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ABSTRACT 

Cetane Number of Biodiesel from Karaya Oil  

Bayan Wasfi 

 

Biodiesel is a renewable fuel alternative to petroleum Diesel, biodiesel has similar 

characteristic but with lesser exhaust emission. In this study, transesterification of Karaya oil 

is examined experimentally using a batch reactor at 100-140°C and 5 bar in subcritical 

methanol conditions, residence time from 10 to 20 minutes, using a mass ratio 6 methanol-to-

vegetable oil. Methanol is used for alcoholysis and sodium hydroxide as a catalyst. 

Experiments varied the temperature and pressure, observing the effect on the yield and 

reaction time. In addition, biodiesel from corn oil was created and compared to biodiesel 

from karaya oil. 

Kinetic model proposed.  The model estimates the concentration of triglycerides, 

diglycerides, monoglycerides and methyl esters during the reaction. The experiments are 

carried out at temperatures of 100°C and above. The conversion rate and composition of 

methyl esters produced from vegetable oils are determined by Gas Chromatography Analysis.  

It was found that the higher the temperature, the higher reaction rate.  Highest yield is 97%   

at T=140°C achieved in 13 minutes, whereas at T=100°C yield is 68% in the same time 

interval. 

Ignition Quality Test (IQT) was utilized for determination of the ignition delay time (IDT) 

inside a combustion chamber. From the IDT cetane number CN inferred. In case of corn oil 

biodiesel, the IDT = 3.5 mS, leading to a CN = 58. Whereas karaya oil biodiesel showed IDT 

= 2.4 mS, leading to a CN = 97. 
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The produced methyl esters were also characterized by measurements of viscosity (υ), 

density (ρ), flash point (FP) and heat of combustion (HC). The following properties observed: 

For corn biodiesel, υ = 8.8 mPa-s, ρ = 0.863 g/cm3, FP = 168.8 °C, and HC = 38 MJ/kg. 

For karaya biodiesel, υ = 10 mPa-s, ρ = 0.877 g/cm3, FP = 158.2 °C, and HC = 39 MJ/kg. 
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Chapter 1: Introduction 

1.1. Motivation 

It is widely accepted that increased CO2 in the atmosphere has resulting in climate change.  

As a result, most Nations have agreed to reduce CO2 production. One route, of many, to 

reduce CO2 is the replacement of petroleum diesel (PD) fuel with biodiesel (BD) fuel. The 

CO2 generated from combustion of biodiesel is mitigated by the CO2 consumed by the plants 

from which biodiesel is made from. We say, biodiesel is carbon neutral. BD is generated by 

transesterification of vegetable oils (aka tri-glycerides of fatty acids) such soybean oil, palm 

oil, cottonseed, sunflower and rapeseed oil, corn oil, et al. It will be added to the list, karaya 

oil which is first investigated in this Thesis.  Karaya oil is from the seeds of the karaya tree, 

found in large quantity in East Africa.   

 

Using vegetable oil (VO) producing renewable BD was proposed in an early stage of 1930s 

in Belgium, its production contended petroleum fuel in later stages of 1980s (PBD, 2017). As 

its usage calculated to have many advantages, such as: 

1) BD can be easily formed from renewable resources: petroleum products are 

threatened to vanish in time, unlike biodiesel that can be found from infinite supply of 

natural products. As BD can be chemically produced from animal fat, recycled 

cooking oil and VO (Fukuda, 2001); 

2) Existing diesel engines for instance can operate using biodiesel with almost no 

modifications at all, and thus can substitute PD fuels. Hence, biodiesel might be 

considered as the most preferred primary transport energy source. BD’s properties 

allow it to improve engine lubrication, by the use of blend of 20% v/v BD (B20) 

(Graboski & McCormick, 1998); 
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3) BD has lesser greenhouse gas productions than conventional PD fuel: B20 for 

instance reduces CO2 by 15% and some studies showed that using biodiesel instead of 

petroleum fuel can drop down the reduction of greenhouse gases up to 80% (Rinkesh, 

2013); 

4) Refineries of biofuel mostly use less toxic chemicals that won’t affect the 

environment if spilled. Unlike conventional ways of extracting oil from underground 

to make refined diesel, harmful chemical spilled to the environment such as benzene 

and butadiene (Rinkesh, 2013); 

5) In comparison to conventional petroleum fuel, biodegradation properties in biodiesel 

allows it to produce significantly less soot, CO, sulfur dioxide and unburnt 

hydrocarbons as well as very few pollutants (Demirbas, 2008); 

6) BD is safe to handle, store and transport because it is less combustible in comparison 

to PD. Its flashpoint is higher than 150°C while it can go as low as 52°C for 

petroleum fuel (Rinkesh, 2013); 

7) Carbon dioxide emitted in biodiesel combustion is possible to be recycled: during the 

growth of oilseeds, the reduced amount of carbon dioxide discharged is absorbed by 

those oilseeds. 41% reduction rate between fuel and biodiesel (US Department of 

Energy, 2009); 

8) BD has higher cetane number than PD: for engines, a low cetane number results in a 

longer delay during ignition, occurrence of accumulation of fuel inside the chamber 

that is led by the increase of pressure inside the combustion chamber. Hence, a loud 

and characteristic noise is produced. On the other side, fuels with higher cetane 

number such as BD lead to better ignition and efficiency. Esters that biodiesel 

contains have a higher cetane number than diesel. Engineers also discovered that 
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biodiesel derived from cooking oil and saturated fats have even higher cetane number 

(Graboski & McCormick, 1998); 

 

On the other hand, using BD are followed with some major problems that are very 

competitive to solve, such as: 

1) One of the problems is that using biodiesel produce slight excess emission of NOx, as 

NOx is the cause of smog and formation of Ozone (EPA, 2002). However, reliable 

and proven methods for reducing the amount of NOx released is investigated by many 

researchers. US Environmental Protection Agency certified that using an oxidation 

catalyst to increase the reduction of particulate matter while reducing NOx to baseline 

(Addison, 1999).  

2) Practically biodiesel cleans varnish from the pipelines and storage tank and get 

collected in the fuel filter, however, this collected dirt will block the BD filter causing 

some efficiency problems. 

3) Another issue is that biofuel crops used making biodiesel quality can vary depending 

on the oil that is extracted from. The chemical process used to convert the oil to BD 

may also manipulate with the quality of the BD. For VO, BD has high viscosity in 

compression ignition. Storing biodiesel might be of an issue, as if BD stored in cold 

temperatures it will gel and as a solution it has to be blended with winterized diesel 

fuel (Rinkesh, 2013). 

4) Feedstock and production process of biodiesel are expensive. However, to minimize 

these drawbacks an extensive research is in progress. Development technologies will 

be under investigation that focus on reducing greenhouse emissions and cost efficient 

production processes. 
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5) Some issues like formation of algae in biodiesel storage tanks are unsolved, and 

recommended for future recommendation. A proposed solution by researchers is 

using algae to produce biodiesel as well (Liu, 2013).  

 

1.2. Aim 

Two biggest problems faced when producing BD. First, BD fuel is formed at low 

temperatures ~ 60°C and ambient pressure using alkaline as catalyst (Alcantara et al., 2000). 

This production process may take hours to make BD, and hence conventional ways to 

separate biodiesel from catalyst. An optimized production process of BD was projected to 

overcome some drawbacks, called “supercritical methanol” (Bunyakiat, et al., 2006). Using 

this newly discovered method, it was possible to minimize the reaction time from hours to 

minutes with a much-improved yield. 

The main objective of this research is to convert karaya oil into BD by using the process of 

transesterification inside of a batch reactor. This experiment is followed with a kinetic study 

of karaya oil to BD for the purpose of finding the reaction rate. Hence, it can be possible 

describing the relevant aspects of BD production in compare to literature as well as 

practically experienced. The experimental part revolves around converting karaya oil into 

esters using methanol (as alcohol) and sodium hydroxide as catalyst. Variation of temperature 

and pressure has been studied. The composition of the reaction was analyzed using gas 

chromatography (GC) and flame ionization detector, using ASTM method. Finally, the cetane 

number (CN) of the new BD is determined is Ignition Quality Tester (IQT). 
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1.3. Structure 

This report is sectioned into five chapters: 

Chapter 1: The motivations of this study are presented to help achieving optimized biodiesel, 

considering the complexions and issues that previous investigators for similar topic faced. 

Also in the frame of energy, the characteristics and implications is stated; 

Chapter 2: Briefly shows the most impacting theoretical aspects behind biodiesel formation, 

it also shows the issues faced to produce biodiesel initially to recent trials; 

Chapter 3: Describe the kinetics behind this study; 

Chapter 4: Outline materials and procedures followed in the experimental part of this study; 

Chapter 5: Results for both experimental and kinetics will be presented and graphed in this 

section.  

Chapter 6: A discussion will follow accordingly. A comparison between this study and 

similar studies that has been carried in the past as a reference; 

Chapter 7: A conclusion that compiles the references used to write this report as well as 

future recommendation of this project. 
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Chapter 2: Literature Review 

2.1. Biodiesel 

 

Since 1900, VOs started to be used as fuel when Rudolph Diesel used peanut (VO) oil in his 

engine experimenting compression ignition (Meher et al., 2006). In later stage of 30s and 40s, 

VOs were utilized only in case of emergency as people were skeptical about VO properties of 

having poor atomization, sooting, high viscosity, high boiling point and lubrication 

difficulties (Freedman, 1986). VO or animal fat is more commonly used to make BD, as it 

mainly contains triglyceride and some free fatty acids (FFA). BD has similar properties to PD 

in terms of functionality, however, they differs as PD is made from fossil crude oil and BD 

made from renewable sources. The disadvantages of BD still remaining, some ways were 

discovered that may reduce BD impacts such as using dilution, microemulsions, pyrolysis 

and transesterification (Demirbas, 2003).  

BD production methods: 

1) Dilution: which is direct use and blending of alkyl esters of VO with diesel fuel, the 

purpose of blending is that significant emission reduction is observed with these 

blends. Solvent or ethanol can also be blended. B20 is one of the diluted solutions 

containing 80% conventional diesel fuel with 20% biodiesel (Srivastava & Prasad, 

2000). Upside is that dilution method is very easy, as it is only done by mixing the 

two components (Knothe et al., 1997). Downside is that it is not suitable for long term 

usage for the direct injection diesel engines, because it can lead to damaging the 

injector nozzle by adsorption on the injector surface (Srivastava & Prasad, 2000). 

2) Microemulsions: showed negative feedback working with diesel engines as it showed 

carbon emissions, increasing viscosity of lubrication oils and incomplete combustion 
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(Ma & Hanna, 1999). Microemulsions are basically isotropic mixture of water, oil and 

surfactant, downsized to a range of 1 nm to 150 nm. Beside this, the mixture is 

thermodynamically stable compounds (Knothe et al., 1997). Main purpose of using 

this method is to test the performance of microemulsion on diesel engines. 

3) Pyrolysis or thermal cracking: a thermal decomposition at high temperatures in the 

absence of oxygen using catalysts such as SiO2 and Al2O3 (Srivastava & Prasad, 

2000). Pyrolysis used to be popular in places were there lack of petroleum deposits 

(Khan, 2002). The VO that are pyrolyzed achieve acceptable amount of water, 

Sulphur and sediment, however, unwanted values for ash and carbon residue 

(Srivastava & Prasad, 2000).  

4) Transesterification or alcoholysis: a process to make BD by a chemical reaction 

between triglycerides and methanol/ethanol to produce methyl/ethyl esters of fatty 

acids and glycerol. Reaction of transesterification can be explained in Figure 1 in case 

of using methanol as alcohol. The reaction goes through three stages: triglycerides 

react to diglycerides and then react even more to monoglycerides, which react to alkyl 

esters.  

 

Figure 1: Reaction of Triglycerides with Alcohol to form Alkyl Esters (Silva, et al., 2012) 
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In compare to direct use of VO, most of disadvantages listed above are manageable to be 

solved using the reaction of transesterification, as some researchers proved that it can reduce 

the viscosity eight times and in one third of molecular mass; decrease of boiling point; also, 

decrease in carbon deposition (Fillieres, 1995). 

PD fuel has been the main usage, peoples demand on PD fuel producing heat was extremely 

high which led to the increase in oil prices, this issue caused a global concern in 1973. Where 

in 1997, the Kyoto Protocol contributed to establish more properties that limit the emission of 

greenhouse gases. Deep researches and experiments narrowing the environmental concerned 

by considering the BD to be a promising source of PD fuel (Fillieres, 1995). 

 

2.2. Transesterification 

 

Reduced viscosity plays a vital role in the efficiency and performance of a diesel engine, 

therefore, transesterification process raised to maintain this standard amongst other methods 

of dilution, pyrolysis or microemulsions. Transesterification is a chemical reaction that 

occurs between alcohol and VO or animal fat with the aid of a catalysts, the reaction of 

transesterification as can be seen in figure 1.  The speed of the reaction depends on number of 

factors, oil to alcohol ratio is one of the essential factors that must be significant larger for oil 

than methanol to have faster reaction. In case of reverse reaction, excess of alcohol can be 

used to shift the chemical reaction toward product formation.  

Figure 2 demonstrates the three steps that the transesterification reaction of triglycerides of 

acetic acid undertake producing BD using methanol (CH3OH). Figure 2 starts with reaction 

one (1) where alcohol and methanol compiled with/without the catalysts and stirred 

vigorously, stirring procedure is very important as it allows the mixture to transport the 
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triglycerides from its initial composite (VO) to the interface oil and alcohol. Reaction one (1) 

is a slow process that can be controlled by controlling mass transfer, whereas the reaction two 

(2) is a fast process as it can be kinetically controlled. Reaction two (2) is basically having 

diglycerides to produce monoglycerides, both compounds together can act as emulsifying 

agents, therefore, easier kinetic control can take place in this stage. At this stage, temperature 

will be continuously increasing, which makes mass transfer easy and stirring no longer 

affects the reaction and product formation occur (Stamenkovic et al., 2008).   

 

Figure 2: Mechanism of Transesterification Using Methanol (Lopez et al., 2005) 

 

Difference in hydrogen bonding between esters and glycerol allows it to separate, glycerol 

has much higher viscosity over esters which makes it settle down at the bottom of the 

container and esters (biodiesel) at the top. This process is very slow, it may take hours for the 
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mixture to separate, stabilize and reach the equilibrium phase. So, when the production 

reaches equilibrium, here were reaction three (3) apply. Transesterification can also react 

without using a catalyst, homogenous or heterogenous. Acidic, basic or enzymes based 

catalyst fall into the category of homogenous catalysts. Purification of heterogenous catalysts 

are fairly simple in compare to homogenous, unlike homogenous where esters and glycerol 

need to be purified before utilization, which makes the catalyst unsuitable to be reused after 

the reaction is over (Barnwal & Sharma, 2005). Considering homogenous catalysts, basic 

catalysts (e.g. sodium hydroxide NaOH) are commonly used over other catalysts because 

corrosivity level does not affect the industrial equipment’s and they give higher production of 

BD (Barnwal & Sharma, 2005).  

When alkaline homogenous catalysts are utilized, formation of alkoxide nucleophile (RO-) 

occurs, as a pre-step to transesterification (Mbaraka & Shanks, 2006), which is the reaction 

between alcohol and a base. Then RO- attacks the carboxylic carbon of the triglycerides to 

form a tetrahedral equidistant (Ma & Hanna, 1999), that is illustrated in figure 3, step 1. 

Whereas in step 2, the equidistant compound reacts with the alcohol to regenerate the catalyst 

and form a new tetrahedral equidistant compound. In the last step 3, the equidistant 

compound of the previous step to rearrange itself to form a molecule of diacylglycerol 

(R’’OH) and ester (R’COOR). 
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Figure 3: Basic Catalyst Reaction to Perform Transesterification (Ma & Hanna, 1999) 

 

Saponification reaction can be seen in figure 4. It’s considered to be a downside of using a 

basic catalyst, which has the possibility of saponification creation significantly, this happens 

in the case of usage of water and/or high acidity which leads to creation a large amount of 

free fatty acids. 
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Figure 4: Saponification Formulation (Matthew et al., 2014) 

 

Using the right amount of catalyst of free fatty acids (FFA) has been debatable when 

comparing researchers. Some researchers proved that using a basic catalyst for a maximum of 

0.5% of FFA (Ertekin et al., 1996). Whereas others disagree in later stages by proving that 

the catalyst consumption occurs for amounts of FFA over 1% (Canakci & Gerpen, 2001). 

Technically, it might be possible to prevent this reaction by esterifying the FFA through acid 

catalysis and then will be appropriate for the alcoholysis with basic catalyst. In 2007, 

Berchmans and Hirata carried an experiment using Jatropha curcas seed oil that contains 

large amount of FFAs. They carried acid-catalyzed esterification followed by base-catalyzed 

transesterification procedures, they concluded that the acid-catalyzed esterification helped in 

reducing the FFA concentration of the oil below 2% and FFA pretreated by converting it into 

esters (Berchmans & Hirata, 2007). 

When it comes to a comparison between ethyl and methyl esters, it is more complex to deal 

with ethyl esters using basic catalyst. This is because in ethanolysis the emulsions are very 

stable, which makes it an issue of separation and purification. Formation of mono and 

diglycerides intermediate are there to produce emulsions, these emulsions consist of polar 

hydroxyl groups and nonpolar hydrocarbon chains (Zhou et al., 2003).  

On the other hand, acidic transesterification seems to be unaffected by the presence of FFAs 

in the raw material. The acidic transesterification mechanism is as shown in figure 5. In fact, 
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acidic transesterification is more advantageous as it can use FFAs to convert it to esters in the 

process of esterification before transesterification of triglycerides.  

 

Figure 5: Acidic Catalyst Reaction to Perform Transesterification (Ulf et al., 1998) 

 

The mechanism works as the following for a monoglycerides but it can be extended to a 

diglycerides and triglycerides. Four molecules are generated:  

I: protonation of the carbonyl group of the ester 

II: carbocation 

III: tetrahedral intermediate formation subsequent to the nucleophilic attack of the alcohol. 

IV: elimination of glycerol occurs to form a new ester and regenerate the catalyst H+. 

 

So, the reaction of carbocation result a formation of carboxylic acids (FFA) with the presence 

of water in the reaction, which means that it’s better to carry the reaction avoiding water in 

order to prevent the formation of carboxylic acids competitively, because the carboxylic acids 

formation leads to the reduction of alkyl esters. 
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Moving to enzymatic catalysis, it is more advantageous than other alternatives as it leads to 

good results when using for transesterification. Even when complex chains of alcohol are 

used, the products acidity doesn’t change. The fact that may cause an obstacle of using this 

method is the expenses required to buy the catalysts is very high, because it utilizes organic 

solvents (Shimada, 2002). In case of no catalysts used in the reaction, supercritical conditions 

must be obeyed. Any reaction that operate under 300°C has very slow reaction rate (Khan, 

2002), the process can use high acidity raw material and simplified to no purification needed. 

However, reaching supercritical conditions requires a lot of cautious and considerations 

because very high temperature and pressure will be used. Temperature might be as high as 

400°C and pressure can go up to 50 bar (Liu, 2013) to produce BD from vegetable oil or 

animal fat.    

 

2.3. Process Variables 

 

Transesterification process efficiency can be affected depending on some parameters such as 

oil to alcohol molar ratio, catalysts quantity, temperature/pressure, reaction speed and stirring 

speed (Meher et al., 2006). Previously it was demonstrated that the production of base 

catalyst leads to the increase of FFA while it decreases parallelly. In general, the molar ratio 

must be higher for alcohol than triglyceride due to the viscosity difference between the two 

fluids. Due to the stoichiometric relation, the alcohol to triglycerides ratio should be at least 

3:1. Some studies proved that ratio waving between 6:1 and 12:1 gives even better production 

of BD. Chemically, having higher ratio will pull the reaction orientation towards the right 

(production of esters). Parameters can be manipulated; however, it was observed by Meher et 

al. in 2006 that temperature required can be identified depending on the type of oil used. 

Under normal conditions, 30-60°C is good enough to turn on the reaction. Same condition 
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applied to pressure and quantity of catalysts, for Meher et al. case the reaction took 15 

minutes for the same temperature frame rate and a catalyst around 0.3-0.5 w/w% to reach 

optimum activity (Meher et al., 2006). 

A similar conclusion was found by Domingos et al. in an earlier year (2004), the potential of 

increasing the yield is much higher when molar ratio is increased, mild temperature 

conditions and optimally maximum catalysts can be added. The experiment was carried under 

40-70°C using ratio = 6-12 and 0.4-1.2 w/w%. It was noticed that approximately around 90% 

of the BD formed after evaporation of alcohol from the BD phase. Obtaining 100% yield is 

almost impossible for such reversible reaction and saponification can occur with the presence 

of high acidity. In the Domingos study, saponification occurs for acidity higher than 2 mg 

KHO/g (Domingos et al., 2004). 

Several studies have been discussing the process of transesterification under subcritical 

methanol conditions using different feedstock. Table 1 (Piloto-Rodríguez et al., 2014) 

summarizes few recent investigation in the same regard. Reaction that utilized temperature 

60°C and molar ratio of 9 seems to produce sufficient yield in case of catalyst. It is observed 

that high excess of alcohol is obligatory as it drives the reaction towards BD product. The 

disadvantage of using excessive alcohol, it will additional preheating, separation cost and 

alcohol costs (Marulanda et al., 2010).  
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Table 1: Studies Shows catalyzed transesterification process (Piloto-Rodríguez et al., 2014) 

 

Methylic transesterification of VOs was also studied by Demirbas (2005) under subcritical 

conditions. Yield achieved using a mass ratio of 3:1 (methanol:oil) to produce BD in 

approximately 2 hours with a catalysts (NaOH); it was observed that the higher the molar 

ratio results in a greater ester production in shorter time. Demirbas also reported different 

alcohols with relation to its critical temperature and pressure, it is tabulated in table 2 and 

sketched in figure 6. 

 

Table 2: Critical Temperature and Critical Pressure of Alcohols (Dermibas, 2005) 

Changes in yield percentage of alkyl esters as treated with supercritical as a function of time.  
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In Wright’s 1944 work, he used a temperature of 575 K (Wright, 1944). 

 

Figure 6: Reaction Time for Different Alcohols (Dermibas, 2005) 

 

2.4. Types of Processes of Producing Biodiesel 

 

Producing BD can occur using different methods and equipment, such as what can be seen in 

table 3 (Emilie, 2012). For better comparison of these process, the advantage and 

disadvantage of each process is tabulated.  
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Process type Advantages Disadvantages 

Batch 
Structure feed of the 

reactants are very flexible 

Low and slow productivity 

besides expensive 

operational costs. 

Continuous 

Very high production rate, 

due to the combination of 

transesterification and 

esterification processes. 

The utilize of homogenous 

catalyst makes this process 

difficult to deal with, due to 

the corrosion and extensive 

cleaning is necessary to 

avoid the effects of 

homogenous catalyst. 

Supercritical 

No catalyst required to speed 

up the reaction. Process type 

conditions leads to no 

hindrance to the 

transesterification kinetics 

(oil-alcohol miscibility) 

Precaution conditions need to 

applied in order to reach 

supercritical conditions, 

which might be expensive. 

Enzymatic 
Less energy required to 

operate the process 
Low reaction rate and time. 

Multistep 

Product is very pure, as it is 

achieved by-product with the 

utilizes of solid catalyst. 

Extremely expensive. 

Reactive separation 

Not much post processing is 

required, although very high 

quantitative yield can be 

produced. 

Apparatus might get 

damaged easily in contact 

with homogenous catalyst. 

Table 3: Different Processes for Biodiesel Production (Emilie, 2012) 

 

2.5. Purification  

 

Purification is the process that take place after the transesterification reaction is over, after the 

product reaches equilibrium, a separation of fluids is needed. BD is obtained after removing 

containments, such as soap stuck at the top, excess alcohol, catalysts and any other metals 

(Cooke, 2007). Purification of BD is basically washing the product with water and acidified 

water. The chemical content of water and acidified water are efficient to remove glycerol, 

NaOH, and soaps as well as free fatty acids present in the original raw material (Berrios and 

Skelton, 2008).  Also, washing can remove glycerol and unreacted oil particles figure 7 



32 

 

shows a basic process of BD purification. Some drawback that needs to be resolved prior 

washing such as the requirement for a pre-treatment, some BD gets wasted which leads to 

decreasing the yield and unattainability of water. Additionally, soap that created on top of the 

product might cause emulsification that require more washing than should be. As a result of 

many washing, it affects the stabilization and phase separation process to happen. Therefore, 

extending the reaction time may help as well as using centrifugal force for the sedimentation 

of heterogenous mixture (Cooke, 2007). Figure 7 shows an illustration of the production of 

BD followed by purification. 

 

Figure 7: Process of Biodiesel Purification (Emad, 2013) 

 

Greenline & Rohm-Haas Corporation invented ion-exchange resin known as Amberlite®. It 

is a cylinder that have one end to pour the product and the other end works like a filter, soap 

or phospholipids tickles down the cylinder. This method of purification called adsorbent 

purification, as it works as it adsorb unwanted particles and soluble impurities as well as 

excess methanol (Haines, 2015). Similar product was commercially introduced to the market 

in 2009 by Alferd Moser, the invention concept is putting the unpurified BD in contact with 

cellulose-containing material and mixing it. Both continuous and discontinuous mixing can 
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be utilized in order to get rid of the glycerin, alcohol residues and accumulated soaps during 

the formulation of BD (Alfred, 2009).  

 

To obtain an industrialized BD that fall under the international specifications, last step of 

distillation is required (Luz Junior, 1993). Distillation occurs by heating the BD at different 

temperature ranges between 480 to 500 K depending on the feedstock. Through distillation, a 

combination of monoglycerides, diglycerides, triglyceride, metals, catalysts, salt and 

pigmentation are drained off due to extremely high temperatures. The advantage of 

distillation it produces the purest and environmentally sustainable BD. Whereas the 

disadvantage is using very high temperature leads to a loss of yield due to distillation, a loss 

of about 1 to 5 % by weight. This loss maybe maximum or minimum depending on the 

feedstock, production process and the high temperature inherent with distillation. As a result, 

failure of oxidative stability and additives required to maintain the standard of BD (Raj, 

2012).  

 

2.6. Kinetics of the Transesterification reaction 

 

Freedman et al. investigated the transesterification kinetics of soybean oil in 1986. In the 

experiment, they used a 30:1 molar ratio of buthanol to soybean oil. They ended up 

concluding that the catalyzed transesterification reaction tracked pseudo 1st -order kinetics 

(Freedman et al., 1986). Were a 2nd -order kinetics shown as a result of using shunt 

mechanism, methanol as alcoholysis method and molar ration of 6:1 (methanol:soybean oil), 

and as a result it was concluded that the shunt is better reactant as more than one molecule of 

an alcohol reacting in multiple places of the glycerides. A decade later around 1997, 
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Noureddini et al. used soybean oil and methanol as well. It was proven numerically using 

Matlab software that the results found by Freedman in 1986 was not essential, this was 

including the shunt mechanism. Triglycerides, diglyceride and monoglycerides were 

calculated numerically using differential equations (Noureddini et al, 1997).  While in 2000 it 

was discovered that the most essential kinetics to designate their data was a pseudo 2nd -order 

kinetic for the first stages of the transesterification formulation trailed by a 1st -order or 0th -

order model. This was done under the combination of using methanol and palm oil with a 

ratio of 6:1 by Darnoko et al (Darnoko et al., 2000).  

 

2.7. Biodiesel Production Under Supercritical Methanol Conditions 

 

More advanced method of producing BD is using supercritical conditions. It can eliminate the 

need to have high purity of feedstock and low free fatty acids products. A number of 

disadvantages raised when using normal mechanisms when producing BD can be committed 

by using supercritical conditions such as the complexity of removing catalyst and excess 

alcohol in subcritical methods can drive up the price of BD (Warabi et al., 2004). Using the 

conventional mechanism results two liquid phases of triglycerides and alcohol, this happen 

because of the reaction between a nonpolar to polar reactants. This can be transferred to 

homogenous by applying the optimized mixing ratio as well as temperatures and pressures. 

The barrier of mixing polar with nonpolar liquids can become possible and the reaction will 

be accelerated due to the unrestricting of mass transfer (Srivastava & Prasad, 2000). 

Additionally, separation and purification method will become much easier as a result. That is 

because the products are not forming a homogenous mixture when mixed at ambient 

temperature, also no soap formation and unwanted products need to be washed (Pinnarat & 

Savage, 2008). 
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2.8. Karaya Oil 

 

To sustain the production of BD, non-edible products might be a upright source. Edible 

products have been used worldwide in a huge range, which limit the human sources of food. 

Therefore, karaya oil can be introduced. Karaya oil is extracted from a fruit that grows on a 

tree called Sterculia Foetida Tree (SFT). Karaya belong to the family of sterculiacea that 

consist of various species of the genre sterculia such as Sterculia apetala, Sterculia striata, 

Sterculia speciose, and Sterculia striata (Lorenzi, 1992). The karaya has its origin in India, 

Malaysia and Africa, where the seeds are consumed in the form of dried and roasted products 

as well as a source of VO (Mangas et al., 2012). This tree also noticed to be wildly existed in 

brazil as jungles. It is observed that the tree starts to produce fruit within a year to two years 

after plantation up to 40kg of seeds per year (Lorenzi, 1992). 60% of seeds composed of 

kernels that consist of lipids at concentrations range of 28 to 32% (EMBRAPA, 2002; Diniz 

et al., 2008).  

SFT grow up to 115 feet height, its branches are spread in horizontal direction and arranged 

in spiral orientation. Leaves grows at the end of the branchlets in elliptical geometry and 

about 10 – 17 cm in size as can be seen in figure 8 the flower start forming in Hyderabad 

(India) around the months March/April, while the good quality fruit can be found around the 

months of September/October. While the good quality fruit can be found after 11 months 

after the flowers appeared, estimatingly around February time Xiang, 2015.  

 

Figure 8: Karaya Seeds (Xiang, 2015) 

Karaya seeds 

1 -1.5 cm 8 -10 cm 
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For this study, karaya oil obtained was from the southern part of Sudan. These trees have the 

potential to supply tremendous volumes of karaya oil to be used for the purposes of bio-oil in 

the future. Additionally, it has been observed by researchers that it can be easily compared to 

sunflower, soybean and rapeseed oils for the use of BD. Some researchers showed that the 

density and trace metal count of BD that produced using karaya oil could meets the standards 

of ASTM and EN by comparing its properties to rapeseed and soybean oil. However, in this 

research it will be proven experimentally that it meets these standards. Karaya oil contain 

cyclopropane fatty acids such as 8,9 methylene-heptadec-8-enoic acid (malvalic acid) and 

9,10-methylene-ocadec-9-enoic acid (sterulic acid). Whereas, at 40°C its flashpoint, iodine 

value, free fatty acid count, phosphorus content, cloud point, pour point and viscosity, while 

oxidative stability at 110°C.   
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Chapter 3: Kinetic Study of Vegetable Oil with Methanol 

 

BD had been considered as a decent alternative fuel for diesel engines due to the renewability 

and less environmentally harmful. Additionally, conventional petroleum are finites, that will 

lead to the economic issue of the need to export foreign fuel. Industrially, soybean oil, palm 

oil and rapeseed oil are the most commonly used (Freedman et al., 1986; Freedman et al., 

1984; Fukuda et al., 2001; Darkono 2000). Karaya oil has not been widely investigated, even 

though it carries similar properties to sunflower, soybean oil and rapeseed oil.  

Transesterification process used in this kinetics for the purpose of lowering the viscosity of 

the VO (karaya oil in this case), reduce carbon emission in the engines and reduce air 

pollution as a result (Mbaraka, 2006). Transesterification reaction in equation 1 demonstrates 

the complete shunt reactions kinetics scheme. It can be seen that triglycerides reacts with 

methanol to get diglycerides. Diglycerides reacts with methanol again to get monoglycerides. 

Finally, monoglycerides reacts with methanol again to produce glycerol. Every methanol 

molecule consumed will produce a molecule of methyl ester.  

Transesterification process is a sequenced and reversible reaction being driven by excess 

alcohol and a catalyst (Freedman et al., 1986; Wenzel et al., 2006; Leevijit et al., 2006; 

Gemma et al., 2005; Noureddini et al., 1997). It can be observed that the product in the shunt 

reaction scheme is made by all three of the individual steps reacting instantaneously and it 

has no effect on the kinetic rate constants of the BD reaction (Nourdini et al., 1997). 

Therefore, the reversed reaction is assumed to be irreversible and hence excluded from the 

kinetic analysis. Consequently, the reaction step is assumed to be of first order with respect to 

each reacting component. In this investigation, the kinetic rate constants calculated based on 

the concentrations of only one reactant at a time regards the kinetic rates of k1, k2 and k3. 

Respectively for TG, DG and MG.   
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k-1 

k1 

k2 

k-2 

k3 

k-3 

k1 

k2 

k3 

k-1 

k-2 

k-3 

 

TG + ROH                         DG + RCOOR1 

 

DG + ROH                         MG + RCOOR2 

 

MG + ROH                         GL + RCOOR3 

Equation 1: Transesterification Reaction Sequence 

 

Rate expressions are broken down as can be seen in equation 2, its divided into individual 

elementary reactions which contains the rate constants and the corresponding conversions 

and activation energies. 

TG + ROH                         DG + RCOOR1 

DG +ROH                         MG + RCOOR2 

MG + ROH                         GL + RCOOR3 

 DG +RCOOR1                          TG + ROH 

 MG + RCOOR2                                    DG + ROH                          

GL + RCOOR3                                      MG + ROH                          

Equation 2: Reaction Stages 

 

The overall reaction is: 

TG + 3ROH                          GL + 3ME 

Equation 3: Overall Transesterification Reaction 
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where k1,2,3,-1,-2,-3 represents the different kinetic rate constants in the individual reaction 

steps. k1,2,3 are the rate constants for the forward reactions. k-1,-2,-3 are the rate constants for 

the reverse reactions. ROH is alcohol (in this study is MeOH). RCOOR1, RCOOR2 and 

RCOOR3 are fatty acids esters (in this case is methyl ester). TG – triglycerides, DG – 

diglycerides and MG – monoglycerides. ME is methyl ester and finally GL glycerol.  

 

Reversibility of the reaction depends on many factor such as working conditions, catalyst 

type and molar ratio of oil:alcohol. These factors can determine if the reaction reached 

equilibrium, forward or backward reaction. The differential equations that describes equation 

1 in a batch system using the transesterification reaction is as can be seen in equation 4 

(Disakou et al., 1998). Taking into account the assumptions listed above. 

𝑅1 =
𝑑[𝑇𝐺]

𝑑𝑡
= −𝑘1[𝑇𝐺][𝑅𝑂𝐻] + 𝑘−1[𝐷𝐺][𝑀𝐸] 

𝑅2 =
𝑑[𝐷𝐺]

𝑑𝑡
= 𝑘1[𝑇𝐺][𝑅𝑂𝐻] − 𝑘−1[𝐷𝐺][𝑀𝐸] − 𝑘2[𝐷𝐺][𝑅𝑂𝐻] + 𝑘−2[𝑀𝐺][𝑀𝐸] 

𝑅3 =
𝑑[𝑀𝐺]

𝑑𝑡
= 𝑘1[𝐷𝐺][𝑅𝑂𝐻] − 𝑘−2[𝑀𝐺][𝑀𝐸] = −𝑘3[𝑀𝐺][𝑅𝑂𝐻] + 𝑘−3[𝐺𝐿][𝑀𝐸] 

𝑑[𝐺𝐿]

𝑑𝑡
= 𝑘3[𝑀𝐺][𝑅𝑂𝐻] − 𝑘−3[𝐺𝐿][𝑀𝐸] 

𝑅𝑀𝐸 =
𝑑[𝑀𝐸]

𝑑𝑡
= 𝑘1[𝑇𝐺][𝑅𝑂𝐻] − 𝑘−1[𝐷𝐺][𝑀𝐸] + 𝑘2[𝐷𝐺][𝑅𝑂𝐻] − 𝑘−2[𝑀𝐺][𝑀𝐸]

+ 𝑘3[𝑀𝐺][𝑅𝑂𝐻] − 𝑘−3[𝐺𝐿][𝑀𝐸] 

𝑑[𝑅𝑂𝐻]

𝑑𝑡
= −

𝑑[𝑀𝐸]

𝑑𝑡
 

Equation 4: 1st Order Kinetics of the Transesterification Reaction (Reversible) 
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Bearing in mind that all components are in molar fraction concentrations, and esters in 

reaction mixture (mol/L) and ki can be recalculated to be: 

𝑘𝑖 = 𝑘𝑖×
𝜌𝑡𝑜𝑡𝑎𝑙

𝑀𝑊𝑡𝑜𝑡𝑎𝑙
 

Where ρtotal and MWtotal are constant numbers. Hence, units of all components in equation 4 

will be s-1. Since it is assumed that the reactants mixture is mostly composed of methanol, 

then the concentration of methanol in molar fraction does not vary significantly as the 

reaction proceeds. The methanol concentration would remain almost constant. R1 shows the 

rate of depletion of the triglycerides feedstock, while R2 and R3 it means either rate of 

depletion or accumulation (depending on the reaction conditions) or DG and MG. When 

glycerol phase separation finishes, mass ratio is encountered due to the concentration of the 

components in the ester phase.  Neglecting reversibility of the reaction, each reaction step is 

assumed to be of first order with respect to each reacting component, irreversibility might 

result the reaction to be reduced to: 

𝑅1 =
𝑑[𝑇𝐺]

𝑑𝑡
= −𝑘1[𝑇𝐺] 

𝑅2 =
𝑑[𝐷𝐺]

𝑑𝑡
= 𝑘1[𝑇𝐺] − 𝑘2[𝐷𝐺] 

𝑅3 =
𝑑[𝑀𝐺]

𝑑𝑡
= 𝑘2[𝐷𝐺] − 𝑘3[𝑀𝐺] 

Equation 5: 1st Order Kinetics of Transesterification Reaction (Irreversible) 

 

And the rate of production of the BD is expressed as: 

𝑅𝑀𝐸 =
𝑑[𝑀𝐸]

𝑑𝑡
= 𝑘1[𝑇𝐺] + 𝑘2[𝐷𝐺] + 𝑘3[𝑀𝐺] 
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In this study, the effect of using methanol on the kinetics of the transesterification of VO is of 

extreme demand. Applying the reactions mentioned above on Matlab will produce the 

following reaction rate at 100°C, 120°C and 140°C: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Reaction Rate in Matlab at T = 100°C, 120°C and 140°C1 

XTG = molar concentration of triglycerides, XDG = molar concentration of diglycerides, XMG = 

molar concentration of monoglycerides and XBD = molar concentration of BD. Bearing in 

mind that scripts used to produce the plots in figure 9 can be seen in Appendix A. 

                                                 
1 Matlab codes scripted by Mayadah Alhashem, Master Mechanical Engineering, King Abdullah of Science and 

Technology, Saudi Arabia. 2017 
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Figure 9 shows the results obtained from Matlab that demonstrate the conversions of pure 

corn oil to BD at 100°C, 120°C and 140°C. Reactions appear to be going both forward and 

backward, which confirms the reversibility of the chemical reaction. In the case of 100°C, the 

maximum conversions obtained after 250 minutes. While in 140°C, maximum conversion of 

BD appeared in the minute of 100. Increase in temperature showed half of the time required 

to reach the maximum conversion. Taking the reaction up to supercritical temperature 

(~200°C), might reduce the reaction time as low as 20 minutes. The differentiation of the 

mole concentrations with respect to time can be estimated from the experimental mole 

concentration at various reaction times. 
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Chapter 4: Materials and Methods 

 

In this investigation, karaya oil has been extracted from karaya fruit seeds and was used to 

carry a transesterification process of the triglycerides in a batch reactor. And for 

transesterification process to be done, methanol has been used for the production of alkyl 

ester. Also, a homogenous catalyst of sodium hydroxide was utilized for the reason of having 

more efficient products in accordance to time rate of the reaction. Before karaya oil is 

applied, corn oil has been used to test the system capability to produce BD. 

 

4.1. Materials 

 

Karaya seeds purchased from farmers in Sudan, oil has been mechanically extracted.  The 

following physical properties are approximated based on literature: 0.85 kg/l density, 0.09% 

free fatty acid content, 0.09% water content. Sodium hydroxide powder purchased (DAC 

Drain Opener) as a homogenous catalyst with 75% of NaOH and 15-30% NaCl. And certified 

methyl alcohol of 98% purity so no further purification is needed. The molecular weight of 

karaya oil was assumed to be 875 in all the calculations. Table 3 shows the properties of corn 

oil and soybean oil. Bearing in mind that soybean oil properties listed to show an 

approximation of karaya oil properties, according to literature, it’s the closest VO to karaya 

oil. 
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 Corn Oil (Audrea, 2006) Soybean Oil (Earl et al., 2005) 

Triglycerides (%) 98 94.4 

Unsaponifable Matter (%) 1.7 1.3 to 1.6 

Saponification Value 189 to 195 180 to 200 

Density (g/mL) 0.9223 
0.9165 to 0.9261 Decreases 

0.000643 to 0.000668 

Heat Specific Capacity (cal/g) at 

20°C 
0.6505736 0.448 Increases 0.000616 

Viscosity (cP) at 20°C 11.2 58.5 to 62.2 

Refractive Index at 20°C 1.470 to 1.474 1.4733 to 1.4760 

Vapor Pressure (µPa) at 25°C 1.07 1 

Heat of Vaporization (kJ/kg) - 185056.56 

Specific Gravity at 20°C 0.922 to 0.928 0.916 to 0.922 

Specific Heat Capacity (cal/g) at °C - 0.448  

Heat of Combustion (cal/g) - 
9450 to 9388 

9135 + 91 

Heat Transfer Coefficient (W/k-m2) 

at 180°C 
- 269.7 

Surface Tension (dyne/cm) at 30°C - 27.6 Decreases 0.077  

Weight (kg/gallon) at 16°C 3.5 - 

Boiling Point (°C) 111 - 

Melting point (°C) -11.11 to -8.33 0.6 

Smoke Point (°C) 229.4 to 237.8 ~245 

Flash point (°C) 332 to 338 317 to 324 

Fire Point (°C) 360 to 370 342 to 360 

Cloud Point (°C) -13.9 to -11.1 -9 

Table 4: Properties of Corn Oil and Soybean Oil 
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4.2. Laboratory Setup 

 

The experimental setup can be seen in figure 9 and diagrammatically sketched in figure 10. 

Figure 10 demonstrates the system. Red arrows show the flow direction, while blue arrows 

demonstrate the inlets and outlets of the system. 

 

Figure 10: Experimental Setup 

 

 



46 

 

The apparatus has been sketched diagrammatically to see a clearer figure of the arrangements 

of the set-up. For operating the experiment, the oil was weighed into the inlet port (8). 

Methoxide was added to the oil using the same inlet port to the reacting chamber (1). The 

heaters turned on using temperature controllers (4) that is equipped with heating tape (5) and 

thermocouples (6). The pump (3) used to stir the mixture of oil:methanol:catalyst. Last, 

sampling ports (9) are placed to ease the process of BD collection. 

 

Figure 11: Sketch of Experimental Set up 
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The experimental set up sketched in figure 11 are referred to the component in table 5. It 

mainly consists of: 

 

Table 5: Experimental Apparatus 

 

The reactor is equipped with a pump used as a mechanical stirring method, as well as input, 

output and sample ports. In order to avoid the escape of methanol vapor, Teflon tape was 

rounded over any helical threads before fastening to prevent the leakage of gases and fluid. 

The formed products were collected using the sample ports seen in figure 11 and cooled in an 

ice bath to stop continuation of the reaction. The reason of cooling the samples as soon as it 

Component No Usage Specification 

Tubular reactor 1 Holds the chemical reactions 

0.0512 m outer diameter 

0.004 m wall thickness 

0.0508 m inner thickness 

0.91 m height 

0.00185 m3 (1.85 litres) 

Stainless steel 

Caps 2 To allow inflow and outflow Stainless steel 

Pump 3 Chemical stirring of the reactants 

Century ® 

1 1/2 hp 3450 RPM 56J 115/230V 

 # UST1152 

Temperature 

Controller 
4 

Controls the temperature throughout 

the experiment 

Omega ® 

100-240V, 50/60 Hz, 5VA 

Electrical 

heating tapes 
5 

Circulating the pipe to heat the oil 

and methanol symmetrically along 

the tubular reactor 

OmegaLaux ®, model FGH102-

100 

240 V, 4.33 A and 1040 W 

Thermocouple 6 
To measure temperatures of the 

tubular reactor 
- 

Pressure gauge 7 
To measure pressure inside the 

tubular reactor 

Keller® 

0-300 bar 

Inlet port 8 
It allows the fluid to be poured into 

the tubular reactor 
Swagelok® 

Sampling port 9 Sample collection Swagelok® 

On/off Switches 10 To control the fluid flow Swagelok® 
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exits the reactor is to minimize the relative large heat transfer area between the pipe and air 

and due to the low flowrate of each feedstock. 

 

Biodiesel production pre-testing set up: 

Glass reactor used to test the capability of producing BD from corn oil and karaya oil. The 

set-up of the experiment is as can be seen in figure 12. 

 

Figure 12: Boiling Flask Glass Batch Reactor 
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Stirring 

magnet 

Glass reactor 
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4.3. Experimental Procedure 

 

Procedures below are used to produce BD from karaya oil, however, it has been used for 

testing the system using corn oil. The reason of using corn oil is to test if the system built will 

produce BD and compare with literature. 

1) A volume of 400-800 ml of karaya oil is prepared and placed inside the reactor. Heating 

tapes are switched on to the desired heating temperature, which is 40°C. Pump is 

switched on to mechanically stir the oil while it’s getting hot to a power of ~1000 rpm. 

2) The desired volume of methanol (150-300 ml) is prepared and a weighted amount of 

sodium hydroxide (3.5-7 g) is added to it. Both elements were mixed vigorously using 

manual stirring method, until the sodium hydroxide particles are completely dissolved 

forming methoxide solution. 

3) Methoxide solution is added and increasing the reactor temperature to reaches the desired 

temperature, this is the stage where time should be counted simultaneously. 

4) Sample withdrawals occurred after few minutes of the reactions. Intervals of sample 

collection recorded are equally distributed time (sample collected every 2 minutes for 

ambient pressure, and every 1 minute for pressurized experiments). Average temperature 

and pressure is recorded from the thermocouple with every withdrawal. 

5) Samples are inserted into ice bath immediate after withdrawal, due to the reason of 

stopping the reaction. If expected to be BD, immediate separation will happen. 

6) After separation occurs, samples are washed four times with water to get rid of excess 

alcohol and glycerol. Water washed with a rate of 5.5% by volume of the methyl ester of 

oil. Washing the product is a very sensitive process, which require extreme care to 

accomplish high quality BD. Figure 13 shows separation of glycerol with BD. 
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7) Vinegar is then used to wash the product with 1 g for every litre of the product. Hence, it 

mixed gently. This step is repeated until the ester layer becomes clearer due to the 

extraction of excess alcohol and contaminants. Figure 13 shows separation of acid with 

BD. 

8) Final step is to wait for 1 hour to let the mixture setting and then use water 28% by 

volume of oil poured into the mixture for the final wash. Phase separation can be seen 

within 2 hours of settling, however, the mixture has been given 24 hour of settling to 

make sure a complete setting occurred. After separation occur, a spontaneous phase 

separation can be clearly observed.  Heavy glycerol phase take the lower part of the 

container containing the alcohol, while the ester phase flow at the higher part of the 

container. 

 

Figure 13: Manual/Hand Biodiesel Purification 
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reacting 

with 

vinegar 

Biodiesel 

Glycerol 
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Alternative to manual hand purification method, centrifuge was discovered to have many 

advantages over hand washing. Centrifuge is a device that uses extreme fast rotation in order 

to separate a multi-component complexion liquid. Centrifugal force applied on the sample 

that can have set of parameters to be controlled such as speed of rotation, mass of rotating 

body and radius of rotation. As the centrifuge commence spinning, the denser materials will 

move towards the outside, leaving the less dense material closer to the center. Disk-stacked 

centrifuge is the most used for BD applications, it can separate solid/liquid/liquid and 

liquid/liquid separation applications. Figure 14 shows some samples that purified using a 

centrifuge instrument under a power of 5000 rpm for 60 minute. 

 

Figure 14: Centrifugal Biodiesel Purification 
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One of the main benefits of centrifuges, that it provides an efficient separation in short 

residence times in batch or continuous operation. Also, they can separate fluids with 

moderately high viscosities and can handle a moderately high solid loading. It has a 

drawback of being operational and maintenance costly. 

 

 

4.4. Experimental Conditions 

 

Batch reactor experiments were designed to achieve the reaction mechanism and associated 

kinetic rate constant. The experiments took place under the temperature of 100°C and 140°C 

and an initial pressure of ambient pressure. However, observed from literature that 

temperature constant optimum degrees to produce the peak triglycerides at fastest rate is 

around 60C. All experiments were carried under the pressure of 5 bar. The reaction chamber 

was kept at a constant temperature and pressure at all times of reaction, temperature control 

accuracy was estimated to be ±1°C. The ratio of methanol:oil sat to be constant at 6:1 using 

molar ratio, it was preferable to maintain a molar ratio of 6:1 as it is the industry accepted 

standard for the transesterification of VOs (Darnoko, 2000). its more preferable to heat the 

sodium methoxide and methanol as high temperature as 40°C prior pouring it into the oil, that 

is because it will minimize flash evaporation loss of the methanol. 

 

The vapor pressure of liquids showed to increase as temperature increases, as in table 6. Even 

though, the increase might not be linear (the curve gets steeper as temperature increases). As 

temperature increases, more molecules have enough kinetic energy to overcome the 

intermolecular force of attraction between molecules in the liquid. 
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60°C 100°C 140°C 180°C 

Water (bar) 0.199 1.019 3.590 9.974 

Ethanol (bar) 0.468 2.259 7.569 19.65 

Methanol (bar) 0.844 3.471 10.65 26.34 

Table 6: Vapor Pressure due to Temperature Change 

 

Methanol has the higher vapor pressure. Although ethanol molecules also have hydrogen-

bonding capability due to the -OH functional group, however, ethanol has a higher molecular 

weight than methanol. As a result, methanol has weaker dispersion forces between molecules, 

and evaporates more easily. 

 

Figure 15: Vapor Pressure caused by Temperature Increase 

 

In regard of sampling, each sample has to be neutralized using sulfuric acid in order to pause 

the reaction and preserve the concentrations of sample layers during the holdup time 

associated with the shipment and testing of the samples. For the reference, every 5 ml of 

sample must be neutralized by 38 µl of sulfuric acid (Demirbas, 2003). 
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4.5. Analytical Methods 

 

Prior to the analyzation, the sample layers have to be separated and only BD phase is 

extracted, hence, purified. In order to record the progress of the transesterification reaction, 

the BD quantification was analyzed by gas chromatography (GC) Agilent 7890A Series. 

Figure 15 shows the scheme of a GC system.  

  

Figure 16: Scheme of a GC System (Harold, 2017) 

 

GC equipped with a 30m (length) × 0.25mm (internal diameter) × 0.25µm (film thickness) 

capillary column coated with DB-Wax (part number 122-7032), and a flame ionization 

detector (FID). The GC carries the sample through the machine using 1 ml/min helium gas as 

a carrier for constant flow. A split flow of 100 ml/min. The temperature program was from 

60°C hold for 2 minutes, to 200°C at 10°C per minute, and then to 240°C at 5°C per minute, 

then 240°C held for 7 minutes. The temperature used for injection and detection in 350°C, 

and a temperature of 250°C for FID. Approximately 10 µl of each sample was weighted into 

individual 1.5 ml vials, and each sample dissolved in 1 ml of toluene. Blank methanol and 

toluene was run through GC first to test the content of them, after which, methyl esters 

samples were tested.  
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GC allows the quantification of BD produced in several techniques. Using equation 6 is one 

of the techniques to calculated production of BD from GC peaks. The fatty acid methyl esters 

(FAME) is the produced BD.  

𝑉𝑜𝑙𝑢𝑚𝑒 𝑌𝑖𝑒𝑙𝑑% =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑂𝑖𝑙
×100 

𝐵𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 𝑌𝑖𝑒𝑙𝑑% = 𝐹𝐴𝑀𝐸% 𝑓𝑟𝑜𝑚 𝐺𝐶 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 × 𝑉𝑜𝑙𝑢𝑚𝑒 𝑌𝑖𝑒𝑙𝑑 

 

Equation 6: Biodiesel Production Equation from GC Peaks (Elkady et al., 2015) 

 

Another technique of calculating BD production is by adding internal standard and 

obtaining the calibration curve which would allow to calculate the concentrations of 

MG, DG, TG, glycerol and methyl ester were determined at each time intervals. 

Consequently, the converted quantity to methyl esters can be achieved. The advantage of GC, 

it can simultaneously determine GL, MG, DG and TG. The data comes from GC in the form 

of peaks, each peak related to a specific material by comparing the time of those peaks to 

each other. The analysis was performed in the isothermal mode. ASTM D6890-07b FAME 

protocol has been used for these conversions. 
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Chapter 5: Experimental Results 

 

Transesterification process in a batch reactor using sodium hydroxide as a catalyst was used 

to produce the methyl ester that were studied in this project. Pure corn oil of food grade was  

converted to BD using transesterification process, hence, results were compared to a non-

edible newly discovered karaya oil. Below are subsections to describe the content and 

condition of each experiment. Results are presented in the form of peaks that demonstrates 

the formation of BD. Results presented below for final conversions rate, detailed calculation 

can be seen in Appendix B 

 

5.1. Corn Oil – Built Reactor 

 

Experiment 1: T = 100°C, ambient pressure, Oil = 800 ml, Methanol = 300 ml, NaOH = 7 g. 

sampling started after 15 minutes of adding methanol. Figure 17 shows samples collected. 

 

Figure 17: Experiment 1 Samples 

 

1 7 9 
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Table 7 represent the samples collected and calculated conversion rate from GC plots in 

figure 18.  

Sample 

Number 

Sampling 

Time 

(minutes) 

Reaction 

Time 

(minutes) 

Vapor 

Pressure 

(Bar) 

Conversion 

(%) 

1 2 17 0.4 55.98 

2 4 19 0.6 - 

3 6 21 0.7 - 

4 8 23 1.0 - 

5 10 25 1.1 - 

6 12 27 1.1 - 

7 14 29 1.1 68.03 

8 19 34 1.3 - 

9 24 39 1.3 89.08 

Table 7: Reaction of Corn Oil with Methoxide - Experiment 1 

 

 

 

 

Figure 18: Chromatograms for FAME Yield at Different Conversions Stages - Exp 1 
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Table 8 identifies the composition of the FAME and their common names; the composition 

varies according to the process conditions but with nearly the same ratio. 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.496 C16:0 16.30 Palmitic Acid ME C17H34O2 

2 18.769 C16:1 0.243 Palmitoleatic Acid ME C17H32O2 

3 19.592 C17:0 0.165 Heptadecanoic Acid ME C18H36O2 

4 21.287 C18:1 31.03 Oleic Acid ME C19H36O2 

5 21.923 C18:2 40.97 Linoleic Acid ME C19H34O2 

6 26.354 C22:0 0.369 Behenic Acid C23H46O2 

Total 89.08  

Table 8: Composition of FAME for Different Conversions - Experiment 1 

 

Experiment 2: T = 120°C, ambient pressure, Oil = 400 ml, Methanol = 150 ml, NaOH = 3.5 

g. sampling started after 15 minutes of adding methanol. Figure 19 shows samples collected. 

 

Figure 19: Experiment 2 Samples 
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Table 9 represent the samples collected and calculated conversion rate from GC plots in 

figure 20. 

Sample 

Number 

Sampling 

Time 

(minutes) 

Reaction 

Time 

(minutes) 

Vapor 

Pressure 

(Bar) 

Conversion 

(%) 

10 2 17 1.2 65.71 

11 4 19 1.3 - 

12 6 21 1.4 - 

13 8 23 1.6 - 

14 10 25 1.7 - 

15 12 27 1.8 83.99 

16 14 29 1.5 - 

17 19 34 1.7 - 

18 24 39 2.0 92.09 

Table 9: Reaction of Corn Oil with Methoxide - Experiment 2 

 

 

 

 

Figure 20: Chromatograms for FAME Yield at Different Conversions Stages – Exp 2 
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Table 10 identifies the composition of the FAME and their common names; the composition 

varies according to the process conditions but with nearly the same ratio. 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 16.234 C14:0 0.076 Myristatic Acid ME C15H30O2 

2 18.502 C16:0 16.56 Palmitic Acid ME C17H34O2 

3 18.772 C16:1 0.507 Palmitoleatic ME C17H32O2 

4 19.602 C17:0 0.177 Heptadecenoic Acid ME C18H36O2 

5 21.301 C18:1 31.08 Oleic Acid ME C19H36O2 

6 21.921 C18:2 40.13 Linoleic Acid ME C19H34O2 

7 22.662 C18:3 1.930 Linolenic Acid ME C19H32O2 

8 23.423 C16:0 1.039 Palmitic Acid ME C17H34O2 

9 23.737 C20:1 0.826 Gondoic Acid ME C21H40O2 

10 26.359 C22:0 0.385 Behenic Acid ME C23H46O2 

11 30.686 C24:0 0.503 Lignoceric Acid ME C25H50O2 

Total 92.09  

Table 10: Composition of FAME for Different Conversions - Experiment 2 

 

Experiment 3: T = 140°C, ambient pressure, Oil = 400 ml, Methanol = 150 ml, NaOH = 3.5 

g. sampling started after 15 minutes of adding methanol. Figure 21 shows samples collected. 

 

Figure 21: Experiment 3 Samples 

19 24 27 
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Table 11 shows the samples collected and calculated conversion rate from GC plots in figure 

22.  

Sample 

Number 

Sampling 

Time 

(minutes) 

Reaction 

Time 

(minutes) 

Vapor 

Pressure 

(Bar) 

Conversion 

(%) 

19 2 17 1.7 54.39 

20 4 19 1.5 - 

21 6 21 1.5 - 

22 8 23 1.5 - 

23 10 25 1.4 - 

24 12 27 1.4 89.78 

25 14 29 1.4 - 

26 19 34 1.4 - 

27 24 39 1.3 93.08 

Table 11: Reaction of Corn Oil with Methoxide - Experiment 3 

 

 

 

Figure 22: Chromatograms for FAME Yield at Different Conversions Stages - Exp 3 
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Table 12 identifies the composition of the FAME and their common names; the composition 

varies according to the process conditions but with nearly the same ratio. 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.508 C16:0 16.46 Palmitic Acid ME C17H34O2 

2 18.775 C16:1 0.375 Methyl Palmitoleate Acid ME C17H32O2 

3 19.610 C17:0 0.182 Heptadecanoic Acid C18H36O2 

4 21.291 C18:1 31.36 Oleic Acid ME C19H36O2 

5 21.923 C18:2 39.87 Linoleic Acid ME C19H34O2 

6 22.669 C18:3 2.202 Linolenic Acid ME C19H32O2 

7 23.428 C16:0 1.047 Palmitic Acid ME C17H34O2 

8 23.742 C20:1 0.865 Gondoic Acid ME C21H40O2 

9 26.364 C22:0 0.394 Behenic Acid ME C23H46O2 

10 30.696 C24:0  0.509 Lignoceric Acid ME C25H50O2 

Total 93.08  

Table 12: Composition of FAME for Different Conversions - Experiment 3 

 

Experiment 4: T = 100°C, P = 5 bar, Oil = 800 ml, Methanol = 300 ml, NaOH = 7 g. 

sampling started after 5 minutes of adding methanol. Figure 23 shows samples collected. 

 

Figure 23: Experiment 4 Samples 
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Table 13 shows the samples collected and calculated conversion rate from GC plots in figure 

24. 

Sample 

Number 

Sampling 

Time 

(minutes) 

Reaction 

Time 

(minutes) 

Vapor 

Pressure 

(Bar) 

Conversion 

(%) 

28 1 6 4.8 65.13 

29 2 7 5.0 - 

30 3 8 4.8 - 

31 4 9 4.7 - 

32 5 10 4.6 - 

33 6 11 4.5 73.27 

34 7 12 4.4 - 

35 10 15 4.3 - 

36 13 18 4.6 92.69 

Table 13: Reaction of Corn Oil with Methoxide - Experiment 4 

 

 

 

 

Figure 24: Chromatograms for FAME Yield at Different Conversions Stages - Exp 4 
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Table 14 identifies the composition of the FAME and their common names; the composition 

varies according to the process conditions but with nearly the same ratio.  

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.505 C16:0 16.43 Palmitic Acid ME C17H34O2 

2 18.774 C16:1 0.412 Methyl Palmitoleate Acid ME C17H32O2 

3 19.611 C14:0 0.176 Myristatic Acid ME C16H32O2 

4 21.306 C18:1 31.06 Oleic Acid ME C19H36O2 

5 21.922 C18:2 40.02 Linoleic Acid ME C19H34O2 

6 22.664 C18:3 1.949 Linolenic Acid ME C19H32O2 

7 23.427 C16:0 0.991 Palmitic Acid ME C19H36O2 

8 23.741 C20:1 0.812 Gondoic Acid ME C21H40O2 

9 26.365 C14:0 0.359 Myristatic Acid ME C16H32O2 

10 30.699 C14:0 0.465 Myristatic Acid ME C16H32O2 

Total 92.69  

Table 14: Composition of FAME for Different Conversions - Experiment 4 

 

Experiment 5: T = 120°C, P = 5 bar, Oil = 400 ml, Methanol = 150 ml, NaOH = 3.5 g. 

sampling started after 5 minutes of adding methanol. Figure 25 shows samples collected. 

 

Figure 25: Experiment 5 Samples 
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Table 15 shows the samples collected and calculated conversion rate from GC plots in figure 

26. 

Sample 

Number 

Sampling 

Time 

(minutes) 

Reaction 

Time 

(minutes) 

Vapor 

Pressure 

(Bar) 

Conversion 

(%) 

37 1 6 5.1 77.50 

38 2 7 5.2 - 

39 3 8 5.2 - 

40 4 9 5.3 - 

41 5 10 5.2 - 

42 6 11 5.0 - 

43 7 12 5.1 80.13 

44 10 15 5.2 - 

45 13 18 5.0 93.69 

Table 15: Reaction of Corn Oil with Methoxide - Experiment 5 

 

 

 

Figure 26: Chromatograms for FAME Yield at Different Conversions Stages - Exp 5 
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Table 16 identifies the composition of the FAME and their common names; the composition 

varies according to the process conditions but with nearly the same ratio. 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.510 C16:0 16.52 Palmitic Acid ME C17H34O2 

2 18.710 C16:1 0.212 Methyl Palmitoleate Acid ME C17H32O2 

3 18.777 C16:1 0.426 Methyl Palmitoleate Acid ME C17H32O2 

4 19.618 C17:0 0.183 Heptadecanoic Acid ME C18H36O2 

5 21.305 C18:1 31.51 Oleic Acid ME C19H36O2 

6 21.922 C18:2 39.96 Linoleic Acid ME C19H34O2 

7 22.670 C18:3 2.008 Linolenic Acid ME C19H32O2 

8 22.813 C18:3 0.097 Linolenic Acid ME C19H32O2 

9 23.432 C16:0 1.039 Palmitic Acid ME C17H34O2 

10 23.746 C20:1 0.863 Gondoic Acid ME C21H40O2 

11 26.370 C22:0 0.385 Behenic Acid ME C23H46O2 

12 30.708 C24:0 0.496 Lignoceric Acid ME C25H50O2 

Total 89.73  

Table 16: Composition of FAME for Different Conversions - Experiment 5 

 

Experiment 6: T = 140°C, P = 5 bar, Oil = 800 ml, Methanol = 300 ml, NaOH = 7 g. 

sampling started after 5 minutes of adding methanol. Figure 27 shows samples collected. 

 

Figure 27: Experiment 6 Samples 
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Table 17 shows the samples collected and calculated conversion rate from GC plots in figure 

28. 

Sample 

Number 

Sampling 

Time 

(minutes) 

Reaction 

Time 

(minutes) 

Vapor 

Pressure 

(Bar) 

Conversion 

(%) 

46 1 6 5.0 83.13 

47 2 7 5.1 - 

48 3 8 5.5 - 

49 4 9 5.3 - 

50 5 10 5.2 - 

51 6 11 5.4 - 

52 7 12 5.4 82.96 

53 10 15 5.3 - 

54 13 18 5.3 97.55 

Table 17: Reaction of Corn Oil with Methoxide - Experiment 6 

 

 

 

 

Figure 28: Chromatograms for FAME Yield at Different Conversions Stages - Exp 6 
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Table 18 identifies the composition of the FAME and their common names; the composition 

varies according to the process conditions but with nearly the same ratio. 

Peak # Retention 

Time (min 

FAME GC % 

Yield 

Common Name Formula 

1 18.514 C16:0 16.29 Palmitic Acid ME C17H34O2 

2 18.712 C16:1 0.190 Methyl Palmitoleate Acid ME C17H32O2 

3 18.778 C16:1 0.422 Methyl Palmitoleate Acid ME C17H32O2 

4 19.621 C17:0 0.187 Heptadecanoic Acid ME C18H36O2 

5 21.016 C18:0 4.347 Stearic Acid ME C19H38O2 

6 21.318 C18:1 31.42 Oleic Acid ME C19H36O2 

7 21.921 C18:2 39.75 Linoleic Acid ME C19H34O2 

8 22.674 C18:3 2.049 Linolenic Acid ME C19H32O2 

9 22.817 C18:3 0.111 Linolenic Acid ME C19H32O2 

10 23.436 C16:0 1.048 Palmitic Acid ME C17H34O2 

11 23.748 C20:1 0.861 Gondoic Acid Me C21H40O2 

12 26.374 C22:0 0.376 BehenicAcid ME C23H46O2 

13 30.715 C24:0 0.499 Lignoceric Acid ME C25H50O2 

Total 97.55  

Table 18: Composition of FAME for Different Conversions - Experiment 6 

 

At the end of each experiment, the remaining products was collected and tested. As the figure 

29 shows that the remaining product have a possibility of producing a BD purer than the 

samples. Therefore, it was analyzed. 

 

Figure 29: Remaining Products of Individual Experiment 

Exp 1 Exp 2 Exp 3 Exp 4 Exp 5 Exp 6 
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The effect of temperature on the transesterification reaction calculated to be as can be seen in 

figure 30. Three different temperatures show approximately ~2.17% of increase in between. 

Whereas in the case of applying pressure to the reaction, a temperature difference of ~2.51% 

can be seen.  

 

Figure 30: ME Conversion as Temperature Vary 

 

Figure 31 shows the conversion rate of methyl esters as a function of time as temperature 

varies and 5 bar pressure is applied to the reaction.  

 

Figure 31: ME Conversion as Temperature Vary and P = 5 bar. 
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Figure 32 shows the dependence of pressure on the conversion rate of methyl esters at 

temperature 100°C as a function of time.  

 

Figure 32: Dependence of Pressure on ME Conversions at T = 100°C 

 

Figure 33 shows the dependence of pressure on the conversion rate of methyl esters at 

temperature 120°C as a function of time.  

 

Figure 33: Dependence of Pressure on ME Conversions at T = 120°C 
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Figure 34 shows the dependence of pressure on the conversion rate of methyl esters at 

temperature 140°C as a function of time.  

 

Figure 34: Dependence of Pressure on ME Conversion at T = 140°C 

 

5.2. Corn Oil – Glass Reactor 

 

The TG are reacted to become DG and again reacted to become MG, and then glycerol. One 

FAME is produced at each step of conversions. In case of reaction incompleteness, a 

molecule of TG, DG and MG will be left in the product. Each unreacted component will still 

contain glycerol that has not been withdrawn, this bounded glycerol highly affects the quality 

of the BD. Therefore, corn oil has been converted to BD using glass batch reactor to test the 

changes in the quality of BD from the glass reactor in compare to the built reactor. As well as 

using this information to compare the quality of karaya oil and corn oil. Results of corn oil 

conversion to methyl esters tabulated in table 19 and the chromatogram of the corresponding 

data shown in figure 35. 
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Experimental Conditions: T = 100°C, ambient pressure, Oil = 800 ml, Methanol = 300 ml, 

NaOH = 7 g. sampling started after 15 minutes of adding methanol. Table 19 tabulate the 

composition of the sample.  

Peak # 
Retention 

Time (min) 
FAME 

GC % 

Yield 
Common Name Formula 

1 17.433 C16:0 6.036 Palmitic acid Me C17H34O2 

2 20.742 C18:1 4.545 Oleic Acid ME C19H36O2 

3 21.254 C18:1 9.337 Oleic Acid ME C19H36O2 

4 22.127 C18:2 76.21 Linoleic Acid ME C19H34O2 

5 22.645 C18:3 0.233 Linolenic Acid ME C19H32O2 

6 23.223 C13:0 0.094 Tridecanoic Acid ME C14H28O2 

Total 96.45  

Table 19: Composition of FAME for Different Conversions – Corn Oil, Glass Reactor 

 

Table 19 represent the samples collected and calculated conversion rate from GC plots in 

figure 35. 

 

Figure 35: Chromatograms for FAME Yield at Different Conversions Stages–Corn Oil 
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5.3. Karaya Oil – Glass Reactor 

 

The purpose of this project is to investigate the production of BD using edible VO corn. 

However, usage of edible oil to produce BD statistically showed a huge imbalance to the food 

supply and demand market when applied to a large-scale production. Therefore, considering a 

non-edible vegetable such as karaya might be tick box to such a negative impact of BD 

production from edible oils. Karaya oil has been investigated as can be seen below: 

Experimental Conditions: T = 100°C, ambient pressure, Oil = 800 ml, Methanol = 300 ml, 

NaOH = 7 g. sampling started after 15 minutes of adding methanol. Table 20 tabulate the 

composition of the sample and figure 36 represent the corresponding peaks.  

Peak # 
Retention 

Time (min) 
FAME 

GC % 

Yield 
Common Name Formula 

1 18.439 C16:0 27.00 Palmitic Acid ME C17H34O2 

2 18.761 C16:1 0.749 Palmitoleatic Acid ME C17H32O2 

3 19.873 C17:1 1.112 10-heptadecanoic Acid ME C18H34O2 

4 20.838 C18:0 7.677 Stearic Acid ME C19H38O2 

5 21.153 C18:1 37.34 Oleic Acid ME C19H36O2 

6 21.763 C18:2 22.27 Linoleic Acid ME C19H34O2 

7 23.408 C30:0 0.924 Melissatic Acid ME C31H62O2 

8 26.364 C22:0 1.115 Behenic Acid ME C23H46O2 

Total 98.19  

Table 20: Composition of FAME for Different Conversions – Karaya Oil, Glass Reactor 

 

Figure 36: Chromatograms for FAME Yield at Different Conversions Stages – Karaya Oil 2 

Two different oils were tested under the same conditions to see which one leads to higher 

conversion of pure oil to methyl esters. Figure 37 shows a comparison between the 

                                                 
2 Karaya oil experiment using a glass reactor has been carried by Aiman Galandar, Africa City University, 

Sudan. 2017 
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conversion rate in compare of karaya oil and corn oil under the same conditions with corn oil 

converted using the built reactor explained in Chapter 5. 

 

Figure 37: Karaya Oil vs Corn Oil Conversion in Glass Reactor 

 

5.4. Engine Performance Tests 

The produced BD of corn oil was evaluated as a fuel in Ignition Quality Test (IQT). IQT is an 

advanced engine testing technology, it works by calculating the ignition delay time, the time 

between the start of injection and the start of combustion. The shorter the ignition delay, the 

higher quality the fuel. Long ignition time fuels explain the low quality of the fuel, which 

means that the ignition quality is a demanding property of the fuel. Some factors might 

strongly affect the usability of the fuel, such as temperature and pressure of the environment 

into which the fuel is injected. Thus, IQT test the fuel under controlled conditions. IQT will 

determine the following quantification of ignition quality: 
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1)  Cetane number, which uses a standard single cylinder variable compression ratio 

diesel engine. Cetane number is the most crucial globally accepted ignition quality 

testing. 

2) Cetane index, is a derived value that provide a measure of fuel ignition quality 

without the need to run cetane number test. 

3) Inside the constant volume combustion chamber, an ignition delay time can be 

measured and hence cetane number obtained accordingly as what shown in figure 38. 

 

 

 

Figure 38: Ignition Quality Test 

8 samples have been tested using IQT, plots that shows ignition delays have been sketched 

using Matlab and its corresponding values in table 21, while table 22 shows results from IQT 

software itself. Both results have been taken in consideration for accuracy purposes.  n-

heptane was studied first because it is a common diesel fuel surrogate, as well as a calibration 

fuel for the IQT. 
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Fuel 
Derived Cetane 

Number (DCN) 

Standard 

Deviation of 

DCN 

Ignition Delay 

Time (ms) 

Standard 

Deviation 

Ignition Delay 

Heptane 57.87 0.73 3.494 0.047 

Exp 1 52.53 0.91 3.883 0.074 

Exp 2 50.73 0.89 4.034 0.077 

Exp 3 54.43 1.67 3.738 0.119 

Exp 4 48.42 1.47 4.249 0.136 

Exp 5 57.11 2.17 3.549 0.143 

Exp 6 55.78 1.19 3.638 0.085 

Karaya Oil 135.79 7.62 2.017 0.046 

Table 21: IQT Results Generated from Matlab 

Fuel 

Derived 

Cetane 

Number 

(DCN) 

Standard 

Deviation of 

DCN 

Ignition 

Delay Time 

(ms) 

Standard 

Deviation 

Ignition 

Delay 

Test 

Temperature 

(°C) 

Heptane 53.87 0.65 3.777 0.049 566.4 

Exp 1 50.05 1 4.093 0.089 569.4 

Exp 2 48.51 1.02 4.236 0.097 570.1 

Exp 3 51.82 1.29 3.94 0.105 570.2 

Exp 4 46.9 2.1 4.397 0.207 570.1 

Exp 5 54.28 1.64 3.746 0.121 570.3 

Exp 6 53.33 1.34 3.818 0.105 569.9 

Karaya Oil 97.27 3.78 2.358 0.051 569.7 

Table 22: IQT Results Generated from IQT Software 

It seems that results are different when compare IQT software results with Matlab results. To 

demystify the confusion in the results, a comparison of the cetane number of heptane from 

literature can be done: Murphy et al. 2004, 54.4; Knothe 2008, 53.8; Lilik et al. 2013, 53. In 

comparison to literature it can be obviously seen that the results matching to the one from 

IQT Software, therefore, it’s showed to be more accurate. 

 

 



77 

 

Below figure 39 to 46 shows the ignition delay time and the combustion pressure within the 

chamber. 

 

 

Figure 39: Ignition Delay Time and Pressure within the Combustion Chamber – Exp 1 
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Figure 40: Ignition Delay Time and Pressure within the Combustion Chamber – Exp 2 
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Figure 41: Ignition Delay Time and Pressure within the Combustion Chamber – Exp 3 
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Figure 42: Ignition Delay Time and Pressure within the Combustion Chamber – Exp 4 
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Figure 43: Ignition Delay Time and Pressure within the Combustion Chamber – Exp 5 
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Figure 44: Ignition Delay Time and Pressure within the Combustion Chamber – Exp 6 
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Figure 45: Ignition Delay Time and Pressure within the Combustion Chamber–Karaya Oil 
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Difference in IQT between karaya oil and corn oil BDs can be seen in figure 46. 

 

 
Figure 46: Difference in IQT between Karaya and Corn Oil Biodiesel 

 

Viscosity, density, flash point: Physical properties of pure corn oil, diesel, 6 experiments 

and karaya oil BD. 

Fuel 

Dynamic 

Viscosity 

(mPas) 

Kinematic 

Viscosity 

(m2/s) 

Density 

(g/cm3) 

Flash Point 

(°C) 

Diesel 3.0 3.509 0.8550 76.00 

Pure Corn Oil 59 64.764 0.9110 335.0 

Exp 1 9.1 10.537 0.8636 172.2 

Exp 2 8.9 10.339 0.8608 172.0 

Exp 3 8.7 10.082 0.8629 170.7 

Exp 4 8.9 10.287 0.8652 169.2 

Exp 5 9.4 10.899 0.8625 164.4 

Exp 6 7.8 9.038 0.8630 164.2 

Karaya Oil ME 10 11.403 0.8770 158.2 

Table 23: Viscosity of Individual Biodiesel Sample 
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Calorimeter: 

A Parr 6400 bomb calorimeter was used to measure the heat of combustion of six BD 

samples made of corn oil and one BD sample made of karaya oil. The sample produced a 

value presented in table 24. All data are exposed to ± 0.2 MJ/kg of error.  

Sample Type 
Weight 

(g) 

Heat of Combustion  

(Btu/lb) (MJ/kg) 

Diesel 0.6440 19.64 45.69 

Pure Corn Oil 0.5923 16.80 39.09 

Exp 1 0.6948 16.07 37.38 

Exp 2 0.7204 15.90 36.99 

Exp 3 0.5920 16.21 37.72 

Exp 4 0.6466 16.07 37.38 

Exp 5 0.5786 16.51 38.41 

Exp 6 0.6425 16.66 38.76 

Karaya Oil ME 0.6264 16.76 38.99 

Table 24: Heat of Combustion 

 

The calculation for the heat of combustion is done by: 

𝐻𝑐 =
𝑊 × 𝑇 − 𝑒1 − 𝑒2 − 𝑒3

𝑚
 

Equation 7: Heat of Combustion 

 

Where Hc – heat of combustion, T – observed temperature rise, W – energy equivalent of the 

calorimeter being used, e1 – heat produced by burning the nitrogen portion of the air trapped 

in the bomb to form nitric acid, e2 – the heat produced by the formation of sulfuric acid from 

the reaction of sulfur oxide, water and oxygen, e3 – heat produced by the heating wire and 

cotton thread and m – mass of the sample. 
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Chapter 6: Discussion 

 

1) Kinetics: Effect of temperature on the concentration and conversion of biodiesel 

samples 

Figure 9 shows the influence of temperature on the formation of BD with respect to time. The 

profile shows an increase in the molar fraction of ME with time and decrease of TG, DG and 

MG molar fraction with time. The maximum conversion of BD was shown to be produced at 

the highest temperature and took lesser time than lower ones. At 100°C, it took 1600 second 

to produce 0.4 of methyl esters. While it took around 600 s to produce same amount of BD 

under 140°C. 37.5% difference rate between the two temperatures at reduced time interval. 

However, it was observed from manipulating in the kinetics script that with the increase of 

time the yield is reduced below that of lower temperatures. This might be because 

conditioning the reaction at high temperature would results into lower maximal methyl ester 

formation due to reversibility of the chemical reaction, which shows an agreement with 

literature (Rhoda et al., 2013). These shows that conversion rate is highly sensitive to 

temperature and time of reaction.  

Regarding the change in constant rate of the conversion of TG to DG according to equation 1, 

the increase of temperature leads to increase of ki value. Same trend can be seen in the 

conversion of DG to MG. table 24 numerically explains the increase of rate constant as 

temperature increases. 

Temperature (°C) k1 (kg/mol/s) k2 (kg/mol/s) k3 (kg/mol/s) 

100 8.2115 × 10-11 7.4975 × 10-11 7.8545 × 10-11 

120 4.5252 × 10-9 4.1317 × 10-9 4.3285 × 10-9 

140 7.9317 × 10-8 7.2420 × 10-8 7.5869 × 10-8 

Table 25: Rate Constant with Relation of Temperature 
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Values of k2 are slightly lower than k1 and k3, which means that conversion rate of DG is 

lower than other conversions rates. 

 

2) Experimental: Effect of pressure/vapor pressure and temperature on the yield 

percentage 

Headspace GC-MS-FID was used to analyze to obtain the BD methyl esters groups at the 

produced BD using batch reactor to determine the optimum conditions for that particular 

reactor. Experiment 1 carried under 100°C and ambient pressure, it showed an increase in the 

conversion rate from 55.98% to 89.08% for residence time increase from 2 minutes to 24 

minutes at constant temperature. Whereas, an increase up to 92.09% and 93.08% can be seen 

in the same time interval at 120°C and 140°C, respectively. For experiment that took place 

under 5 bar of pressure, at 100°C, the conversion percent will be 65.13% and increases up to 

92.69% 13 minutes.  In compare to ambient pressure, the yield percentage will increase in a 

difference rate of 3.89% at half of the time interval. This proves the theory that the increase 

of pressure in liquids may result an increase in kinetic energy of molecules to overcome the 

intermolecular force of attraction between molecules in the mixture, causing faster reaction. 

Residence time of the reaction influence BD production incredibly, it is assumed that if each 

experiment performed in longer residence time, it might produce higher percentage of methyl 

esters. 

Logically, the longer residence time means lower flow rate of reactants, which causes 

reactants to be applied to heat and pressure for longer time inside the reactor. That results 

more BD decomposition. Manipulating with the factors of temperature and residence time in 

measured range, is a decent way of lowering the glycerol content in the product, and 

proportionally more BD. One possible reason that makes pressure and residence time to be 
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some good factors of higher yield is because it avoids evaporation of methanol with time by 

maintaining the methanol in the interface between the two liquids. 

Comparing karaya oil with corn, it seems to produce similar yield percentage when produced 

under the same conditions. A percentage difference of ~1.8% which is negligible. However, 

karaya oil seems to produce highest FAME number up to C30:0 that has a carbon number of 

31. For combustion applications, the higher the carbon number, the higher the cetane number. 

The higher the cetane number, the higher fuel quality. 

According to GC, there were 11 main characteristic peaks of FAME appearing by the 

retention time. However, conferring to the peak sequence of FAME, it is clear that the major 

conversion rate is mainly consisting of palmitic acid (16:0), stearic acid (C18:0), oleic acid 

(C18:1), linoleic acid (C18:2). Peaks are used to show the amount of change in a sample and 

peaks area is proportional to the amount of each fatty acid. Thus, the weight percentage of 

each FA was calculated according to their peaks area for selected samples at fixed time 

intervals. 

 

3) IQT: Engine performance test 

The cetane number is a decent way of measuring the quality of the fuel, as it is related to the 

ignition delay time inside a combustion chamber. In this work, 6 corn oil based BD samples 

have been tested using IQT, and it was observed that the cetane number ranged between 48 to 

58 (DCN) with an ignition delay time between 3.5 to 4.2 milli seconds. However, karaya oil 

showed a huge jump of cetane value and ignition delay. It managed to produce up to around 

97 of cetane number that consumed only 2.4 milli seconds to get ignited. This reaches to an 

observation that the variation in temperature and pressure while performing 

transesterification process might not make a huge effect when it comes to using the BD in a 
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real engine. That is because the cetane number was almost similar for all corn oil experiments 

discarding their different experimental conditions. In contrast, karaya oil has been performed 

under basic set up of apparatus and subcritical conditions. Although, it showed a high-quality 

BD. This maybe because of the saturation in the fatty chains in karaya oil over corn oil. 

 

4) Biodiesel as fuel 

Some fuel properties like density, kinematic viscosity, flash point, cloud point and pour point 

were estimated using standard techniques specified by ASTM and these properties were 

compared with diesel fuel and standard values for BD, for both corn oil methyl ester and 

karaya oil methyl esters. These values are in the close range and favor the BD produce from 

non-edible oil (karaya oil) to use as a fuel. 

Properties 

ASTM Standard 

(Sivaramakrishnan, 

2011) 

Diesel Biodiesel 

Biodiesel (ME) 

Corn 

Oil 
Karaya Oil 

Derived Cetane 

Number (DCN) 
ASTM D6890 40-44 46-52 47-53 97.27 

Density (g/m3) ASTM D941 0.843 0.875 0.864 0.877 

Viscosity (mPa) ASTM D445 2.53 3.46 8.8 10 

Kinematic Viscosity 

(10-6m2/s) 
ASTM D445 3.00 3.95 7.60 8.77 

Flash Point (°C) ASTM D93 76 100 170.7 158.2 

Heat of Combustion 

(MJ/kg) 
ASTM D2015 45.36 41.17 37.77 38.84 

Table 26: Fuel Properties 
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Chapter 7: Conclusions and Future Recommendations 

 

Transesterification of corn oil with methanol has been carried out under temperature variation 

of 100-140°C in the presence of a catalyst under ambient pressure and 5 bar. Six experiments 

have been carried out for 100°C, 120°C and 140°C. Three experiments has been carried out 

under ambient pressure and the three under 5 bar of pressure. All samples have been purified 

using a centrifuge and then analyzed in GC and IQT. The evolution of the concentration of 

each stepwise in the ester phase can be well followed by a kinetic model derived from the 

proposed consecutive reaction mechanism. According to the kinetic model, TG and DG 

showed higher reduction rate than MG.  

 

Temperature was found to have huge effect on the yield. At T = 100°C the BD yield was 68% 

in 13 minutes, while T = 140°C the BD yield was 97% BD in the same time interval. Fuel 

quality tests showed some similarities and differences between vegetable based BD and PD. 

However, considering the usage for far future, it might make a huge difference in the 

environment. 

 

IQT was used determining the IDT and thus CN inside a combustion chamber. In case of 

corn oil BD, the IDT = 3.5 mS, leading to CN = 58. Whereas karaya oil BD showed IDT = 

2.4 mS, leading to CN = 97. The produced methyl esters were also characterized by 

measurements of viscosity (υ), density (ρ), flash point (FP) and heat of combustion (HC). The 

following properties observed: 

For corn biodiesel, υ = 8.8 mPa-s, ρ = 0.863 g/cm3, FP = 168.8 °C, and HC = 38 MJ/kg. 

For karaya biodiesel, υ = 10 mPa-s, ρ = 0.877 g/cm3, FP = 158.2 °C, and HC = 39 MJ/kg. 
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As a future work, BD production from this project can be pursued in the following divisions: 

1) Pretreatment of karaya oil 

For a future corresponds to this particular work is pretreat the oil used to be converted. The 

importance of pretreatment is to reduce the percentage of free fatty acids that contained in the 

oil, as well as it removes the water. Under incautious measurement of ratios would end up 

having issues such as contamination and saponification. As a result, lines blockages and 

impede optimal reactions and apparatus downtime. Pretreatment process commence with the 

removal of water. Free fatty acids exist in a too high level in oils that are decent to be used 

for BD production applications, such as corn and karaya oil. As a future recommendation 

regarding this matter, acidic esterification can occur when mixing methanol with sulfuric acid 

and oil. The FFA will ends up producing methyl esters.  This method will increase the yield 

and complete prevention of soap formation.  

 

2) Using spiral heat exchanger/reactor for continuous process 

Heat recirculating combustors has been minorly investigated in lab-scale. Exploration of 

spiral heat exchangers would be a break-through combustion applications, as it significant 

powerful tool for the production of BD in continuous processes. Comparing linear reactor 

with spiral from the thermal perspective, spirals have significantly less heat loss than linear, 

as a result, much efficient BD can be produced. A model has already been sketched to study 

the behavior of this system as can be seen in figure 46. The effects of the number of turns 

contributes highly with the area that exposed to heat loss to atmosphere, and determine effect 

of increasing heat transfer to adjacent outlet turns. 
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Figure 47: Under Progress Spiral Hear Exchanger 

Parameters such as number of turns, height of the spiral, wall thermal conductivity, 

turbulence and catalysis can be experimentally examined under such conditions. 

 

3) Supercritical of karaya oil 

Taking the system under supercritical conditions will allow the fluid to diffuse massively, and 

it thus allow reactant particles to intensively interact. Supercritical conditions are simply 

taking the fluid higher than its corresponding critical temperature and pressure.  Viscosity 

will change under supercritical as it will be give it more fluidity. Methanol will act as 

superheated steam under high pressure, and the higher the steam pressure lesser the volume, 

which would save equipment life. 

 

4) GC further analysis using an internal standard that meets the global standards 

An internal standard are substances can be added to the sample for the purpose of calibration 

by plotting the ratio of the product signal to the internal standard signal as a function of the 
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product concentration of the standards. In the case of BD, butanetriol and tricaprin can be 

used as internal standards. The GC determine simultaneously the concentration of 

triglycerides, diglyceride, monoglycerides, glycerol and esters. It works by comparing the 

retention time of the peaks of sample to those of internal standard. This method will easily 

allow an accurate calculation of mass percentages of the reaction stepwise in each individual 

sample. 

 

 

 

5) Engine performance test 

It would make a huge difference if the quality of the methyl ester produces tested under 

compression ignition engines (CIE). The quality of the BD can be determined technically by 

checking the performance of power, brake power, fuel consumption and carbon deposits. 
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APPENDICES 

 

Appendix A Matlab script3 

 

Chapter 3 (kinetics) has been calculated using the script below: 

%% This code is to calculate the Kinetics of mixing oil with methanol under 

certain temperature and pressure. 
% It uses kinetics to predict the concentrations of triglycerides, 
% digelcyrdies and monoglycerides. 

  
clc 
clear all 
close all 

  
% REACTION STEPS 
% (1) TG + MeOK --((K1))--> DG + ME 
% (2) DG + MeOK --((K2))--> MG + ME 
% (3) MG + MeOK --((K3))--> G + ME 

  
% molar ratio MeOWSBO = 6/1 
MolW_oil = 875; %g/mol 
MolW_meth = 32.0; %g/mol 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%          ACTIVATION ENERGIES              % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
R = 8.314/1000; % kJ/(mol.K) 

  
aa  = 20; 
Ea1 = aa; %kJ/(mol) 
Ea2 = aa; %kJ/(mol) 
Ea3 = aa; %kJ/(mol) 

  
bb = 2.2; 
A1 = bb; 
A2 = bb; 
A3 = bb; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%           REACTION CONSTANTS K            % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
K1 =@(TT) A1*exp(-Ea1/(R*TT)); % sec^(-1) 
K2 =@(TT) A2*exp(-Ea2/(R*TT)); % sec^(-1) 
K3 =@(TT) A3*exp(-Ea3/(R*TT)); % sec^(-1) 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

                                                 
3 Matlab codes scripted by Mayadah Alhashem, Master Mechanical Engineering, King Abdullah of Science and 

Technology, Saudi Arabia. 2017 
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%              REACTION RATES               % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
R_TG =@(T,Xtg,Xdg,Xmg) ... 
    - K1(T) * Xtg; 

  
R_DG =@(T,Xtg,Xdg,Xmg) ... 
    K1(T) * Xtg - K2(T) * Xdg; 

  
R_MG =@(T,Xtg,Xdg,Xmg) ... 
    K2(T) * Xdg - K3(T) * Xmg; 

  
R_BD =@(T,Xtg,Xdg,Xmg) ... 
    K1(T) * Xtg + K2(T) * Xdg + K3(T) * Xmg; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
MeOH_TG_Ratio  = 6/1; 
T = 140 + 273.15;               % Kelvin 

  
% Initial Conditions: 
Xtg(1) = 1/(MeOH_TG_Ratio+1);   % Initial Molar Fraction of Triglyceride 
Xdg(1) = 0;                     % Initial Molar Fraction of Diglyceride 
Xmg(1) = 0;                     % Initial Molar Fraction of Monoglyceride 
Xbd(1) = 0;                     % Initial Molar Fraction of Biodiesel 

  
tmax = 2000;                    % seconds 
dt = 1;                         % seconds 
tt = 0:dt:tmax;                 % seconds 

  
ii = length(tt)-2; 
for i = 0:ii 
    Xtg(i+2) = Xtg(i+1) + dt.*R_TG(T,Xtg(i+1),Xdg(i+1),Xmg(i+1)); 
    Xdg(i+2) = Xdg(i+1) + dt.*R_DG(T,Xtg(i+1),Xdg(i+1),Xmg(i+1)); 
    Xmg(i+2) = Xmg(i+1) + dt.*R_MG(T,Xtg(i+1),Xdg(i+1),Xmg(i+1)); 
    Xbd(i+2) = Xbd(i+1) + dt.*R_BD(T,Xtg(i+1),Xdg(i+1),Xmg(i+1)); 
    clc 
end 

  
plot(tt,Xtg,tt,Xdg,tt,Xmg,tt,Xbd) 
legend('X_T_G','X_D_G','X_M_G','X_B_D') 
xlabel('Time (s)') 
ylabel('Molar Fraction') 
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Appendix B GC Details and Configurations  

 

Table demonstrated the configurations has been used to set up the gas chromatography for 

sample analyzation. 

Injector 

Inlet temperature 250°C 

Split flow 100 mL/min 

Split ratio 50 

Column temperature program 

Initial temperature 60°C 

Rate 1 60°C for 2 min 

Rate 2 10°C/min to 200°C 

Rate 3 5°C/min to 240°C 

 Hold 240°C for 7 min 

Detector 

Type 
Mass Spectrometer and 

Flame Ionization 

Interface temperature 250°C 

Column 

Type 
DB-Wax (30 m, 0.25 mm ID, 

0.25 m) 

Flow rate 
Helium at 1 mL/min constant 

flow 

 

From each experiment, 10 samples produced and 3 samples only has been analyzed. 1st 

sample, middle sample and final sample. In chapter 6, only final samples results has been 

displayed. Below the rest of sample specifications out of GC. 
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1. Experiment 1 

a. Sample 1: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.422 C16:0 7.766 Palmitic Acid ME C17H34O2 

2 18.745 C16:0 2.354 Palmitic Acid ME C17H34O2 

3 21.134 C18:1 16.52 Oleic Acid ME C19H36O2 

4 21.766 C18:2 28.58 Linoleic Acid ME C19H34O2 

5 22.609 C18:3 0.548 Linolenic Acid ME C19H34O2 

6 23.408 C14:0 0.222 Myristatic Acid ME C16H32O2 

Total 55.98  

 

b. Sample 7: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.438 C16:0 10.671 Palmitic Acid ME C17H34O2 

2 21.166 C18:1 20.759 Oleic Acid ME C19H36O2 

3 21.812 C18:3 32.294 Linolenic Acid ME C19H34O2 

4 27.776 C14:0 4.3065 Myristatic Acid ME C16H32O2 

Total 68.031  

  

2. Experiment 2 

a. Sample 10: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.443 C16:0 10.721 Palmitic Acid ME C17H34O2 

2 21.174 C18:1 21.281 Oleic Acid ME C19H36O2 

3 21.825 C18:2 32.538 Linoleic Acid ME C19H32O2 

4 22.619 C18:3 0.7657 Linolenic Acid ME C19H32O2 

5 23.415 C14:0 0.4025 Myrisatic Acid ME C16H32O2 

Total 65.7082  
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b. Sample 15: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.499 C16:0 14.7302 Palmitic Acid ME C17H34O2 

2 19.617 C17:0 0.21372 Heptadecanoic Acid ME C18H32O2 

3 21.287 C18:1 28.0362 Oleic Acid ME C19H36O2 

4 21.926 C18:2 37.1385 Linoleic Acid ME C19H34O2 

5 22.658 C18:3 1.60279 Linolenic Acid ME C19H32O2 

6 23.437 C20:1 0.83542 Gondoic Acid ME C21H40O2 

7 23.749 C20:1 0.70576 Gondoic Acid ME C21H40O2 

8 26.39 C22:0 0.30694 Behenic Acid ME C23H46O2 

9 30.747 C24:0 0.42346 Lignoceric Acid ME C25H50O2 

Total 83.993  

 

3. Experiment 3 

a. Sample 19: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.783 C18:2 22.2688 Linoleic Acid ME C17H34O2 

2 21.658 C16:1 0.77857 Methyl Palmitoleate Acid 

ME 

C17H32O2 

3 27.792 C18:1 10.3855 Oleic Acid ME C19H36O2 

4 34.176 C18:2 20.9593 Linoleic Acid ME C19H34O2 

Total 54.392  

 

b. Experiment 24: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.519 C16:0 15.265 Palmitic Acid ME C17H34O2 

2 18.787 C16:1 2.4382 Methyl Palmitoleate Acid ME C17H32O2 

3 19.635 C18:1 0.2048 Oleic Acid ME C19H36O2 

4 21.326 C18:2 29.216 Linoleic Acid ME C19H34O2 

5 22.679 C18:3 1.8265 Linolenic Acid ME C19H32O2 

6 23.449 C16:0 0.9185 Palmitic Acid ME C17H34O2 

7 23.761 C20:1 0.7822 Gondoic Acid ME C21H40O2 

8 26.401 C22:0 0.3511 Behenic Acid ME C23H46O2 
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9 30.763 C24:0 0.4747 Lignoceric Acid ME C25H50O2 

Total 89.781  

 

4. Experiment 4 

a. Sample 28: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.442 C16:0 8.3095 Palmitic Acid ME C17H34O2 

 18.861 C18:2 10.448 Linoleic Acid ME C19H34O2 

2 19.604 C10:0 0.1269 Decanoic Acid ME C11H22O2 

3 21.165 C18:1 17.1254 Oleic Acid ME C19H36O2 

4 21.804 C18:2 28.1820 Linoleic Acid ME C19H34O2 

5 22.623 C18:3 0.62461 Linolenic Acid ME C19H32O2 

6 23.426 C16:0 0.31081 Palmitic Acid ME C17H34O2 

Total 65.128  

 

b. Sample 33: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.445 C16:0 8.0053 Palmitic Acid ME C17H34O2 

2 18.887 C18:2 10.605 Linoleic Acid ME C19H34O2 

3 19.606 C14:0 0.1480 Myristatic Acid ME C16H32O2 

4 21.169 C18:1 16.086 Oleic Acid ME C19H36O2 

5 21.809 C18:2 25.904 Linoleic Acid ME C19H34O2 

6 22.625 C18:3 0.5999 Linolenic Acid ME C19H32O2 

7 34.206 C18:1 11.917 Oleic Acid ME C18H34O2 

Total 73.265  

 

 

 

 

5. Experiment 5 
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a. Sample 37: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.490 C16:0 12.590 Palmitic Acid ME C17H34O2 

2 18.909 C18:2 5.3312 Linoleic Acid ME C19H34O2 

3 19.627 C17:0 0.3679 Heptadecanoic Acid 

ME 

C18H36O2 

4 19.934 C17:1 0.1742 10-Heptadecanoic 

Acid ME 

C16H34O2 

5 21.260 C18:1 23.441 Oleic Acid ME C19H36O2 

6 21.927 C18:2 32.358 Linoleic Acid ME C19H34O2 

7 22.656 C18:3 1.3649 Linolenic Acid ME C19H32O2 

8 22.810 C22:0 0.0606 Behenic Acid ME C23H46O2 

9 23.447 C16:0 0.6601 Palmitic Acid ME C17H34O2 

10 23.757 C21:1 0.5534 Gondoic Acid ME C21H40O2 

11 26.415 C22:0 0.3014 Behenic Acid ME C23H46O2 

12 30.798 C24:0 0.3009 Lignoceric Acid 

ME 

C25H50O2 

Total 77.503  

 

b. Sample 43: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.530 C16:0 13.9777 Palmitic Acid ME C17H34O2 

2 19.648 C17:0 0.19925 Heptadecanoic Acid 

ME 

C18H36O2 

3 21.340 C18:1 27.2598 Oleic Acid ME C19H36O2 

4 21.940 C18:2 34.4039 Linoleic Acid ME C19H34O2 

5 22.689 C18:3 1.70589 Linolenic Acid ME C19H32O2 

6 22.834 C18:3 0.08109 Linolenic Acid ME C19H32O2 

7 23.465 C16:0 0.89490 Palmitic Acid ME C17H34O2 

8 23.775 C20:1 0.71007 Gondoic Acid ME C21H40O2 

9 26.425 C22:0 0.44683 Behenic Acid ME C23H46O2 

10 30.806 C14:0 0.45197 Myristatic Acid ME C16H32O2 

Total 80.1314  

 

6. Experiment 6 
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a. Sample 46 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.539 C16:0 14.6357 Palmitic Acid ME C17H34O2 

2 19.655 C17:0 0.20867 Heptadecanoic Acid 

ME 

C18H36O2 

3 21.351 C18:1 28.3496 Oleic Acid ME C19H36O2 

4 21.948 C18:2 35.2988 Linoleic Acid ME C19H34O2 

5 22.591 C18:3 0.10693 Linolenic Acid ME C19H32O2 

6 22.698 C18:3 1.81974 Linolenic Acid ME C19H32O2 

7 22.841 C18:3 0.08776 Linolenic Acid ME C19H32O2 

8 23.471 C16:0 0.94848 Palmitic Acid ME C17H34O2 

9 23.781 C20:1 0.77428 Gondoic Acid ME C21H40O2 

10 26.431 C22:0 0.45066 Behenic Acid Me C23H46O2 

11 30.808 C14:0 0.4448 Myristatic Acid ME C16H32O2 

Total 83.125  

 

b. Sample 52: 

Peak # Retention 

Time (min) 

FAME GC % 

Yield 

Common Name Formula 

1 18.530 C16:0 14.443 Palmitic Acid ME C17H34O2 

2 18.946 C18:3 3.1282 Linolenic Acid ME C19H32O2 

3 19.650 C17:0 0.1984 Heptadecanoic Acid ME C18H36O2 

4 21.029 C18:0 3.64604 Seratic Acid ME C19H38O2 

5 21.336 C18:1 28.1795 Oleic Acid ME C19H36O2 

6 21.947 C18:2 35.8027 Linoleic Acid ME C19H34O2 

7 22.583 C18:3 0.10121 Linolenic Acid ME C19H32O2 

8 22.689 C18:3 1.72507 Linolenic Acid ME C19H32O2 

9 22.835 C18:3 0.08394 Linolenic Acid ME C19H32O2 

10 23.468 C16:0 0.90091 Palmitic Acid ME C17H34O2 

11 23.778 C20:1 0.72873 Gondoic Acid ME C21H40O2 

12 26.430 C22:0 0.38199 Behenic Acid ME C23H46O2 

13 30.810 C24:0 0.41055 Lignoceric Acid ME C25H50O2 

Total 89.730  

 

Retention time and its corresponding component has been recorded using the peaks annotated 

with component respectively as shown in figure below. 
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Types of methyl esters and corresponding FAME can be seen in the figure below. 

 


