this process as it will give rise to hydrolysis of some of the 

produced ester leading to soap formation (Schuchardt et al., 1998) as shown in equations viii and 

ix. 

Hydrolysis of ester to give FFA as shown by equation viii, 

 

FFA then reacts with the base to form soap as shown in equation ix, 
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Hydrolysis of esters and formation of soap by the presence of water 

  

It has been shown that base homogeneous catalysis is preferred for the commercially synthesis of 

biodiesel because it proceeds far more rapidly than acid-catalyzed transesterification (Ejikeme et 

al., 2010). After the transesterification reaction an acid neutralization process is used to 

neutralize the base, a process that contaminates the produced glycerol. Purity of glycerol 

produced is about 80 to 90% depending on the process used for synthesis (Ejikeme et al., 2010). 

Some advantages for using homogeneous base catalyzed reaction are: 

 Due to the general availability of the products, the price is fairly competitive and there are 

little issues with product supply. 

 Since the operations occur in the same phase as the reactants, the handling becomes much 

easier. Handling all liquids is easier than handling one liquid and one solid or a combination 

of them 

 Conversion to methyl ester is direct with no intermediate steps 

 It achieves high conversion (98%) with minimal side reactions and low reaction time. 

 It uses low temperature (65oC) and pressure (20psi) processing 

 

Some of the problem arising in using homogeneous base catalyst includes:  

 High energy demand  

 Post-reaction treatment to remove the catalyst from the product-biodiesel  

 Reusability—Non reusability of the catalyst involved 

 Interferences occasioned by the presence of free fatty acid and water during the reaction  

 Difficulty in the recovery of glycerol after the reaction and   
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 Post-reaction treatment of the alkaline waste-water to obviate the environmental effects of its 

disposal. 

 More soap formation. 

 

2.4.2 Homogeneous acid catalyzed processes 

To use a vegetable oil of low quality with high free fatty acids (FFAs) for biodiesel production, 

homogeneous acid catalyst is employed as the feedstock catalyst. They have the disadvantage of 

being corrosive to equipment. The use of acid catalysts not only avoids soap formation but 

allows for the simultaneous etherification of FFA and transesterification of triglycerides to 

biodiesel. It is therefore being reported that the higher the FFA in the feedstock, the more sodium 

or potassium methylate you need. More sodium methylate means more soap formation. Lotero et 

al., (2005) suggested that acid-catalyzed production of biodiesel can economically compete with 

base-catalyzed processes using virgin oils, especially when the former uses low-cost feedstock. 

 

The typical mechanism of the acid-catalyzed transesterification of vegetable oils occurs in three 

steps as explained by Lotero et al., (2005) in the given equations x, xi and xii 

(i) Protonation of the carbonyl group by the acid catalyst leading to carbocation as in equation x. 

 

(ii) Nucleophilic attack of the alcohol by the carbocated to produce a tetrahedral intermediate as 

shown in equation xi. 
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(iii) Intermediate breaks down to form a new ester, eliminates glycerol and regenerates the 

catalyst as in equation xii. The sequence is repeated twice. 

 

Where; 

R = alkyl group of the alcohol 

R’ = Carbon chain of the fatty acid 

R’’ = Glyceride 

 

The acid-catalyzed transesterification mechanism shown in equations x, xi and xii is for a mono-

glyceride and can be extended to di- and triglycerides. According to this mechanism, carboxylic 

acids can be formed by reaction of the carbocation with water present in the reaction mixture. 

This suggests that an acid-catalyzed transesterification should be carried out in the absence of 

water, in order to avoid the competitive formation of carboxylic acids which reduce the yields of 

alkyl esters (Lotero et al., 2005). Some of the homogeneous acid catalyst commonly used for 

transesterification studies includes: 

 Sulphuric Acid (H2SO4)  
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 Hydrochloric Acid (HCL) 

 Aryl Sulphurnic Acid    

 Phosphoric Acid (H3PO4) and Mixture of these acids  

 

The disadvantages of using homogeneous acid catalyst include the following:  

 Water formation during acid esterification hinders the process. Care should be taken to get 

rid of water via drying, and this adds to the cost. 

  Reusability—Non reusability of the catalyst involved. 

 Catalyst involved is corrosive. The H2SO4 and other acid catalysts currently used in the 

biodiesel synthesis are fairly corrosive and need to be handled with extreme carefully. 

 More methanol are used. 

 More soap is formed. 

However, Table 2.2 gave reaction conditions for base and acid catalysis of plant derived oils to 

biodiesel according to Kumar, (2010) 

Table 2.2: Typical reaction conditions used for biodiesel production via different 

homogeneous catalysts (Kumar, 2010) 

 Based-catalyzed reaction Acid-catalyzed reaction 

Feedstock 

 

Methanol: Oil molar ratio 

Temperature 

Pressure 

Catalyst 

Conversion 

Triglycerides with low FFA 

content (< 0.5% ) 

6: 1 

60 – 65oC 

1.4 – 4.1 bar 

NaOH (0.5 – 2 wt. %) 

>95% in 1 hours 

Triglycerides with high FFA 

content (< 4%) 

50:1 

80oC 

4 bar 

H2SO4 

>95%in 4 hours 

There are several developed commercial processes that produce fatty acid methyl esters (FAME) 

available today. Majority of these processes consumes the homogeneous catalyst forming an 
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unrecyclable waste product. To avoid catalyst removal operations and soap formation as 

mentioned, heterogeneous catalytic system for biodiesel production has been developed.  

 

2.5 Heterogeneous Catalyzed Processes 

Heterogeneous catalysts are in a different phase form with their feedstock. Most of them are 

solid that acts on the biodiesel feedstock which is either liquid or gaseous mixtures; hence they 

can also be called solid catalyst. A solid catalyst would not dissolve in the reactant mixture, so 

there would not be need for separation from the product stream. However, heterogeneous 

catalytic process are expected to replace the homogeneous ones because of the following 

advantages 

 Non-corrosive and non-toxic catalyst 

 Easy catalyst separation from the reaction mixture which can potentially be reused 

 Products are highly purified 

 There is reduction of environment pollutants, hence process is environmental friendly.  

 No neutralization step is required   

 

Some known heterogeneous catalysts employed in the trans-esterifcation process are metal 

oxides which include: 

 Alkali earth metal oxides: Calcium Oxide (CaO), Magnesium Oxide (MgO) 

 Metal oxides: Aluminium Oxide (Al2O3), Tin oxide (SnO2), Titanium dioxide (TiO2), Zinc 

Oxide (ZnO), Zirconium dioxide (ZrO2) 

For the transesterification reaction, base catalysts are always preferred to acid catalysts wherever 

possible because of their higher activity.  As a result heterogeneous catalyst can either be 
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heterogeneous solid base catalyst or heterogeneous solid acid catalyst. However, the above 

heterogeneous solid catalysts actually act according to a homogeneous mechanism and end up as 

metal soaps or metal glycerates (Nage, 2012). To avoid these, we have to improve some of their 

properties which include:  

 Activity of catalyst 

 Transesterification mechanism 

 Stability of catalyst 

 Selectivity 

 Cost of catalyst 

 

2.5.1 Activity of catalyst 

Activity is a measure of how fast a reaction can proceed in the present of the catalyst. It is 

therefore a measure of reaction rates which is given by fundamental rate laws as given by 

equation (xiii). 

For a simple irreversible reaction A                       P 

 

Where: K = rate constant 

f(CA) = concentration term that can exhibit first or higher order dependence on adsorption          

equilibria 

To get the rate constant (K), we use Arrhenius equation, hence 
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Where: Ea = activation energy of the reaction 

Ko = pre-exponential factor 

R = gas constant 

 

So therefore the activity of a catalyst can be expressed in three ways: 

 Reaction rate  

 Rate constant (k) and 

 Activation energy (Ea) 

Another way to measure catalyst activity is to determine the turnover number TON and turnover 

frequency TOF as explained by Hagen, (2006). Note that during catalysis, it is the metals surface 

that allows adsorption of reactants, and so the number of surface metal sites must be maximized 

to achieve a high catalytic activity. Many researchers have suggested that the strength and the 

amount of Lewis and Brønsted acid-base sites for FFA, will determine the catalytic activity of 

many metal oxides. As a result, Li et al., (2014) gave an established approach for the 

characterization of the strength, concentration, and distribution of surface acid-base sites 

 

2.5.2 Transesterification mechanism 

By reaction mechanism, it means the description of the path, or sequence of steps, by which a 

heterogeneous catalytic reaction occurs. Apart from the actual chemical reaction that occurs 

during this mechanism, diffusion, adsorption, and desorption processes are of importance for the 

progress of the overall reaction. Therefore, the step of reaction that occurs in a chemical reaction 

involving a heterogeneous catalyst is as follows: 
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 Diffusion of the reactants to the catalyst. 

 Diffusion of the reactants into the pores of the catalyst (pore diffusion). 

 Adsorption of the reactants on the inner surface of the pores. Adsorption is when something 

sticks to a surface. It can either be by physical adsorption (physisorption) or chemical 

adsorption (chemisorption). It isn't the same as absorption where one substance is taken up 

within the structure of another. 

 Chemical reaction on the catalyst surface. The adsorbed species can move, interacting 

between them and with the catalyst surface and reaction happens through the formation and 

decomposition of intermediate adsorbed specie. 

 Desorption of the products from the catalyst surface. Desorption simply means that the 

product molecules detaches from catalyst surface. This leaves the active site available for a 

new set of molecules to attach to and react. The product from the decomposition of the 

intermediate specie should be desorbed and diffuse in the flow. 

 Diffusion of the products out of the pores. 

 Diffusion of the products away from the catalyst through the boundary layer and into the gas 

phase. 

 

Heterogeneous catalysis is always preceded by adsorption. How adsorption occurs on the 

catalyst surface determine the reaction mechanism. Although several authors have investigated 

the chemical kinetics of heterogeneous catalytic reactions, there seems to be no consensus on the 

mechanism. However, both Langmuir-Hinshelwood and Eley-Rideal models are used to describe 

the catalytic mechanism. 
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2.5.3 Langmuir-Hinshelwood mechanism 

This mechanism proposes that both molecules of methanol and vegetable oil are adsorbed to the 

catalyst surface and the adsorbed molecules undergo a bimolecular reaction to yield fatty Acid 

Methyl Esther (FAME).  Lopez de Alonzo, (2007) used the steps below to explain how to use 

this mechanism to develop a model especially during the fundamental investigation of the 

kinetics of the conversion of triglyceride to diglyceride on Nafion®SAC-13. 

Table 2.3: Conversion of triglycerides to diglycerides (Lopez de Alonzo, 2007) 

                       Steps                                                                   k(→)        k (←)     K = k / k- 

(1) Triglyceride adsorption   TG + S ↔ TG.S                       kTG                k-TG               KTG 

(2) Methanol adsorption        MeOH  + S ↔ MeOH.S          kMeOH         k-MeOH          KMeOH 

(3) Surface reaction (RLS)   TG.S + MeOH → E.S + DG     kS                   k-S                  KS 

(4) Diglyceride desorption     E.S ↔ E + S                            ke                  k-e                   Ke 

        Overall reaction                 TG + 2 MeOH + S ↔ DG + E + MeOH.S 

Note: S represents the vacant acid sites,  

E denotes the ester (i.e., methyl acetate),  

TG.S, MeOH.S and E.S designate the adsorbed species,  

K and k stand for the equilibrium and reaction rate constants, respectively. 

 

Finally Lopez de Alonzo, (2007) concluded that the concentration of vacant sites (Cs) can be 

obtained from the site mass balance of observed reaction rate to give  
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2.5.4 Eley-Ridealmechanism 

In this mechanism, D. D. Eley and E. K. Rideal proposed that only one of the molecules is 

chemisorbed during trans-esterification and the other one reacts with it directly from the gas 

phase, without adsorbing (Martynova, 2013). Van de Steene et al., (2014) explains this 

mechanism in the study of transesterification of ethyl acetate with methanol using MgO catalyst. 

He summarized this kinetic model in the following steps: 

 

Where MeOH, EtOAc, MeOAc, EtOH are methanol, ethyl acetate, methyl acetate and ethanol 

 J, *:            adsorbed product (j), free active place;  

K1, Ksr, K3: equilibrium constants;  

ka, kb: reaction rate of respectively adsorption and desorption of methanol 

 

Van de Steene et al., (2014) further stated in this model that the adsorption of methanol is always 

considered as the rate-determining step, Hence Eley-Rideal rate expression is given by  
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2.5.5 Stability of catalyst 

A catalyst with good chemical, thermal and mechanical stability change only very slowly over 

the course of time under the conditions of use and regeneration. In theory, an ideal catalyst 

would not be consumed or altered, but this is not the case in practice. Owing to competing 

reactions, the catalyst undergoes chemical changes and its activity becomes lowered (catalyst 

deactivation).Thus, after deactivation, the catalyst should be regenerated or replaced. Processes 

which may contribute to loss of catalytic activity or selectivity over time, includes the following: 

 Poisoning: This is defined as deactivation by strong adsorption of impurities usually in 

the feed onto the catalyst surface blocking active sites. 

 Fouling: This covers all phenomena where a surface is covered with a deposit and they 

included exposition of dust or carbon (coking) onto the catalyst surface blocking active 

sites. 

 Thermal degradation: This is a physical process leading to catalyst deactivation because 

of sintering, chemical transformations, evaporation, etc. 

i. Sintering (Aging): A process whereby particles agglomerate and grows leading to 

decrease in surface area, hence loss of active sites. It can also be regarded as loss 

of active site through structural modification of the catalyst or prolonged exposure 

to high gas-phase temperatures. 
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 Leaching: This occurs when a solid material is dissolved into an aqueous solution. In 

other words, metals bound in minerals are transformed into metal ions that are released 

into an aqueous solution, i.e. immobilized metals become mobilized (Dawood, 2009). 

 

2.5.6 Selectivity 

Apart from accelerating a chemical reaction, catalysts have another important property which is, 

to influence the selectivity of chemical reactions. What this means, is that a complete different 

products can be obtained from a given starting material by using different catalyst systems. 

According to Hagen, (2006) this targeted reaction is industrially more important than catalytic 

activity. It is therefore desirable to choose a catalyst that will produce high yield of the desired 

product while at the same time suppress undesirable consecutive reactions. The selectivity of a 

reaction is the fraction of the starting material that is converted to the desired product. It is 

expressed by the ratio of the amount of desired product to the reacted quantity of a reaction 

partner A and therefore gives information about the course of the reaction. 

 

2.5.7 Cost of catalyst 

High cost of solid catalyst is another barrier preventing its usage. Heterogeneous solid catalysts 

must be cost effective for them to be commercially viable in biodiesel synthesis. However, the 

catalyst must be able to withstand competitiveness in comparison with others so as not to put too 

heavy a burden on the economics of the process for which it will be used. Hence, one method 

used to improve the low activity of solid catalyst is the use of mixed metal oxides or catalyst 

support. 
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2.6 Supported Catalyst  

A supported catalyst is usually a solid with a high surface area to which a catalyst is affixed.  

Catalyst supports consist of three key components; The Active phase, The Promoter and The 

Support. While the active phase takes part in the chemical reaction, the promoter adds stability to 

the catalytic activity with the support being the material upon which the active phase is 

deposited. Catalyst supports can be either inert or active in reactions.  It is therefore important to 

expose the active phase to the reactants in order to have high catalytic activity. This feature of 

supported catalysts is especially important with regards to precious metal catalysts because it 

allows more effective utilisation of the metal than can be achieved in the bulk metal systems 

(Clark and Rhodes, 2000). 

In order to achieve high catalytic activity: 

 The support should have a porous structure that allows reactants and products to diffuse in 

and out easily.  

 It must have the ability to form interaction with the active phase which can provide 

stabilization if the active phase has an unusual particle structure.  In the case where the active 

phase is too reactive, a non-porous low surface area catalyst support should be used to reduce 

contact time between the catalyst and the reactants. 

 The Size and Nature of the pores of a catalyst support also affects the catalytic activity 

greatly. An open pore structure ensures the best use of the available pore volume. Bimodal 

pore distribution can also be recommended for usage if there is an expected alteration in the 

molecular size and shape of the support as in zeolite catalyst. The can be achieved by 

exposing the support to the atmosphere where it helps in the adsorption of foreign molecules 

that provide anchor sites for the active phase during the catalyst preparation. 
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The use of a support to disperse a catalytically active metal phase is not only of economic benefit 

(lower preparation costs/longer productive lifetime) but the substrate can also influence catalyst 

performance through electronic interactions between the active phase and the support (Naresh, 

2007). The difference between the heterogeneous and homogeneous catalyst is the composition 

of the phase present during a chemical reaction. However, heterogeneous catalysis is 

advantageous in that the catalyst is simple to be separated from the product and also is able to 

withstand extreme conditions of high temperature and pressure, see Table 2.4 for better 

understanding. The active phase of the catalyst material should be highly dispersed and 

concentrated on the external surface of the support. The activity, selectivity and stability of the 

catalyst are determined by the correct dispersion and location of the active ingredients.  

Therefore, it has been reported that the location and dispersion of the catalytic active ingredients 

is determined by the interaction of the active components with the support surface during 

preparation. Typical catalyst supports are porous solids and those widely used are: 

Aluminum oxides (Al2O3) 

Silica gel 

Magnesium oxide (MgO) 

Titanium oxide (TiO2)  

Zirconium dioxide (ZrO2) 

Alumino silicates 

Zeolites 

Activated carbon and  

Ceramics  
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Table: 2.4: A comparison of heterogeneous and homogeneous catalytic properties (Hagen, 

2006). 

Catalytic Property  Homogeneous  Heterogeneous 

 

Active centers/sites 

 

Concentration 

 

Selectivity 

 

Diffusion problems/ 

Resistance to mass transfer 

 

Reaction conditions 

 

Applicability 

 

Activity loss 

 

 

 

Structure/stoichiometry  

 

Modification possibilities 

 

Thermal stability 

 

Catalyst-product Separation 

 

 

 

Catalyst recycling 

 

 

Cost of catalyst losses 

 

All metal atoms 

 

Low 

 

High 

 

Practically absent 

 

 

Mild (50 – 200oC) 

 

Limited 

 

Irreversible reaction with 

products (cluster formation), 

poisoning 

 

Defined 

 

High 

 

Low 

 

Sometimes laborious 

(Chemical decomposition, 

dilation, extraction) 

 

Possible but difficult 

 

 

High 

 

Only surface atoms 

 

High 

 

Lower 

 

Present (mass-transfer- 

controlled reactions are 

common) 

Severe ( often > 250oC) 

 

Wide 

 

Sintering of the metal 

crystallites, poisoning 

 

 

Undefined 

 

Low 

 

High 

 

Unnecessary for fixed-bed, 

filtration for fluidized bed 

 

 

Unnecessary (fixed-bed) or 

easy (fluidized bed) 

 

Low 

 

 

 



34 
 

In this study, complete heterogeneous catalysts consisting of mixed metal oxide of magnesium 

and titania (MgO/TiO2) were used to promote the trans-esterification reaction of waste cooking 

oil (WVO). While Magnesium Nitrate hexahydrate (Mg (NO3)2.6HO2) is the raw material to 

produce MgO catalysts, titanium dioxide is used as a catalyst support. The trans-esterification 

reaction is performed at a higher temperature, with an excess of methanol and without catalyst 

loss. Conclusively, increasing biodiesel consumption requires optimized production processes 

which are discussed herein and they are compatible with high product yield 

 

2.7 Magnesium Oxide Catalyst (MgO) 

Magnesium is one of the alkaline earth metals, its oxide as in Magnesium oxide is a naturally 

occurring compound found in metamorphic rocks and it is known as magnesia. It has a chemical 

formula of MgO, meaning it contains a magnesium atom and an oxygen atom, forming an ionic 

bond. Magnesium oxide is a hygroscopic substance; hence absorb water molecules 

spontaneously when exposed to air. Its physical state at room temperature is a whitish and 

odorless powder. Magnesium oxide has a wide range of uses and can be found in a number of 

household and industrial items including antacids, laxatives and dietary supplements. 

Magnesium Oxide catalyst alongside with other metallic oxides catalysts such as ZnO, CaO, and 

SnO2 has been reported active for triglyceride transesterification reaction. Report from Verziu et 

al., (2008) demonstrated that nano-structured MgO(nano-MgO) can be used as a heterogeneous 

catalyst for biodiesel transesterification. Using nano-MgO for industrial application would pose 

filtration and catalyst separation problems. In order to overcome these problems, MgO must be 

supported. The choice of support is critical in designing a supported catalytic system with the 

desired activity and selectivity. The acid-base or electrophilic/electrophobic properties of 



35 
 

catalysts and the ability of a metal in absorbing reactants and desorbing products are an 

important factor that must be considered when choosing a catalyst support. Various researchers 

have shown that metallic oxide of Al2O3, TiO2, ZrO2 and SiO2can be used as a support for MgO 

catalyst. Bagheri et al., (2014) shows that TiO2 possesses good mechanical resistance and 

stability in acidic and oxidative environments, these properties make TiO2 a prime candidate for 

heterogeneous catalyst support; hence titania would be used as a catalyst support in this study. 

 

2.8 Titanium Dioxide (TiO2) as a Catalyst Support  

Titania or titanium dioxide is a white, opaque and natural occurring mineral which is widely 

studied due to its interesting properties such as high dielectric constant, photoelectric and 

catalytic conversion properties, humidity, and oxygen sensitivities. Pure titanium dioxide does 

not occur in nature but can be derived from ilmenite or leuxocene ores. Titania crystalline exist 

in three natural forms/phases: brookite (orthorhombic), anatase (tetragonal), and rutile 

(tetragonal). The anatase and brookite crystalline phases of titania are stable at low temperature 

but transform into rutile when the sample is calcined at higher temperatures (Francisco and 

Mastelaro 2002). Rutile is stable at high temperatures and therefore has the highest 

thermodynamic stability. During calcination of titanium dioxide several physical and chemical 

processes occurs, which includes: Drying of Hydrated TiO2, dehydration, dehydroxylation and 

desulphurisation. Simultaneously, anatase crystals grow and as well the anatase—rutile 

transformation takes place. 

Metastable anatase TiO2 polymorph phase of high surface area, upon heating at temperatures 

above 600oC, tends to transform irreversibly into the more stable rutile phase in the absence of 

dopants or impurities. Deshpande and Indien (2004) reported that anatase and brookite are 

http://www.azom.com/article.aspx?ArticleID=1179
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transformed into rutile upon heat treatment at high temperatures ranging from 400oC to 1000oC.It 

is worth mentioning that dopants or unintentional impurities influences the anatase to rutile 

phase transformation through a change in oxygen vacancy levels and the inhibition or promotion 

of the structural rearrangement involved in the transformation. Hanaor and Sorrell (2011) 

reported that anatase-rutile transformation begins with the nucleation and growth of rutile nuclei 

on anatase particle until completion and that the kinetics of this transition are dependent on 

variables such as impurities, dopants, morphology, sample preparation method, heat flow 

conditions, calcination temperature etc. They went further to suggest that dopant ions can enter 

the anatase lattice and influence the level of oxygen vacancies, thereby promoting or inhibiting 

the transformation to rutile. Hence, in the absence of impurities, dopants, or other types of 

contamination, rutile forms.  The list of dopants as reported by Hanaor and Sorrell (2011) is 

given in Table 2.5. 

Table 2.5: List of dopants in titania (Hanaor and Sorrell 2011) 

Phase transformation inhibitors 

Cation                                 Dopant phases used 

Al                                       AlOOH, Al(OC4H9)3, AlCl3, Al(NO3)3 

Au                                      HAuCl4  

B                                        BCl3 

Ba                                      Ba(NO3)2  

Ca                                      Ca(NO3)2 

Ce                                      CeO2  

Dy                                     Dy2O3  

Eu                                      EuCl3,  Eu2O3 

Er                                      Er(NO3)3 , Er2O3 

Fe                                      FeCl2 

Ho                                     Ho2O3 

La                                      La(NO3)3 , La2O3  

Mn                                    Mn(NO3)2 ,\1 mol% Mn(CH3COO)2  

Nb                                     NbCl5 

Nd                                     Nd2O3 

P                                       PO4H2K , POCl3 
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Si                                         Si(OC2H5)4 , SiCl4 (g)  

Sm                                       SmCl3 , Sm2O3 

Sr                                         Sr(NO3)2 

Tb                                        Tb4O7 

Tm                                       Tm2O3 

Y                                         Y (NO3)3, Y2O3 

Zr                                        Zr(OC3H7)4 , Zr(SO4)2, ZrOCl2 

 

Phase transformation promoters 

Cation                                 Dopant phases used 

 

Al                                        AlCl3(g)  

Cd                                       CdO 

Co                                       CoO 

Cr                                       CrCl3 

Cu                                       CuO 

Fe                                        Fe, Fe2O3 

Li                                        LiF  

Mn                                      MnO2 , Mn(NO3)2 , MnSO4 

Na                                       NaF 

Ni                                       Ni(NO3)2 / Ni(CH3COO)2 

Sb                                       Sb2O3 

Sn                                       SnO2 , SnCl2 

V                                        VO2 , V2O5 

Zn                                       ZnO 

 

On another development, Grzmil et al., (2004) reported that anatase—rutile transformation is 

influenced by the anatase preparation procedure, its particle size, by the calcination temperature 

and time, addition of the conversion promoters or inhibitors, and also by the presence of rutile 

nuclei. He went further to suggest that additives causing increase in the vacancy of titanium 

dioxide anion sub-lattice (Li+, K+, Cu2+, Al3+ ) act as promoters of the anatase—rutile 

transformation, whereas additives reducing the number of vacancies (S5+ , P5+ , Nb5+ ) are 

responsible for the transformation inhibition. Anatase and brookite can be stabilized at high 

temperatures if dopants (doping agent) are present during synthesis, inhibiting their 
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transformation into rutile (Francisco, 2002). Many researchers have reported that anatase phase 

is more suitable for catalysts and supports. Hence, anatase shows a better performance in 

photocatalysis than rutile. As a result of this great versatility of titanium dioxide owing to its 

various forms and sizes, it has over the past decades emerged as an efficient and excellent 

catalyst support. Arguable, the most important physical characteristics of titania that made it 

viable as a catalyst support is its high surface area and porosity, it have internal pores that are 

readily accessible. We therefore utilize titania support because of the following reasons. 

 It provides the mechanical properties needed for a long lasting operation such as hardness, 

resistance to crushing or erosion. 

 It provides greater resistance to sintering (a process where the active metal particles adhere 

together). 

 

2.9 Catalyst Preparation 

The choice of a laboratory method for preparing a given catalyst depends on the physical and 

chemical characteristics desired in the final composition. Generally, catalyst-preparation 

techniques first involves rendering the active component of a finely divided metallic salt onto a 

support, a process called dispersion followed by the conversion of the supported salt into a 

metallic state, a process called calcination or reduction. The aim of applying a catalytically active 

component to a support is to obtain the catalyst in a highly dispersed form and in a highly active 

form. These techniques of catalyst support preparation influence the activity, selectivity, and 

durability of the catalyst system and they include the following. 
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2.9.1 Precipitation  

Precipitation is the process in which a phase-separated solid is formed from homogeneous 

solution, after super-saturation. That is to say, that a Precipitation mechanism is accomplished by 

combining a selected ion(s) in solution with a suitable counter ion in sufficient concentrations to 

exceed the solubility of the resulting compound and produce a supersaturated solution. 

Nucleation occurs which is the formation of the smallest elementary particles of the new phase 

that are stable under the precipitation conditions; and growth or agglomeration of the particles 

substance then proceeds in an orderly manner to produce the precipitate (Schwarz et al., 1995). 

The precipitate formed is collected from the solvent by a physical method such as filtration or 

centrifugation. A precipitation process should satisfy three main requirements (MARLAP 2004): 

  The targeted species should be precipitated quantitatively. 

 The resulting precipitate should be in a form suitable for subsequent handling; it should be 

easily filterable and should not creep. 

 If it is used as part of a quantitative scheme, the precipitate should be pure or of known 

purity    at the time of weighing for gravimetric analysis. 

 

The precipitate formation from a homogeneous liquid phase may be as a result of physical 

transformation but in most cases it is determined by chemical processes (addition of bases or 

acids, use of complex forming agents). The main advantage of precipitation is the possibility of 

creating very pure materials. Bulk catalysts with cheap active components are produced in this 

way. 
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2.9.2 Co-precipitation 

Co-precipitation is commonly used in the preparation of multi-component catalysts. A carrier 

(which is a salt of metallic ion) can be introduced into the solution, to remove a solute that 

cannot be extracted by other means. In the process of co-precipitation mechanism, chemical 

similarities between the carrier and the solute allow the two to bind in some way. The binding 

pulls the solute out of the solution as the carrier forms crystals mixtures or other structures. This 

is then followed by further steps like drying, shaping, calcination and activation (Patel and Patel, 

2012). According to IUPAC nomenclature, co-precipitation is the simultaneous precipitation of a 

normally soluble component with a macro-component from the same solution by formation of 

mixed crystals, by adsorption, occulation or mechanical entrapment in catalyst preparation; both 

components to be precipitated are essentially insoluble under precipitation conditions although 

their solubility products might differ substantially.  

 

Co-precipitation is very suitable for the generation of a homogeneous distribution of catalyst 

components or for the creation of precursors with a definite stiochiometry, which can easily be 

converted to the active catalyst. Such systems prepared by co-precipitation include Ni/Al2O3 (Li 

et al., 2012), Ni-CeO2 (Wang et al., 2013) etc. A very good dispersion of catalyst components is 

difficult to achieve by other means of preparation and thus co-precipitation will remain an 

important techniques in the manufacturing of heterogeneous catalyst in spite of the disadvantages 

associated with such processes. It can be seen that co-precipitation introduces foreign ions into a 

precipitate as impurities that would normally be expected to remain in solution. Three processes 

are responsible for co-precipitation; although the distinction between these processes is not 

always clear (MARLAP 2004). They consist of:  
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 Inclusion, i.e., uptake from solution of an ion similar in size and charge to the solid forming 

the precipitate in order to form a mixed crystal or solid solution;  

 Surface adsorption; and  

  Occlusion (mechanical entrapment). 

 

2.9.3 Impregnation 

Impregnation is the simplest, frequent and straight forward method used in preparing supported 

catalyst. It is achieved by filling the pores of a support with a solution of the metal salt from 

which the solvent is subsequently evaporated (Kemball et al., 1981). What this means is that the 

support is immersed in a certain volume of solution containing the precursor of the active 

component of the catalyst under precise defined conditions (concentration, mixing, temperature, 

time). Depending on the production conditions, selective adsorption of the active component 

occurs on the surface or in the interior of the support. Hence the weight of the active component 

is incorporated into the support without the use of excess of solution. If solution is in excess, 

then it must be evaporated. The impregnated sample is carefully dried before thermal treatment 

to form the active phase from active phase precursor.  

 

However, if the volume of the solution is either equal or less than the pore volume of the support, 

the technique is referred to as incipient wetness (Schwarz et al., 1995).When the interaction of 

the active precursor in solution with the support is weak, the method of incipient wetness 

impregnation followed by drying is used to apply high loading of precursors. The maximum 

loading is limited by the solubility of the precursors in pore filling liquid. However, in the 

absence of sufficiently strong interactions, the drying steps usually result in severe redistribution 
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of the impregnated species and the support becomes non-homogeneously covered by the active 

material. In the wet impregnation technique, an excess of solution is used. After a certain time 

the solid is separated from the solution and the excess solvent is removed by drying. The amount 

of active component introduced onto the support depends on the equilibrium concentration of the 

impregnating solution, the pore volume of the carrier and the binding of precursor on to the 

support surface. Impregnation has been used to dope MgO (Schwarz et al., 1995) and also to 

support MgO (Montero et al., 2010) for trans-esterification reaction. The advantage of 

impregnation is that it produces high concentration of the active material on the surface because 

of the absence of bulk mixing. Note that small amounts of catalyst for basic studies are mostly 

prepared using this technique as shown in Figure 2.4. 

 

Figure 2.4: Production of supported metal catalyst by impregnation (Hagen, 2006). 
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2.9.4 Gelation (Soy-Gel) 

The gelation method of catalyst preparation is also known as sol-gel method. The method is 

mainly used for the fabrication of metal oxides. It starts with conversion of monomers into a 

colloidal solution called sol. The solution acts as the precursor for an integrated network of either 

discrete particles or network polymers. The integrated network is called gel (Farshihaghro, 

2013). In actual sense, it is the preparation of porous materials by solidification (without 

precipitation) from a solution phase (Hodar, 2009). The sol-gel process undergoes hydrolysis and 

condensation reactions to give gels. In this chemical procedure, the 'sol' (or solution) gradually 

evolves towards the formation of a gel-like diphasic system containing both a liquid phase and 

solid phase whose morphologies range from discrete particles to continuous polymer networks.  

 

As a sol becomes a gel, its viscosity approaches infinity and finally becomes immobile (that is to 

say, it stops being able to flow and fill its container, although it might still wobble back and 

forth). This transition from sol to gel is called gelation. The point in time when the particle 

network extends across the entire volume of the liquid causing it to immobilize is called the gel 

point. The time required for a gel to form after mixing stuff together to make the gel is called the 

gel time. The versatility of the sol-gel techniques allows control of the texture, composition, 

homogeneity and structural properties of solids and makes possible production of tailored 

materials such as dispersed metals, oxidic catalysts and chemically modified supports (Cauqui 

and Rodrfguez-Izquierdo, 1992) 
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2.9.5 Deposition 

The method of deposition, as used in preparing supported catalysts, is the laying down or placing 

of the active components on the exterior surface of a support. This can be achieved by sputtering, 

which involves condensing the metal vapour onto an agitated finely dispersed support. However, 

as this process is performed under a high vacuum, the technique is probably only useful for the 

preparation of ‘model’ catalysts. Alternatively, the process may be performed in the liquid phase 

by the deposition of a metal sol onto a suspended support (Kemball et al., 1981). 

 

2.10 Parameters Affecting Transesterification Reaction 

The performance of a catalyst depends on the preparatory method. The rate of transesterification 

reaction not only depends on the preparation of the catalyst but also on factors like reaction 

temperature, pressure and concentrations of reactants.  Other parameters that affect the 

transesterification reaction of oils to biodiesel are: 

 

2.10.1 Effect of calcination temperature 

Parent nano-MgO particles are found to consist of small randomly aligned cubic crystals which 

appear free of defects and have low index plane (100) terraces in an amorphous phase (Montero 

et al., 2009). This defect is as a result of the absence of one of the constituent atoms or ions on 

the magnesium oxide lattice site. Calcination at a temperature of 300oC eliminates most of the 

amorphous phase while at a temperature of 600oC, morphological transformation which includes 

erosion of the cubic structures were observed with planes 110 or 111 becoming dominant.  The 

(100) facet of MgO consists of alternating Mg cations and O anions and is thermodynamically 

favored, however, the (111) facet consisting of alternating layers of cations and anions has a 
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polar surface and therefore different physical and chemical properties (Klabunde and Richards 

2009). As given by Miller indices MgO facets can be depicted diagrammatically in the Figure 

2.5: 

  

Figure 2.5: Schematic depiction of the (100), (110) and (111) facets of MgO (Klabunde and 

Richards 2009). 

 

2.10.2 Effect of methanol to oil ratio 

Many researchers have reported the effect of methanol to oil ratio on biodiesel synthesis. From 

stoichiometry, the trans-esterification reaction is in the ratio of 3 moles of alcohol to 1 mole of 

triglyceride. It was reported that the rate of transesterification increases with higher methanol to 

oil mole ratio. However, Le chatelier's principle was used to explain the increase; thus since the 

transesterification reaction is in equilibrium, increasing the methanol concentration will favour 

the forward reaction, thereby producing more of the product. Also note that the solubility of the 

reaction mixture is dependent on the methanol to oil mole ratio. At low methanol concentration, 
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the viscosity of the reaction mixture is high and this can affect the mass transfer and hence the 

performance of the catalyst. 

 

2.10.3 Effect of temperature 

Increasing the reaction temperature increases the transesterification reaction rate.  It was reported 

by Wang and Yang (2007) that methly ester yield increases from 78.70% after 33 min to 99.28% 

after 16 min with an increase in temperature from 474 K to 513 K. With further increase in 

temperature, the yield becomes good, even in the absence of MgO catalysts, the reaction will be 

preceding by non-catalytic activity in supercritical methanol.  

 

2.10.4 Effect of doping 

Attempts have been made to promote the basicity of the alkali earth oxides used as catalyst by 

doping with an alkali metal such as lithium or Na or K. The doping of MgO catalyst results in a 

decrease in the surface area and an increase in the particle size. The lattice of Mg2+ ion will be 

substituted with alkali metals M+ ions and this will lead to the formation of charge compensating 

oxygen in the bulk oxide. This presents a defect through which atoms diffuse within the lattice 

during thermal treatment. Therefore, Li-doping has been reported to increase the polarisability of 

the surface defects (basicity) (Wen et al., 2010). On the hand, Montero et al., (2010) reported that 

the effect of Cs doped catalyst using co-precipitation method has the same effect as reported by 

other researchers. The comparative effect of doped MgO catalyst on transesterification reaction 

as reported by some researchers is shown in Table 2.6.It was observed that catalysts doped by 

impregnation method, showed reduced polarisability, hence there is a direct relationship between 

polarity and trans-esterification rate. 
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Table 2.6: Effect of doped MgO on transesterification reaction 

          Reaction conditions                                 Conversion 

Catalyst Doping        Temp        Molar        Cat                  Time     Not  Doped %       Ref 

Elements                      K            Ratio        Load (wt %)      min              Doped %             

 

MgO          Cs            333        30:1              2                     180      35   90.0   Montero et al., 2010 

 

MgO          Li             338         9:1              6                      120      3.5    89:1      Wen et al., 2010 

 

Where; 

Temp         = Temperature 

Cat Load    = Catalyst loading with respect to oil 

Molar ratio = Methanol: Oil ratio 

Ref             = Reference 

 

2.10.5 Effect of reaction time 

Trans-esterification reaction of triglycerides increases with increasing reaction time. According 

to Kumar, (2010) for heterogeneous catalysts, the yield reaches a maximum at a reaction time of 

less than 180 min, and then remains relatively constant. Wang and Yang (2007) suggested that 

long reaction time with an excess of nano-MgO not only exhibits the higher catalytic activity for 

the transesterification of triolein with methanol, but also is effective for the glycerolysis of 

triolein with glycerol 
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2.10.6 Effect of co-solvent 

Co-solvent is used to improve the miscibility of alcohol and oil during trans-esterification 

chemical reaction. Excessive addition of co-solvent into the reaction system decreased the 

transesterification rate, due to a dilution effect on the reagents (Encinar et al., 2010) and increase 

operational cost. However, a number of co-solvents which has been tested includes: hexane, 

dimethyl ether, diethyl ether, tert-butyl methyl ether and tetra-hydrofuran. Hexane co-solvent 

will be used for the catalytic testing in the transesterification reaction.  

 

Conclusively, some of the parameters listed above as affecting the transesterification reaction 

and catalyst synthesis will be optimized in this study to get higher FAME conversion. Also the 

catalyst synthesis method that will be used will synthesize a catalyst with high surface 

concentration of metal oxides and of good quality. 

 

2.11 Hexane co-solvent 

A fixed mass ratio of co-solvent to oil of 1:1 will be used as defined by Calgaroto et al., (2013) 

and others. To accelerate the reaction rates, the possibility of including co-solvents in the 

reaction medium were presented, towards enhancing the solubility and mass transfer between oil 

and methanol. The use of co-solvent in a liquid phase can affect the activity of the catalyst by the 

modification of its surface characteristics, react with the reactants/products and also to promote 

an enhancement in the viscosity of the reaction medium, especially when high temperatures are 

used (Calgaroto et al., 2013). As demonstrated by Gonzalezet al. (2006) hexane solvation allows 

TG molecules to adopt a less rigid solvated conformation than methanol does. Thus, TG 

molecules in the hexane solution may be allowed to assume conformations potentially favoring 
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the reaction due to the change in the surface characteristics that hexane introduces. However, 

hexane was chosen here as a co-solvent since it is a solvent for vegetable oil extraction. In 

general, hexane is soluble in oil but has low solubility in methanol. As a result, it acts as an anti-

solvent for vegetable oil in methanol and therefore reduced the biodiesel production yield. But at 

high concentrations such as hexane co-solvent to oil mole ratio of 1:1, hexane mixing of 

methanol with waste cooking oil is significantly improved and the oil viscosity is reduced 

significantly. The decrease in viscosity leads to higher mass transfer between methanol and oil, 

thus increasing the product yield.  
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CHAPTER THREE 

3.0 Materials and Methods 

Materials and methods used during the preparation and testing of the TiO2-supported-MgO 

catalyst are discussed in this chapter. The materials section highlights sources of all reagents and 

equipment used for the transesterification reaction. The methodology gave an insight on support 

preparation and shows exactly how the active precursor is impregnated to derive the desired 

catalyst. The procedure of catalyst tested, samples collection and fatty acid methyl ester 

characterization is also reported. 

 

3.1 Materials 

Materials used in this research were magnesium nitrate hexahydrate (Mg (NO3)2.6H2O) (98%), 

Soybean oil (99%) with P code = 1000896770; Lot # = MKBB7610V; CAS NO = 8001-22-7 

and S7381-2.5L, Oleic acid (99%) with LOT # = MKBF1658V and P Code: 101051834; 

364525-1L, Methanol (99%) and Titanium (IV) Oxide or Titanium. All reagents were received 

from Sigma Aldrich South Africa and used exactly as supplied. 

 

A 300 cm3 Parr reactor, under an inert-nitrogen gas of 24 bar pressure was used to carry out the 

trans-esterification reaction. Waste cooking oil used was prepared in the laboratory by adding 5 

weight % of oleic acid to soybean oil. This is because, according to Van Gerpen, (2005) used 

cooking oils typically contain 2–7% FFAs, animal fats contain from 5% to 30% FFAs and some 

very low quality feedstock, such as trap grease can approach 100% FFAs. The same was also 

reported by Iqbal et al., (2011) who suggested that the ranges of free fatty acids commonly found 

in biodiesel feedstock are: refined vegetable oils, less than 0.05 percent; crude vegetable oil, 0.3-



57 
 

0.7 percent; restaurant waste grease, 2-7 percent; animal fat, 5-30 percent; and trap grease, 40-

100 percent. 

 

3.2 Methods 

3.2.1 Preparation of support - (Titanium IV oxide) 

Titanium IV oxide support was prepared by dissolving 200 g (dry mass) of titanium powder with 

100 ml of deionised water in the ratio of 2:1.  The solution was stirred properly to form an 

insoluble whitish liquid which was dried in air at 100oC for 12 hours. The dry support was then 

calcined in air at 600oC for 12 hours. After calcination, the support was crushed and sieved. 

Particle sizes of the support ranging between 53 and 106 µm were collected and measured. 

27.026 g mass of calcined titanium IV oxide support was obtained.  

 

3.2.2 Preparation of active MgO 

The active part of the base catalyst (i.e. magnesium oxide) was prepared by considering the 

stoichiometry of the decomposition of magnesium nitrate hexahydrate (Mg (NO3)2.6H2O) in air 

as shown in Appendix A, on page 88. 

 

Therefore, the mass of magnesium nitrate hexahydrate which is equivalent to the mass of 

magnesium oxide that will be mixed with titanium to get the required final catalyst for the 

transesterification reaction is 19.095 g 

 

 

 



58 
 

3.2.3 Preparation of the catalyst (MgO/TiO2) 

Titanium-supported-magnesium oxide catalyst (MgO/TiO2) was prepared by impregnation 

method. In this method, 19.095 g of magnesium nitrate hexa-hydrate was completely dissolved 

in 13.5 ml (that is half of the mass of calcined titanium) of de-ionized water. The nitrate mixture 

was then poured slowly into a beaker containing 27.026 g of calcined titanium support. The 

resulting catalyst mixture (MgO/TiO2) in pasty form was dried in air for 12 hours at 100oC. It 

was subsequently calcined in air for 12 hours at 600oC  

 

3.3 Characterization of the Catalyst 

After preparing the catalyst, the following analyses were used for its characterization. They are 

X-ray diffraction (XRD) analysis, X-ray Fluorescence (XRF) analysis and Brunauer–Emmett–

Teller (BET) analysis 

 

3.3.1 XRD analysis 

XRD analysis was used to determine the crystallinity of the catalyst and that of the support. It 

shows the diffraction angle or pattern of how the atoms are arranged in their crystals. The 

equipment used to perform the XRD analysis was Rigaku Ultima IV X-ray diffractometer.  The 

measurement conditions of the equipment are: CuKα (λ = 1.54 Ǻ) radiation source, current and 

voltage set at 30 mA and 40 KV, scan speed of 1.0000 degree/minutes, 2θ scan range of 5.0 – 

90o and step width of 0.01o respectively. Bragg’s law is the equation governing diffraction angle 

and it is given by Moynihan and Crean (2009) as:  

2 sin( )n d  (3a) 

Where: 
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“n” is any integer, 

“λ” is the wavelength of the incident X-rays 

“d” is the inter-planar spacing, and 

“Θ” is the diffraction angle 

The particle sizes (D) of atom in the powder can be estimated from X-ray diffraction data using 

the Scherrer formula (Obadiah et al., 2012): 

           D   =  
𝑘𝜆

βcos 𝜃
                                                 (3b) 

Where: 

K = Shape Factor 

β = FWHM = line broadening at half the maximum intensity 

λ = wavelength of x-rays, and 

θ = Bragg’s diffraction angle 

Note that the size obtained from the Scherrer formula yields the apparent or average particle-size 

for the material. Powders of materials are generally aggregates of smaller particles, and thus 

consist of a distribution of particle sizes. 

 

For phase analysis, phase quantifications can be carried out using methods developed by Spurr 

and Myers (Hanaor and Sorrell 2011). This method is described by equation 3c below: 

WR    

WA 
   =   1.22 

IR

IA
    -   0.028                                           (3c) 

Where: 

WR and WA are the weight fractions of rutile and anatase (WR =1 - WA),  

IR and IA are the intensity of the rutile (110) peak at 27.35o of 2θ and the anatse (101) peak at 

25.18o of 2θ. 
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3.3.2 XRF analysis 

XRF analysis was used to determine quantitatively the amount of active MgO loaded on the 

support. The targeted and achieved loading in wt. % of MgO on titanium is shown in section 

4.1.1. This analysis was performed using the application EZS001XNV.  

 

3.3.3 BET analysis 

The BET analysis was performed using a Micromeritics TriStar 3000 apparatus. It determines 

the surface area, pore volume and the pore size of the blank calcined TiO2 support and the 

catalyst. A sample weight of exactly 210 mg was used for this analysis. It was degassed at 150oC 

for 6 hours prior to the analysis in order to remove moisture and other adsorbed gases from the 

catalyst surface.  

 

3.4 Masses of Feedstock for Transesterification Reaction  

3.4.1 Waste cooking oil 

From Appendix B on page 90, it follows that: 

Mass of soybeans oil = 95 g 

Mass of oleic acid = 5 g 

 

3.4.2 Methanol 

From Appendix C on page 90, 

Mass of methanol = 60 g 
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3.4.3 Catalyst  

Several studies have reported that 3 weight percent (3 wt. %) of solid catalyst with respect to oil 

gives optimal maximum conversion of biodiesel (Kumar et al., 2010). The solid catalyst is 

always in a different phase to the feedstock reactants and in a reaction system it gives a large 

number of active basic site. Smith and Notheisz (2006) suggested that the catalyst efficiency 

depends on several factors such as specific surface area, pore size, pore volume and active site 

concentration. The presence of large pores in the catalyst favours the transesterification reaction 

by rendering the active sites more accessible to the bulky triglyceride molecules. The synergic 

effect of the oxides of titanium and that of magnesium gave the catalyst an overall higher 

performance activity. Appendix D on page 92 gave the mass of catalyst used. 

 

The masses of the feedstock are weighed as follows: 

Soybeans Oil                = 95 g 

Oleic Acid                    = 5 g 

Methanol                      = 60 g 

Catalyst (MgO/TiO2)   = 3 g 

 

3.4.4 Hexane co-solvent  

Hexane co-solvent to Oil Ratio = > Hexane: Oil = 1: 1 

Mass of hexane = Mass of oil = 95 g 
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Dividing the feedstock masses by three, we have the following 

Soybeans oil      = 31.7 g  

Hexane             = 31.7 g 

Oleic acid          = 1.7 g 

Methanol           = 20 g 

Catalyst             = 1 g 

 

3.5 Catalyst Testing  

The apparatus used in this experiment is 300 cm3 Parr reactor (Figure 3.1), under an inert-

nitrogen gas pressure of 24 bar that kept all reactants in the liquid phase at different reaction 

temperatures. This reactor has a fitted stirrer that was operated at 1100 rpm for all the runs. A K-

type thermocouple in contact with the reacting medium was connected to a PID controller which 

controls the reaction temperature to the desired set-point temperatures of 100oC, 150oC and 

200oC respectively. The required feedstock which includes soybean oil (95 cm3), methanol (60 

cm3), oleic acid (5 cm3) and catalyst (3 g) were measured and charged into the reactor. When 

hexane co-solvent was used, 95 cm3 was charged alongside with other feedstock into the reactor. 

Sampling was done at 15, 30, 45 and 60 minutes. All experimental runs were carried out under 

same reaction conditions. After sampling, the products were left to cool to room temperature for 

phase separation. It therefore separates into two phases, the bottom glycerol plus the unreacted 

methanol phase and the top oil plus the methyl esters phase. The methanol was removed by 

heating 
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Figure 3.1: Parr reactor for the laboratory preparation of biodiesel 

the samples in a vacuum dryer at 65oC. When hexane was used as a co-solvent, Vacuum pump 

(v-700) was used to remove hexane from the samples. Thereafter, the later was taken for 1H-

NMR analysis to determine the waste vegetable oil conversion. The catalytic test for 

transesterification reaction was repeated three times for each run. 

 

3.6 1H-NMR Analysis (Product Analysis) 

The supported catalyst was tested on waste cooking soybeans oil and methanol using a Parr 

reactor as shown in Figure 3.1. The biodiesel yield/conversion was quantified using proton 

nuclear magnetic resonance (1H-NMR).  The 1H-NMR analysis provides a spectrum of chemical 

shifts belonging to the protons present in the sample. Two peaks of interest quantify the reaction 
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progress; they are the peak belonging to methoxy groups in the methyl ester whose protons gives 

signal at 3.6 ppm and that of the methylene group whose protons gives signal at 2.3 ppm 

(Knothe, 2001). These protons are shown to be located in the molecules of interest as shown in 

Figure 3.2. 

 

 

 

Figure 3.2: Protons of interest in 1H NMR Analysis of biodiesel samples 

 

The amount of conversion of waste soybeans oil into biodiesel (in percentage) was calculated 

using the equation given by Knothe, (2001) as given below 

C = (2 AME / 3 Aα-CH2) X 100%                                 (3d) 

Where C is the conversion/yield of methyl esters (in percentage); 

AME is area from the integration value of the protons of methyl ester and  

Aα-CH2 is area from the integration value of the methylene protons. 

The biodiesel conversion was calculated using Knothe formula as given in equation 3d. 

However, out of the three runs of each reactions, two gave same biodiesel conversion data on 

approximation. The transesterification reaction which gave same biodiesel conversion data was 

used in this report, hence: 
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At 100oC, 60 minutes without co-solvent 

C =   (2 x 0.14 / 3 x 0.65) x 100 = 14.4% 

Other calculations of percentage conversion on waste cooking oil into biodiesel are shown in 

Appendix E, and tabulated values of conversion in the next chapter as shown in Table 4.2 
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CHAPTER FOUR 

4.0 Results and Discussion  

4.1 Titanium-Supported-Magnesium Oxide Catalyst (MgO/TiO2) 

After producing the (MgO/TiO2) catalyst as described in section 3.2.3, the catalyst was 

characterized by X-ray Fluorescence (XRF) analysis, Brunauer–Emmett–Teller (BET) analysis 

and X-ray diffraction (XRD) analysis as in section 3.3. The results of these analyses are given 

and discussed.  

 

4.1.1 XRF analysis 

XRF data are reported in Table 4.1 where the MgO content in the catalyst was quantitatively 

10.8% and close to the target value of 10%. The calcined blank titanium (IV) oxide support had a 

greater species of TiO2 (99.39%) than the catalyst.  When the nucleation sites of the support 

came in contacted with a solution of the active metal precursor (that is magnesium nitrate) and 

then dried and calcined, it was observed that MgO species in the catalyst increases to 10.87 wt. 

%.  The achieved loading of 10.87 wt. % as indicated by XRF analysis is the relative proportion 

of MgO species in the catalyst. The differences between the targeted loading of 10 wt. % MgO 

and the achieved loading of 10.87 wt. % in the result gives the actual increase in content of MgO 

species as (0.87). However, this increase in content of MgO species shows that TiO2 support 

provided a surface for the nucleation of active MgO species during the impregnation method. 

This is supported by Schwarz et al., (1995) when he suggested that strong precursor-support 

interactions occur through chemical or physical forces (surface hydrolysis, ligand substitution, 

ion exchange, electrostatic attraction) and that the amount immobilized on the pore walls of the 

support can exceed that of the dissolved substance which remains in the pore filling solution. 
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Table 4.1: XRF analysis results for samples calcined at 600oC 

Component XRF of Calcined 

Support (TiO2) 

 

XRF of Calcined 

Supported Catalyst 

( MgO/TiO2) 

Na2O 

MgO 

Al2O3 

SiO2 

K2O 

CaO 

TiO2 

Fe2O3 

0.01 

0.01 

0.02 

0.23 

0.20 

0.01 

99.39 

0.13 

0.00 

10.87 

0.00 

1.06 

0.25 

0.00 

87.66 

0.16 

 

4.1.2 BET analysis 

The physical properties of the blank calcined TiO2 support and that of the catalyst with 10 wt. % 

loading of active MgO are reported in Table 4.2. The specific surface area is a fundamental 

physical property that determines metal dispersion and surface density of the active sites present 

in solid materials. 

 

Table 4.2: BET analysis results for samples calcined at 600oC 

Sample Name Calcined support (TiO2) Calcined catalyst (10 wt. 

%MgO/TiO2) 

Surface area  (m2/g) 8.94 6.25 

Pore volume (cm3/g) 0.035 0.031 

Pore size (Å ) 195.42 156.40 
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The surface area of the blank calcined tatinum support (TiO2) was found to be 8.94 m2/g. After 

impregnation with 10 wt. % of magnesium oxide (MgO) and calcination at 600oC for 12 hours, 

the specific surface area of the titanium supported magnesium oxide catalyst (MgO/TiO2) 

displayed a gradual decrease to 6.25 m2/g. Also, there was a slight decrease in the pore volume 

of the blank support and that of the catalyst from 0.035cm3 to 0.031 cm3. A possible explanation 

is that the active MgO particles have accessed and obstructed the pore volume of the titanium 

support causing the catalyst to exhibit lower specific surface area and low pore volume. 

Baroutian et al., (2010) supported the above assumption and further suggested that such catalysts 

will have strong increased active sites. Likewise observation was also reached by Al-Ghamdi 

(2013), when he conducted a BET analysis of alumina supported vanadium oxide catalysts 

(VOx/γ-Al2O3) used for propane oxidative dehydrogenation (ODH) reaction. He attributed the 

slight decrease in the surface area and pore volume of the catalysts to the blocking of some of the 

alumina micropores by VOx species. 

 

4.1.3 XRD analysis 

XRD is used to determine the particle size and the particle shape of the unit cell for any 

compound. It gives general information on the Qualitative analysis (Phase Identification) and the 

Quantitative analysis (Lattice parameter determination & Phase fraction analysis) of any 

compound. The generated diffraction pattern shows where atoms are located from peaks 

intensities and gives information on any deviations from a perfect particle. It also allows 

crystalline components of solid mixtures to be identified. The XRD diffraction patterns for the 

blank TiO2 support and the catalyst (10 wt. % MgO/TiO2) were generated and reported as shown 

in Figure 4.1. 
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Figure 4.1: XRD Patterns for (a) TiO2-supported-MgO catalyst and (b) blank TiO2 

 

From Figure 4.1, pattern a, shows the XRD diffraction patterns of 10 wt. % MgO/TiO2 catalyst 

while pattern b, shows that of the blank TiO2 support. The two patterns look identical and show 

major peaks for anatase at 2θ of ca. 20, 32, 43, 48 and 50o.The XRD pattern for the catalyst 

(pattern a) has additional diffraction peaks detected at diffraction angles of 37oand 78.7o 

respectively compared to the calcined blank support. This peaks were attributed to MgO particles 

stabilized on the titanium support and it is in conformity with Corma et al., (2000) who reported 

that the XRD diffraction peaks for MgO is at 2ϴ = 37o, 42.9o, 64o, 67o and 78.6o.The most 

intense peak for the catalyst is at Bragg’s angle of 37o and was used to calculate the average 

MgO crystallite size using the Scherrer equation (equation 4a). 

           D   =  
𝑘𝜆

βcos 𝜃
                              (4a) 

Where: 
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K = Shape Factor 

β = FWHM = line broadening at half the maximum intensity 

λ = wavelength of x-rays, and 

θ = Bragg’s diffraction angle 

The calculated average crystallite size (with K = 0.9 and λ = 0.15 nm) was found to be 25.7 nm 

as shown in Appendix G, on page 98 

 

Also, from XRD quantitative analysis, the blank calcined TiO2 support was found to contain 

100% anatase. After impregnation and calcination at 600oC, this proportion changes as the 

catalyst was found to contain 79.32% anatase and 20.7% periclase or MgO without the formation 

of rutile particles.  This is an indication that SiO2 present as an impurity shown by the XRF 

analysis in Table 4.1 above inhibits the transformation of anatase to rutile particles.  

 

4.2 NMR ANALYSIS 

Nuclear magnetic resonance (1H-NMR) analysis was performed to determine the waste vegetable 

oil conversion at various reaction times and temperature. It was used to quantify fatty 

compounds in biodiesel based on the fact that the amplitude of a proton nuclear magnetic 

resonance (1H-NMR) signal is proportional to the number of hydrogen nuclei contained in the 

molecule (Irmawati et al., 2014).An example of a typical 1H-NMR spectrum of a sample 

collected after 60 minutes of reaction at 200oC with the addition of hexane co-solvent is shown 

in Figure 4.2.  
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Figure 4.2: 1H NMR spectrum of sample collected after 60minutes of reaction at 200oC 

with hexane as co-solvent. 

 

From the spectra, the signal peak at 2.3 ppm is related to the protons on  α-CH2 groups adjacent 

to the methyl or glycerol ester moieties (–CH2CO2CH3 for methyl esters) while signals at 3.6 

ppm represent protons from methyl ester (–CO2CH3) formation.  Confirmation of the formation 

of methyl esters in biodiesel can be determined by these two distinct peaks. The position of every 

peak on the ppm scale of the spectrum is an indication of the position of the protons in the 

chemical structure associated with each peak (Madyira et al., 2012), and the integration values 

which provides the relative chemical group composition under each peak are shown as well. 

 

Referring to the H-NMR spectra in Figure 4.2, point 1 represents the peak for the solvent 

(CDCL3) which is at 7.20 ppm, point 2 is the peak for methoxy group of fatty acid methyl ester 

(FAME) at 3.6 ppm and point 3 is the peak for methylene group of the triglyceride at 2.6 ppm. 
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Using the areas of the peak generated from integration, the sample calculation of the percentage 

conversion of biodiesel after 60 minutes of reaction at 200oC, with hexane co-solvent using 

equation (3d) as given by Knothe, (2001) was calculated.   

C =   (2 x 0.79 / 3 x 0.59) x 100 = 89.3%              

 

Other calculations of percentage conversion on waste cooking oil into biodiesel can be seen in 

Appendix E on page 92 and tabulated values of conversion in Table 4.3.  

Table 4.3: Biodiesel yield using methanol and hexane as co-solvent with 10 wt. % 

MgO/TiO2 as catalyst 

SOLVENT TEMPERATURE 

(Degrees) 

FAME 

PROTON 

Signal At 

3.6 ppm 

METHYLENE 

PROTON 

Signal At 2.3 

ppm 

TIME 

(Minutes) 

CONVERSION 

(Percentages) 

 

Methanol 100 0.02 0.61 15 2.2 

 100 0.03 0.64 30 3.1 

 100 0.06 0.63 45 6.3 

 100 0.14 0.65 60 14.4 

      

 150 0.44 0.63 15 46.6 

 150 0.45 0.62 30 48.4 

 150 0.53 0.62 45 57.0 

 150 0.61 0.63 60 64.6 

      

 200 0.45 0.62 15 48.4 

 200 0.45 0.61 30 49.2 

 200 0.78 0.70 45 74.3 

 200 0.72 0.64 60 75.0 

      

Methanol + 

Hexane 

100 

 

0.53 0.66 15 53.5 

 100 0.64 0.71 30 60.1 

 100 0.72 0.62 45 77.4 

 100 0.65 0.54 60 80.3 
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 150 0.51 0.62 15 54.8 

 150 0.71 0.65 30 72.8 

 150 0.65 0.54 45 80.2 

 150 0.78 0.64 60 81.3 

      

 200 0.53 0.64 15 55.2 

 200 0.75 0.63 30 79.4 

 200 0.79 0.65 45 81.0 

 200 0.79 0.59 60 89.3 

 

The areas of the generated peaks from integration can also be used to estimate the average chain 

length of methyl-ester produced. The average number of carbon and hydrogen atoms in biodiesel 

was estimated using the 1H-NMR peak assignment proposed by Irmawati et al., (2014) as 

summarized in Table 4.4 

Table 4.4: 1H-NMR peaks assignment (Irmawati et al., 2014) 

 

From the methyl group, we find a factor that divides the area to give 3, since it is known that the 

area of methylium (CH3) has three hydrogen atoms and 1 carbon in their chain; the factor was 

used to find the number of hydrogen atoms in other groups as shown in Table 4.5. 
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Table 4.5: Summary estimates of H and C atoms in produced biodiesel 

 

Using these estimates, the average molecular formula for the biodiesel sample was found to be 

C21H41O2. Detailed calculations are shown in Appendix H on page 98.  

 

According to Arora et al., 2010 ratio of polyunsaturated to monounsaturated can be calculated 

using the formula: 

Monounsaturated integral = Total alkene integral - 2 X polyunsaturated integral                (4b) 

Where: Total alkene integral are integral on the H-NMR spectrum at the signal region of 5.1 – 

5.6 ppm. Polyunsaturated integrals are at the signal region of 2.6 – 2.8 ppm. From the calculation 

in Appendix I, the ratio of the polyunsaturated fats to the monounsaturated fats was estimated to 

be 2.28.  Therefore, the estimated ratio of the polyunsaturated to monounsaturated fats for this 

sample is 2.28:1.  
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4.3 Catalytic Result over TiO2-Supported-MgO Catalyst  

4.3.1 Effect of reaction temperature on biodiesel yield 

Temperature clearly influences the trans-esterification reaction and yield of the biodiesel 

product. A higher reaction temperature can decrease the viscosities of oils and result in an 

increased reaction rate and a shortened reaction time (Encinar et al., 2010).  

 

Figure 4.3: Effect of temperature on waste oil conversion (alcohol to oil mole ratio of 18:1; 

Hexane to oil mole ratio of 1:1; catalyst amount of 3 wt.% with respect to oil at 60 minutes 

reaction time). (a) without hexane co-solvent (b) with hexane co-solvent 

 

This is the reason why a reaction limited by mass transfer between reactants and catalyst, after 

100oC proceeds very fast to give a better biodiesel yield at 150oC and 200oC. The waste cooking 

oil conversion with alcohol to oil mole ratio of 18: 1 measured over 10 wt. % of MgO/TiO2 

catalyst concentration at 100oC is 14.4% after 60 minutes (Figure 4.3a). Increasing the reaction 

temperature to 150oC resulted in an increase in waste oil conversions to 64.6% after 60 minutes 

respectively. The conversion increases further to 75.0% after 60 minutes respectively when the 

reaction temperature was increased to 200oC (Figure 4.3a).However, the behaviour is similar to 

the case involving hexane as co-solvent. With hexane to oil mole ratio of 1:1, oil conversion 

measured over 10 wt. % of titanium supported magnesium oxide catalyst at 100oC is 80.3% after 
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60 minutes. Increasing the temperature to 150 and 200oC gives an increased oil conversion of 

81.3 and 89.3% respectively. This result shows that as reaction temperature increases, the waste 

oil conversion to biodiesel increases over TiO2-supported-MgO catalyst. Summarily, the effect 

of temperature can be explained by the following: 

(i) As temperature increases, viscosity of waste vegetable oil decreases and this 

improves the mass transfer of reactants to the active sites in the catalyst 

(ii) As more energy is added to the system, effective number of collusions increases and 

this helps to overcome the activation energy barrier 

(iii) More waste vegetable oil eventually dissolves in methanol improving methanol-oil 

immiscibility which also improves the mass transfer in the catalyst; 

 

4.3.2 Effect of reaction time on biodiesel yield 

From Figure 4.4, it can be observed that the conversion to biodiesel yield increases as the 

reaction time increases. For example, 3 wt. % of titanium-supported-magnesium oxide catalyst at 

150oC and methanol to oil ratio of 18:1 led to waste oil conversion of 46.6, 48.4, 57.0 and 64.6 

% at 15, 30, 45 and 60 minutes respectively (Figure 4.4a).  The case involving hexane as co-

solvent exhibits similar behaviour as 3 wt. % of titanium-supported-magnesium oxide catalyst at 

150oC,  methanol to oil ratio of 18:1 and hexane to oil mole ratio of 1:1 gives improved oil 

conversions of  54.8, 72.8, 80.2 and 81.3 % at 15, 30, 45 and 60 minutes respectively (Figure 

4.4b).   
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Figure 4.4: Effect of reaction time on waste oil conversion (alcohol to oil mole ratio of 18:1, 

Hexane to oil mole ratio of 1:1; catalyst amount 3 wt. % with respect to oil and reaction 

temperature of 150oC).(a) without hexane co-solvent (b) with hexane co-solvent. 

A similar trend was observed at a reaction temperature of 200oC as shown in Figure 4.5 although 

transesterification yield was much higher than what was obtained when the reacting temperature 

was 150oC.It can be seen that without a co-solvent, 3 wt. % of titanium-supported-magnesium 

oxide catalyst at 200oC, methanol to oil ratio of 18:1 gave an oil conversion of 48.4, 49.2, 

74.3and 75.0 % at 15, 30, 45 and 60 minutes respectively (Figure 4.5a).While with hexane as co-

solvent at 200oC,the FAME yields are55.2, 79.4, 81.0 and 89.3 % at 15, 30, 45 and 60 minutes 

respectively and this is a good result when compared to yield obtained without co-solvent. 

 

 

 

 

 



80 
 

 

Figure 4.5:Effect of reaction time on waste oil conversion (alcohol to oil mole ratio of 18:1; 

Hexane to oil mole ratio of 1:1; catalyst amount 3 wt.% with respect to oil and reaction 

temperature of 200oC) (a) without co-solvent (b) with hexane as co-solvent 

 

However, the reaction time in this study was limited to just 1 hour and to achieve more 

satisfactory levels of waste oil conversion; extended reaction times must be recommended.  

Reaction with hexane co-solvent at time 15, 30, 45 and 60 min for 150oC gives biodiesel 

conversion of 54.8, 72.8, 80.2 and 81.3%. This means that after 45 min, the percentage of 

biodiesel conversion is 80.2 wt%. Increasing the reaction time resulted in an increase in waste oil 

conversions. This is evidence as after 60 min, percentage of biodiesel conversion is 81.3%. 

Hence, the percentage conversion approaches equilibrium conversion with increased reaction 

times. Similar equilibrium trend was also observed without hexane cosolvent (Figure 4.5a) at 

time 45 and 60 min for 200oC given percentage conversion of biodiesel to 74.3 and 75.0% 

respectively. 

 

It is important to mention that some researchers have conducted transesterification reaction for 

an extended reaction time. Sadrameli et al., (2012) used KOH catalyst loaded on γ-Al2O3 
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support, methanol/oil ratio of 15:1 and varied reaction time from 1 to 5 hours to conduct a 

transesterification reaction. He reported that there is an increase in biodiesel yield with an 

increase in reaction time up to 3 hours, but after 4 hours of reaction time the biodiesel yield did 

not increase significantly. 

 

4.3.3 Effect of co-solvent on biodiesel yield 

It is an accepted fact that appropriate co-solvent would promote oil/methanol miscibility, 

enhance contact between reactants and the solid catalyst and finally accelerate trans-

esterification reaction. Previous reports have shown that addition of a co-solvent, effectively 

allow trans-esterification rate of reaction to increase thereby given a significant increase of the 

methyl esters yield (Yin et al., 2008).  In this study, appropriate co-solvent such as hexane was 

used to overcome oil/methanol immiscibility. As such the solubility of oil/methanol increases 

making more of the methanol to gain access to the oil/catalyst active sites. This increases 

effective collision and thereby increases trans-esterification reaction rate 

Table 4.6: Yields measured using methanol and hexane co-solvent 

MeOH:Oil:Cosolvent 

(Molar ratio) 

Temperature (oC) Time (Minutes) Methyl Ester Yield 

(%) 

18:1:0 100 60 14.4 

18:1:0 150 60 64.6 

18:1:0 200 60 75.0 

18:1:1 100 60 80.3 

18:1:1 150 60 81.3 

18:1:1 200 60 89.3 
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From Table 4.5, the conversion of waste vegetable oil was 14.4, 64.6 and 75.0% at temperature 

100, 150 and 200oC, without co-solvent. When hexane co-solvent was used, the oil conversion 

increased to 80.3, 81.3 and 89.3% at 100, 150 and 200oC respectively. It can therefore be seen 

from that the addition of hexane co-solvent was beneficial to the transesterification reaction and 

enhances the miscibility between waste oil and methanol in a short interval of time. This is in 

agreement with Kim et al., (2004) who suggested that the use of a co-solvent in the reaction 

would improve the miscibility among the reagents (alcohol and oil), being favourable to the 

reaction and reducing the time in which the maximum conversion could be reached. Similar 

results were reported by Yin et al., (2008), who observed an increased yield in the presence of 

hexane at 300oC in 30 minutes. He reported a maximum ester yield of 85% when 2.5% (by 

weight) of hexane was added to the reaction mixture. It is important to note also that Lingfeng et 

al., (2007) obtained a biodiesel yield as high as 94%, after optimizing their best catalyst of 

Na/NaOH/γ-Al2O3 (1.0g catalyst, 9:1 methanol to oil molar ratio) with the addition of hexane as 

a co-solvent. 

 

4.3.4 Effect of methanol/oil mole ratio on biodiesel yield 

Methanol to oil mole ratio is one of the most important parameters that affect waste oil 

conversion to methyl esters. Stoichiometrically, 3 mole of methanol are required for each mole 

of triglyceride but in practice, trans-esterification reaction requires a large excess of methanol to 

shift the equilibrium to the right favoring biodiesel yield. Generally, trans-esterification reactions 

catalyzed by heterogeneous catalysts are known for their slow reaction rates. The presence of 

titanium supported Magnesium oxide (MgO/TiO2) heterogeneous catalyst constitutes a three-

phase system of oil-methanol-catalyst which limits mass transfer and slows interaction between 
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active MgO catalyst and the reactants. Hence, for diffusion reasons, when mass transfer is 

limited, the reaction rate is much slower. This is one of the reason why waste oil conversion at 

100oC (Figure 4.3a) gives a lower biodiesel yield. Therefore, researchers who used 

heterogeneous catalysts to study the trans-esterification reactions suggested that an excess 

amount of alcohol is also required to ensure near complete conversion of the triglycerides. Hence 

the methanol to oil ratio of 18:1 is used in this study and at higher temperature, provides a 

greater surface area for effective collision between reactants and catalyst to obtain a higher oil 

conversion. Several researches have reported varied methanol to oil molar ratio. Modi, (2010) 

reported that excess methanol was required to dissolve the oil completely and convert a 

heterogeneous reaction system to a homogeneous one. 

 

When methanol-to-oil molar ratio was increased from 6 to 25, the FAME yield doubles from 

38% to 79%. On the other hand, He et al., (2007) reported a decrease in ester yield to 77% with 

an increase in methanol/oil molar ratio to 65. He explained that once the system became 

homogenous, further addition of methanol will not improve the FAME yield, but rather decrease 

the ester formation. 
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CHAPTER FIVE 

5.0.1 Conclusions and Recommendations 

5.0.2 Conclusions 

In this study, (MgO/TiO2) catalyst was prepared by impregnation of titanium (TiO2) support 

with Magnesium nitrate followed by drying and calcination at a higher temperature of 600oC.  

XRD quantitative analysis shows that anatase to rutile transformation was inhibited while the 

XRF analysis identifies SiO2 impurity as responsible for the inhibition. The catalyst was tested 

for the trans-esterification of waste cooking oil with methanol into biodiesel at 100, 150 and 

200oC for a reaction time of 1 hour under an inert-nitrogen gas pressure of 24 bar. The 

conversion was found to increase with the reaction time and temperature. A utilization of hexane 

co-solvent was found to be of positive effect and increases the rate of trans-esterification reaction 

producing higher biodiesel yields in one hour reaction time. Results show that when hexane co-

solvent to oil mole ratio of 1:1 is used, the synergy of the trans-esterification reaction resulted in 

a waste oil conversion of 89.3% at 200oC for reaction time of 1 hour. This result is very 

promising when compared to 75.0% waste oil conversion obtained when only methanol was used 

as the solvent for trans-esterification under same reaction conditions. 1H-NMR analysis was used 

to produce a spectrum which identifies that the average chain length of fatty acid methyl-ester 

(FAME) produced is C21H41O2. 

 

5.2  Recommendations 

For future studies, it is recommended that trans-esterification reaction be carried out at higher 

temperature with extended reaction time to reduce methanol and encourage the use of hexane co-

solvent. There is the need for the chemistry of heterogeneous solid catalyst to be thoroughly 
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explored, developed and used in producing biofuel so as to make biofuel production process, cost 

effective. Researchers should be encouraged to put more effort in exploring ways of improving 

the catalysis of supported catalyst especially TiO2-supported-MgO since it has high catalytic 

activity, selectivity and stability. 
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APPENDIXES 

Appendix A 

Calculating the mass of Magnesium Nitrate that will be mixed with Titanium Support 

The stoichiometry of the decomposition of magnesium nitrate hexahydrate (Mg (NO3)2.6H2O) in 

air is shown thus: 

Mg (NO3)2       →     MgO     +     2NO2      +       O2 

Mole Ratio = > 1           :         1  

Meaning: 1mol MgO    ≡    1mol Mg (NO3)2 

 

Molar Mass of Mg             = 24.3 g/gmol 

Molar Mass of O             = 16 g/gmol 

Molar Mass of N              = 14 g/gmol 

Molar Mass of H              = 1 g/gmol 

Molar Mass of H2O              = 18.01 g/gmol 

Molar Mass of MgO             = 40.304 g/gmol 

Molar Mass of Mg (NO3)2            = 148.3 g/gmol 

Molar Mass of Mg (NO3)2.6H2O      = 256.41 g/gmol 

 

The catalyst should contain 10 wt. % of active magnesium oxide (MgO). This implies 90 wt. % 

of the remaining will be occupied by the calcined titanium IV oxide (TiO2) support. 

 

 Total weight of the catalyst = 100 wt. % 

                       = 10 wt. % active Mg0 + 90 wt. % TiO2 support 

But mass of prepared calcined titanium support from section 3.2.1, page 56 = 27.026 g 
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⇒ 90% TiO2 support ≡ 27.026 g 

1 %  ≡ 
27.026

90
 

 10 %  ≡ 
27.026

90
 x 10 = 3.00 g 

But 10 wt. % of final catalyst prepared is occupied by MgO 

This means, 10 % MgO ≡ 3.00 g 

Hence mass of magnesium oxide that will be used for the preparation of final catalyst = 3.00 g 

By Formula;  

Moles =  
𝑚𝑎𝑠𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡

𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠
 

Mass Present = Moles × Molar mass 

 

Moles of Mg0 = 
3.00g

40.304
 = 0.0745 moles 

Since the stoichiometric mole ratio is 1: 1,  

⇒   0.0745 mol MgO ≡   0.0745 mol Mg (NO3)2 

But 

1Mol Mg (NO3)2               ≡       1Mol Mg (NO3)2 

1Mol Mg (NO3)2               ≡       148.3 g  

0.0745 mol Mg (NO3)2     ≡       148.3 X 0.0745 = 11.049 g 

Mass of Magnesium nitrate without water molecules Mg (NO3)2 that corresponds to 0.0745 mole 

of MgO = 11.049 g 

But 1mol Mg (NO3)2.6H2O contains 6 moles of water and  

1mol H2O = 18 g 
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6mol H2O = 18 x 6 

0.0745 mol H2O = 18 x6 x 0.0745 = 8.046 g 

Total mass of Mg (NO3)2.6H2O   = 11.049 + 8.046 = 19.095 g 

Mass of magnesium nitrate hexahydrate equivalent to the mass of magnesium oxide = 19.095 g 

 

Appendix B 

To calculate the mass of Soybean oil and oleic acid for transesterification 

Weight % of oil = 100% 

  = 95% soy oil + 5% oleic acid = 100 g 

Therefore, 

Mass of soybeans oil                      = 95 g 

Molecular mass of soybeans oil     = 900 g/gmol 

Moles of Soybeans oil                    = 95/900 = 0.106 mol 

Mass of oleic acid                           = 5 g 

 

Appendix C 

To calculate amount of methanol to be used for the tranesterification  

Mole Ratio of Methanol to oil = > Methanol: Oil = 18: 1 

Moles of methanol 

Mole of waste oil
   =    18/1 

Therefore Mole of methanol = 18 x mole of oil from appendix B  

Moles of methanol                 = 18 x 0.106 = 1.90 mol 

Molar mass of methanol        = 32.04 g/gmol 

Mass of methanol                  = 1.9 x 32.04 = 60.876 g = 60 g 
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Appendix D 

Calculating the mass of catalyst used 

Catalyst concentration/ amount = 3 weight % with respect to oil 

Therefore mass of catalyst         =  
3

100
     X 100 = 3 g                                                             

 

Appendix E 

Using Knothe Formular To Calculate % Conversion of Biodiesel  

     C = (2 AME / 3 Aα-CH2) X 100%                             

 

• At 100oC,  60 Minutes without Co-solvent 

C =   (2 x 0.14 / 3 x 0.65) x 100 = 14.4% 

• At 100oC,  45 Minutes without co-solvent 

C =   (2 x 0.06 / 3 x 0.63) x 100 = 6.3% 

• At 100oC,  30 Minutes without co-solvent 

      C = (2 x 0.03 / 3 x 0.64) x 100 = 3.1% 

• At 100oC,  15 Minutes without co-solvent 

      C =   (2 x 0.02 / 3 x 0.61) x 100 = 2.2% 

• At 150oC,  60 Minutes without Co-solvent 

     C =   (2 x 0.61 / 3 x 0.63) x 100 = 64.6% 

• At 150oC,  45 Minutes without co-solvent 

      C =   (2 x 0.53 / 3 x 0.62) x 100 = 57.0% 

• At 150oC,  30 Minutes without co-solvent 
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      C =   (2 x 0.45 / 3 x 0.62) x 100 = 48.4% 

• At 150oC,  15 Minutes without co-solvent 

    C =   (2 x 0.44 / 3 x 0.63) x 100 = 46.6% 

• At 200oC,  60 Minutes without Co-solvent 

     C =   (2 x 0.72 / 3 x 0.64) x 100 = 75.0% 

• At 200oC,  45 Minutes without co-solvent 

     C =   (2 x 0.78 / 3 x 0.70) x 100 = 74.3% 

• At 200oC,  30 Minutes without co-solvent 

      C =   (2 x 0.45 / 3 x 0.61) x 100 = 49.2% 

• At 200oC,  15 Minutes without co-solvent 

      C =   (2 x 0.45 / 3 x 0.62) x 100 = 48.4% 

• At 100oC,  60 Minutes with Hexane as Co-solvent 

       C =   (2 x 0.65 / 3 x 0.54) x 100 = 80.3% 

• At 100oC,  45 Minutes with Hexane as Co-solvent 

      C =   (2 x 0.72 / 3 x 0.62) x 100 = 77.4% 

• At 100oC,  30 Minutes with Hexane as Co-solvent 

     C =   (2 x 0.64 / 3 x 0.71) x 100 = 60.1% 

• At 100oC,  15 Minutes with Hexane as Co-solvent 

     C =   (2 x 0.53 / 3 x 0.66) x 100 = 53.5% 

• At 150oC,  60 Minutes with Hexane as Co-solvent 

     C =   (2 x 0.78 / 3 x 0.64) x 100 = 81.3% 

• At 150oC,  45 Minutes with Hexane as Co-solvent 

     C =   (2 x 0.65 / 3 x 0.54) x 100 = 80.2% 
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• At 150oC,  30 Minutes with Hexane as Co-solvent 

C = (2 x 0.71 / 3 x 0.65) x 100 = 72.8% 

• At 150oC,  15 Minutes with Hexane as Co-solvent 

     C =   (2 x 0.51 / 3 x 0.62) x 100 = 54.8% 

• At 200oC,  60 Minutes with Hexane as Co-solvent 

     C =   (2 x 0.79 / 3 x 0.59) x 100 = 89.3% 

• At 200oC,  45 Minutes with Hexane as Co-solvent 

     C =   (2 x 0.79 / 3 x 0.65) x 100 = 81.0% 

• At 200oC,  30 Minutes with Hexane as Co-solvent 

     C = (2 x 0.75 / 3 x 0.63) x 100 = 79.4% 

• At 200oC,  15 Minutes with Hexane as Co-solvent 

     C = (2 x 0.53 / 3 x 0.64) x 100 = 55.2% 
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Appendix F 

Peak List 

Peak list for TiO2-supported-MgO catalyst  

2-

theta(deg) Height(cps) FWHM(deg) 

Int. 

I(cps 

deg) 

Int. 

W(deg) Size(ang.) Phase name Chemformu 

25.5341 3661.01 0.1903 858.02 0.2344 447.15 Anatase, syn(1,0,1) Ti O2 

37.1693 210.01 0.191 54.27 0.2584 458.25 

Anatase, 

syn(1,0,3),Periclase, 

syn(1,1,1) 

Ti O2,Mg 

O 

38.0186 735.84 0.1968 182.35 0.2478 445.87 Anatase, syn(0,0,4) Ti O2 

38.7702 233.27 0.1792 51.96 0.2227 490.73 Anatase, syn(1,1,2) Ti O2 

43.0596 151.48 0.3252 67.7 0.4469 274.28 Periclase, syn(2,0,0) Mg O 

48.2593 1046.39 0.193 249.95 0.2389 470.95 Anatase, syn(2,0,0) Ti O2 

54.1012 607.9 0.2074 158.89 0.2614 449.13 Anatase, syn(1,0,5) Ti O2 

55.2762 636.1 0.1955 155.51 0.2445 479.16 Anatase, syn(2,1,1) Ti O2 

62.3397 156.61 0.2907 59.25 0.3783 333.61 

Anatase, 

syn(2,1,3),Periclase, 

syn(2,2,0) 

Ti O2,Mg 

O 

62.894 459.26 0.2127 127.86 0.2784 457.16 Anatase, syn(2,0,4) Ti O2 

68.9742 197.44 0.2129 51.35 0.2601 472.84 Anatase, syn(1,1,6) Ti O2 

70.4887 199.39 0.2426 56.88 0.2853 418.81 Anatase, syn(2,2,0) Ti O2 

74.1993 14.01 0.2793 4.89 0.3488 372.48 Anatase, syn(1,0,7) Ti O2 
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75.2339 320.82 0.2204 91.89 0.2864 475.28 Anatase, syn(2,1,5) Ti O2 

76.2144 75.17 0.2486 22.89 0.3045 424.16 Anatase, syn(3,0,1) Ti O2 

78.7129 16.51 0.3287 5.78 0.3499 326.46 Periclase, syn(2,2,2) Mg O 

80.9697 15.33 0.1942 3.18 0.2076 561.84 Anatase, syn(0,0,8) Ti O2 

82.3613 22.9 0.3493 8.98 0.3924 315.64 Anatase, syn(3,0,3) Ti O2 

82.8748 156.76 0.2369 41.47 0.2645 467.28 Anatase, syn(2,2,4) Ti O2 

83.3464 65.39 0.2447 17.87 0.2733 454 Anatase, syn(3,1,2) Ti O2 

 

Peak list for blank (TiO2) support 

2-theta(deg) Height(cps) FWHM(deg) 

Int. 

I(cps 

deg) 

Int. 

W(deg) Size(ang.) 

Phase 

name 

Chem. 

foml 

25.5035 922.67 0.1578 177.7 0.1926 539.23 

Anatase, 

syn(1,0,1) Ti O2 

37.1934 216.35 0.1843 51.52 0.2382 475.12 

Anatase, 

syn(1,0,3) Ti O2 

38.0572 779.35 0.19 184.5 0.2368 461.9 

Anatase, 

syn(0,0,4) Ti O2 

38.8257 250.14 0.1798 57.65 0.2305 489.42 

Anatase, 

syn(1,1,2) Ti O2 

48.2715 1125.44 0.1906 263.7 0.2344 477.03 

Anatase, 

syn(2,0,0) Ti O2 

54.1077 667.31 0.2046 165.4 0.2479 455.29 

Anatase, 

syn(1,0,5) Ti O2 
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55.2817 676.12 0.1926 164.6 0.2436 486.33 

Anatase, 

syn(2,1,1) Ti O2 

62.3255 105.97 0.1951 26.62 0.2513 497.11 

Anatase, 

syn(2,1,3) Ti O2 

62.909 519.34 0.1928 129.1 0.2487 504.55 

Anatase, 

syn(2,0,4) Ti O2 

68.991 216.61 0.2145 55.05 0.2541 469.43 

Anatase, 

syn(1,1,6) Ti O2 

70.4993 238.31 0.2068 58.73 0.2464 491.25 

Anatase, 

syn(2,2,0) Ti O2 

74.2707 18.72 0.202 4.5 0.2401 515.36 

Anatase, 

syn(1,0,7) Ti O2 

75.2652 358.69 0.2052 95.61 0.2665 510.49 

Anatase, 

syn(2,1,5) Ti O2 

76.2535 104.83 0.1968 24.63 0.235 536.02 Unknown Unknown 

81.0091 18.75 0.223 4.81 0.2566 489.32 

Anatase, 

syn(0,0,8) Ti O2 

82.3801 29.44 0.1966 7.18 0.2437 560.75 Unknown Unknown 

82.8745 182.85 0.2059 46.63 0.255 537.56 Unknown Unknown 

83.3704 77.8 0.2008 19.39 0.2492 553.17 Unknown Unknown 
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Appendix G 

Particle Size calculations Using Scherrer formula 

D =   
0.9 λ

β cos θ
 

Where: 

‘λ is the X-ray wavelength in nanometer (nm) =  (0.1541 nm),  

β is FWHM (full width at half maximum) 

θ is the Bragg’s diffraction angle and  

D is particle diameter size. 

 

When 2θ = 37 degrees 

           Θ = 18.5 degrees 

           β = 0.3252 degrees  

              = 
0.3252 𝑥 3.142

180
 

              = 0.0057 radians 

 

          D = 
0.9 𝑥 0.1541

0.0057 𝑥 cos (18.5)
= 0.13869/0.0054      = 25.7 nm 
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Appendix H 

Estimating the average chain length of methyl-esters produced 

Carbon and hydrogen atoms in the produced biodiesel was estimated by using the 1H-NMR peak 

assignment proposed by Irmawati et al., (2014) as summarized below 

1H-NMR peaks assignment (Irmawati, 2014) 

 

Using the assigned peaks and their corresponding area as given by integration we set up a table 

that will enable us get corresponding Hydrogen and Carbon in the biodiesel 

Functional group Methine: (CH) (CH3) Methylene (CH2) Total 

Chemical shift δ (ppm) 5.2-5.4 3.6 0.9 2.3 2 1.5 1.2  

Area 1 0.79 1.0 0.59 1.08 0.86 5.46  

H/C ratio 1 3 3 2 2 2 2  

H  3       

C  1       

 

Starting with the signal at 3.6 ppm where FAME is formed, which serves as reference point, At 

this point, we get a factor that will divide area to give 3(Methyl = CH3), maintain the ratio of H: 

C of 3: 1 

Factor = 0.79/3 = 0.26 
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We use this factor to find the hydrogen and carbon atoms in other groups: 

=> The signal at 5.2 - 5.4 ppm has its area as 1.0 

1.0/0.26 = 3.85 

Therefore, H: C ratio gives 1:1 (Methine = CH) 

So if H = 3.8, then C = 3.8 

=> The signal at 0.9 ppm has its area as 1.0 

1/0.26 = 3.8 

But H: C = 3: 1, So if H = 3.8, then C = 3.8/3 = 1.3 

=> The signal at 2.3 ppm has 0.59 as its area 

 0.59/0.26 = 2.3 

So if H:C = 2:1 and H = 2.3, then C = 2.3/2 = 1.15 =1.2 

=> The signal at 2.0 ppm has an area of 1.08 

1.08/0.26 = 4.1 

So if H: C = 2:1 and H = 4.1, then C = 4.1/2 = 2.1 

=>The signal at 1.5 ppm has an area of 0.86 

0.86/0.26 = 3.3 

So if H: C = 2:1 and H = 3.3, then C = 3.3/2 = 1.6 
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=>The signal at 1.2 ppm has an area of 5.46 

5.46/0.26 = 21 

So if H: C = 2:1 and H = 21, then C = 21/2 = 10.5 

Tabulating these calculated values gives 

Functional group Methine: (CH) (CH3) Methylene (CH2) Total 

Chemical shift δ (ppm) 5.2-5.4 3.6 0.9 2.3 2 1.5 1.2  

Area 1 0.79 1.0 0.59 1.08 0.86 5.46  

H/C ratio 1 3 3 2 2 2 2  

H 3.8 3.0 3.8 2.3 4.1 3.3 21 41.3 

C 3.8 1.0 1.3 1.2 2.1 1.6 10.5 21.5 

 

Formula of biodiesel estimated = C21H41O2 

Molecular Weight = 325 
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Appendix I 

Calculating the ratio of polyunsaturated to monounsaturated fats 

According to Arora et al., 2010 ratio of polyunsaturated to monounsaturated can be calculated 

using the formula: 

Monounsaturated integral = Total alkene integral - 2 X polyunsaturated integral  

Where: 

The total alkene integral are integral on the H-NMR spectrum at the signal region of 5.1 – 5.6 

ppm and polyunsaturated integrals are at the signal region of 2.6 – 2.8 ppm 

But signal at 5.1 – 5.6 ppm has an area = 1.0 = alkene integrals  

Signal at 2.6 – 2.8 ppm has an area       = 0.41 = polyunsaturated integrals 

Putting these values into equation given by Arora et al., 2010 we have: 

Monounsaturated integral                      =   1.0 – 2(0.41) 

                                                               = 1.0 – 0.82 = 0.18 

Therefore ratio of polyunsaturated to monounsaturated = 0.41 / 0.18 = 2.28 
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Appendix J 

Graphics 
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Appendix K 

Catalyst relative intensity 
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