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ABSTRACT 

The presented work was aimed on exploring the possibilities of different 

agrowaste-materials, as potential feedstocks for the synthesis of biodiesel. Increased 

mobilization and invention of machines with the rapidly growing industrialization, 

around the globe, has resulted in proportionate consumption of fossil fuels; resulting in 

gradual depletion of their reservoirs. This alarming situation prompted the researchers to 

search for some alternate energy sources, which might be safer, comparably efficient, 

ecofriendly and preferably renewable. To cope with these parameters, synthesis of 

biodiesel from non-edible oil sources, preferably from underutilized/ agro-waste 

materials, got recognition as an emerging field. 

Biodiesel is reported to be a green fuel in addition to other fuel characteristics, 

which may possibly replace fossil fuels in future partially or completely. Biodiesel, a 

first-generation biofuel, has got recognition as a potential alternative of petrodiesel and 

may be employed without any modification/s in existing compression-ignition engines.  

Prevailing route for synthesis of biodiesel is transesterification of vegetable oils, 

extracted from employed feedstock, with short-chain alcohols; either catalytically, 

catalyzed by an acid, a base or an enzyme or non-catalytically. 

Biodiesel has number of technical benefits over petrodiesel as it is renewable, 

non-toxic, biodegradable, and holds comparatively higher oxygen and lower sulphur 

contents than that of petrodiesel offering reduced emission of different pollutants like 

particulate matter, carbon monoxide, and sulphur dioxide. Fuel characteristics of 



biodiesel have been found to be similar or even better in some cases e.g., density, 

viscosity, flash point, cetane number in comparison to petrodiesel. 

A number of feedstocks have been successfully explored as potential sources of 

biodiesel including vegetable oils (e.g., soybean, canola/rapeseed, sunflower, palm, corn, 

and jatropha), animal fats and yellow grease; of which the vegetable oils have been found 

to be very promising due to their abundant global availability with significant fuel 

characteristics. Feedstocks impart major share in the cost of biodiesel production 

followed by the synthesis and refining procedures.  

In present work, potential of four indigenous oilseed plants, i.e. china berry 

(Melia azedarach), Ficus benghalensis, Loquat (Eriobotrya japonica) and Cantaloupe 

(Cucumis melo var. cantaloupensis), was planned to be evaluated, as viable feedstocks 

for synthesis of biodiesel. For synthesis of biodiesel, oil from each feedstock was 

extracted by using n-haxane as extraction medium. Residue of each feedstock was 

extracted thrice to ensure complete recovery of oil. The oil content (%w/w) was found to 

be 32 %, 10 %,   24 % and 42.8 %, respectively. Due to lower oil content in F. 

benghalensis, it was thought to be infeasible and non-potential feedstock for the synthesis 

of biodiesel. Oil from rest of three feedstocks was subjected to transesterification by 

conventional alkali-catalyzed method, using NaOH, and yield of biodiesel was found to 

be 80 %, 94.5 % and 94.54 % for M. azedarach, E. japonica and C. melo var. 

cantaloupensis, respectively. Due to significantly high biodiesel content in cantaloupe 

seed oil, transesterification was also carried out   by ultrasonic-assisted mode in addition 

to conventional method i.e., alkali-catalyzed transesterification, using NaOH, and 

optimization of the process parameters was done using Taguchi method. The parameters 



selected for optimization include molar ratio of alcohol to oil, amount of catalyst (% w/w 

of oil) and reaction time (min). The optimum levels for these parameters were methanol 

to oil ratio of 9:1, catalyst amount of 1 % (w/w) and reaction time of 60 min, 

respectively. Similarly, the statistical optimization of E. japonica was also carried out 

using Taguchi method for production parameters, namely molar ratio of alcohol to oil, 

amount of catalyst, reaction time and temperature. Alcohol to oil molar ratio of 6:1, 

catalyst amount of 1 % (w/w), 2 h reaction time and 50 
°
C reaction temperature were 

found to be the optimum conditions for obtaining 94.52 % biodiesel from this source. 

Highest contribution was shown by the ‘amount of catalyst’ (67.32 %) followed by molar 

ratio of alcohol to oil (25.51 %). 

Fatty acid composition of all the selected feedstocks was determined by GC-FID 

whereas 
1
H-NMR and 

13
C- NMR spectroscopic techniques were used for structure 

elucidation of the converted triglycerides into methyl esters (FAMEs) as a result of the 

transesterification of extracted oils. Major fatty acids found in M. azedarach seed oil 

were oleic acid (69.55 %) and linoleic acid (16.53 %); in E. japonica these were linoleic 

acid (38.33 %), oleic acid (26.31 %) and linolenic acid (20 %) while in C. melo var. 

cantaloupensis these were linoleic acid (54.9 %), olieic acid (24.7 %) and palmitic acid 

(9.88 %). 

Physicochemical properties, i.e. density (0.878, 0.879 and 0.887g/mL), kinematic 

viscosity at 40 
o
C (61.0, 67.2 and  34.5 cSt), refractive index (1.42, 1.44 and 1.48), free 

fatty acid content (% FFA) (1.0, 1.56 and 0.78 %), iodine value (152.24, 145.69 and 128 

I2 g/100 g oil) and saponification value (182.20, 194.28 and 220 mg NaOH/g) of oil 



extracted from seeds of M. azedarach, E. japonica and C. melo var. cantaloupensis were 

determined using standard IUPAC methods.  

Major fuel characteristics of biodiesel obtained from seeds of M. azedarach, E. 

japonica and C. melo var. cantaloupensis seed oils were determined according to 

standard ASTM methods. These include cetane number (52.00, 49 and 48.68), flash point 

(120, 138 and 120 
o
C ), cloud point (-10, -2 and -3 

o
C), pour point (-9, -6 and -6 

o
C), 

kinematic viscosity (4.7, 4.5 and 3.92 mm
2
/s), water % (0.01, 0.0 and 0.01% vol), total 

ash percentage (zero for all) and distillation range (350, 356 and 340 
o
C). The obtained 

values were found to be within ASTM D6751 specifications for biodiesel.             

Findings of the study reveal viability of all of the opted feedstocks, i.e., M. 

azedarach, E. japonica and C. melo var. cantaloupensis, to be opted as a viable and 

prospective option and can be considered for large-scale production of biodiesel as a 

substitute of petro-diesel.  
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CHAPTER 1 

INTRODUCTION  

1.1 REAMBLE 

Energy is one of the key factors that determine the rate of our socio-economic 

progress as well as our living standards [Bhautto et al., 2012]. Ensuring reliable and 

ample energy supply at rational prices is vital for any country in order to meet the 

inevitable population needs and support economic growth [IEA, 2008]. Presently, 

80% of the energy demands of the world are being met with the conventional energy 

resources, i.e., the fossil fuels (coal, petroleum and natural gas), while the renewable 

energy sources contribute just 13% of the primary energy supply [Demirbus, 2008; 

IEA, 2007]. As predicted by World Energy Forum, these fossil fuel reserves will be 

diminished in less than another ten decades [Sharma and Singh, 2009]. Present day 

energy supplies are reportedly unsustainable as visualized from any of the economic, 

societal and environmental standpoints. At the same time, the worldwide energy 

demands are expected to expand, continuously, by 45% from 2008 to 2030, with an 

average of 1.6% per annum [IEA, 2008]. 

Petroleum, a fossil fuel, is recently ranked as the largest single source of 

energy that is being consumed all over the world mainly for transportation. Its 

consumption exceeds than other energy sources like natural gas, coal, hydro-, nuclear- 

as well as renewables [Vyas et al., 2010]. Two important drawbacks inherent with 

such an excessive exploitation of fossil fuels are their limited, hence, depleting 

reserves and the deleterious environmental impacts resulting from the emission of 

various combustion-generated pollutants. Each of these drawbacks has levied several 

serious impacts of its own. These include doubts regarding energy security, 
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continuously increasing prices of oil and gas and threatening effects of pollutants on 

environment in terms of serious climatic changes. Mainly air pollutants are generated 

by the combustion, especially greenhouse gases (GHGs), with CO2 being the most 

common, and particulate matter that have resulted in major alterations in normal 

climatic conditions, e.g., global warming [Demirbus, 2008]. If the current practice of 

massive consumption of fossil fuels continues at the same pace, the global 

temperature rise is likely to become intolerable in the future that would ultimately 

result in unfavorable changes in climatic patterns that may prove even disastrous to 

the life on earth.  These changes are thought to be the cause of sea rise, droughts, 

cyclones, floods, tsunamis and famines throughout the world. Consequently, this 

situation will be obviously threatening to human health, water, food production and 

the quality of land on a global scale [OCC, 2006; IPCC, 2008].  

Recently, many initiatives have been taken globally to address the above 

mentioned issues. This has led basically to a search for the alternate sources of energy 

that can supplement, or even replace, the existing fossil fuels. These are termed, in 

most of the recent literature, as ‘renewable energy sources’ (RESs), technically.  

RESs are generated from those natural processes, mechanical, thermal or 

growth, which can recycle themselves in our lifetime and are, at the same time, 

reliable enough to provide an estimated amount of energy, as and when desired. 

Various renewable energy technologies have been developed in this context to put 

these RESs into practice. 

Almost all the RESs owe their origin to the solar energy and its direct or 

indirect effect on Earth, like solar radiation, biomass, wind, geothermal etc. RESs are 

found to be more evenly distributed than both fossil and nuclear resources.  They are 
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considered as primary energy sources as they are available naturally. Among the 

various RESs, ‘biomass’ is found to contribute the largest share to replace the 

conventional energy sources, i.e., fossil fuels. The modern transport system is totally 

dependent on these fuels, in addition to their other usages like power generation, 

particularly those derived from petroleum, including diesel fuel, gasoline and 

liquefied petroleum gas (LPG). Keeping this situation in view, it has become 

imperative to produce liquid fuels from RESs that can replace these petroleum-

derived fuels.  

Such fuels, solid, liquid or gaseous, obtained predominantly from biomass, 

directly or by thermo-chemical processing, are generally referred to as ‘biofuels’. The 

biofuels have emerged as a promising alternate technology for the fossil fuels. They 

have also gained considerable attention due to their environment-friendly aspects, as 

discussed in detail below [Demirbus, 2008].  

1.2 BIOFUELS 

Biofuels are the renewable solid, liquid or gaseous fuels, produced from the 

renewable biomass sources to be used as a direct substitute for the fossil fuels. The 

term ‘biomass’ is very vast and may refer to wood, short-rotation woody or 

herbaceous crops, agricultural waste, bagasse, wood-waste, industrial residue, waste 

paper, municipal solid waste, saw-dust, grass, waste from food processing plants, 

aquatic plants, algae, animal waste and a number of other related materials. Generally, 

biomass is the name given to all the living, organic, matter on earth and the 

derivatives thereof. It has emerged as the most versatile form of RESs and is 

particularly suitable for conversion into renewable fuels, the biofuels, considered as 
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the only alternates to the conventional fossil fuels, especially the petroleum-derived 

ones.  

The biomass can be burnt directly for heating purpose or can be processed 

thermo-chemically in order to generate the value-added products/fuels like ethanol, 

diesel, methane, hydrogen etc. for the purposes like power generation and 

transportation. As far as the kinds of biofuels are concerned, the solid ones can 

basically substitute coal, the liquid ones serve best to primarily substitute petroleum 

fuels (mainly used for transportation) while the gaseous ones have the potential to 

replace natural gas. Examples for solid biofuels include bio-char, for liquids 

bioethanol and biodiesel and for gaseous ones these are biogas, bio-syngas and bio-

hydrogen.  

Biofuels can be categorized, on the basis of the type, source and/or the 

conversion technology employed for their preparation from the initial feedstocks, as 

the first-, second-, third- and fourth-generation biofuels. These categories differ 

mainly by the kind of feedstocks used, otherwise there does not exist any strict 

technical definitions for these terms in relevant literature.  

First-generation biofuels are those derived from starch, sugars, animal fats, 

vegetable oils and/or biodegradable output wastes from agriculture, industry, forestry 

etc. If produced from a plant material, it is usually the edible part of the plant being 

used. Relatively simple processing and conventional technology is required for their 

preparation so far. Examples for these types of biofuels include mainly bioethanol, 

bio-gas, biodiesel etc. These are the only biofuels commercialized so far, in some 

developed countries.  
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The second-generation biofuels are those synthesized from non-edible lingo-

cellulosic biomass materials that can either be the residues of a food-crop production 

(like rice-husk, corn-stalks etc.) or the whole plant biomass of the energy crops (trees 

or grasses grown especially for energy), e.g., miscanthus. These biofuels are not 

commercialized yet, as they are still under development. Examples of these types of 

biofuels include biomethanol, Fischer-Tropsch diesel (green diesel), wood diesel, 

biohydrogen etc.  

Third-generation biofuels are those derived from low input/high output 

production organisms, e.g., the algal biomass. These biofuels are at the preliminary 

stages of development yet.   

Fourth-generation biofuels are the most recent advances, being made in this 

area. These have been proposed to be obtained on bioconversion of living micro-

organisms (or plants), with the help of biological tools. 

Some major directives for large-scale production of biofuels, that also present 

their benefits as well as superiorities over the conventional fossil fuels, are as follows: 

 They are renewable, hence can be developed sustainably to fulfill the future 

energy demands. 

 They satisfy the concerns regarding energy security far greater than the 

conventional sources, 

 They are inherently environment-friendly as they are biodegradable, CO2 

neutral, and show reduced emissions owing to the presence of built-in oxygen 

and for lower amount of sulfur as a contaminant. 

 They can serve in saving valuable amounts of foreign ex-change for the oil 

and gas importing countries, like Pakistan, China, Italy and UK etc. 
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 They can contribute adequate share in resolving the socio-economic issues by 

generating employment chances. 

 They can help in an overall economic uplift, particularly of the rural areas 

where these biomass sources are mostly available and cultivated. 

As far as the production costs of biofuels are concerned, these may vary widely 

depending upon the choice of feedstock, region, conversion process employed and the 

scale for production. Out of these, feed-stock contributes the largest share in the 

capital cost. An appropriate choice of naturally occurring feedstock and waste land 

reclamation for more cultivation of desired feedstock meant for biofuel production 

may ensure that the land use changes do not have a negative environmental impact 

[Demirbus, 2008].    

Two major types of biofuels generated and commercialized in many countries of 

the world are biodiesel and bioethanol. The former is being discussed in the following 

lines in detail, covering the basic definitions, attributes and production aspects 

regarding biodiesel. 

1.3 BIODIESEL - A REALISTIC ALTERNATE FUEL FOR 

DIESEL ENGINES 

Biodiesel (BD) is generally defined as an alternate, renewable fuel for the 

diesel engines derived from naturally existing oil and fats that meets the standard 

specifications, as those of ASTM
1
 D6751. Technically, it is a diesel engine fuel that 

contains “mono-alkyl esters” of long-chain fatty acids found in vegetable oils or 

animal fats that is designated as B100 and meets the above mentioned specifications. 

On the other hand, EN 14214 defines biodiesel as “methyl esters” only, while esters 

                                                           
1
 American Society for Testing and Materials 
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other than methyl are also included in ADTM D6751. Being an alternative to the 

conventional petro-diesel, BD can extend its usage for continued combustion in 

compression ignition (diesel) engines (CIEs), without or little modification in the 

recent CIEs designs [Demirbus, 2009].  

BD can be obtained by a chemical reaction known as ‘transesterifiation’, in 

which the vegetable oils or animal fats are subjected to alcoholysis in the presence of 

a catalyst. This reaction gives the corresponding mono-alkyl esters (BD) and glycerol, 

as a by-product. The alcohol used most commonly is ‘methanol’ and due to this 

reason the resulting alkyl esters are generally termed as ‘fatty acid methyl esters’ or 

FAME, the other term used often in place of BD. The catalyst can be an acid, a base 

or an enzyme.  

BD is found to be miscible with petro-diesel in all proportions. This property 

of BD has led to the blending of BD with petro-diesel in many countries, in place of 

B100, which are denoted by the acronyms like B20, indicating a blend having 20% of 

BD in petro-diesel. These blends, however, should not be considered as BD itself.  

Although methanol is the most common choice for transesterification due to 

its low cost and highest reactivity but other alcohols can also be used for this purpose, 

that produce BD better in some fuel properties than that produced from methanol. It is 

important to note, however, that the currently existing standards for BD are designed 

for ‘methyl esters, only, or particularly, so they can be observed in an accurate way 

for only FAMEs as BD.  

The main cause for opting transesterification to convert vegetable oils or 

animal fats into FAMEs for making them suitable to CIEs is their higher kinematic 
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viscosity. This higher level of viscosity results in operational problems, e.g., 

formation of carbon deposits in different parts of the engine. Non-esterified oils and 

fats, however, can work as an alternate fuel, as has been in many parts of the world.  

It should be mentioned here that, as clear from the fact that vegetable oils and 

animal fats as well as their derivatives can act as an alternate diesel fuel, there must be 

some sort of similarity between these and the petro-diesel. This similarity is seen, 

though in many of its characteristics, to its maximum in ‘cetane number’ (an ignition 

quality parameter of a fuel). Others may include kinematic viscosity, cloud point, 

pour point, oxidative stability, lubricity and heat of combustion.  

Apart from the fuel properties, there are many other attributes of BD that prove it to 

be superior to petro-diesel, as summarized below: 

 It is renewable, being producible from the RESs i.e., biomass. 

 It is biodegradable. 

 It is comparatively less toxic and possesses higher values for flash points that 

render its storage and handling safer. 

 It has remarkable lubricity coupled with low sulfur values, which is gaining 

enough consideration recently owing to the introduction of low-sulfur petro-

diesel fuels that have inherently very low lubricity properties. 

 It shows reduced exhaust emission like green-house gases (except nitrogen 

oxides, NOX), particulate matter etc.  

 It contains lower (negligible) aromatic content. 

 It offers regional availability and ease of preparation. 

The major demerit of BD is its inherent higher production cost, mainly due to the 

use of refined, food-grade, vegetable oils for its large-scale production that has 
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introduced a food vs. fuel debate in the countries that are producing it on commercial 

basis. The minor demerits include the slightly poor cold-weather properties 

(experienced only in the colder regions of the world), lower oxidative stability and a 

little increased NOX emissions, as already mentioned. With regard to exhaust 

emissions, this issue has been largely negated by advanced exhaust after-treatment 

technologies such as ‘exhaust gas recirculation’ (EGR), etc. 

The problem of high cost of BD production can be cut short by taking measures 

like the utilization of less expensive feedstocks (for example waste vegetable oils, like 

restaurant wastes) and providing legislative incentives of subsidies on the commercial 

production of BD, in the form of excise taxes etc. [Demirbus, 2007 and 2008; Vyas et 

al., 2010; Sharma and Singh, 2009; Knothe et al., 2005; Singh and Singh, 2010]. 

1.3.1 History of Biodiesel 

Vegetable oils and animal fats, that are the most common BD feedstocks in 

modern times, were investigated as alternate diesel fuels long ago, before an interest 

was recommenced for their exploitation after the well energy crisis of 1970s and early 

1980s. The initial history of vegetable oil derived diesel fuels is, however, often 

presented inconsistently. Rudolf Diesel, the inventor of the diesel engine-named after 

him, states in the last chapter of his book, entitled “Liquid Fuels”, that the French Otto 

Company carried out for the first time the experiment on the use of vegetable 

(arachide or peanut) oil in the diesel engine successfully in the year 1900, during the 

Paris Exposition. This engine was used specially for this type of fuel, by the said 

company. From this statement of R. Diesel, it becomes clear that the idea of fueling a 

diesel engine with vegetable (arachid) oil was originally from the French government 

and not from Diesel himself, as often quoted incorrectly.  
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Actually, the engine used by the French Otto Company was basically built for 

using mineral oil and was then tested, without any modification, for the vegetable 

(arachid) oil as fuel. It gave quite a smooth performance and operated just like the 

ones powered by mineral oil or its derivatives. At that time, the French government 

was of the idea to test the feasibility of power production using arachid oil, as it was 

found to grow in considerable amounts in their African colonies, with a subsequent 

thinking that the idea if successfully implemented, could result in energy self-

sufficiency of these colonies from their own resources. The idea remained 

unimplemented, however, owing to the change in the Ministry, but R. Diesel kept on 

working on this line and was able to publish, for the first time, some reliable 

experimental figures obtained from the use of arachid oil in the diesel engines. These 

experimental figures were found equivalent to those from tar oils and this fact 

established the efficacy of a vegetable (peanut) oil to be equal to that of natural 

mineral oils. Several ‘historic’ studies are found in literature regarding the use of oils 

and fats as diesel engine fuels, and struggle for becoming energy independent in this 

way. During World War II (WW II), the vegetable oils were reportedly used as 

emergency fuels. Brazil, for example, banned the export of its surplus cottonseed oil 

in order to use it as alternative to the ‘imported’ diesel fuel.  

Similarly, in Argentina a reduction in the import of liquid fuels was reported 

in correlation with the commercial scale exploitation of vegetable oils. China has been 

producing lubricating oils, diesel fuel, kerosene and gasoline from tung and other 

vegetable oils, by the process of pyrolysis. Prompted by the fuel shortage events of 

WW II, investigations on various vegetable oils for expanding their utility as domestic 
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fuels, were also reported. In addition, the edible, refined, soybean oil was reported to 

be used as bunker fuel, in the famous Japanese battleship ‘yamato’.  

The use of vegetable oils, however, poses some practical problems in diesel 

engines in the long run due to their higher viscosity than petro-diesel. These include 

mainly poor atomization of the fuel in combustion chamber of the engine as well as 

the formation of carbon deposits.  

There are four major possible ways, presented time to time, for lowering the 

kinematic viscosity of vegetable oils, namely: pyrolysis, dilution (usually with petro-

diesel), micro-emulsification and transesterification. Out of these, only the last one is 

a chemical technology that is by far the method of choice. It is the catalytic reaction 

of vegetable oils or animal fats with lower alcohols (usually methanol) to give fatty 

acid alkyl esters, now termed as ‘BD’ [Knothe et al, 2005].  

The fact that ‘to get maximum benefit from the vegetable oils as fuel requires 

the triglycerides to be split off and run the engine on the residual fatty acids’ was first 

pointed out by Walton in 1938 [Walton, 1938]. However, the first reported work on 

what is known as BD today was that of Chavanne ( University of Brussels, Belgium) 

who was granted a Belgian patent (patent no. 422877) on August 31, 1937, which 

explained the use of ethyl esters of palm oil as alternate diesel fuel in CIEs. Acid-

catalyzed transesterification of oil was employed to prepare these esters. This work, 

received although less recognition than it deserves, was further described in detail 

later on. 

A similar detailed report on the production and use of palm oil ethyl esters as 

diesel fuel was presented in 1942. It described, probably, the first test of an urban bus 
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using these palm oil ethyl esters, i.e., BD. The performance of the bus was reported to 

be satisfactory. It was also pointed out in the report that the viscosity differences of 

these esters with the petroleum derived diesel fuels were lesser than the parent oil. 

Also, it was found to be miscible with the other diesel fuels.  

As far as the term ‘biodiesel’ itself is concerned, it was found to be used for 

the first time in technical literature in a Chinese paper in 1988, then in 1991 and then 

onwards the use of this term expanded in the literature extensively [Knothe et al, 

2005]. 

1.3.2 Raw Materials for Biodiesel Preparation 

As mentioned before, transesterification is by far the common choice for the 

preparation of BD. It involves the simultaneous use of triglycerides as well as a short-

chain alcohol (as will be described in detail later), which are the two basic feedstock 

meaterials required in bulk quantities for the production of BD. In the following 

discussion these substrates, namely the feed-stocks of BD, are discussed in detail. 

Triglycerides  

 Triglycerides (also called as triacylglycerols) are the main components of the 

oils and fats. These are chemically the triesters, formed by the reaction of three moles 

of long-chain carboxylic (fatty) acids with one mole of glycerol, as shown in Fig. 1, 

where R1, R2 and R3 are the long chain alkyl groups that may be same or different [Ali 

and Hanna, 1994]. 
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Fig. 1 Synthesis of a triglyceride 

These oils and fats can be obtained from plants, animals and micro-organism 

(like algae) with the first one being the most abundantly found naturally and hence the 

most commonly exploited source of triglycerides in the world. Generally there are 

four main feedstock classes for biodiesel that include: oilseed plants, animal fats, 

algae and different low-grade products like waste vegetable/cooking oil, greases 

(yellow and brown), soapstocks etc. 

A large number of oilseed plants (both edible and non-edible oil producing) 

grown in various regions of the world have been successfully employed so far for the 

preparation of BD, providing yields upto or higher than 0.9g/g oil. The most 

commonly exploited feed-stocks include the edible oil-seed plants mainly soybean, 

rapeseed, canola, sunflower, palm, olive, cottonseed, coconut, oat, safflower, 

groundnut and many others. Similarly non-edible oil-seed plants that have been 

studied for evaluating their suitability as raw materials for the synthesis of BD include 

numerous examples, most commonly jatropha, pongamia, moringa oleifera, rubber 

seed plant, jojoba, camelina, sesame, camellia, rice bran etc. Out of these, Jatropha 

has emerged as the most promising feedstock owing to its qualities as it is pest-

resistant, fast-growing and produces fruit all the year round with a good seed yield. 
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Also, it can thrive in poor soil conditions and needs a little water and fertilizer. Under 

optimized conditions, it shows a high (>99%) conversion into BD upon 

transesterification, and exhibits fuel characteristics comparable to the standard 

specifications. Among the animal fats studied so far, lard, tallow, poultry fat and fish 

oil are found to be the significant feedstocks. Animal fats studied mostly for biodiesel 

production include lard, tallow, and fish oil and poultry fats. 

The choice of feedstock for the commercial production of BD depends upon 

the oil sources available on large scale in a given geological region. For instance, 

soybean oil is being utilized for the commercial production of BD in USA, rapeseed 

oil in Europe, canola in Canada, sunflower and palm oils in Brazil and palm oil in 

tropical countries like Malaysia. These are the major examples of the countries 

capable to produce BD on commercial scale till now. As clear from their BD feed-

stock choices, mostly edible oils are being utilized worldwide for BD preparation in 

bulk quantities. This has resulted in a food vs. fuel debate globally. Also, the 

commercial BD production is suffering from the high costs (mainly due to the higher 

feed-stock costs which are the food-grade seed-oils so far) that is not affordable for 

most of the nations, and is hence major barrier in commercialization of BD for them. 

This has led the researchers towards exploring other oil sources, instead of the edible 

ones, that could be helpful to overcome this barrier [Vasudevan and Fu, 2010; 

Demirbus, 2009].  

Two important outcomes of these efforts are the emergences of waste 

vegetable oils (WVO) like waste frying oil/used cooking oil, and algae oil. WVO can 

be a potential BD feedstock as it is produced in huge quantities by a number factories 

and restaurants annually, throughout the world. In USA, for example, it is estimated 
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that an excess of 11billion liters per annum by these places, that can replace about 1% 

of the petroleum oil consumption. At the same time the environmental contamination 

by WVO can be offset by this sort of utilization. A major hindrance in the use of 

WVO is the presence of high amounts of free fatty acids (FFAs) as well as water that 

require a two step-process for the BD synthesis [Math et al, 2010], as will be 

discussed later, in detail . 

As far as the algae oil is concerned, it has attracted considerable attention 

more recently, due to its two major qualities: 

i. It can grow practically anywhere, where there is sufficient sunshine, like 

deserts, swamps and oceans, thus avoiding competition for land with food. 

Some can grow even in saline water. 

ii. It offers a higher oil yield potential than that of the major oil crops and, 

ultimately, higher BD yields [Becker, 1994]. 

As per estimates, the per-acre oil yield from algae is about >200 times higher than 

that from the best oleaginous plants. Micro-algae, the fastest growing 

photosynthesizing creatures, complete a growing cycle within a few days. According 

to an approximation, diatom algae can produce 46 tons of oil per hectare annually. 

There are some algae that are capable of producing up to 50% by wt. oil.  

This higher photosynthetic efficiency of micro-algae, as compared with the 

terrestrial crops, has led to a growing interest in their cultivation as an energy crop, 

although this approach has substantial challenges of its own [Vasudevan and Briggs, 

2008]. Generally it is found that the growth rate of high-oil algae is lesser than that of 

low-oil species. This necessitates that the production of the desired high-oil algae 

should not be taken over by an undesirable low-oil species, thereby requiring either an 
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enclosed system (a photo-bioreactor---a transparent enclosure in which algae can 

grow, essentially a fancy aquarium) or making the conditions of the growth medium 

intolerable for the undesired ones. The latter approach is not ecologically practicable 

and the former has although been put into practice introduces cost barriers, since the 

photo-bioreactors are expensive a lot to manage and maintain [Sheehan et al., 1998].  

Although the feasibility studies have been carried out to achieve the above 

mentioned oil yield from it, the commercial scale production of algae has not yet been 

conducted. 

Alcohols  

 Transesterification of vegetable oils and animal fats is carried out on their 

reaction with a short-chain, monohydric alcohol, that is most of time ‘methanol’. It 

acts as an acyl-acceptor in this reaction [Antezak et al., 2009; Du et al., 2004]. 

Methanol is the most common choice, both on laboratory and the industrial scale 

because it is the shortest and hence most reactive alcohol, and also the least expensive 

in most of the countries, except few like Brazil.  

 Currently, the production of methanol is focally dependent on the fossil fuels. 

Its usage can pose serious health risks due to its high toxicity. Methanol is hydrophilic 

in nature due to which it creates a phase interface with the hydrophobic triglycerides 

during the reaction resulting in a difficulty in mass transfer. If used in the enzyme-

catalyzed process, it tends to draw out water from the enzyme catalyst leaving it 

inactive. This problem is overcome by the step-wise addition of methanol instead of 

the single addition in the start of the reaction [Jegannathan et al., 2008].  
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 The other common choice for an acyl-acceptor is the ‘ethanol’ [Moreira et al., 

2007]. Its superiorities over methanol include its higher hydrophobicity as well as the 

energy content, and also the fact that it’s a renewable material being producible from 

biomass via fermentation. However, it is still more costly than methanol and limits the 

rate of the reaction due to higher viscosity.  

 Investigations have been made on the utilization of other acyl-acceptors as 

well, like methyl acetate and the longer-chain alcohols for the BD preparation, 

especially in the enzyme-catalyzed attempts. A higher yield (0.8-0.98g/g oil) has been 

reported, attributing to the higher non-polarity of these acyl-acceptors, compared with 

methanol. However, it is impracticable to produce BD on large scale using these acyl-

acceptors, in place of methanol due to their higher prices that would add to its already 

higher costs than petro-diesel Du et al., 2004].  

1.3.3 Production of Biodiesel  

Extensive research has been carried out in last four decades on vegetable oils 

for utilization as an alternate fuel for diesel engines, for replacement of petro-diesel. 

Although vegetable oils possess a lot of advantages as they are portable, renewable, 

readily available and have substantial heat content (~80% of the petro-diesel), yet they 

cannot be employed directly in diesel engines due to certain disadvantageous 

characteristics inherent in them. These may include low volatility, higher viscosity 

and the reactivity (due to oxidation) of the unsaturated hydrocarbon chains.  These 

characteristics of vegetable oil may cause problems like carbon deposits, choking and 

trumpet formation on the injector, oil ring sticking and also gelling of lubricating oil, 

by contaminating it [Demirbus, 2003; Pryde, 1983].  
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There are four different ways to put vegetable oils into use for replacing petro-

diesel, as debated below:- 

Pyrolysis and catalytic cracking of vegetable oils 

Pyrolysis is the thermal decomposition of vegetable oils, in the absence of oxygen, 

which produces alkanes, alkenes, alkadienes, aromatics, carboxylic acids and some 

minor amounts of gaseous products [Shay, 1993; Lima et al., 2003; Alencar, et al., 

1983]. Catalytic cracking differs from pyrolysis owing to the presence of a catalyst for 

carrying out the process. Both of these involve the thermal cleavage of the chemical 

bonds, to generate smaller molecules [Weisz et al, 1979].   

Several studies on the pyrolysis of vegetable oils have been carried out in last 100 

years, particularly in the petroleum deficient areas of the world, owing to the fact that 

the liquid fuels obtained after pyrolysis show chemical composition similar to that of 

petro-diesel [Demirbus, 2009]. The mechanism for thermal degradation of vegetable 

oils is shown in Fig. 1 [Schwab et al., 1988]. 

Dilution of vegetable oils 

Dilution of vegetable oils with petro-diesel and other solvents, like ethanol, can 

help to overcome some of the engine performance problems like injector choking, 

carbon deposits and higher viscosity that are usually experienced by the direct use of 

vegetable oils in diesel engines [Karaosmonoglu, 1999].   

Micro-emulsification of vegetable oils 

Microemulsions are defined as the colloidal equilibrium dispersions of the optically 

isotropic microstructures (generally with dimensions into the range of 1-50nm) that 

are spontaneously formed from two normally immiscible liquids and one or more 
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ionic or non- ionic amphiphiles. Usually short-chain alcohols like methanol, ethanol 

and 1-butanol have been studied for this purpose [Billaud, et al., 1995]. 
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Fig 2. Thermal degradation of vegetable oils 

Spray characteristics are improved by the explosive vaporization of the low 

boiling constituent in the micelles [Pryde, 1984]. It was found that, in spite of the 

lower cetane number and energy content, the short term performance of (both ionic 

and non-ionic) microemulsions of aqueous ethanol in soybean oil were almost as good 

as that of the No. 2 diesel (a diesel engine fuel with 10-20 carbon number 

hydrocarbons) [Goering, et al., 1982]. 

Transesterification of vegetable oils 

Transesterification is the chemical technology, which is by far the most common 

choice for the production of BD, that involves catalyzed alcoholysis of the lipid feed-
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stock producing glycerol as a by-product, along with the mono-alkyl esters. This 

process is discussed in detail under the next heading. 

1.4 TRANSESTERIFICATION - THE METHOD OF CHOICE 

Generally, transesterification is a term representing a class of organic reactions 

that involves the conversion of an ester into another by the exchange of alkyl moiety 

with the other reactant, usually an alcohol, thus also called as ‘alcoholysis’, as shown 

below:  

RCOOR' + R"OH 

Catalyst

 RCOOR" + R'OH 

Fig. 3. General equation for a transesterification reaction. 

Transesterification is the catalytic alcoholysis of the vegetable oils or animal fats 

to form mono-alkyl esters and glycerol. A catalyst is usually employed to enhance the 

rate of reaction as well as yield. The reaction is reversible in nature as shown in Fig. 

3, hence, excess of alcohol is used to move the equilibrium towards the products. 

Usually short-chain, monohydric, aliphatic alcohols are employed, for instance 

methanol and ethanol with the former being the more frequent choice, owing to its 

lower cost in most of the countries. Also, it readily reacts with triglycerides (oils and 

fats) and dissolves sodium hydroxide easily. The catalysts used for transestrification 

may be alkalis, acids and enzymes. Among alkalis, sodium and potassium hydroxides, 

carbonates and alkoxides (like sodium methoxide) are the common choices. Acidic 

catalysts include usually H2SO4, HCl and sulphonic acids, while the mostly studied 

enzymatic catalyst is lipase. Transesterification reaction catalyzed by alkali takes 

place far more rapidly than that of acid-catalyzed reaction and hence, is the choice for 

the commercial preparation of BD. Anhydrous conditions are required for the alkali-
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catalyzed reaction since the presence of water changes the reaction partially to 

saponification, resulting in the formation of soap, that causes two major problems. 

Firstly, the percentage of the ester is lowered, and secondly, the separation of esters 

and glycerin as well as water-washing of the esters is rendered difficult and lengthy. 

Apart from the high reaction rate offered by alkali-catalyzed transesterification, 

the choice of the alkali as a catalyst depends upon the amount of free fatty acid (FFA) 

in the oil/fat being transesterified that should meet certain specifications. Generally 

the FFA content must be <0.5%, otherwise more NaOH is required to neutralize it. If 

enough water and FFA are present in the triglycerides being transesterified, acid-

catalyzed reaction must be adopted. Another way is to purify triglycerides by 

saponification (the alkali treatment) followed by alkali-catalyzed transesterification in 

such cases.  

The products obtained after transesterification are a mix of mono-alkyl esters, 

glycerin, unreacted tri-, di- and mono-glycerides, excess alcohol and catalyst [Ma and 

Hanna, 1999]. 

1.4.1  Kinetics and Mechanism of Transeserification 

The chemical equation for synthesis of BD from triglycerides (vegetable oils) and 

methanol, under catalytic conditions is shown in Fig. 2. As seen clearly, one mole of 

triglyceride requires three moles of alcohol to produce three moles of fatty-acid 

methyl esters (FAME) and one mole of glycerol. 

Basically, transesterification takes place in three reversible, consecutive steps, as 

given in Fig. 3, since triglycerides are converted into diglycerides, monoglycerides 

and then into glycerol, with liberation of one mole of ester at each step. In spite of the 

reversible nature of the reaction, the equilibrium lies towards the products side, 

[Freedman, 1986] due to excess of the alcohol used commonly (as will be discussed 
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in detail later on). On further investigation it was confirmed that diglycerides and 

monoglycerides are formed as intermediates in this process, using sodium and 

potassium hydroxides as catalysts [Vicente, et al., 2006; Cao, et al., 2009; Noureddini, 

et al., 1997]. 

A stepwise mechanism was formulated by Eckey for the base-catalyzed 

transesterification. Initially, methoxide ion (formed by the reaction of MeOH and 

NaOH) attacks the carbonyl carbon atom of triglyceride to generate a tetrahedral 

intermediate, that reacts with an alcohol (methanol) to regenerate the methoxide ion 

and itself rearranges to form one mole of FAME and a diglyceride. This is shown 

stepwise in Fig. 4 [Eckey, 1956] and Fig. 5 [Sing and Singh, 2010]. 

Triglyceride + ROH 
 

Diglyceride + R'COOR

Diglyceride + ROH Monoglyceride    +   R''COOR 

Monoglyceride  + ROH Glycerol  +  R'''COOR

       Catayst

Catayst

Catayst

Fig. 4  Three steps of transesterification 
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Fig. 5 Mechanism of base-catalyzed transesterification 
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1.4.2 Catalytic Methods for Transesterification 

Transesterifiction of vegetable oils is carried out by reacting them with anhydrous, 

short-chain alcohols and a catalyst, on heating. The catalysts studied so far belong to 

three main categories that include alkalis, acids and enzymes [Wang et al., 2007]. 

These may be homogeneous in nature like sodium hydroxide, potassium hydroxide 

and sulphuric acid, or heterogeneous like lipases, MgO, CaO etc. Marchetti et al., 

2007]. 

Alkali-catalyzed Methods 

Traditionally, the BD production is accomplished by the homogeneous alkali-

catalysts like the hydroxides and alkoxides of sodium and potassium [Vicente et al., 

2004], with high yield and concentration of the FAMEs in a brief period of time (~20-

60min). Pretreatment of the oil is required, however, in order to minimize or 

completely remove the water and FFA (if present), that would otherwise cause the 

hydrolysis of esters and saponification to occur, respectively. Soap, if produced in this 

process, emulsifies with the glycerol rendering the separation of the products ardous, 

whereas hydrolysis of esters lowers the BD yield. Conventionally, the FFA and water 

content must be lower than 0.50% and 0.06%, respectively, if homogeneous alkali 

catalysts are to be employed [Yan et al., 2009].  

Another approach is the application of heterogeneous base catalysts that are 

based on metal oxides like calcium oxide and magnesium oxide. These can be 

separated easily and can be recycled after the reaction, and are also less corrosive to 

the manufacturing plant as compared to the homogeneous base catlysts. They require, 

however, usually longer reaction time and higher reaction temperature [Di et al, 

2008]. 
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Several investigations have been done in recent years on a wide range of 

heterogeneous base catalysts like multiple metal oxides, zeolites, layered double 

hydroxides, hydrotalcites and different combinations of metal oxides [Vasudevan and 

Fu, 2010].   These heterogeneous base catalysts, however, can be exploited effectively 

if the FFA content is no more than 3.6% which cannot satisfy their utilization for 

transesterification of waste oils with FFA >30%, [ Yan et al, 2009].  

Another transesterification method is the so-called “in-situ” process, where oil 

is simultaneously extracted and transesterified [Haas, 2004]. 

Acid-catalyzed Methods 

Most of the studies using acid-catalyzed tranesterification involve methanolic 

sulphuric acid, hydrogen chloride and boron trifluoride, sulphonic acid and ferric 

sulphate. Usually the homogeneous acid catalysts (H2SO4, HCl and sulphonic acid) 

are the preferred choices for tranesterification studies.  

As far as the mechanism of the acid-catalyzed esterification of FFAs is 

concerned, it is initiated by the protonation of the fatty acid to give an oxonium ion, 

which goes through an exchange reaction with the alcohol to generate an intermediate 

product that loses a proton to form an ester as shown in Fig.6. All these steps are 

reversible, but due to large excess of alcohol, the process goes to the completion. A 

similar mechanism has been proposed for the transesterification of the triglycerides [ 

Demirbus, 2009].  

H2SO4 shows high efficiency for the esterification  of FFA to FAMEs but low 

for the transesterification of the triglycerides. Also, it bears disadvantages like 

corrosion of the manufacturing equipment and environmental contamination by the 

residues left after the reaction. Keeping this in view, numerous heterogeneous acid 

catalysts have been studied for replacing H2SO4 [Zhang and Jiang, 2008]. 
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These include ion-exchange resins, zeolites, metal compounds like H-type mordenite 

with Si/Al, Amberlyst-15, sulphated zirconia, tungstated zirconia, W3O/ZnO2, Cs-

doped H4SiW12O40, and zinc stearate silica gel, all these show FFA conversion (80-

93%) at 60-75
o
C, with high efficiencies. Their efficacies for transesterification, 

however, are still very low at a reaction temperature below 200
o
C. Some of the 

catalysts, for instance Amberlyst-15, lose their thermal stability as the temperature 

rises above 180
 o
C [Vasudevan and Fu, 2010]. 

 

 

Fig 6. Mechanism of acid-catalyzed transesterification 

Enzyme-catalyzed Methods 

Enzymatic transesterification with lipases as the biocatalyst is a relatively 

newer and promising development in BD synthesis.  A number of significant 
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alkaline catalysts, as follows: 
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(with high FFA content) can be exploited for the preparation of BD with a lesser 

consumption of energy as the required temperature is lower.  

 Saponification does not occur, hence the separation and refinement of BD and 

glycerol is easy. 

  Non-corrosive nature of lipases results in no damage to the manufacturing plant. 

 Lipases, being fairly biodegradable, pose minimum environmental contamination. 

 They require far little amount of methanol (typically stoichiometric) to carry out 

almost complete conversion of triglycerides. 

 Immobilized lipases bear the plus point to be separated and reused after the 

reaction, with exceptional catalytic activity [Vasudevan and Fu, 2010].    

Owing to these advantages, more attention is being given to the biocatalysts as 

they seem to bear the potential to outperform the traditional chemical catalysts for the 

sunthesis of BD, in future. 

A variety of substrate has been investigated in the recently published articles 

and research work, including the sunflower oil, canola, olive oil, soybean oil, castor 

oil and rice-bran oil. Similarly lipases from several microbial strains have been shown 

to bear the potential activity for transesterification. These include mainly Candida 

rugosa, Rhizopus oryzae, Pseudomonas fluorescens,Pseudomonas cepacia, 

Rhizomucor miehei, Thermomyces lanuginosus and Candida antarctica [Vasudevan 

and Briggs, 2008].  

1.4.3 Non-catalytic Transesterification Methods 

 Two non-catalytic transesterification methods have been introduced so far: 

Supercritical and Subcritical Alcohol Transesterification 

The non-catalytic transesterification of vegetable oils with supercritical methanol 

(SCM) provides a new route to the production of BD. Under the supercritical 

conditions, the process of  transesterification is accomplished in ‘minutes’ as 



27 

 

compared to the traditional catalytic procedures that require one to several hours 

[Huayang, et al., 2007]. 

 When transesterification of vegetable oils (the non-polar triglyceride molecule) is 

carried out at the conventional processing temperatures with an alcohol (the polar 

molecule) the reaction is usually heterogeneous as two liquid phases are present due 

to the immiscibility of the reactants. 

However, under the supercritical conditions, a single homogeneous phase is 

achieved that excludes the requirement of interphase mass transfer which otherwise 

limits the rate of reaction. Another important aspect of the supercritical process is that 

the alcohol acts not only as a reactant but also as an acid catalyst. 

Kusdiana and saka proposed a reaction mechanism for the transesterification of 

vegetable oils with SCM. According to this mechanism, depending upon the 

temperature and pressure, the hydrogen bonding could be significantly decreased that 

would render the methnol to become a free monomer. The alcohol molecule then 

directly attacks the carbonyl carbon of the triglyceride molecule due to high pressure. 

The transesterification is accomplished through a methoxide transfer and a diglyceride 

and FAME is produced. Similarly, transesterification of the diglyceride produces 

monoglyceride along with a FAME and finally this monoglyceride is converted into 

glycerol and another molecule of FAME. The yield of FAMEs is not affected by the 

presence of water in the reaction system under the supercritical conditions [Danan and 

Shiro, 2004]. 

One major drawback of the preparation of BD by SCM is the high cost of the 

manufacturing equipment, owing to the conditions of high temperature and pressure 

that renders the large-scale practice of this process in industry unbearable [Jian-Zhong 

et al., 2008].  



28 

 

Several studies have aimed at minimizing the severity of the reaction conditions 

necessary for this process. Subcritical alcohol with a small amount of catalyst as well 

as  co-solvents like hexane, propane and carbon dioxide, when added to the reaction 

mixture can help to lower the reaction temperature, pressure and the amount of 

alcohol required. Improved yield of the product is obtained when co-solvent like 

hexane and condensed CO2 is employed with SCM [Vyas et al., 2010]. Similarly, 

under subcritical condition (160
o
C) with 0.1 wt. % KOH and methanol to oil ratio of 

24, a 98% yield of FAMEs was observed in 20min [Jian-Zhong et al., 2008]. 

BIOX Co-solvent Process 

This is a recently introduced Canadian process, developed originally by Prof. 

David Boocock of the University of Toronto, Canada, and has attracted reasonable 

attention. The BIOX is basically a technology development company and is a joint 

venture of Madison Ventures Ltd. and the University of Toronto Innovation 

Foundation.  

In this BD production process, inert co-solvents have been selected by Dr. 

Boocock that help to create an oil-rich one-phase system. The reaction is completed 

(over 99%) in seconds at the ambient temperature as compared to the conventional 

procedures that require heating as well as several hours to complete. According to the 

BIOX’s patented process, the FFAs (upto 10% content) are converted via acid 

esterification into FAMEs followed by the transesterification of the triglycerides by 

the addition of a co-solvent in a two-step mono-phasic continuous process, carried out 

under the conditions of atmospheric pressure and near-ambient temperatures. 

Afterwards, the co-solvent can be continuously recycled and hence, reused in the 

process. 
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An exceptional aspect of this process is the utilization of inert and reclaimable co-

solvents at normal conditions of temperature and pressure, in a single-pass reaction 

that takes place only in seconds. The developers of this process aim at the production 

of BD that will be cost competitive with petro-diesel. As far as the feed-stocks are 

concerned, the BIOX process can be carried out with  not only the seed-oils but also 

with animal fats and the waste cooking oils. 

In this process, tetrahydrofuran (THF) is utilized as a co-solvent in order to 

solubilize the methanol with triglyceride phase in order to overcome the slow reaction 

times owing to their extremely low solubilities. This process results in a faster 

reaction taking place in 5-10min, without any catalyst residue in both of the phases of 

the products, i.e, the FAMEs and the glycerol [Demirbus, 2009; Math et al., 2010]. 

1.4.4 Factors Affecting the Transesterification Process 

The process of transesterification is found to be sensitive to several factors and if 

they are not optimized and taken into consideration, either the reaction remains 

incomplete or the yield of the products is significantly affected. These factors include 

mainly the FFA and water content, alcohol to oil molar ratio, temperature, stirring 

(mode and rate) and type and amount of catalyst. Each of these factors is equally 

significant in order to synthesize good, rather high, quality BD that can meet its 

standard specifications. These factors are dealt with separately in the following lines. 

FFA content 

FFAs are naturally-occuring long chain, saturated and unsaturated, 

monocarboxylic acids found in fats and oils. As compared to the triglycerides, they 

are not attached to the glycerol backbone [Sharma and Singh, 2009]. Higher FFA 

content results in higher acid values of the oils and fats. For alkali-catalyzed 

transesterification, the substrate oil or fat should have an FFA content within a desired 
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perimeter, beyond which either the reaction does not occur or the yield obtained is 

very low. Various researchers have worked out this limit of FFA content required for 

good yield of FAMEs, for alkali-catalyzed transesterification, as given in Table 1.1. 

As clear from the figures given in the table, the desired range for FFA-content in 

the vegetable oil is <0.5 - <3%. 

Usually, an alkali-catalyzed transesterification process is preferred because an 

alkali catalyst proceeds at a 4000times faster rate as compared to the same amount of 

acid required that the acid value (AV) is within the desired limit [Fukuda et al., 2001].  

Table 1.1. Limit of FFA-content in vegetable oils, for alkali-catalyzed 

transesterification [Adopted from, Sharma and Singh, 2009] 

Auther Recommended FFA-content 

(%) 

Freedman et al.  <1 

Canaki and Van Gerpan  <3 

Ma and Hanna  <1 

Zhang et al.  <0.5 

Ramadhas et al. <2 

Sahoo et al.  <2 

Tiwari et al.  <2 

 

In order to reduce the AV of vegetable oils, an acid-catalyst is applied, upto a 

level that is safe for alkali-catalyzed transesterification. If this acid-pretreatment is not 

followed, more 

soap is formed instead of esters, thereby lowering their yield. Under acid-catalyzed 

conditions , FFAs react with alcohol to produce FAMEs, although water is also 

produced at the same time, that retards the transesterifiction process [Canakci, 2007]. 

Accordingly, the transesterification has to be a one-step process when vegetable oil 

has FFA-content within the recommended range, and a two-step process if FFA-
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content exceeds the upper limit. The later comprises of an acid-catalyzed 

esterification followed by the alkali-catalyzed transesterification. 

Water Content  

In traditional alkali- as well as acid-catalyzed transesterification process, water 

content is an important factor. Water content has been reported to be a more crucial 

parameter in the process of transesterification than the FFAs [Ma and Hanna, 1999].  

Its presence produces a negative effect always as it causes the formation of soap, 

consumes the catalyst as well as retards its efficacy [Kusdiana and Saka, 2004]. The 

yield of the esters (here FAMEs) is greatly reduced if the reactants are not 

significantly anhydrous. The usual alkali catalysts i.e., sodium hydroxide and sodium 

methoxide react with the moisture present in the reactants and CO2 present in the air, 

which lessens their efficiency [Freedman et al., 1986]. 

Apart from the negative impact of water content on the catalyzed (alkali or acid) 

transesterification process, it executes a positive impact on the production of FAMEs 

when SCM-transesterification is followed [Demirbus, 2006]. Similarly, the lipase-

catalyzed transesterification faces almost no problem due to the presence of moisture 

in the reactants [Madras et al., 2004].  

Alcohol to Oil Molar Ratio 

Molar ratio of alcohol to the vegetable oil affects the rate of reaction as well as the 

yield of FAMEs, in the conventional transesterification process. As far as the 

stoichiometric ratio is concerned, three moles of alcohol are required to transesterify 

one mole of triglyceride, producing three moles of FAMEs and one mole of glycerol, 

as shown in Eq. 1. As the reaction is reversible, it can be moved towards the right side 

by either adding an excess of alcohol to the reaction mixture or removing one of the 
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products from it.  Oil A higher reaction rate is observed if a 100% excess of alcohol is 

employed.  

Usually, an alcohol to oil ratio of 6:1 is employed for the preparation of BD 

industrially, with a 98% by wt. or higher yield of FAMEs. The effect of molar ratio is 

also associated with the type of catalyst employed. For instance, acid-catalyzed 

transesterification of soybean oil with butanol has been reported to require a 30:1 ratio 

while the same yield of FAMEs, for a given reaction time, requires a 6:1 ratio with 

alkali-catalyzed reaction [Freedman et al., 1986]. 

Apart from this, the molar ratio has to be optimized for every different 

combination of feedstock (fat or oil) and the alcohol as well as the methodology 

followed, as has been reported by various researchers [Ma and Hanna, 1999; 

Demirbus, 2009].  

Reaction Temperature 

Although the rate of reaction is positively influenced by the increase in 

temperature, yet the transesterification process is tried to be accomplished at a 

temperature as low as possible, as a general approach [Muniyappa et al., 1996]. The 

temperature range commonly employed for the conventional transesterification 

processes is from room temperature to 65
o
C, when methanol is chosen as methylating 

agent. This maximum range has been established owing to the fact that boiling point 

of methanol (mostly used alcohol for transesterification) is 64.7
o
C and it may burn if 

the reaction temperature is raised above this upper limit. 

Another important and interesting factor is that the elevated temperature promotes 

the formation of soap that should be avoided [Ramadhas et al., 2005]. A temperature 

of 35
o
C has been established as the optimum temperature for the transesterification 

process using SCM [Kusdiana and Saka, 2001]. Similarly, various investigators have 
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found that the best results are obtained for esterification reactions between 60-70
o
C 

[Pramanik, 2003; Srivastava and Prasad, 2000].  

Mode and Rate of Stirring 

Both rate as well as mode of stirring is considered as equally important process 

parameters in the transesterification reaction for BD synthesis. Rate of stirring is, 

hence, also to be optimized while working with different combinations of the reacting 

substances. Usually, higher stirring rates show high yields, but upto a certain limit, 

beyond which it has no effect on the %age yield. Although not enough data is 

available regarding the mode of stirring, yet a comparatively better yield of FAMEs is 

reported with the mechanical mode of stirring than that of the magnetic mode 

[Sharma and Singh, 2008; Leung and Guo, 2006]. 

Nature and Amount of Catalyst 

A catalyst is required in the production of FAMEs by transesterification in order 

to accelerate the rate of reaction as well as to improve the yield of the products 

[Tapanes et al., 2008].  Presently, the homogeneous catalysts are employed for the 

industrial-scale production of BD. For alkali-catalyzed transesterification, NaOH and 

KOH are commonly used whereas for acid –catalyzed process, H2SO4 is the most 

common choice. Other homogeneous alkaline catalysts include sodium methoxide and 

potassium methoxide that show better yield as no water is formed with these, as in the 

case with NaOH and KOH. The amount of catalyst required to achieve maximum 

%age yield of FAMEs is different for different alkaline catalysts, e.g., 1.1, 1.3 and 1.5 

wt.% of NaOH, CH3ONa and KOH are the optimum amounts in which they furnish 

maximum yield, respectively. Smallest optimum amount of NaOH can be attributed to 

its smallest molar mass, as compared to the other two [Leung and Guo, 2006]. These 

catalysts require the acid value in a certain limited range, as mentioned earlier. In 
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order to reduce the acid value of the oil, an acid catalyst is employed, mostly the 

H2SO4. According to various investigations regarding the optimum concentration of 

H2SO4, it should be in the range of 0.65-1.43% (v/v), with 1% (v/v) as the most 

commonly employed concentration. The amount of H2SO4 should be optimized for 

every new combination of oil and alcohol, as if excess H2SO4 is added, it may burn 

the oil and the product may get darkened.  

Similar is the case with alkali catalysts as if used in a lower amount (than 

optimum), the reaction remains incomplete and if, on the other hand, excess amount is 

applied, saponification may result. So, optimization of the amount of catalyst is also a 

crucial parameter for the transesterification of the vegetable oils for BD synthesis 

[Sharma and Singh, 2008].  

Few disadvantages have been observed with the homogeneous catalysts as, when 

they have to be removed from the final product, excess washing with water is required 

which results in the loss of the product as well as generate lot of waste in the form of 

wash-water [Leung and Guo, 2006]. In order to overcome these disadvantages of 

homogeneous catalysts, several heterogeneous catalysts have been reported that offer 

the advantages like easy separation from the products and ability to be reused, 

repeatedly. Also, they are comparatively less corrosive [Sharma and Singh, 2009]. 

1.5 CHARACTERIZATION OF BIODIESEL 

FAMEs prepared by the transesterification of vegetable oils and animal fats, 

commonly called as BD, have been found to be suitable alternatives for diesel fuels. 

Transesterification is carried out to reduce the kinematic viscosity of oils and fats that 

are high enough to render them unfit as diesel-fuel alternatives in their virgin form. 

During the process of transesterification, different intermediate products are formed, 

like mono- and di-glycerides, which remain in the final product in small amounts. 



35 

 

Also, the unreacted triglycerides, alcohol and FFAs, un-separated glycerol and 

residual catalyst may remain behind in the final BD product.  

All these behave as contaminants to the BD and can result in operational problems 

like filter clogging, engine deposits and deterioration of the fuel quality, requiring 

their estimation in the BD, prior to its use in vehicles. 

Similarly, determination of the fuel quality of BD is exceedingly important for the 

successful replacement of the petro-diesel, in other words, commercialization of BD. 

Characterization of BD is, hence, a basic requirement for its acceptance on both 

technical and commercial grounds.  

BD is generally characterized by the properties (that largely include those of the 

common diesel-fuel) like free and total glycerol (for limiting the amount of glycerol 

and acylglycerols), flash point (for limiting residual alcohol), acid value (for limiting 

FFA-content), ash value (for limiting residual catalyst) and various other parameters 

like viscosity, high heating value (HHV), density, cetane number, cloud and pour 

points, cold filter-plugging point, distillation range etc.  

1.5.1 Standard Methods for Biodiesel Characterization 

 Standardization of BD should be performed prior to its common availability, 

by the help of standard specifications set forth world-wide by different organizations, 

like the American Society for Testing and Materials (ASTM), the European 

Standards, and the International Organization of Standardization (ISO).   

Characterization of BD fuel is carried out by the help of the standard 

methods/protocols prescribed by these organizations, e.g., all the parameters 

mentioned above have been specified by the American standard ASTM D6751 that 

represents the range in which the quality of pure BD (B100) is acceptable as an 

alternate to the petro-diesel. These B100 specifications (ASTM D6751-02) are given 
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in Table 1.2. Another internationally recognized standard is the European-Standard, 

EN 14214, that basically demonstrate the required specifications for the BD produced 

from rapeseed oil, the most common BD feedstock in Europe [Knothe et al., 2005; 

Demirbus, 2008]. These EN 14214 specifications are given in Table 1.3. 

Table 1.2  ASTM D6751–07a Biodiesel Specifications 

Property Method Limits Units 

Flash point, closed 

cup 

D 93   93 min 
°
C 

Kinematic 

viscosity,40 ° C 

D 445   1.9 – 6.0 mm
2
/s 

Cloud point   D 2500 Report  
°
C 

Acid number D 664 0.50 max mg KOH/g 

Water and sediment D 2709 0.050 max % volume 

Sulfated ash   D 874 0.020 max wt. % 

Total Sulfur  D 5453 0.05 max wt. % 

Copper strip 

corrosion 

D 130   No. 3 max - 

Cetane number D 613   47 min  - 

Carbon residue D 4530 0.05 max wt. % 

Free glycerin D 6584 0.02 wt. % 

Total glycerin D 6584 0.24 wt. % 

Phosphorus D 4951 10   Ppm 

Oxidative stability EN 14112 3 min Hours 

Vacuum distillation 

end- point ( 90% 

recovery) 

D 1160 360 °C max 
°
C 
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Table 1.3 European Standards for biodiesel, EN 14214 

Property Test method Limits  Units  

Kinematic viscosity,40 
°
C EN ISO 3104, ISO 

3105  

3.5-5.0 mm
2
/s 

Density, 15 
°
C EN ISO 3675, EN ISO 

12185 

860-900 Kg/ m
3 

Ester content  EN 14103 96.5 min % mol/mol 

Flash point EN ISO 3679 120 min 
°
C 

Sulfur content EN ISO 20846, EN 

ISO 20884 

10.0 max mg/kg  

Cetane number  EN ISO 5165 51 min - 

Carbon residue (10 % 

distillation residue) 

EN ISO 10370 0.30 max % mol/mol 

Sulfated ash ISO 3987 0.02 max mg/kg 

Water content EN ISO 12937 500 max mg/kg 

Linolenic acid content EN 14103 12.0 max % mol/mol 

Copper strip corrosion  

(3 h, 50 
°
C) 

EN ISO 2160 1 Degree of 

corrosion 

Oxidation stability, 110 
°
C EN 15751 8.0 min H 

Acid value EN 14104 0.50 max mg KOH/g 

Iodine value EN 14111 120 max g I2/100 g 

Total contamination  EN 12662 24 max mg/kg 

Polysaturated methyl esters 

(≥4 double bonds 

EN 14103 1 max % mol/mol 

TAG content EN 14105 0.20 max % mol/mol 

DAG content EN 14105 0.20 max % mol/mol 

MAG content EN 14105 0.80 max % mol/mol 

Methanol content EN 14110 0.20 max % mol/mol 

Total glycerol EN 14105 0.25 max % mol/mol 

Free glycerol EN 14105, EN 14106 0.020 max % mol/mol 

Phosphorus content EN 14107 10.0 max mg/kg 

Group I metals (Na, K) EN 14108, EN 14109 5.0 max mg/kg 

Group II metals (Ca, Mg) EN 14538 5.0 max mg/kg 

 

1.5.2 Analytical techniques employed for production and quality assessment of 

biodiesel 

 

High fuel quality with least or no operational problems is a prerequisite for the 

general market acceptance of biodiesel. Consequently, the monitoring of biodiesel 

production and analysis of the prepared biodiesel has been of great concern recently. 

Various analytical techniques have been scrutinized for these above-mentioned 

concerns. These include mainly the chromatographic techniques namely gas 
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chromatography (GC), high performance liquid chromatography (HPLC), gel 

permeation chromatography (GPC) and thin-layer chromatography (TLC), and the 

spectroscopic techniques like Fourier-transform infrared spectroscopy (FTIR) and 

nuclear magnetic resonance (NMR) spectroscopy. Some other methods of minor 

importance include viscometry, titration etc. Out of these, GC has been investigated 

and utilized most intensively so far.  

Chromatographic techniques 

Thin-layer chromatography (TLC): This was the first method developed for 

monitoring of the transesterification reactions of vegetable oils. In addition to fatty 

esters, this method also monitors the tri-, di-, and monoglycerides. This represents the 

main advantage of TLC in addition to the shorter analysis time (nearly 30 samples in 

2-3 h). On the other hand, TLC bears several inherent drawbacks like lower accuracy, 

sensitivity to humidity and failure to afford exact quantitative determination of extent 

to which vegetable oils are converted into biodiesel. 

High performance liquid chromatography (HPLC): This technique is far less 

employed characterization tool for biodiesel as compared to GC, although it offers 

certain advantages over it (GC), like shorter analysis time and better sensitivity. Also, 

it does not require derivatizing the sample prior to analysis that itself reduces time- 

and reagent-consumption. Moreover, HPLC can be adopted for biodiesel from various 

feedstocks and appears to be better for blend analysis than GC. Trathnigg and 

Mittlebach (1990) presented the first HPLC method for monitoring the synthesis of 

biodiesel with density detection. Various other detectors have also been reported for 

HPLC-analysis of bodiesel, like UV-detector, evaporative light scattering detector 

(ELSD), and atmospheric pressure chemical ionization mass spectrometer (APCI-MS) 
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in +ve ion mode. Among these, ELSD is found to be quite suitable for the said 

purpose.  

Gas chromatography (GC): To date, GC has come up as the most commonly utilized 

analytical tool for the analysis of biodiesel, owing to its high accuracy for quantifying 

the major and minor components. The first ever report in this regard was presented by 

Freedman et al, (1986) that made use of capillary gas chromatography for quantitation 

of esters as well as tri-, di-, and monoglycerides. Flame ionization detector (FID) has 

appeared as the most usually employed detector, although mass spectrometric 

detectors have also been investigated and these offer better qualitative results. 

However, the higher cost of MS detectors hinders their widespread commercial use 

like those of FIDs. Initial report on GC analysis of biodiesel determined tri-, di-, and 

monoglycerides in methyl soyate. However, this technique is used later on for the 

determination of a range of contaminants in biodiesel that include methanol, total and 

free glycerol, and non-glyceridic materials like sterols and sterol esters. 

Gel permeation chromatography (GPC): GPC is similar to HPLC in instrumentation, 

except the nature of column and the underlying principal. It has not appeared to a 

noticeable extent in the scientific literature regards study of transesterification of 

vegetable oils for biodiesel preparation. A few reports have been seen regarding the 

analysis of tri-, di-, and monoglycerides as well as glycerol and methyl esters in 

biodiesel.  

Spectroscopic techniques 

As mentioned above, NMR and FTIR are two major spectroscopic techniques in use 

now-a-days for the chemical characterization of both vegetable oils and biodiesel. A 

brief discussion of these techniques is as follows. 
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Nuclear magnetic resonance (NMR) spectroscopy: This is an excellent and relatively 

faster and simpler technique for monitoring of transesterification reaction as 

compared to GC and HPLC. Also, a smaller amount of sample is required for analysis 

that needs no pre-purification step to be carried out. However, the instrumentation and 

maintenance costs are quite high and need to be evaluated. Utilization of NMR, 

particularly the 
1
H NMR, regarding the monitoring of transesterification of vegetable 

oils was investigated by Gelbard et al (1995), for the first time. This study made use 

of the peaks from methylene group adjacent to ester moiety in triglyceride i.e, α-CH3 

at 2.3 ppm (t) and the methoxy group in esters i.e, OCH3 at 3.7 ppm (s), in order to 

follow the progress of reaction. Areas of these two peaks were used to calculate the 

extent of conversion and the equation developed was as follows: 

𝐶 = 100 𝑋 [
2𝐴𝑀𝑒

3𝐴𝛼−𝐶𝐻2

] 

where C represents the % conversion of triacylglycerols into corresponding alkyl 

esters. The numerator and denominator of the fraction present the integration values 

of the methoxy protons of the methyl esters and α-methylene protons, respectively. 

Similarly use of the 
13

C NMR has also been presented [Knothe, 2001]. However, 

many works reported later have indicated that Knothe incorrectly assigned five 

protons to the glyceryl methylenes instead of four protons, due to lake of resolution in 

the spectra [Anderson and Franz, 2012]. 

Fourier transform infrared (FTIR) spectroscopy: This is another analytical tool that 

can be used for monitoring the conversion of triacylglycerols into corresponding alkyl 

esters (biodiesel) via transesterification. Initial work on the use of this technique for 

the said purpose was reported by Knothe (1999, 2000) who developed a method based 
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on differences in the region of 6005 and 4425-4430 cm
-1

, where fatty esters exhibit 

peaks but the triglycerides show only shoulders. The former peak was found to be 

more suitable for quantification. In addition to monitoring of transesterification 

reaction, assessment of biodiesel quality can also be done by correlation with other 

analytical data. More recently, the methods have been reported where the peak 

areas/intensities and positions are used to assess the extent of transesterification.  [m. 

tariq et al]. 

Viscometry 

  A viscosity difference of about one order of magnitude exists between the 

triacylglycerols and their corresponding alkyl esters. This forms the basis of the 

analytical method being discussed, and can be utilized for determination of extent of 

conversion of vegetable oils to biodiesel. Determination of viscosities at 20 
°
C and 

37.8 
°
C were reported to be in agreement with GC analysis carried out for the sake of 

verification. This viscometric analysis, particularly the values obtained at 20 
°
C were 

suggested to be suitable for process-control owing to it speed. Density measurements 

also furnished similar results (De Fillipis et al, 1995). 

Titrimetry  

 This analytical technique is used for the determination of free fatty acids in 

biodiesel as well as strong acids, using acid-base indicators. A potentiometric titration 

has also been reported for the said purpose and is found to be more reliable than acid-

base the usual titrations [Knothe, 2001; Tariq et al., 2012].    
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1.6 PROPERTIES OF BIODIESEL 

 BD is produced by the tranesterification of vegetable oils or animal fats, along 

with glycerol. Although the glycerol phase can be easily separated from the BD yet its 

aforementioned properties must be determined, as defined in the standards, in order to 

establish its suitability as an alternate diesel fuel. BD can be produced from refined 

vegetable oils as well as from low-cost poor quality feed-stocks but on the condition 

that these standard values are met with. Some of the critical properties, commonly 

employed for its quality assessment, have been discussed here. The discussion 

includes the importance of these properties, individual, and their role in the overall 

quality of the fuel, i.e, BD. Also, difference in these properties that arises due to the 

change in nature of the feed-stock has also been elaborated. 

 

1.6.1 Viscosity 

 Being one of the most crucial features of an engine fuel, viscosity plays a 

basic role in fuel spray, formation of mixture and the following combustion process. 

Injection process is interfered by high values of viscosity leading to improper 

atomization of the fuel. Moreover, an increase in viscosity increases the average size 

of the fuel droplets from the injector and also their penetration. Incomplete 

combustion results from the improper mixing of fuel and air. Also, high viscosity 

accompanies high line pressure that causes early injection thereby moving the 

combustion of the fuel closer to the top dead center and elevating maximum 

temperature and pressure inside the combustion chamber [Choi and Reitz, 1999].  

A fuel owes its viscosity to its chemical composition and structure. An 

increase in viscosity is observed with the increase in chain-length while decrease with 

increasing unsaturation [Graboski and McCormick, 1998]. Although vegetable oils 
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can be used in combustion diesel engines, but due to their higher viscosities than 

common diesel fuels require certain modifications in these engines. 

Transesterification of vegetable oils is carried out, as discussed before, to convert the 

triglycerides into FAMEs which (almost from all vegetable oils) are slightly more 

viscous than No. 2 diesel fuel.  The molecular mass of triglycerides reduces via 

transesterification to one third while their viscosity by a factor of nearly eight 

[Demirbus, 2008]. The values of viscosities of vegetable oils have been observed 

between 27.2-53.6 mm
2
/s, whereas those of their FAMEs are between 3.6-4.6 mm

2
/s. 

The viscosity of No. 2 diesel fuel, on the other hand, is 2.7 mm
2
/s at 311K [Demirbus, 

2009]. Generally, higher viscosities are observed for BD produced from saturated 

feed-stocks (fats and greases) as compared to the unsaturated ones (vegetable oils) 

[Graboski and McCormick, 1998]. These differences in the values of viscosities of 

BD fuels prepared from various feed-stocks are, however, within the given standard 

specifications [Canakci and Sanli, 2008]. 

1.6.2 Density 

 As compared to diesel fuel, all FAMEs have higher density and lower 

compressibility [Graboski and McCormick, 1998], which are the two very important 

features since they have an influence on the injection system of the engine. Like 

viscosity, density also affects the breakup of the fuel when injected into the cylinder. 

Both of these parameters i.e., density and compressibility, affect the fuel’s injected 

amount, timing for injection and spray pattern, directly [Lee et al., 2002].  

Also, the denser the fuel the bigger the diameter of its droplets and higher the 

penetration into combustion chamber [Choi and Reitz, 1999]. Similarly, the 

atomization and mixture formation of the fuel are depressed with increase in density 

[Demirbus, 2003]. Other properties of a diesel fuel affected directly by its density 
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include its heat content and exhaust emission (particulate matter and NOx). The 

density of a fuel increases with an increase in chain-length and saturation level, so the 

BD synthesized from the vegetable oils is found to be less dense (due to their 

unsaturated nature) as compared to that from the animal fats and greases. In both 

cases, however, the values of density fall within the specified standards [Graboski and 

McCormick, 1998]. 

1.6.3 Cetane Number 

Cetane number (CN) is generally a dimensionless indicator of the ignition 

quality of a diesel fuel, defined as “a measure of the knocking tendency of a fuel”. It’s 

opposite to the octane number of a gasoline fuel. 

Basically, CN is a measure of the ignition delay time, which is the time 

between start of the injection and the onset of the combustion. The ignition delay 

decreases with the increase in CN, thereby increasing the main combustion phase 

(diffusion controlled combustion). Very high CN is however, not acceptable as in this 

case the fuel will ignite in a brief time and distance to the injector and cause excessive 

heating of it. This strong heating may result in formation of cooked particles in the 

injector that may block the injector nozzle. Due to this reason, the CN of a diesel 

engine fuel should not be higher than 65. Similarly, long ignition delay due to the low 

value of CN is also not affordable as it makes the diesel knock. CN has also an effect 

on cold engine starting and the resulting noise and white smoke emissions [Heywood, 

1988].   

A scale, the CN, has been established for sorting out the ignition delay of the 

diesel fuels, that is conceptually similar to the octane scale used for gasoline. 

Generally, a compound with a higher octane number tends to have a lower CN, and 

vice versa. A long, straight-chain hydrocarbon, hexadecane (C16H34; with trivial name 
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‘catane’, and hence the name of the scale) was assigned a CN of 100, for establishing 

the cetane scale. It’s a high quality standard and a primary reference fuel (PRF). 

Similarly, a CN of 15 was assigned to a highly branched compound 2,2,4,4,6,8,8-

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

engine. 

So, chain-length  and branching of a compound (fuel) influence its CN value, 

which decreases with decrease in chain-length but increase in branching. It is clear 

from the cetane-scale why triglycerides (found in vegetable oils and animal fats) and 

their derivatives (FAMEs) are the suitable alternative diesel fuels. The key lies in the 

similarity between the long, unbranched chains of fatty acids, which are main 

constituents of triglycerides and their FAMEs, and the n-alkane constituents of the 

usual petro-diesel.  

For the determination of CN, different standard methods have been established 

world-wide, for instance, ASTM D613 in the USA, and internationally the ISO 5165. 

A minimum CN of 40 is required for petro-diesel, by the standard ASTM D975, while 

for BD, a minimum of 47 (or 51 by EN 14214) is prescribed. 

For many fatty compounds that have high CN, exceeding the CN-scale, the 

term ‘lipid combustion quality number’ was also suggested [Knothe et al., 2005]. 

Due to aforementioned structural features, BD has a higher CN than that of 

petro-diesel and, consequently, a shorter ignition delay time. Also, BD produced from 

feed-stocks containing saturated fatty acids (fats and greases) have higher CN than 

that from vegetable oils. The combustion process is, however, not affected by these 

differences [Canakci and Gerpen, 2003]. 
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1.6.4 Flash Point 

 Flash point (FP) is defined as ‘the temperature at which the fuel starts to burn 

when brought in contact with an igniter or fire’ [Ali et al., 1995].  

From the safety point of view, FP is an important feature of a fuel during its 

storage and transportation. FP is also correlated with the volatility that is in turn an 

important factor for starting and warming of an engine. Low volatility of a fuel, 

combined with high viscosity, results in problems like bad start-up of the engine (in 

cold), ignition delay and misfire [Szybist et al., 2007]. High FP on the other hand, 

may cause carbon deposits inside the combustion chamber.  

Usually, the FP of the most commonly employed BD feed-stocks (soybean oil, 

rapeseed oil, sunflower oil, yellow grease, tallow etc.) are far above that of the petro-

diesel. Although transesterificationmof these feed-stocks results in lowering the 

values of FP, still they are higher than the FP of the usual diesel fuels. If the FP of BD 

prepared from high-quality feed-stocks (refined vegetable oils) compared to that of 

BD prepared from low-quality ones (yellow grease, tallow etc.) the later are shown to 

possess higher values.  

A comparatively smaller amount of fuel, with low volatility and high CN, is 

burnt in the premixed chamber because less fuel is evaporates in this duration and 

ignition delay ends sooner. Also, lower NOx emission occurs owing to lower 

combustion temperature and pressure [Canakci and Sanli, 2005]. 

1.6.5 Cold-Weather Properties 

Like all diesel fuels, BD (prepared from all feed-stocks) is susceptible to start-

up as well as performance problems when fuel systems are subjected to cold weather 

temperatures. This may affect its year-round commercial viability in regions with 

moderate climate. Although BD performance studies in cold weathers are few, yet 
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evidences are found for performance issues when ambient temperature falls up to 0 to 

-2
o
C, overnight.  

The saturated methyl esters found in BD start to nucleate and form solid 

crystlals, in this temperature range. These solid crystals eventually restrict its flow in 

the fuel lines and filters of the engines at the time of start-up next morning and can 

result in fuel starvation and/or failure of the engine.  

Two important experimental parameters that determine the tendency of a fuel 

(BD) to solidify at low temperatures and, hence, its cold weather performance are 

‘cloud point’ (CP) and ‘pour point’ (PP) [Knothe et al., 2005]. 

CP is the temperature where wax crystals first appear in a liquid in the form of 

a cloud, on cooling. These crystals, as mentioned before, can result in operation 

problems as they may plug the fuel lines and filters of the engine [Ali et al., 1995]. 

Pour point is defined as the minimum temperature at which agglomeration of the 

crystals is extensive enough to prevent the free flow and hence pouring of a liquid 

[Lee et al., 1995]. 

Cold-weather properties of BD are greatly affected by its fatty acid profile. 

Since the freezing point of BD increases with an increase in chain-length and 

decreases with increase in the number of multiple bonds i.e., unsaturation of the feed-

stock, it is imperative that the cold weather quality of BD prepared from feed-stocks 

with unsaturated fatty acids (vegetable oils) should be better than that from feed-

stocks with saturated fatty acid composition, in terms of CP and PP [Demirbus, 2003].  

For instance, saturated fatty acid concentration of tallow is about 50% and its 

CP and PP values are 12 and 9
 o
C, respectively, while soybean oil is reported to be 12-

15 % saturated and exhibits CP and PP up to -0.5 and -4
o
C, respectively [Graboski 

and McCormick, 1998].  
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On the other hand, BD fuels prepared from greases are better in terms of these 

properties than that synthesized from tallow, as greases are the mixtures of both fats 

and oils. All BDs  however, as aforementioned, exhibit quite higher values of CP and 

PP than that of the petro-diesel fuel, limiting their usage in cold climatic conditions 

[Canakci and Sanli, 2008]. 

1.6.6 Oxidative Stability 

Oxidative stability is another important parameter of BD regarding its fuel 

quality. It exhibits its resistance during prolonged storage. Experimentally, it is 

assessed by copper-strip test, since it exerts the strongest catalytic effect on oxidation.  

Initially, the hydroperoxides are formed when oxidation takes place at normal 

temperatures. The peroxides may split to form aldehydes, ketones and short-chain 

acidsthat ultimately produce unpleasant odors, as the process of oxidation continues. 

Finally, the fuel properties and hence quality is depreciated due to the formation of 

gum. This gum undergoes incomplete combustion leading to the appearance of carbon 

deposits in the combustion chamber as well as thickening of the lubrication oil [Ma 

and Hanna, 1999]. 

 Moreover, viscosity as well as CN of BD is raised, as a result of oxidation. As 

can be inferred from the increase in CN, the BD starts burning in a shorter time than 

that of the unoxidized one, and NOx emission is also increased [Monyem and Gerpen, 

2001]. The roots of oxidation of BD are embedded in its chemical structure, as it 

usually contains, more or less, unsaturation in the fatty acid chains. BD prepared from 

feedstock with more unsaturation is more susceptible to oxidation than that with less 

or no unsaturation [Graboski and McCormick, 1998].  

As found in literature, the relative rates of oxidation are 1, 41 and 98 for 

oleates (methyl or ethyl esters), linoleates and linolenates, respectively [Frankel, 1998 
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and references therein]. Since most of the BD fuels contain essentially the esters of 

oleic, linoleic and linolenic acids, in significant amounts, they definitely correspond to 

one of these values, depending upon their composition.  

In most of the studies regarding oxidative stability of BD, the influence of 

factors like presence of light, air, heat, traces of metals, peroxides, antioxidants and 

the nature of the storage containers has been investigated. Only the findings of these 

investigations are being summarized here.  

The factors, out of the above-mentioned, that support the process of oxidation 

of BD include the presence of light, air, heat and metals’ traces. Among the metals, 

that have a catalytic influence on oxidation, copper exhibits the strongest action, 

although the effect of the presence of unsaturation in the chemical structure of 

FAMEs is still far higher.  

A standard specification for oxidative stability of BD has been includedin 

European standards EN 14213 and EN 14214, that prescribe the use of Rancimat test. 

Various other test methods have been employed to carry out the studies on oxidative 

stability of BD. These include the common wet-chemical ones e.g., peroxide value, 

acid value etc., and pressurized differential scanning calorimetry [Knothe et al., 

2005].  

1.7 CURRENT SCENARIO OF RENEWABLE ENERGY 

OPTIONS & BIODIESEL PRODUCTION IN PAKISTAN 

 Pakistan is basically a developing country mainly due to its being energy-

deficient. This is very much clear from the per capita energy consumption data, which 

is 3894kWh as against the world average of 17620kWh, pushing us to a ranking of 

100, in comparison to other nations. Pakistan is a net importer of energy as can be 

observed from an analysis of our energy supply market. For instance, the internal oil 
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production in Pakistan meets only 1/6
th

 of its present oil requirement [Economic 

survey of Pakistan, 2004-2005].  

 During the fiscal year 2007-2008, total primary energy supply of Pakistan was 

62.88MTOE (million tons of oil equivalent). Conventional energy sources like oil, 

gas, hydral, nuclear etc. supplied more than 99% of this energy, while the contribution 

of micro-mini renewable energy installations was only less than 1%, in spite of the 

fact that the potential of the RESs exists in the country many fold than that of the 

conventional energy sources [Sheikh, 2010].  

 Energy sources exploited on commercial level in Pakistan include coal, oil 

(petroleum), natural gas, hydral power and nuclear energy. The present day energy 

supply matrix comprises of different techniques with oil and gas contributing up to 

75.3% followed by the hydro-power (11.3%), coal (6.2%) and nuclear energy (1.2%), 

Fig. 1.7, [Fossil fuel overview, 2005]. 

 

Fig. 1.7 Pakistan’s current energy supply matrix 

The energy (power and transportation) demands are highly expected to increase by 

53%, through the year 2030. Pakistan’s proven oil reserves are nearly 300million 
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barrels, according to the O&GJ. Unfortunately, new oil fields have not been explored 

since 1980s, resulting in a stagnant oil production, nearly at 60,000 barrels/day, 

making it an oil importer. On the other hand, the power sector and the auto industry 

(two major consumers of oil products) are growing within the country, thus increasing 

demand of crude oil continuously with the passage of time.  

 A similar situation is observed in case of the natural gas resources in the 

country. According to the fiscal year 2005-06, there were 28trillion cubic feet of 

natural gas in Pakistan while a production and consumption of 968billion cubic feet 

was recorded in 2004 (that has not so much improved till now). Also, the production 

of natural gas is expected to increase in next 15-25years as against the consumption 

rate that may increase positively.  

 As far as Pakistan’s coal reserves are concerned, they are estimated to be 

180billion tons, proven as well as recoverable (5
th

 largest in the world). This energy 

source is still playing, unfortunately, a minor role in country’s total energy mix. To 

satisfy its needs, Pakistan is importing coal that amounts higher as compared to that 

produced from indigenous reserves.  

 Pakistan is fortunate enough to possess a good deal of RESs that include 

hydro, nuclear, solar, wind, tidal and biomass, but only the first two are being utilized 

on commercial scale recently. These contribute 12.7% and 1.0%, respectively, to the 

total energy supply mix, as reported in the fiscal year 2005-06. Rest of the RESs, 

although not being exploited yet, possess a great potential as for power generation. 

Pakistan possesses a favorable climate and unique geographical location that are 

required for the energy production from wind and solar resources, especially. 

Similarly, an abundant supply of biomass with a great diversity makes this a highly 
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potential resource, even more than the above ones. This huge potential offered by the 

RESs of Pakistan can be exploited to bridge the large gap between the production and 

consumption levels of energy, required for sustainable development of the country. 

The only requirement is the dedicated and serious efforts that should be made by the 

government of Pakistan in the maximum utilization of these RESs. This covers the 

strategic and policy measures as well as the investment in the development of relevant 

sustainable energy technologies  [Khan and Dessouky, 2009].  

1.8 RATIONALE FOR ALTERNATIVE FEEDSTOCKS FOR 

PRODUCTION OF BIODIESEL 

 Biodiesel has emerged as a potential alternative to petro-diesel over the past 

two decades as a direct consequence of the two main concerns about the later, namely 

its non-renewable nature and the adverse effects that it’s continuous use poses on 

environment. Biodiesel has become very attractive because of its inherent 

renewability and environmental-friendly nature. Currently, biodiesel is produced from 

high-quality edible vegetable oils via alkali-catalyzed methanolysis. This is the 

situation found only in developed countries, for instance rapeseed and sunflower oils 

are used for producing commercial scale biodiesel in European Union (EU) that is 

also world’s largest biodiesel producer, soybean oil is used in USA etc. while the 

countries with coastal areas like Indonesia and Malaysia having palm oil and coconut 

oil in large amounts are using these oils for the said purpose. Use of such edible oils 

in the above-mentioned countries is based on the fact that these countries are not only 

self-sufficient in the production of these vegetable oils but also are left with surplus 

amount of these oils to export.  

 The feedstocks employed for the production of biodiesel are important due to 

two major reasons. One is from technical point of view as almost all of the 
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physicochemical (including fuel) properties of biodiesel depend upon the chemical 

nature of the feedstocks, for example kinematic viscosity, iodine value, cetane 

number, cold weather properties, oxidative stability etc. Other reason is from 

economical point of view as the final cost of biodiesel owes more than 85 % of its 

share from the cost of feedstock/s. An increase in the prices of vegetable oils has been 

observed in past years due to factors like increase in population and, subsequently, a 

general demand for edible oils. This has resulted directly in uplift of biodiesel 

production cost and made the economic situation of biodiesel worse than before. It 

becomes clear from the fact that in middle of the 1990s, the price of the feedstock 

accounted for about 60-75 % of the final price of biodiesel but this share of feedstock 

price has been raised upto >85 % recently. In order to survive in the market as a cost-

effective and viable alternative fuel, biodiesel needs to compete with diesel fuel 

economically. This directly requires to lower down the production cost of biodiesel 

which is possible, of course, only if the cost of feedstocks/raw materials is let down 

somehow.  

 On the basis of kind of feedstock used for the production of biodiesel, three 

generations of biodiesel have been recognized. 1
st
 generation biodiesel is that 

produced from edible oils, as aforementioned, and it accounts for more than 95 % 

biodiesel produced on commercial scale in EU and USA. Inspite of this much large-

scale production, the 1
st
 generation biodiesel carries some major demerits, for 

example it has produced serious food and ecological imbalance due to its 

requirements like edible oils as feedstocks and the subsequent demand for arable land 

and hence deforestation. The 2
nd

 generation biodiesel is that produced from non-

edible oils like jatropha, jojoba oil, neem oil, Pongamia pinnata, rubber seed oil, and 
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various others. This generation of biodiesel has although some merits over the 1
st
 

generation like it can eliminate the aforementioned food and ecological imbalance (as 

these feedstocks are non-edible and growing either already, naturally, or can be 

cultivated on waste land) and hence, these are environment-friendly, there are certain 

demerits as well. These include mainly their lesser production capacity as per 

commercial demand. The 3
rd 

generation biodiesel is that derived from algae, mainly 

microalgae. Various merits have been assigned to this generation of biodiesel like 

higher and faster rate of growth and production, no demand for land and no 

interference with human food supply. However, all these merits get faint by the 

demerits of this generation like it needs huge sunshine (which is not available in 

countries with cold weather) and current non-availability of the required technology 

(mainly photobioreactors) on commercial scale. The feedstocks employed for 2
nd

 and 

3
rd

 generations of biodiesel are termed as “alternative feedstocks” for biodiesel, and 

several studies have been carried out for past two decades, as found in literature, in 

order to find more and more feedstock options for extending the production scale of 

biodiesel. However, the gap between the combined production capacity of all the 

reported feedstocks and the required production scale is still very large. This situation 

demands more and more feedstocks to be explored and evaluated for their suitability 

to be employed for production of biodiesel [Demirbus, 2009; Atabani et al, 2013].  

  



55 

 

OBJECTIVES 

 Higher production cost of the biodiesel can be cut short by exploring and 

utilizing the non-edible oilseed varieties. This represents the overall aim of the present 

work. To accomplish this task, following are the specific objectives of this work: 

 Exploring the non-edible vegetable oil sources that are basically agro-wastes, 

indigenous to Pakistan and selection of the feasible ones that may be suitable 

for production of BD 

 Procurement of seeds of the selected oilseed varieties and extraction of oil 

from these, preferably by solvent extraction method, using n-

hexane/petroleum ether 

 Characterization of the extracted oil regarding its physic-chemical properties 

and fatty acid profile 

 Synthesis of fatty acid methyl esters (i.e, biodiesel) from the extracted oil by 

alkali-catalyzed transesterification 

 Study of the fuel properties of the prepared biodiesel samples according to the 

standard ASTM methods to evaluate fuel for biodiesel 

 Comparison of the selected oilseed varieties with other feedstocks used 

commonly for production of biodiesel, namely soybean oil, rapeseed oil and 

sunflower oil. 
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CHAPTER 2 

EXPERIMENTAL 

 Present research work is designed to investigate the potential of agro-waste 

materials indigenous to Pakistan for the production of BD. After acute analysis of 

plant varieties which are especially available throughout the year and their seeds are 

discarded considering them waste. Three plants were selected, namely china berry 

(Melia azedarach), Loquat (Eriobotrya japonica) and Cantaloupe (Cucumis melo var. 

cantaloupensis) were selected for the study. Selected oilseeds were collected 

manually from the fresh fruits available in the respective season and/or either picked 

from the trees (chinaberry) present in the University or purchased from local fruit 

markets of Sargodha and Chakwal cities (Cantaloupe and Loquat, respectively).  

2.1 CHEMICALS/REAGENTS 

All the solvents and reagents used in this project were procured from Sigma-

Aldrich (St. Louis, MO, USA) or else specified and were used as received without 

further purification. These include n-hexane (C6H14), anhydrous magnesium sulphate 

(MgSO4), sodium thiosulphate (Na2S2O3), phenolphthalein, hydrochloric acid (HCl), 

potassium hydroxide (KOH),  potassium iodide (KI), Wij’s reagent (iodine 

monochloride, ICl, dissolved in acetic acid), ethanol (C2H5OH), glacial acetic acid 

(anhydrous CH3CO2H),  chloroform (CHCl3) etc. for the extraction and 

characterization of oils and methanol (CH3OH) and sodium hydroxide (NaOH) for 

transesterification of the oil. All the chemicals were of analytical grade except 

methanol that was of HPLC grade. Pure standards of fatty acid methyl esters 

(FAMEs) were also purchased from Sigma-Aldrich for the fatty acid identification 



57 

 

and quantization in the oil samples under study using GC-FID. Deuteriated 

chloroform (CDCl3) was employed as solvent for sample preparation by NMR. 

2.2 INSTRUMENTS/EQUIPMENT 

 The instruments and equipment required for the extraction, physicochemical 

characterization and transesterification of oil samples included: analytical balance 

(Shimadzu, Ay 220), electric oven (LabTech, Korea), IKA
®
 A11 basic analytical mill 

(IKA Works Inc. Wilmington, USA), rotary evaporator (Laborota 4001, Heidolph, 

Germany), hot plate (Model MSH-20A, WITEG, Germany), heating mantle (Model 

WHM 12014, WITEG,Germany), automatic centrifuge (CHM-17, Kokusan Denki, 

Tokyo), micropipette, distillation assembly, soxhlet assembly, titration assembly, 

three-necked round-bottom glass reactors, flasks etc. All the glassware used in this 

project was of A-grade pyrex.                                                          

Fatty acid profile determination was carried out using the gas chromatograph 

equipped with a flame ionization detector (SHIMADZU, model 17-A) at PCSIR 

Laboratories Complex, Lahore, and an NMR spectrometer (Avance series, Bruker, 

Switzerland) at Department of Chemsitry, Quaid-e-Azam University, Islamabad.  

 The X-ray diffraction analysis of the crystals of synthesized salt was carried 

out on a Bruker KAPPA Apex II diffractometer at University of Sargodha, Pakistan. 

SAINT program was used for data reduction whereas the refinement and structure 

solution was performed using the SHELXL-2013 program package (Siemens, 1995; 

Sheldrick, 2008).  

Determination of fuel properties of the biodiesel prepared from oil sources 

under study required the specific instruments to be employed that included: PM-93 
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Pensky-Martens Flash-point tester and KV6 Viscometer bath both from STANHOPE-

SETA, England for determining flash point and kinematic viscosity, Anton Paar 

DMA 4500 density meter for density, K45000 Distillation system and K25330 

Copper strip corrosion bath, both from Koehler Instrument Company, Inc. England, 

for the distillation range and copper strip corrosion analysis.  

2.3 EXTRACTION & CHARACTERIZATION OF OIL 

2.3.1 Pretreatment of the Seeds of Selected Oil Sources 

 The manually collected seeds were washed with distilled water to make them 

clean and dried in sunlight for a couple of days in order to remove the moisture 

content that was determined gravimetrically. Dried seeds were ground with the help 

of an IKA
®
 A11 basic analytical mill to reduce to suitable size for extraction of 

maximum oil, in minimum time. Drying was accomplished both at ambient as well as 

elevated temperatures using electric oven.  

2.3.2 Extraction and Physicochemical Characterization of Oil 

 Pretreated seeds were subjected to extraction of oil followed by the 

characterization for physical and chemical properties of these oils to estimate their 

suitability as feedstocks for BD synthesis. 

2.3.3 Extraction Procedure 

Dried seeds were ground with an IKA
®
 A11 basic analytical mill (IKA Works 

Inc. Wilmington, USA). For the extraction of oil, ground seeds were subjected to 

soxhlet apparatus fitted with a 1L round bottom flask using n-hexane as solvent. The 

extraction was carried out at boiling point of solvent in three batches, each of 1.5 h 
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duration using 600 mL of solvent. The first batch was meant for freshly ground seeds; 

while in second and third batches, seed residues from respective batches were 

resubjected to extraction using fresh solvent. After that, solvent containing oil from all 

the three batches was combined and solvent was separated under vacuum using a 

rotary evaporator (Laborota 4001, Heidolph, Germany) at 48 
°
C to obtain the

 
crude 

cantaloupe seed oil. 

2.3.4 Degumming of crude oil 

 Initially, oil was heated upto 70 
°
C in a water bath followed by addition of hot 

water to give a final volume of 20 %. The emulsion, thus formed, was mixed with a 

glass rod for 5 min. On cooling, this emulsion was centrifuged at 3000 rpm for 15 min 

using 100 mL tubes with the help of an automatic centrifuge (CHM-17, Kokusan 

Denki, Tokyo). The centrifuged oil was dried over anhydrous magnesium sulphate for 

an hour, filtered with the help of a filter paper under gravity and kept in separate air 

tight bottles. 

2.3.5 Determination of Density and Viscosity 

Density and viscosity of the oil samples were determined following the 

procedures described in standard IUPAC method 2.101 (pycnometer method) and 

ASTM method D445, respectively. 

2.3.6 Determination of FFA content and Acid Value (AOAC method Ca-40) 

 Desired amount of oil (10 g) was weighed accurately and dissolved in 95% 

ethanol. The sample was titrated with NaOH of specific normality, using 

phenolphthalein as indicator, til end point. FFA percentage was calculated using the 

following formula: 
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% FFA (as oleic)        = mL of NaOH × N of NaOH × 28.2 mg  /   Sample 

weight 

 While the acid value (AV) was calculated from the relation: 

   AV = % FFA (as oleic) × 1.99 

2.3.7 Determination of Saponification No. & Average Molecular Weight 

(AOAC Method Cd 3-25) 

  

An excess of KOH (alcoholic) was added to known amount of oil and refluxed 

for half an hour for saponification to take place. The amount of unreacted KOH was 

calculated after titrating it back with standard HCl. A blank determination was also 

carried out in parallel. Saponification number (SN) was calculated using the following 

relation: 

 SN = (S-N) × N × 56.1  /  Sample weight (g) 

Where, 

S = sample titration (volume of HCl) 

  B = blank titration 

  N = normality of HCl 

  56.1 = molecular weight of KOH 

 

 The average molecular weight of triglycerides, in sample oil was determined 

using the SN value, as follows: 

Average mol.wt. = 56.1 /  SN   × 1000 mg /  g  ×   3   

2.3.8 Determination of Refractive Index (AOCS Method Cc 7-25) 

 Refractive index of oil samples was determined thrice by a calibrated Abbe’s 

refractometer, at room temperature. 
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2.3.9 Determination of Peroxide Value (AOCS Method Cd 8-53) 

A small aliquot of oil was dissolved in a suitable amount of solvent (acetic 

acid-chloroform, 3:2 v/v) and 0.5 mL of saturated solution of KI was added to it. On 

reaction with peroxides, I2 is liberated that is titrated against standard sodium 

thiosulphate solution. Peroxide value (PV) is calculated as below: 

PV (m equiv.)  =  (S-B) × N × 1000 / sample wt. (g) 

Where,  

  S = sample titration 

  B = blank titration 

  N = normality of Na2S2O3 solution  

2.3.10 Determination of Iodine Value (AOCS Method Cd 1-25)  

 A small amount of sample oil was dissolved in CCl4 in a conical flask, 25 mL 

of Wij’s solution were added to this and kept in the dark for approximately 1 h to 

complete the reaction. After this, 25 ml of saturated KI solution were added followed 

by the addition of 100 mL of distilled water. The solution is titrated with 0.1 N 

sodium thiosulphate solution, gradually, until the yellow colour has almost 

disappeared. 1-2 mL of starch indicator solution is then added and the titration 

continued until the blue colour has just disappeared. A blank determination is also 

carried out simultaneously. Iodine value (IV) is calculated as grams of I2 absorbed per 

gram of oil sample, using the relation: 

IV  =  (B-S) × N × 12.69 / sample wt. (g) 

Where,  

  S = sample titration 

  B = blank titration 

  N = normality of Na2S2O3 solution 



62 

 

2.3.11 Determination of Fatty Acid Composition by GC and NMR 

For the preparation of fatty acid methyl esters (FAMEs), standard IUPAC 

method 2.301 was employed and these FAMEs were studied on a SHIMADZU gas 

chromatograph, model 17-A, SP-2330 (SUPELCO Inc. Supelco Park Bellefonte, PA, 

16823-0048, USA). A polar capillary column (30 m x 0.32 mm), coated with 

methyllingoserate (having a thickness of 0.25 µm) was employed using a flame 

ionization detector. Nitrogen was used as a carrier gas at a flow rate of 0.5 mL min
-1

. 

Initial oven temperature was 180 
°
C with ramp rate of 5 

°
C to a final temperature of 

235 
°
C, while the temperature of injector and detector was maintained at 235 

°
C and 

250 
°
C, respectively. Sample volume injected into the system was 1.5 µL. 

Identification of FAMEs was done by comparison of their absolute and relative 

retention times with those of standards (Sigma, St. Louis, MO, USA; 99 % purity 

specific for 168 GLC). Quantification was accomplished using a data-handling 

program, Chromatography Station for Windows (CSW32). Further confirmation of 

fatty acid composition was done by 
1
H NMR spectroscopy, that was performed on a 

digital NMR spectrometer Avance series, Bruker (Switzerland), operating at 300 

MHz, using CDCl3 as solvent. About 100 µL of the oil sample was dissolved in 

0.5mL of the solvent (dueteriated CDCl3) for analysis on NMR spectrometer. The 

samples were prepared fresh before each analysis. 

2.4 PREPARATION OF FATTY ACID METHYL ESTERS (BIODIESEL) 

FROM SELECTED OILS 

  Fatty acid methyl esters i.e., biodiesel was produced from all the selected 

vegetable feedstocks using the conventional alkali-catalyzed transesterification 

method initially. As cantaloupe seed oil was obtained in highest proportion 
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relatively, so it was further experimented for the ultrasonic-assisted 

transesterification to improve the biodiesel production methodology.  

2.4.1 Transesterification of Chinaberry seed oil using conventional alkali-

catalyzed transesterification method 

Freshly obtained oil was heated up to 60
o
C in a round bottom flask and specific 

amount of methanol and sodium hydroxide was added in it and it was refluxed for 

1hr, along with stirring at 600rpm. After this the resulting mixture was allowed to 

stand for a few minutes in a separating funnel in order to separate into two layers. The 

upper layer was that of BD and lower of glycerin. BD was separated from the lower 

layer and washed thrice with deionized water in order to purify it from the residual 

components and was then dried over magnesium sulphate and then in oven. This was 

then used for further characterization. 

2.4.2 Transesterification of cantaloupe seed oil using conventional alkali-

catalyzed transesterification method 

Initially, the methyl esters of extracted cantaloupe seed oil (CSO) were 

prepared by transesterification following a standard method of 6:1 methanol to oil 

molar ratio and 1% wt/wt of sodium methoxide as the methylating agent. The reaction 

was carried out in a 1 L three-necked spherical glass reactor, equipped with a 

condensation system, magnetic stirrer, heating and temperature control systems. The 

oil was preheated up to the desired temperature prior to addition of alcohol-catalyst 

mixture. Stirrer speed was set at 600 rpm for the reaction. The temperature was 

maintained at 60 
°
C. After the completion of reaction (55 min) the reaction mixture 

was cooled to room temperature followed by separation of cantaloupe seed oil methyl 

esters (CSOMEs) from glycerol by-products under gravity using a separating funnel. 

The upper phase comprised of cantaloupe oil methyl esters that also contained traces 

of unconverted glycerides and glycerol as well as excess of catalyst and methanol. 
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Maximum quantity of methanol was recovered at 75 
°
C by distillation, while excess 

catalyst and contaminants were removed by repeated washing of methyl esters with 

warm water. The washed product was then dried with anhydrous magnesium sulphate, 

filtered and stored in air-tight sample bottles. This biodiesel product was used for 

initial analysis. However, keeping in view that this variety of Cucumis melo i.e, 

cantaloupe has not been reported earlier for the preparation of biodiesel, four different 

basic catalysts reported in literature that furnish maximum yield of biodiesel were also 

studied, along with three other experimental variables. Table 3.3, represents the 

experiment matrix showing various experimental variables to be studied for finding 

an optimum set of conditions resulting in maximum biodiesel yield. The reaction time 

and stirring rate were kept constant at 2 h and 600 rpm, respectively, during the whole 

series of experiments.  

2.4.3 Ultrasonic-assisted transesterification of cantaloupe seed oil  

 Ultrasonic-assisted transesterification of cantaloupe seed oil was also carried 

out using an ultrasound water bath operated at 35 KHz. Methyl esters of cantaloupe 

seed oil were prepared with the help of sodium hydroxide and methanol in a 250 mL 

round bottom glass reactor equipped with a condenser. The reaction temperature was 

maintained at 40 
o
C while frequency of ultra-sonication was 35 KHz. After 

completion of reaction, the contents of reactor were transferred to a separating funnel 

and allowed to stand overnight for separation of methyl esters from glycerol. 

Remaining procedure was same as mentioned in previous section.  The bath was filled 

with 2.5 L of distilled water (up to 1/3 of its volume). Three experimental variables, 

namely methanol to oil molar ratio, amount of catalyst and reaction time, were studied 

at three different levels as shown in Table 2.1. 
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2.4.4 Optimization of ultrasonic-assisted transesterification of cantaloupe seed 

oil 

Taguchi method for design of experiments (DOE) employs orthogonal arrays 

(OA) for optimizing the influence of various parameters that affect the process and 

level to which these may be changed [Saravanan et al, 2012]. The OA helps to 

finalize the number of experiments required and their conditions. The selection of OA 

type is made on basis of the number of parameters and variation levels of each 

parameter. Least number of experiments (N) is decided from the number of levels (L) 

and number of design and chosen control parameters (P), using the following 

relationship: 

N = (L – 1)  P + 1    

Out of the various experimental variables affecting ultrasonic-assisted 

transesterification process, only three most relevant variables were chosen and three 

levels were taken into account in this work, i.e. L = 3 and P = 3, as given in Table 

2.1.Table 2.2 represents the L9 orthogonal array for DOE with three variables at three 

levels (3
3
) for carrying out a set of nine experiments regarding the optimization of 

ultrasonic-assisted transesterification of cantaloupe seed oil. 

2.4.5 Transesterification of Eriobotrya japonica seed oil 

Transesterification of the E. japonica seed oil was carried out batch wise using a 500 

mL round bottom glass reactor fitted with a condenser, thermostat and a sampling 

outlet. 100 g of E. japonica seed oil was placed in the reactor and methoxide solution 

(prepared by mixing preset amounts of KOH catalyst in methanol) was added to the 

oil, heated upto the required temperature as per design of experiment. The stirring 

speed was fixed at 500 rpm for all the experimental runs. After carrying out the 

reaction for specified time, the contents of reactor were transferred to a separating 
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funnel and kept overnight for separation of two phases viz. heavier glycerol layer that 

settles at bottom and the lighter biodiesel fraction above it. After  separation of 

glycerol, the biodiesel was washed with warm distilled water thrice in order to remove 

impurities like traces of glycerol and catalyst as well as excess methanol that may be 

present. Washed biodiesel was then dried using anhydrous MgSO4 for several hours. 

Following relation was used to estimate the percentage yield of biodiesel:  

Yield (%) of biodiesel    =       
weight (grams) of biodiesel

weight (grams) of oil used
    ×    100 

2.4.6 Optimization of transesterification of Eriobotrya japonica seed oil using 

Taguchi method 

Out of the various experimental variables, only four most relevant variables 

were chosen and three levels were considered in this work, i.e. L = 3 and P = 4, as 

given in Table  

Table 2.1 Selected parameters for ultrasonic-assisted transesterification of 

cantaloupe seed oil and their levels 

Parameters Levels 

1 2 3 

 

A 

 

Methanol to oil ratio (in 

moles) 

 

3:1 

 

6:1 

 

9:1 

B Amount of catalyst (wt. %) 0.5 1 1.5 

C Reaction time (min) 20 40 60 
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Table 2.2 L9 orthogonal array for DOE with three variables at three levels (3
3
) 

for ultrasonic-assisted transesterification of cantaloupe seed oil                  

   

Experiment #  Parameters and their levels 

Methanol to oil 

ratio ( moles) 

Amount of 

catalyst (wt%) 

Reaction time 

(min) 

                                

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 2 

9 3 3 1 

 

Table 2.3 Selected parameters for transesterification and their levels  

 

Parameters 

Levels 
 

1 2 3 

 

    

A Methanol to oil ratio (in 

moles) 

3:1 6:1 9:1 

B Amount of catalyst (wt. %) 0.5 1 

 

1.5 

C Reaction time (min)  60 90 120 

 

D Temperature (
°
C) 50 60 70 
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Table 2.4 L9 orthogonal array for DOE with four variables at three levels (3
4
)  

  

Experiment # 

Parameters and their levels 

Methanol to oil 

ratio ( moles) 

Amount of 

catalyst (wt%) 

Reaction time 

(min)                             

Temperature 

(
o
C) 

 

1 

 

1 

 

1 

 

1 

 

1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

 

2.3. These figures lead to design L9 OA according to which four selected 

parameters were studied at three levels by conducting only nine experiments, as given 

in Table 2.4. 

2.5 DETERMINATION OF FUEL PROPERTIES OF FATTY ACID 

METHYL ESTERS (BIODIESEL) 

Biodiesel was characterized by determination of some basic properties using 

the standard methods of the American Society of Testing and Materials (ASTM) 

D6751 [ASTM Annual book, 2003]. 

2.5.1 ASTM Colour (ASTM Method D-1500) 

The ASTM colour of biodiesel sample was determined by following the 

ASTM method D-1500. According to this method, a liquid sample is placed in the test 

container of the colorimeter, followed by a comparison with colored glass disks using 

a standard light source. The values for ASTM colour range from 0.5-8.0. If the sample 
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colour falls between two standard colours, that is an exact match is not found, the 

higher value is reported.  

2.5.2 Specific Gravity (ASTM Method D-1298) 

The specific gravity of biodiesel sample was determined by the ASTM method 

D-1298. The sample is taken in the hydrometer cylinder, both at the same temperature 

(25 
o
C). The hydrometer, at the same temperature as the sample, is lowered in the test 

liquid and allowed to settle. When temperature equilibrium is attained the hydrometer 

reading is taken.  

2.5.3 Kinematic Viscosity (ASTM Method D-445) 

The kinematic viscosity of biodiesel sample was determined by the ASTM 

method D-445. According to this method, the time of flow (under gravity) for a 

suitable volume of sample was measured with the help of a calibrated viscometer, 

while temperature was maintained at 40
o
C. As prescribed in the standard, replicate 

measurements were made and the average of resulted values was recorded as 

kinematic viscosity of the sample.  

2.5.4 Water %age (ASTM Method D-96) 

The water percent of biodiesel sample was determined following the 

procedure described in ASTM method D-96. The test liquid was heated and refluxed 

along with a water-immiscible solvent that can be co-distilled with water in the 

sample. Water as well as  solvent are separated in a trap where the water settles in the 

graduated section of  trap and  solvent returns to the still.  
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2.5.5 Cloud Point (ASTM Method D-2500) 

The cloud point of biodiesel sample was determined by the procedure laid 

down in ASTM method D-2500. According to this method, the sample was cooled 

down at a regular rate using the apparatus prescribed in this standard and observed at 

regular time intervals. The temperature (to the nearest 1
o
C) where a cluster of wax 

crystals was examined first near/at the bottom of sample jar was noted down and 

referred to as the cloud point. The procedure was repeated thrice and observed cloud 

points were averaged out.  

2.5.6 Pour Point (ASTM Method D-97) 

For the determination of pour point of synthesized biodiesel, ASTM method 

D-97 was followed. According to this standard, the sample was heated slightly, 

initially, to make it homogeneous, and then allowed to cool down at a uniform rate. 

The sample was examined for the flow/pouring characteristics at intervals of 3
o
C, and 

minimum temperature at which the specimen was observed during flowing was 

recorded as the pour point. The procedure was repeated thrice on different aliquots of 

the sample and the results were averaged out. 

2.5.7 Flash Point (ASTM Method D-93) 

For the determination of flash point of synthesized biodiesel, ASTM method 

D-93 was employed that prescribes the use of Pensky-Martens closed cup apparatus 

(manual) for this purpose. The apparatus consisted of a brass test cup and its cover 

along with a shutter, a stirring device, a heating source, an igniter, an air bath and a 

top plate. The biodiesel specimen was taken in the test cup, keeping its level to the 

inside mark, covered, heated and stirred at specific rate, as discussed in this standard. 
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The ignition source was introduced periodically into the test cup (while interrupting 

stirring) until the detection of a flash. The procedure was repeated thrice with fresh 

aliquots of biodiesel sample every time and the results were averaged out.  

2.5.8 Cetane Index (ASTM Method D-976) 

Cetane index of biodiesel was calculated by the procedure detailed in ASTM 

D-976. According to this method, cetane index was calculated by the following 

equation: 

 Calculated cetane index =  454.74 – 1641.416D + 774.74D
2
 -0.554B + 97.803 

(logB)
2 

Where, D = density at 15 
o
C, g/mL, determined by the test method D1298 

B = mid-boiling temperature, 
o
C, determined by the test method D86, and 

corrected to     the standard barometric pressure 

2.5.9 Copper-strip Corrosion (ASTM Method D-130) 

ASTM method D-130 was employed for the copper strip tarnish test according 

to which a copper strip was dipped into a suitable volume of sample and heated upto 

50 
o
C for about an hour. After this, the strip was removed from the sample, washed 

and matched with the ASTM standards for the copper strip corrosion.  

2.5.10 Total ash %age wt. (ASTM Method D-482) 

Total ash (as % wt.) of biodiesel sample was determined according to the 

procedure laid down in ASTM method D-482. The sample was taken in a crucible 

made up of porcelain, ignited and allowed to burn till there remains ash and carbon 

residue only. This residue was heated further in a muffle furnace at 775
o
C to reduce 

the carbonaceous residue to ash that was cooled and weighed afterwards.  
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2.5.11 Distillation Range (ASTM Method D-86) 

Distillation range of synthesized biodiesel sample up to 90% volume recovery was 

determined by the ASTM method D-86, employing the apparatus assembly 

(distillation unit) described in this standard. It comprises of the components like a 

distillation flask, a condenser along with a cooling bath, an enclosure for the 

distillation flask, a heating source, a receiving cylinder to collect the condensate and a 

temperature measuring device. 100 mL of sample was taken in the distillation flask 

and distilled at ambient temperature using a gas burner. Simultaneous observations of 

temperature and volume of condensate were made. The results were recorded as the 

percent volume recovered versus temperature that included IBP (initial boiling point, 

which refers to temperature corresponding to the onset of condensate formation), 

10%, 50%, 75% and 90% volume recovery.  

2.6 SYNTHESIS OF NEW CATALYST FOR ESTERIFICATION 

2.6.1 Preparation of bis(2-carboxyanilinium)sulphate monohydrate 

The preparation of bis(2-carboxyanilinium) sulphate (CAS) was carried out 

according to the procedure prescribed by Akhtar et al (2010). 0.02 M ethanolic 

solution of anthranilic acid was refluxed for 30 min in the presence of concentrated 

sulphuric acid. The contents were kept, after completion of reaction, at ambient 

temperature for one day. The crystals obtained as a result were washed with n-hexane, 

ethyl acetate and diethyl ether, respectively, dried and dissolved in ethanol. Slow 

evaporation at room temperature afforded colorless prisms of bis(2-carboxyanilinium) 

sulphate monohydrate. Scheme for this reaction is given in Fig. 2.1. 
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Fig. 2.1 Scheme for synthesis of bis(2-carboxyanilinium) sulphate 

monohydrate 

2.6.2 Esterification of high-FFA containing rice bran oil using bis(2-

carboxyanilinium) sulphate monohydrate as catalyst 

The extracted rice bran oil (RBO) was tested initially for the FFA content.  

100 mL of RBO was taken in a conical flask and 10 mL of 1 % methanolic solution of 

synthesized catalyst, i.e.  bis(2-carboxyanilinium) sulphate monohydrate were added 

to it. The flask was covered with aluminium foil and kept in sunlight for 4 h. Quick 

lime was added to the flask in start as well.  After this, the contents of the flask were 

filtered, washed with slightly warm water and dried using anhydrous magnesium 

sulphate. The dried pre-treated rice bran oil was tested for FFA content again. TLC of 

the reaction mixture was also carried out at each step in order to monitor the 

composition of the mixture. 

 

 

 

 

 

  



74 

 

CHAPTER 3 

RESULTS AND DISCUSSION 

In recent years, consumption of fossil fuels for automobiles and power 

generation has increased exponentially owing to rapidly growing global population. 

This has led to depletion of natural reserves of these fuels as well as enhancement of 

environmental pollution [Singh et al., 2010; Vyas et al., 2010]. An outcome of this 

situation is the search for alternate energy sources, which may replace the fossil fuels 

in future partially or completely. Biodiesel (BD), a first-generation biofuel, has been 

found to be a suitable alternative of petrodiesel and may be employed without any 

modification/s in existing compression-ignition engines. Synthesis of biodiesel is 

carried out by transesterifying vegetable oils or animal fats with short-chain alcohols 

catalyzed by an acid, a base or an enzyme. BD has number of technical benefits over 

petrodiesel as it is renewable, non-toxic, biodegradable, and holds comparatively 

higher oxygen and lower sulphur contents than that of petrodiesel offering reduced 

emission of different pollutants like particulate matter, carbon monoxide, and sulphur 

dioxide [Demirbus, 2005; Knothe  et al., 2005]. Fuel properties of BD have been 

found to be similar or even better in some cases e.g., density, viscosity, flash point, 

cetane index in comparison to petrodiesel [Moser, 2009]. 

A number of BD resources have been successfully explored so far including 

vegetable oils (e.g., soybean, canola/rapeseed, sunflower, palm, corn, and jatropha), 

animal fats and yellow grease; of which the vegetable oils have been found to be the 

most suitable due to their abundant global availability. Feedstocks impart major share 

in the cost of BD production followed by the synthesis and refining procedures 
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[Vasudevan and Fu, 2010].  Moreover, most of the vegetable oil sources used so far 

(soybean, canola, palm) are edible ones and their application for BD production on 

large scale has raised various concerns about security of food items. First of all, this 

practice has put a lot of strain on food supplies as well as prices [Khan and Dessouky, 

2009; Pimental et al., 2009; Srinivasan, 2009]. Secondly, these feedstocks do not 

suffice, even on combining, to fully replace the total volume of  petrodiesel; as clear 

from the fact that annual global consumption of petroleum is upto 4.018 billion tons 

in comparison to vegetable oil production of 0.107 billion tons. In this scenario, 

search for the additional and inedible feedstocks is becoming increasingly important 

worldwide that would help to lessen the strain on the food value oilseed crops as well 

as to improve the production level of BD [Moser, 2009]. This is of utmost importance 

for oil-importing countries, like Pakistan, China, Italy and the United Kingdom, 

which import both edible oils as well as mineral oil/petroleum products to meet their 

domestic needs [Demirbus, 2009]. Though more than 350 oil-bearing plant species 

have been investigated in this regard for evaluating the use of different inedible oil 

sources for the synthesis of biodiesel, only a few of them are found to be suitable for 

this purpose like Jatropha curcas, Azardirachta indica, Pongamia pinnata, Moringa 

oleifera, rubber seed, neem, silk cotton tree, tall oil and microalgae. These are 

considered potential feedstocks as these are available in developing countries and are 

far more economical as compared to edible oil sources [Singh et al., 2010; Demirbus, 

2009].  

Pakistan is an agricultural country and various oilseed crops are cultivated here. 

However, only a small number of oilseed plants are exploited for the extraction of oil 

for both edible and inedible purposes. The total consumption of vegetable oils is 
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27.73 million metric tons (MMT), while the production of various vegetable oils is 

approximately 6.86 MMT, leaving behind a shortage of 20.87 MMT. Consequently, a 

huge amount of foreign exchange is to be spent for the import of edible oil or oilseeds 

from other countries in addition to that required for mineral oil import. It is need of 

the hour that non-conventional oilseed plants must be explored to evaluate their 

potential as alternate edible oil source as well as production of biofuels, i.e., biodiesel. 

This will certainly reduce the volume of oil import and hence saving valuable foreign 

exchange [Iqbal et al., 2005].  

Selection of Agro-Waste Materials to be employed as Feedstocks for BD 

Synthesis 

 An oilseed feedstock that is to be adopted for the production of biodiesel must 

exhibit some characteristics that are desirable for the said purpose. These include its 

regional availability, compliance to local growing conditions, considerable oil 

content, satisfactory fatty acid composition, compatibility with the existing farm 

practices and fallow lands, minimum agricultural inputs and potential markets for by-

products [Moser and Vaughn, 2012].  A feedstock meeting almost all of these criteria 

can be regarded as a promising alternative of biodiesel.  

After an acute analysis of the agricultural products, indigenous to Pakistan, four 

plants were selected initially, namely china berry (Melia azedarach), Ficus 

benghalensis, Loquat (Eriobotrya japonica) and Cantaloupe (Cucumis melo var. 

cantaloupensis). Out of these, the second plant source was not found to be feasible for 

biodiesel production due to difficulty of obtaining seeds and low oil content. The 

other plants were suitable in this regard and processed for biodiesel production after 

extraction of oil using a soxhlet extractor. Upto best of our search, no comprehensive 

report regarding characterization of cantaloupe seed oil and loquat seed oil has yet 
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been presented in Pakistan as well as from other countries, although a huge area is 

under cultivation for the production of different varieties of melons as well as loquat 

here. The present work was carried out to assess the fatty acid composition as well as 

physiochemical properties of oil from these seeds, both of which are agro-wastes 

presently, in order to establish their suitability as a feedstock option for biodiesel 

production. Also, a comparison of their fatty acid composition and fuel properties 

have been done with those of most common biodiesel feedstocks like soybean and 

rapeseed oils to establish the suitability of these sources as prospective raw materials 

for biodiesel synthesis.  

Melia azedarach L., commonly known as chinaberry, bakain or umbrella tree, 

is an ornamental tree that belongs to meliaceae family. It is seen commonly growing 

on the roadsides, near dwellings, open areas, marginal lands etc. both on dry as well 

as alkaline soil and is able to grow easily in the disturbed areas. Although it grows 

wild and abundant in the sub-himalayan tract but is also cultivated for both medicinal 

and ornamental purpose in Pakistan as well as India. Like those of neem tree, various 

parts of the chinaberry tree, like leaves, flowers, fruits and bark, are reputed to have 

therapeutic value, as they are used for curing different skin disorders that include 

ulcerative wounds, syphilitic ulcers, leprosy, eczema, scrofula etc. Although neem, 

that is also a member of the same family, has often been studied as a feedstock for 

producing biodiesel, Melia azedarach has not been given attention in this regard 

[Akhtar et al, 2016] .    

Cucurbitaceae is a large family consisting of 120 genera and 825 species 

[Nazimuddin and Naqvi, 1982]. Out of these, 17 genera and 32 species are found in 

Pakistan [Parveen et al., 2008; Asya et al., 2010]. Different species of this family, 



78 

 

especially cucumis and citrullus commonly called melons are grown as major food 

crops in various subtropical and tropical areas of the world [Mabaleha et al., 2007; 

Abiodun and Adeleke, 2010]. Various studies have shown that many species of 

cucurbitaceae family contain quite a large amount of oil in their seeds [Fokou et al., 

2009; Al-Khalifa, 1996]. Cucumis melo var. cantalopensis generally known as 

“cantaloupe” is a variety of Cucumis melo. It belongs to cucurbitaceae family and is 

one of the various melons grown in many areas of Pakistan for their fruits, while their 

seeds are usually discarded [Nazimuddin and Naqvi, 1982].  

Cantaloupe fruit is oval in shape, and becomes greenish yellow in colour on 

ripening. The pulp of ripened fruit is very sweet and juicy. A large number of seeds 

are present in the hollow center. Seeds of various melon varieties contain oil, proteins 

and carbohydrates [Parveen et al., 2008; Mabaleha et al., 2007; Yu et al., 2005]. Also, 

the melon seeds have been found to be medicinally important for curing diabetes and 

chronic eczema. Generally, seeds of different species of cucurbitaceae family are 

reported to be containing large quantities of oil, which are medicinally helpful for the 

prevention of some heart diseases [Sorho et al., 2006]. Some of these have been 

investigated for the preparation of BD as well, like muskmelon [Ejikeme et al., 2010], 

Cucurbita pepo [Mariod et al., 2003; Schinas et al., 2009], egunsi melon [Bello and 

Makanju, 2011] and Citrullus colocynth [Giwa et al., 2010] etc. Utilization of waste 

cantaloupe seeds as a BD feedstock has been done from a residue valorization 

standpoint. Conversion of such an agro-waste into an added value product will not 

only contribute to a decrease in such residual by-products instead is also of great 

economic interest.  
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Eriobotrya japonica (Loquat) is a member of rosaceae family that comprises of 85 

genera and about 3000 species. In Pakistan, rosaceae family is represented by 27 

genera and nearly 160 species. The rosaceae family is important for its fruits and 

ornamental varieties in the temperate region [Perveen and Qaiser, 2014].  

Loquat is an important evergreen fruit of sub-tropical region, native to China, 

from where it is spread to other areas of the world. It is being grown in more than 30 

countries of the world so far [Chalak et al., 2014]. In Pakistan, it is an important fruit 

crop of two provinces viz. Punjab and Khyber Pakhtunkhwah Province; as nearly 80 

% of Pakistan’s total loquat is produced in these provinces. Total world production of 

loquat is over 500,000 tons with China producing 80 % out of it, followed by Spain, 

Turkey, Japan and Pakistan. In Pakistan, two major varieties are found. One is the 

local variety for which an area of 10,000 acre is under cultivation from which 

approximately 128,000 tons are produced. All of this production is consumed in home 

market. A new variety, called Tanaka, was introduced in 1965 and is found to be 

cultivated over 1000 ha, from which 16,000 tons are harvested. About 10 % of this 

production is exported also, to the Middle East, especially Dubai [Perveen and Qaiser, 

2014; Hussain et al., 2011].  

There is a good potential for increasing the production of loquat in Pakistan as it 

can grow well in the areas/soils that are suitable for the cultivation of citrus species, 

and Pakistan with such a vast area is one of the largest citrus producing countries of 

the world. Also, its fruit ripens in early spring, during March/April; a time when there 

is no other fresh fruit available in the market to compete with it, so it gives good 

returns to the growers. This is another appealing aspect for expanding its cultivation 

in Pakistan [Hussain et al., 2011].  
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Besides its nutritive value, loquat is also important for its medicinal significance. 

Its leaves are used in Japan and China, as therapeutic agents to cure fibrosis, 

inflammation, pain and cough. The leaves are also found to contain anti-tumor 

compounds. Seed extracts of loquat have been found to show inhibitory effect on liver 

disorder [Caballaro and Fernandez, 2003; Hussain et al., 2011].  

Seeds of loquat are considered useless and discarded away. They can be opted as a 

potential feedstock for the production of biodiesel when compared with other oilseeds 

that are either edible or, if, non-edible they have others uses/applications as well.  

3.1 EXTRACTION OF OIL 

Extraction is the first step in recovery of oil from oilseeds and beans. The 

simplest way of extraction is ‘mechanical pressing’ that requires only a hydraulic 

press. It is applied traditionally to extract oil from the oilseeds. Other methods of 

extraction are those requiring an extraction medium and are divided into two 

categories: methods using an organic solvent (namely maceration, percolation and 

extraction using a soxhlet assembly) and those using water for extraction (like 

decoction, infusion and steam distillation). In past few years some advance extraction 

methods have also been introduced that include ultrasound assisted extraction, 

microwave-assisted extraction, pressurized liquid extraction and supercritical fluid 

extraction [Ibiari et al., 2010]. The extraction method adopted in present work was 

‘solvent extraction using soxhlet apparatus’ due to its certain advantages like 

simplicity, ease of handling and availability in the laboratory.   

The seeds of cantaloupe contain ~ 42.8% (w/w) crude oil, that is in agreement 

with the other studies regarding different varieties of Cucumis melo [Adekunle and 

Oluwa, 2008; Yanty et al., 2008]. The difference may be attributed to varying 
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agroclimatic conditions for plant growth [Nehdi et al., 2012].  The oil yield was found 

to be far higher than those of commonly used feedstocks for making biodiesel that 

include soybean (18.3%), palm kernal (44.6%) and sunflower (40.9%) [Gunstone, 

2004], but less than jatropha seed oil; a potential nonedible biodiesel feedstock now-

a-days [Emil et al., 2010].   

The oil content recovered from loquat seeds, on the other hand, was found to 

be 24 % wt/wt from dried seeds that is considerably good for a biodiesel feedstock. 

3.2 PHYSICOCHEMICAL CHARACTERIZATION OF OIL 

Major physicochemical properties that were determined to sort out the 

suitability of the selected oil sources, as feedstocks, for the synthesis of biodiesel are 

listed in Table 3.1. These include physical state and color, density, kinematic 

viscosity, refractive index, % free fatty acid content, saponification value and iodine 

value. Also, same properties of the most common biodiesel feedstocks viz. soybean 

oil, rapeseed oil and sunflower seed oil are given in Table 3.1 for the sake of 

comparison. 

Color and physical state: All the oils were obtained as clear liquids after separation 

from n-haxane. On observation from tintometer, the color was found to be 3.6 Y, 

2.0Y and 3.7Y for chinaberry, cantaloupe and loquat seed oil, respectively.  

Density and kinematic viscosity: Density may be defined in various different ways 

like absolute density (density in vacuum), apparent density (in air) and relative 

density (specific gravity, in relation to water) [Gunstone, 2004]. Density was found to 

be 0.880, 0.887 and 0.879 mg/L, at 40
o
C for chinaberry seed oil, cantaloupe seed oil 

and loquat seed oil, respectively.  

Kinematic viscosity is related to dynamic viscosity (measured directly using 

viscometer) through density. It depends upon the chemical composition of oil/fat and 
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the temperature at which it is measured [Gunstone, 2004]. The values of kinematic 

viscosity, at 40
o
C, for chinaberry, cantaloupe and loquat seed oil were found to be 

47.0, 34.5 and 67.2 mm
2
/s, respectively. 

Refractive index: It is an important physical property that is used as measure of 

purity and means of identification as every substance has a characteristic refractive 

index. It is also useful for control of hydrogenation as it decreases linearly with 

decreasing iodine value.    It can be measured easily with a small amount of sample 

under study. It tends to increase with increase in chain-length as well as unsaturation 

[Gunstone, 2004]. 

 

Table 3.1 Physicochemical properties of M. azedarach, Cantaloupe and E.  

japonica seed oils 

Property M. 

azedarach 

seed oil 

Cantaloupe 

seed oil 

E. japonica 

seed oil 

Unit Test 

method 

Physical state LiLiquid Liquid Liquid - - 

Colour 3.6 Y 2.0 Y 3.7 Y - AOCS 

method Cc 

13e-92 

Density 

@40
o
C 

0.880 0.887 0.879 g/cm
3
 AOCS 

method Cc 

10a-25 

Kinematic 

viscosity 

@40
o
C 

47 34.5 67.2 mm
2
/s ASTM D 

445 

Refractive 

Index @30
o
C 

1.45 1.48 1.44 - AOCS 

method Cc 

7-25 

% FFA 0.45 0.78 1.56 % AOCS 

method Ca 

5a-40 

Saponification 

number 

183 198.01 194.28 mg KOH/g AOCS 

method Cd 

3-25 

Iodine 

number 

 

135 128.00 145.69 g I2/ 100g 

oil 

AOCS 

method Cd 

1-25 
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The refractive index of chinaberry, cantaloupe and loquat seed oils was observed to be 

1.45, 1.48 and 1.44 at 30 
o
C, respectively.  

Free fatty acids (FFA): The FFA content of oil gives an estimate of the amount of oil 

that will be lost during refining steps that are meant to lower FFA content [Neilson, 

2002]. As far as transesterification of oils and fats for biodiesel production  is 

concerned the feedstocks should have FFA value within 0.5-3 %, as mentioned before 

in section 1.4.4. The FFA value for chinaberry, cantaloupe and loquat seed oil was 

determined to be 0.45, 0.78 and 1.56 %, respectively.  

Saponification value: The saponification value (SV) represents the mg of KOH that 

are needed to saponify 1 g of fat/oil, during which the free fatty acids are neutralized. 

It is an index of average molecular weight of triglycerides in the oil sample [Neilson, 

2002]. The saponification value for chinaberry seed oil was found to be 183 mg of 

KOH g
-
1. The saponification value for cantaloupe seed oil was found to be 198 mg of 

KOH g
-1

 oil, that is comparable to that of pumpkin seed oil (185-198 mg of KOH g
-1

) 

and honeydew melon (210 mg of KOH g
-1

); both of which are members of family 

cucurbitaceae [Yanty et al., 2008; Rossell, 1991]. The SV for loquat seed oil was 

found to be 194.28 mg of KOH g
-1

. 

Iodine value: The iodine value is an estimation of the level of unsaturation (the 

number of carbon-carbon double bonds in relation to the amount) of the oil/fat. It is 

defined as the amount of iodine reacted/absorbed by 100 g of oil/fat [Neilson, 2002]. 

It was calculated to be 128 g I2/ 100 g of cantaloupe seed oil. This is comparable to 

the iodine values of melon seed oil (121.8) [Ejikeme et al., 2011] but higher than 

pumpkin seed oil (104-107) as reported in literature [Mariod et al., 2003; Schinas et 

al., 2009]. For loquat and chinaberry seed oil, it was found to be 135 and 145.7 g I2/ 

100 g.  
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3.3 FATTY ACID COMPOSITION OF SELECTED OILS AND THEIR 

FAMES BY GC AND ITS COMPARISON WITH THE FATTY ACID 

COMPOSITION OF COMMONLY EMPLOYED BIODIESEL 

FEEDSTOCKS  

Fatty acid analysis is the most widely exercised parameter among 

characterization studies of fats and oils. For the raw materials to be employed for the 

production of biodiesel, determination of fatty acid profile is inevitable as most of the 

properties of biodiesel are directly or indirectly related to the fatty acid composition. 

Most common technique for component acid analysis today is the gas-

chromatography (GC), whereby the triglyceride mixture (oil/fat) is converted into 

FAMEs, which are separated on an appropriate GC-column. Identification of 

separated fatty acids is achieved by comparison of their GC retention times with those 

of standard materials.  

Fatty acid composition of cantaloupe and Eriobotrya japonica seed oils obtained by 

GC is given in Table 3.2. Also, the fatty acid composition of seven commonly 

employed biodiesel feedstocks is given in this Table for comparison. These include 

soybean oil (SYO), sunflower (SFO), canola (CO), palm (PO), jatropha seed (JSO), 

Pongamia pinnata (PPO) and rubberseed (RSO) oils. The soybean oil is used for 

commercial production of biodiesel in USA, while rapeseed and sunflower oils are 

used in EU and Germany, and palm oil is used in tropical countries like Malaysia. 

This regional variation in the biodiesel feedstocks is due to the fact that availability of 

feedstock varies according to climate, geography and economics. Three nonedible oils 

sources (jatropha seed oil, rubber seed oil and Pongamia pinnata  seed oil) that are 

considered potential biodiesel feedstocks have also been included in the discussion. 
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Table 3.2 Fatty acid profile of cantaloupe seed oil,  Eriobotrya japonica seed oil 

and 7 other commonly employed biodiesel feedstocks 

Fatty acid CSO EJO CBS

O 

SYO

a 

SFO

a 

CO

a 

PO
a 

JSO

b 

PPO

b 

RSO

b 

C14:0 - -  - - - - - 1.4 - - 

C16:0 9.88 10.94  9.54 11 6.4 3.6 44.1 11.3 10.6 10.2 

C18:0 2.1 2.09

  

 4.35 4 4.5 1.5 4.4 17.0 6.8 8.7 

C18:1 24.7 26.31

  

 69.55 23.4 24.9 61.6 39.0 12.8 49.4 24.6 

C18:2 54.9 38.33

  

 16.53 53.2 63.8 21.7 10.6 47.3 19.0 39.6 

C18:3 7.9 20 - 7.8 Tr 9.6 0.3 - - 16.3 

C20:0 0.02 -  - - - - 0.2 4.7 4.1 - 

C20:1 - -  - - - 1.4 - - 2.4 - 

C22:0 - -  - - - - - - 5.3 - 

C22:1 - -  - - - 0.2 - - - - 

Ʃ saturated
c 

12 13.03  13.89 15.0 10.9 5.1 48.7 34.4 23.8 18.9 

Ʃ mono-

unsaturated
c 

24.7 26.31  69.55 23.5 24.9 63.2 39.0 12.8 51.8 24.6 

Ʃ poly-

unsaturated
c 

62.8 58.33 16.53 61.0 63.8 31.3 10.9 47.3 19.0 55.9 

CSO cantaloupe seed oil, EJO Eriobotrya japonica seed oil, SYO soybean oil, SFO 

sunflower oil, CO canola oil, PO palm oil, JSO jatropha seed oil, PPO Pongamia 

pinnata oil, RSO rubber seed oil. 
a
 from [Rashid et al., 2008] 

b
 from [Moser, 2009] 

c
  Ʃ saturated = C14:0 + C16:0 + C18:0 + C20:0 + C22:0, Ʃ mono-unsaturated = C18:1 + C20:1 

+ C22:1,  

Ʃ poly-unsaturated = C18:2 + C18:3 

 

Chinaberry seed oil: Fatty acid profile of the M. azedarach seed oil as well as the 

BD produced with it was found to be nearly the same, as shown in table 2. This 

indicates that transesterification does not affect the composition of the M. azedarach 
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seed oil and hence no hydrogenation or isomerization is resulted from it. As shown in 

the table, the content of mono-unsaturated fatty acid is more than 69% that shown it to 

be susceptible to oxidation, but at the  same time gives it a suitable value of viscosity 

as well as required low temperature properties, as discussed later. 

Cantaloupe seed oil: The most remarkable feature of cantaloupe seed oil is the 

presence of ~54.9% linoleic acid (C18:2), that constitutes more than 50% of total oil 

and is very close to its content in soybean oil (55.53%), but much different from 

rapeseed oil that contains 22.30 % linoleic acid; the two common BD feedstocks. 

Following this are the oleic, palmitic, linolenic, stearic and arachidic acids that 

constitute 24.7, 9.88, 7.9, 2.1 and 0.02% of the oil, respectively.  

Total saturated fatty acid content of oil comes out to be 12%, while 

monounsaturated and polyunsaturated contents of fatty acids were 24.7% and 62.8%, 

respectively. As clear from the Fig. 3.1, the fatty acid proportion of total saturated, 

mono- and poly-unsaturated acids of cantaloupe seed oil is quite close to that of 

sunflower oil. This suggests that a similarity in their fuel characteristics (that are 

dependent on chemical composition of feedstock oils, as discussed later) may also 

result [Akhtar et al., 2017a]. 

Loquat seed oil: As clear from the fatty acid composition shown in Table 3.2, the E. 

japonica seed oil contains a relatively higher proportion of unsaturated fatty acids 

with 26.31 % oleic acid (C18:1), 38.33 % linoleic acid (C18:2) and 20 % linolenic acid 

(C18:3). Rest of the proportion is that of two saturated fatty acids including 10.94 % 

palmitic acid (C16:0) and 2.09 % stearic acid (C18:0). Hence the saturated fatty acids 

contribute only 13.03 % of the total fatty acid content in E. japonica seed oil while 

unsaturated fatty acids are the main contributors with 84.64 %. Fatty acid composition 
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of some other commonly employed biodiesel feedstocks has also been presented in 

Table 3.2 for comparison. A striking similarity can be observed in the fatty acid 

compositions of E. japonica seed oil and rubber seed oil [Akhtar et al., 2017b]. 

 

 

 

Fig. 3.1 Comparison of saturated, mono- and poly-unsaturated fatty acid 

proportion between oils under study and commonly used biodiesel feedstocks (CSO 

cantaloupe seed oil, EJO Eriobotrya japonica seed oil, CBSO chinaberro seed oil, 

SYO soybean oil, SFO sunflower oil, CO canola oil, PO palm oil, JSO jatropha seed 

oil, PPO Pongamia pinnata oil, RSO rubber seed oil.) 

 

3.4 FATTY ACID ANALYSIS OF THE SELECTED OIL SOURCES BY 

NMR SPECTROSCOPY 

A growing interest has been observed regarding the use of NMR spectroscopy 

for the compositional analysis of naturally occurring triglycerides, parallel to GC. 

Useful information can be obtained by the 
1
H NMR technique about vegetable oils 
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containing the usual mixture of saturated fatty acids as well as C18 unsaturated fatty 

acids. It is a nondestructive technique that requires no chemical reaction of the 

sample. 
13

C NMR spectra (based on 
13

C-atoms present naturally at a level of 1.1 % of 

the organic sample) provide two kinds of information: the chemical shift of each 

signal that is of qualitative value, and their relative intensities that allow the 

identification of important structural features. 

Additional confirmation of fatty acid composition of both cantaloupe and 

loquat seed oils as well as their fatty acid methyl esters was obtained by 
1
H NMR 

analysis (Fig.- 3.2, 3.3). The presence of C18 fatty acids  (oleic, linoleic and linolenic) 

in oil and in their esters was confirmed by the signals at 2.77 ppm, which are a 

combine measure of triene (linolenate) and diene (linoleate), and those at 2.05 ppm 

that relate to all these esters. The presence of linolenate in CSO/CSOMEs is 

additionally confirmed by noticeable signals at 0.89 ppm that is used in routine to 

distinguish it (that is n-3 esters) from all other esters. Also, the presence of bis-allylic 

protons is confirmed by the signals at approximately 2.8 ppm that points out the 

presence of polyunsaturated fatty acids in CSO/CSOMEs [Gunstone 2004, Knothe 

2001]. Apart from the confirmation of fatty acid composition of CSO, 
1
H NMR 

spectrum also shows the maximum conversion of triglycerides into fatty acid methyl 

esters as shown by the virtual absence of NMR signals at 4.1- 4.3 ppm that are caused 

by the glycerol moiety of any of the mono-, di-, or triglycerides, and presence of a 

strong singlet at nearly 3.7 ppm corresponding to the methyl esters.  

13
C NMR spectra of CSO as well as its methyl esters were also taken for 

further confirmation (Fig. 3.6, 3.7). 
13

C NMR spectrum of CSO exhibited four major 

sets of signals, corresponding to four types of carbons that include carbonyl carbons, 

unsaturated carbons, carbons of glycerol backbone and aliphatic carbons.  
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The carbonyl carbons of CSO appear as two sets of resonance (at 172.7 ppm and 

173.1ppm) with the signal at higher frequency corresponding to 1(3)-glycerol 

positions, while that at lower frequency set includes 2-glycerol position chains 

[Vlahov, 1999]. Next major peak was found to be appearing in the region between 

127.5-130.2 ppm that is among the “olefinic carbon region-124-134 ppm”. 
13

C NMR 

spectra of CSO shows the characteristic sharp signals for triacylglycerol (TAG) 

component at 62 ppm and 69 ppm as compared to the those for diacylglycerol and 

monoacylglycerol that are expected to be present.  

Signals from glycerol carbons are found from 60-72 ppm. These signals are 

absent in 
13

C NMR spectra of CSOMEs that further confirms the complete conversion 

of triglycerides present in the oil into methyl esters (biodiesel).  

The major purpose of taking 
13

C NMR spectra of CSO and CSOMEs, in this 

study, was to further confirm that the cantaloupe seed oil contains essentially the 

triacylglycerol, with least quantity of di- and monoacylglycerol components and that 

after transesterification, maximum conversion of triacylglycerol has been achieved by 

the process adopted herein.  

Signals at nearly 76-77 ppm are those from solvent (CDCl3) and found in both 

the 
13

C NMR spectra of CSO as well as its BD. Another important signal that appears 

at ~51 ppm in the 
13

C NMR spectrum of CSOMEs corresponds to methoxy carbons of 

esters. This is evidence, again, for the completion of transesterification as there is no 

such signal found in CSO spectrum 
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Fig. 3.2 H
1
NMR of cantaloupe seed oil 

 

 

Fig. 3.3 H
1
NMR of cantaloupe seed oil methyl esters  
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H
1
NMR of both E. japonica seed oil as well as its methyl esters was obtained, 

for confirmation of the conversion of triglycerides in the oil to biodiesel as a result of 

transesterification (Fig. 3.4, 3.5). Virtual presence of the characteristic peak at 3.7 

ppm corresponding to methyl esters [Gunstone 2004, Knothe 2001] in H
1
NMR 

spectrum of EJMEs and absence of signals at 4.1-4.3 ppm caused by glycerol moiety 

of glycerides (mono-, di- and tri-)  [Knothe 2001] confers that maximum conversion 

of triglycerides has been achieved through the process adopted. Other important 

features of the spectra of both the oil and its methyl esters include presence of 

conspicous signals at 2.8 ppm, that corresponds to polyunsaturated fatty acids 

comprising nearly 58 % of the total fatty acids present, and 0.89 ppm corresponding 

to linolenate component. This is also in agreement with the fatty acid profile 

discussed above. 

13
C NMR spectra of loquat seed oil and its methyl esters exhibited the same 

general pattern of signals as those discussed above for cantaloupe seed oil and its 

methyl esters (Fig. 3.8, 3.9) [Akhtar et al., 2017b].  
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Fig. 3.4 H
1
NMR of Eriobotrya japonica seed oil  

 

Fig. 3.5 H
1
NMR of Eriobotrya japonica methyl esters  
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Fig. 3.6 
13

C NMR spectrum of cantaloupe seed oil  

 

Fig. 3.7  
13

C NMR spectrum of cantaloupe seed oil methyl esters 
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Fig. 3.8  

13
C NMR spectrum of Eriobotrya japonica seed oil 

 
Fig. 3.9  

13
C NMR spectrum of Eriobotrya japonica methyl esters 
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3.5 Transesterification --- the method of choice for biodiesel preparation 

Transesterification has become the method of choice for production of 

biodiesel worldwide. It involves catalytic alcoholysis of the vegetable oils or animal 

fats to form mono-alkyl esters and glycerol. A catalyst is usually employed to enhance 

the rate of reaction as well as yield. The reaction is reversible in nature as shown in 

Fig. 1.3, hence, excess of alcohol is used to move the equilibrium towards the 

products. Usually short-chain, monohydric, aliphatic alcohols are employed, for 

instance methanol and ethanol with the former being the more frequent choice, owing 

to its lower cost in most of the countries. Also, it readily reacts with triglycerides (oils 

and fats) and dissolves sodium hydroxide easily. The catalysts used for 

transestrification may be alkalis, acids and enzymes.  

The research has now been directed towards the assessment of various 

intensification methods of transesterification that may result in minimization or 

elimination of mass transfer limitation in order to enhance the biodiesel yield as 

compared to conventional methods. These intensification methods include 

supercritical synthesis of biodiesel, microwave (MW)- or ultrasonic(US)-assisted 

preparation, hydrodynamic cavitation, addition of co-solvents or mass-transfer 

catalysts to reaction medium etc. 

There are different parameters that influence the production yield of biodiesel 

via transesterification, like reaction temperature, type and quantity of alcohol (ratio of 

alcohol to vegetable oil), type and amount of catalyst, mixing intensity or agitation 

speed (rpm), time of reaction, moisture content in the oil and purity level of the oil 

etc. The parameters of prime importance, among these, were optimized during the 

course of study as discussed in detail below.  
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3.5.1 Effect of catalyst type and other experimental variables on yield of 

M.azedarach seed oil- & cantaloupe seed oil- methyl esters  in base-

catalyzed transesterification  

Initially, the both china berry seed oil and cantaloupe seed oil were 

transesterified using a standard method reported in literature employing 6:1 molar 

ratio of methanol to oil, 1 % w/w sodium methoxide as catalyst and 60 
o
C temperature 

[Rashid et al, 2008]. This biodiesel product was used for initial analysis. However, 

keeping in view that this variety of Cucumis melo i.e, cantaloupe as well as china 

berry has not been reported earlier for the preparation of biodiesel, four different basic 

catalysts reported in literature,that furnish maximum yield of biodiesel, were also 

studied. This lead to a set of ten experiments, with the inclusion of varying levels of 

three other process variables namely the alcohol to oil molar ratio, amount of the 

catalyst and reaction temperature, in addition to the type of catalysts.  

Table 3.3 depicts the experimental matrix showing various experimental 

variables studied with the aim to find optimum experimental conditions for maximum 

conversion of M.azedarach seed oil & cantaloupe seed oil into their methyl esters. It 

is clear from both of the MAMEs and CSOMEs yields that NaOH showed maximum 

catalytic activity for transesterifying the cantaloupe oil with 90.0 % and 94.5 % yield, 

respectively, followed by KOCH3, NaOCH3 and KOH with 89.5 %, 88 % and 85.5 % 

yield for CSOMEs. However, the MAMEs yield from these   

All these catalysts were studied at same conditions of other variables i.e, 6:1 

molar ratio of alcohol to oil, 60 
o
C temperature and 1 % w/w catalyst. As maximum 

yield was furnished by NaOH, next experiments were conducted using this as catalyst, 

varying only one condition at a time with others being same as in experiment number 

3. It is clear from the  
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Table 3.3 Mean yield of M.azedarach methyls esters (MAMEs)cantaloupe seed 

oil methyl esters (CSOMEs) in base-catalyzed transesterification under 

different set of conditions  

Experi

ment 

# 

Catalyst Catalyst 

amount 

(% w/w) 

MeOH 

: oil 

(moles) 

Reaction 

temperature 

(
o
C) 

(MAMEs) 

yield 

(%) 

CSOMEs 

yield 

(%) 

1 KOH 1.00 6:1 60 86.5±0.11 85.5±0.11 

2 KOCH3 1.00 6:1 60 86.5±0.12 89.5±0.12 

3 NaOH 1.00 6:1 60 90.0±0.11 94.5±0.10 

4 NaOCH3 1.00 6:1 60 85.0±0.20 88.0±0.09 

5 NaOH 1.00 3:1 60 72.0±0.14 65.4±0.10 

6 NaOH 1.00 9:1 60 75.0±0.05 93.5±0.13 

7 NaOH 0.75 6:1 60 89.5±0.20 90.6±0.12 

8 NaOH 0.5 6:1 60 88.0±0.15 70.4±0.11 

9 NaOH 1.00 6:1 50 70.0±0.12 92.5±0.14 

10 NaOH 1.00 6:1 45 91.8 91.8±0.12 

*values given as average for three replicates ± standard deviation  

data given in Table 3.3 that the alcohol to oil molar ratio affected the biodiesel yield 

most significantly as reducing the ratio to 3:1 decreased the biodiesel yield by 29 % 

almost. This is due to the fact that transesterification is an equilibrium reaction that 

takes place in three steps, as shown in Fig. 1.4. According to this equation, three 

moles of alcohol and one mole of triglyceride are required to react stoichiometrically 

in order to yield three moles of fatty acid alkyl esters and one mole of glycerol. 

However, in order to shift the reaction towards product side a large excess of alcohol 

is favorable. It was observed that a ratio of alcohol to oil beyond 6:1 had no positive 

effect on biodiesel yield. So the remaining two factors viz. catalyst amount and 

reaction temperature were studied using this molar ratio. The catalyst amount below 

0.75 % w/w was found to exert detrimental effects on biodiesel yield while the 

reaction temperature had shown no such effect up to 45 
o
C.  
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Effect of catalyst type 

 All these catalysts were studied at same conditions of other variables i.e, 6:1 

molar ratio of alcohol to oil, 60 
o
C temperature and 1 % w/w catalyst. It is clear from 

the CSOMEs yields, as shown by Fig. 3.10, that NaOH showed maximum catalytic 

activity for transesterifying the cantaloupe oil with 94.5 % yield, followed by KOCH3, 

NaOCH3 and KOH with 89.5 %, 88 % and 85.5 % yield, respectively. As maximum 

yield was furnished by NaOH, next experiments were conducted using this as catalyst, 

varying only one condition at a time with others being same as in experiment number 

3. For MAMEs, however, the highest yield was obtained through NaOH (90.0%) 

while rest of the catalyst produced nearly the same yield, Fig. 3.10. 

Effect of alcohol to oil molar ratio 

 It is clear from the data given in Table 3.3, as well as Fig. 3.11, that the 

alcohol to oil molar ratio affected the biodiesel yield most significantly as reducing 

the ratio to 3:1 decreased the biodiesel yield by 29 % almost. This is due to the fact 

that transesterification is an equilibrium reaction that takes place in three steps, as 

shown in Fig. 1. According to this equation, three moles of alcohol and one mole of 

triglyceride are required to react stoichiometrically in order to yield three moles of 

fatty acid alkyl esters and one mole of glycerol. However, in order to shift the reaction 

towards product side a large excess of alcohol is favorable. It was observed that a 

ratio of alcohol to oil beyond 6:1 had no positive effect on biodiesel yield [Freedman 

et al, 1984]. So the remaining two factors viz. catalyst amount and reaction 

temperature were studied using this molar ratio. Similar effects of alcohol-to-oil molar 

ratio were obtained for MAMEs yield, Fig. 3.12. 
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Fig.3.10.  Effect of catalyst type on % yields of M. azedarach and cantaloupe 

seed oil methyl esters  

 

 

 

Fig.3.11. Effect of MeOH/Oil molar ratio on % yield of M. azedarach and 

cantaloupe seed oil methyl esters 
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Fig.3.12 Effect of temperature on % yield of cantaloupe seed oil methyl esters 

Effect of catalyst amount 

The catalyst amount was varied from 0.5 to 1 % wt/wt of feedstock (oil).  The 

amount of catalyst below 0.75 % wt/wt was found to exert detrimental effects on 

biodiesel yield while increasing it upto 1 % wt/wt resulted in slightly better yield. The 

%age yield of biodiesel from these oil sources at different catalyst amounts is shown 

in Fig. 3.13. Various other studies have also shown that catalyst amount plays a vital 

role in production of biodiesel [Tariq et al,2012]. 

 

Fig.3.13 Effect of amount of catalyst on % yield of M. azedarach and 

cantaloupe seed oil methyl esters 
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Although transesterification can take place even at ambient temperature, increase in 

reaction temperature results in better yield and shorter reaction time. Hence, the 

reaction was carried out at three different temperatures (45 
o
C, 50 

o
C and 60 

o
C) while 

keeping all other factors constant like methanol to oil molar ratio at 6:1, catalyst 

amount at 1 %wt/wt, and stirring speed and reaction time as mentioned earlier. 

Although %age yield of biodiesel was observed to increase slightly from 45 
o
C to 50 

o
C , however, at 60 

o
C it was increased quite significantly, as shown in Fig. 5. Other 

studies on effect of temperature also support the fact that beyond 60 
o
C there is no 

significant increase in the %age yield of biodiesel [Enamul Hoque et al, 2011]. 

3.5.2 Estimation of optimum conditions of process parameters for 

transesterification by Taguchi method 

Ultrasonic-assisted transesterification of cantaloupe seed oil:  

During US-assisted transesterification, cavitation bubbles are formed near the 

phase boundary between the alcohol and oil phases, as a consequence of US-

irradiation. When these bubbles collapse, the phase boundary disrupts. This causes 

emulsification by US jets that invade from one liquid to other. A localized increase in 

temperature also results from cavitation that helps to improve transesterifcation. 

When compared with other methods of intensification as mentioned above as well as 

the oscillatory flow and microchannel reactors, the cavitational reactors can offer a 

better energy-efficient intensification method to improve biodiesel production (Maran 

et al, 2015). Besides limited energy consumption, US-assisted trasesterification also 

reduces the reaction time and catalyst requirement that leads to formation of lesser 

side products and hence better quality of the biodiesel produced (Badday et al, 2012). 
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Alkali-catalyzed transesterification of Eriobotrya japonica seed oil:  

As the Eriobotrya japonica seed oil has been evaluated for the first time 

regarding the preparation of biodiesel using the alkali-catalyzed transesterification, it 

was considered necessary to optimize the experimental variables for obtaining 

maximum yield.  

3.5.3 Design of Experiments (DOE) using Taguchi Method / Orthogonal Array 

 Design of experiment (DOE) has become an influential statistical tool recently 

for improving process/product designs and settling down the production issues.  

Taguchi method presents one of the standardized versions of DOE, as developed by 

Dr. G. Taguchi, which helps us to apply the technique for optimizing product design 

and investigating production problems [Kumar et al, 2015]. An important feature of 

this method is that it does not involve all the possible combinations of the parameters 

but only a few pairs are considered. This leads to the requirement of a minimal 

number of experiments to be carried out for collecting data for determination of the 

factor/s that most affect the quality/yield of the product. This statistical tool has been 

appreciated as an effective method that involves a nominal number of parameters (3-

50), few interactions between them and a very few contributing significantly.  

3.5.4 Selection of Design/Control Parameters and Their Levels 

There are different parameters that influence the production yield of the 

biodiesel via transesterification, like reaction temperature, type and quantity of 

alcohol (ratio of alcohol to vegetable oil), type and amount of catalyst, mixing 

intensity or agitation speed (rpm), time of reaction, moisture content in the oil and 

purity level of the oil etc. Out of these, only three variables at three levels were 
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selected for alkali-catalyzed transesterification of Eriobotrya japonica seed oil, while 

four most relevant variables were chosen and three levels were considered in for US-

assisted transesterification of cantaloupe seed oil, i.e. L = 3 for both experiments, and 

P = 4 and 3, repectively, for the two studies. 

These figures lead to design L9 OA according to which four selected 

parameters were studied at three levels by conducting only nine experiments, as given 

in table 2. Each experiment was repeated thrice for minimizing the errors.  

3.5.5 Signal to Noise Ratio (SNR) and Analysis of Variance (ANOVA) 

Signal to Noise Ratio 

 In Taguchi method, use of loss function has been suggested in order to 

calculate the deviance between the experimental and the desired value of performance 

features. This value of loss function is further converted in a signal to noise ratio 

(SNR). SNRs are basically the log function of the probable outcome that would be 

serving as the objective of optimization process. SNR is then employed to compute 

the extent of deviation by the quality function from the expected value. Depending 

upon the objective of the problem, there are three kinds of SNRs used in Taguchi 

method: smaller-the-better (STB) for minimization problems, larger-the-better (LTB) 

for minimization problems and nominal-the-best (NTB) for normalization problems. 

 The SNR for STB, LTB and NTB models can be calculated as given 

below:  

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑡ℎ𝑒 𝑏𝑒𝑠𝑡 − 𝑆𝑁𝑅𝑖 = 10 log (
𝑦�̅�

2

𝑆𝑖
2)  
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𝑆𝑚𝑎𝑙𝑙𝑒𝑟 𝑡ℎ𝑒 𝑏𝑒𝑡𝑡𝑒𝑟 −  𝑆𝑁𝑅𝑖 = −10log (∑ 𝑦𝑗 
2

𝑛

𝑗=1

/𝑛)  

𝐿𝑎𝑟𝑔𝑒𝑟 𝑡ℎ𝑒 𝑏𝑒𝑡𝑡𝑒𝑟 −  𝑆𝑁𝑅𝑖 = −10 log
1

𝑛
 ∑

1

𝑦𝑗
2

𝑛

𝑗=1

 

Where yi  represents the mean value of response, 𝑆𝑖
2 

 is variance, and i, j and n stand 

for experiment number, trial number and number of experiments, respectively.  

Usually SNR based evaluation of experimental data is carried out for the 

determination of optimal parameter combinations. Since the objective of the present 

work is to obtain the maximum biodiesel yield, larger-the-better (LBT) model has 

been adopted out of three SNR quality characteristics. Accordingly, the level with 

highest SNR will be the optimal level of design/control parameter.  

 With the help of SNR analysis, although it is possible to reach the optimum 

level of each factor/parameter as well as an optimum set of parameters that give 

maximum yield of the desired product, yet it is not established as how much each 

parameter has contributed to the output and which parameter has contributed most 

significantly. 

However, this can be established by carrying out statistical analysis of variance 

(ANOVA) of the response data. For this purpose, computation of sum of squares is 

necessary. For calculating the percentage contribution, following equations are 

employed: 

% contribution of a factor  = SSf / SST X 100 
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Where SSf  stands for the sum of squares for the fth factor and SST represents the 

total sum of squares of all the parameters [Kumar et al, 2015].  

Table 3.4 shows the experimental yields of CSOMEs as a result of US-assisted 

transesterification of cantaloupe seed oil, as well as the SNR calculated for each 

experimental run and their mean. The objective of the present work was to sort out the 

experimental conditions that result in maximum yield of biodiesel, and this required 

the ‘larger the better’ SNR model to be adopted. As clear from the data given in this 

table, experiment number 8 shows the maximum yield of CSOMEs upto 94.1 % with 

a corresponding SNR value of 39.5. The least mean yield (69.23) resulted from 

experiment number 1 with SNR value upto 36.80. The set of experimental conditions 

corresponding to highest yield may not be the optimum set of conditions and needs to 

be confirmed further.  

Table 3.5 represents the SNRL (level mean SNR) values of each experimental 

variable for each of its specified level, separately, for the US-assisted 

transesterification of cantaloupe seed oil. For instance, the SNRL for parameter A at 

level 1 has been computed to be ‘37.13’ using the values of SNR for the experiment 

No. 1, 2 and 3, at level 2 it is ’38.3’ using the SNR values from experiment No. 4, 5 

and 6, and at level 3 it is ‘39.36’ using SNR values for experiment No. 7, 8 and 9. 

Similarly the SNRL values for parameter B and C were also computed. The SNRL 

values for each parameter at its different levels show its influence on CSOMEs yield. 

The higher the value of SNRL, the greater the influence of a particular parameter at 

that level. The optimum level of each parameter corresponds to the maximum value of 

SNRL that is directly related to maximum yield of CSOMEs. In this way, the optimum 

levels for parameters A, B and C were 3, 2 and 3, that are methanol to oil ratio of 9:1, 
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catalyst amount of 1 % wt/wt and reaction time of  60 min, respectively. This is also 

clear from Fig 3.14. 

Table 3.4 % yield and SNRs for the experiments designed by L9 orthogonal array 

for ultrasonic-assisted transesterification of cantaloupe seed oil 

Experiment 

#  

 

A 

 

B 

 

C 

            % of yield  Mean 

yield 

(%) 

SNR 

Trial 1 Trial 2 Trial 3 

         

1 3:1 0.5 20 68.5 69 70.2 69.23 36.80 

2 3:1 1.0 40 72.42 73 71.9 72.44 37.20 

3 3:1 1.5 60 74.5 73.8 74 74.1 37.39 

4 6:1 0.5 40 80.5 81.2 81.5 81.06 38.18 

5 6:1 1.0 60 84.2 85.0 84.5 83.57 38.54 

6 6:1 1.5 20 80.5 81 80.75 80.75 38.18 

7 9:1 0.5 40 92.0 92.5 93 92.5 39.32 

8 9:1 1.0 60 94.5 94 93.8 94.1 39.47 

 

9 9:1 1.5 20 92 91.5 92.5 92 39.28 

SNRT = 38.26                                                           

 

Table 3.5 Level mean signal-to-noise ratios (SNRL) for different parameter levels 

for ultrasonic-assisted transesterification of cantaloupe seed oil 

           Parameter Levels 

              1                                   2                                   3  

 

A.   Molar ratio of alcohol to   oil 

(moles) 

 

37.13 

 

38.30 

 

39.36 

B.   Amount of catalyst  

(% wt/wt of oil) 

38.10 38.40 38.28 

C.   Reaction time (min) 38.08 38.28 38.41 
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Fig. 3.14    SNRL of selected parameters at pre-set levels for ultrasonic-assisted 

transesterification    of cantaloupe seed oil 

Table 3.6 depicts the experimental yields of EJMEs from transesterification of 

E. japonica seed oil, resulting from a set of nine experimental runs, designed by the 

help of L9 orthogonal array. The computed SNR values as well as overall mean SNR 

are also given in the table. The ‘larger the better’ SNR model was adopted in this 

study as well. It is clear from the data given in table 5 that experiment No. 5 has 

shown highest mean yield of 94.07 %, and hence SNR upto 39.47. Lowest mean yield 

(71.4 %), on the other hand, has come from experiment No. 1, with SNR upto 37.09. 

However, the set of parameters corresponding to the maximum yield may not be the 

optimum set of parameters.  
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Table 3.7 represents the SNRL (level mean SNRs) values of each 

experimental variable for each of its specified level, separately, for transesterification 

of E. japonica seed oil. For instance, the SNRL for parameter A at level 1has been 

computed to be  ’37.98’ using the values of SNR for the experiment No. 1, 2 and 3, at 

level 2 it is ’38.83’ using the SNR values from experiment No. 4, 5 and 6, and so on.  

The SNRL values for each parameter at its different levels show its influence 

on EJMEs yield. The higher the value of SNRL, the greater the influence of a 

particular parameter at that level. The optimum level of each parameter corresponds 

to the maximum value of SNRL that is directly related to maximum yield of EJMEs.  

In this way, the optimum levels for parameters A, B, C and D were 2, 2, 3 and 

1, that are methanol to oil ratio of 6:1, catalyst amount of 1 % wt/wt, reaction time of 

2 h and reaction temperature of 50
°
C, respectively. This is also clear from Fig. 3.15. 

Table 3.6 % yield and SNRs for the experiments designed by L9 orthogonal array 

(for alkali-catalyzed transesterification of Eriobotrya japonica seed 

oil) 
Experiment 

#  

 

A 

 

B 

 

C 

 

D 

                       % of yield  Mean 

yield 

(%) 

SNR 

 

Trial 1 
 

Trial 2 
 

Trial 3 

          

1 3:1 0.5 60 50 70.8 72.5 71.4 71.4 37.09 

2 3:1 1.0 90 60 82.5 83 84.1 83.2 38.40 

3 3:1 1.5 120 70 83.5 82.8 84.5 83.6 38.44 

4 6:1 0.5 90 70 83.2 80.2 79 80.8 38.14 

5 6:1 1.0 120 50 93.5 94.2 94.5 94.07 39.47 

6 6:1 1.5 60 60 84.7 91.3 88.2 88.07 38.89 

7 9:1 0.5 120 60 70.8 72.3 74.5 72.53 37.19 

8 9:1 1.0 60 70 81.5 84.3 84.9 83.57 38.44 

9 9:1 1.5 90 50 88.2 87.4 85.8 87.17 

 

38.80 

                                                                                                                                                                                                                                                                                                                         

SNRT = 38.32. 
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Fig. 3.15 SNRL of selected parameters at pre-set levels (for alkali-catalyzed 

transesterification of Eriobotrya japonica seed oil) 

Table 3.7 SNRL for different parameter levels (for alkali-catalyzed 

transesterification of Eriobotrya japonica seed oil) 

           Parameter Levels 

             1                             2                               3  

  

A. Molar ratio of alcohol 

to oil 

37.98 38.83 38.14 

B. Amount of catalyst 37.47 38.77 38.71 

C. Reaction time 38.14 38.45 38.47 

D. Reaction temperature 38.45 38.16 38.34 
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Analysis of Variance (ANOVA) 

Ultrasonic-assisted transesterification of cantaloupe seed oil: 

Table 3.8  represents the computed sum of squares (SS) and % contribution of 

each process parameter that were studied for US-assisted transesterification of 

cantaloupe seed oil. These results are helpful to identify the most significant 

parameter i.e, the parameter that influences the CSOMEs yield the most. It is clear 

that methanol to oil molar ratio was the most influential parameter with a contribution 

as great as 96.0 %, followed by the reaction time and catalyst amount with a 

contribution of 2.14 and 1.76 %, respectively. This little contribution can be 

correlated to the slight variation in SNRL values for three levels of each of these two 

parameters. In other words, difference between the maximum and the minimum 

SNRL values for a particular parameter (∆SNR) directly determines the % 

contribution of that parameter towards mean yield of final product i.e, biodiesel. 

According to the ∆SNR calculations, ranks can be assigned to these parameters with 

the highest rank for the parameter showing largest value of ∆SNR. So, methanol to oil 

molar ratio comes up to rank 1, followed by the reaction time and catalyst amount, in 

accordance with the data shown in Table 3.5 and Table 3.8. 

The optimum levels of all the parameters were used to find out the percentage 

yield of CSOMEs, in three replicate trials. The mean % yield of biodiesel was found 

to be 93.99 % that is quite close to that obtained in experiment number 8, shown in 

Table 3.4. 

Alkali-catalyzed transesterification of Eriobotrya japonica seed oil 
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Table 3.9 represents the computed sum of squares (SS) and % contribution of 

each process parameter. These results are helpful to identify the most significant 

parameter i.e, the parameter that influences the EJMEs yield the most. From the 

contribution table it is clear that the greatest influence is exerted by the ‘catalyst 

amount’ used to convert E. japonica seed oil to methyl esters, with a contribution of 

67.32 %. This is followed by the molar ratio of alcohol to oil showing 25.51 % 

contribution. A little contribution was shown by rest of the parameters in comparison 

to the above mentioned factors, which is 4.49 % by reaction time and 2.68 % by 

reaction temperature. This little contribution can be correlated to the slight variation 

in SNRL values for three levels of each of these two parameters. 

 In other words, difference between the maximum and the minimum SNRL 

values for a particular parameter (∆SNR) directly determines the % contribution of 

that parameter towards mean yield of final product i.e, biodiesel. According to the 

∆SNR calculations, ranks can be assigned to these parameters with the highest rank 

for the parameter showing largest value of ∆SNR. So, catalyst amount comes up to 

rank 1, followed by the molar ratio of alcohol to oil, reaction time and reaction 

temperature, in accordance with the data shown in Table 6 and Table 9.   

The optimum levels of all the parameters were used to find out the percentage 

yield of EJMEs, in three replicate trials. The mean % yield of biodiesel was found to 

be 94.52 % that is quite close to that obtained in experiment No. 5, as shown in Table 

3.6.   
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Table 3.8 Percentage contribution of selected process variables for ultrasonic-

assisted transesterification of cantaloupe seed oil 

Parameter SSf % contribution 

A.   Molar ratio of alcohol to oil 2.4885 96.1 

B.   Amount of catalyst 0.0456 1.76 

C.   Reaction time 0.0553 2.14 

 

Table 3.9 Percentage contribution of selected process variables (for alkali-

catalyzed transesterification of Eriobotrya japonica seed oil) 

 

Parameter SSf % contribution 

A.   Molar ratio of alcohol to oil 0.4081 25.51 

B.   Amount of catalyst 1.0771 67.32 

C.   Reaction time 0.0718 4.49 

D.   Reaction temperature 0.0429 2.68 

 

3.6 DETERMINATION OF FUEL PROPERTIES OF THE SYNTHESIZED 

BIODIESEL  

 

Biodiesel has emerged as an alternative diesel fuel that is derived from 

renewable raw materials and is formulated especially for use in direct-ignition 

engines. Chemically, it is mixture of fatty acid methyl esters (FAMEs) obtained by 

alcoholysis (transesterification) of vegetable oils or animal fats in the presence of a 

catalyst. Great global focus of researchers on different aspects of biodiesel has been 

the consequence of its various appealing characteristics like renewability, 

biodegradability (4-times faster than petro-diesel), environment-friendly (as it causes 

far less emissions of air pollutants due to its higher oxygen content of about 10-11 % 
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by wt., and negligible aromatic content), non-toxicity, and several technical 

superiorities over petro-diesel like better lubricity, higher flash point and cetane 

number etc.  

Biodiesel can be mixed in petro-diesel in any proportion ranging from 1 to 99 

%, and is represented by a number following ‘B’. For instance, B20 means 20 % 

biodiesel in 80 % petro-diesel. Similarly B100 means 100 % biodiesel. Although it 

can be used in existing diesel engines without or little modification, it is often 

encountered in blended form in countries like USA and EU in the commercial 

applications (Tariq et al, 2012, Moser and Vaughn, 2012]. 

In order to ensure the usage of biodiesel directly in a diesel engine with or 

without modification, its properties must be comparable to or better than those of 

petro diesel. This required some standard specifications to be put into execution, like 

those for petro-diesel, so that the biodiesel could be standardized as an alternative 

diesel engine fuel worldwide. Two major biodiesel standards accepted globally today 

are those from USA i.e, ASTM D6751, and in EU, EN 14214. These have been 

presented in Table 1.2 and Table 1.3. 

 Once biodiesel prepared from a particular feedstock ensures these standards, 

the opportunity for that feedstock as well as security of users are provided. Also, 

compliance with these standards is mandatory for biodiesel in order to get allowed by 

the diesel engines manufacturer for use in these engines. As far as the feedstocks are 

concerned, they can be high-quality edible vegetable oils as well as low-grade/poor 

quality waste vegetable oils  or animal fats; the only condition is that the standard 

biodiesel requirements are met with.  
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“Once the biodiesel prepared from a particular feedstock meets most or all 

of the above mentioned specifications, that feedstock can be regarded as a 

promising biodiesel resource”. 

Both physical and chemical properties of biodiesel fluctuate according to the 

chemical composition i.e, fatty acid (FA) composition of the feedstock oil/fat that is 

used to prepare the biodiesel. Major fuel properties are dependent wholly or largely 

on FA composition that include density, kinematic viscosity, cetane number, flash 

point and cold-weather properties that are mainly presented by the pour point and 

cloud point [Moser and Vaughn, 2012].  

These fuel properties of biodiesel prepared from the selected oil sources in this 

work as well as biodiesel from commonly used feedstocks (soybean oil, sunflower oil, 

canola oil, palm oil and jatropha seed oil) have been discussed below.   

3.6.1 Fuel properties of CSOMEs 

Table 3.10 represents the basic fuel properties along with the ASTM 

specifications for the biodiesel prepared from selected oil sources (cantaloupe and 

loquat seed oil) as well as those of some commonly used biodiesel feedstocks. 

Density 

As compared to diesel fuel, all the FAMEs have higher density and lower 

compressibility [Canakci and Gerpen, 2003], which are the two very important 

features since they have an influence on the injection system of engine. Like 

viscosity, density also affects the breakup of fuel when injected into the cylinder. 

Both of these parameters i.e., density and compressibility, affect the fuel’s injected 

amount, timing for injection and spray pattern, directly [Lee et al, 2002].   
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Table 3.10 Fuel characteristics of cantaloupe seed oil methyl esters (CSOMEs) 

and Eriobotrya japonica methyl esters (EJMEs)  

Property CSOMEs EJMEs ASTM Test 

method 

ASTM 

limit 

Units 

Density 0.8781 0.88 - - g/mL 

Kinematic viscosity 

@ 40
o
C 

3.92 5.6 D 445 1.9-6.0 mm
2
/sec 

Water % 0.01 0.01 D 96 0.05 % vol 

Cloud point -3 -2 D 2500 Report 
o
C 

Pour point -6 -6 D 97   

Flash point P.N.C.C 120 138 D 93 130min 
o
C 

Cetane number 48.68 49 D 613 47min - 

Cu strip corrosion 1 1 D 130 No. 3max - 

T. Ash % wt. NIL NIL  0.05max % wt. 

Distillation  

(90% vol. recovery) 

340 356 D 1160 360max 
o
C 

 

It means greater density will result in more fuel (by mass) to be injected taking more 

time and producing fuel droplets of larger diameter. On the other hand, a fuel with 

lower density will afford improved atomization as well as mixture formation. It is 

commendable, therefore, that the intensity of a diesel fuel should remain within a 

strict tolerable range in order to maintain the optimum air to fuel ratio. Density of fuel 

also affects its heating content and exhaust emissions like particulate matter and NOX 

formation. Greater density causes greater emission of these pollutants. 
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As far as chemical composition of the fuel is concerned, increase in chain 

length and the saturation level of the constituent compounds (methyl esters in 

biodiesel) increase its density. Thus biodiesels produced from feedstocks having more 

saturated constituents tend to have more density than those with unsaturated 

constituents. 

 ASTM D6751 standards do not specify any range for density of biodiesel, but 

the European standard EN 14214 specifies a range of 0.86-0.90 g/cm
3
 at 40 

o 
C. The 

density of CSOME was determined to be 0.8781 g/mL that is lower than the soybean 

methyl esters (0.885 g/mL) , canola methyl esters (0.883 g/mL),  sunflower methyl 

esters (0.86 g/mL), palm oil methyl esters (0.87 g/mL) and Pongamia pinnata methyl 

esters (0.883 g/mL) but close to that of jatropha methyl esters (0.879 g/mL). The 

density of EJMEs was determined to be 0.88 g/mL that is also close to the density of 

jatropha methyl esters. Fig 3.16 represents a comparative look on the densities of all 

these biodiesel feedstocks. 

Kinematic viscosity 

Kinematic viscosity represents the basic cause behind transesterification of 

vegetable oils and fats for making them suitable for use in diesel engines. Neat 

vegetable oils and fats bear high viscosities that cause severe operational problems if 

used directly as a fuel in place of diesel. Transesterification is the process that 

converts the triglycerides into fatty acid methyl esters with a reduction in molecular 

weight upto one-third of starting triglycerides and viscosity by a factor of eight. Being 

one of the most crucial features of an engine fuel, kinematic viscosity plays a basic 

role in fuel spray, formation of mixture and the following combustion process. 

Injection process is interfered by high values of kinematic viscosity leading to 

improper atomization of the fuel. Moreover, an increase in kinematic viscosity 
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increases the average size of fuel droplets from the injector and also their penetration 

[Choi and Reitz, 1999]. 

 

 

Fig. 3.16 Comparison of the densities of selected seed oils for BD production 

with those of commonly used BD feedstocks 

 

Fig. 3.17 Comparison of the kinematic viscosities of selected seed oils for BD 

production with those of commonly used BD feedstocks 
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Incomplete combustion results from improper mixing of fuel and air. Also, 

high kinematic viscosity accompanies high line pressure that causes early injection 

thereby moving the combustion of fuel closer to the top dead center and elevating 

maximum temperature and pressure inside the combustion chamber [Canakci and 

Gerpen, 2003]. As far as chemical structure of FAMEs is concerned, the features like 

presence and extent of unsaturation, chain length, type of ester head group and 

orientation of double bond all influence their kinematic viscosity substantially. Larger 

chain length as well as larger ester head group cause an increase in kinematic 

viscosity, while degree of unsaturation affects it inversely. The kinematic viscosity of 

CSOMEs was found to be 3.92 mm
2
/s that is quite close to the kinematic viscosity of 

soybean methyl esters (4.08 mm
2
/s) but lower than rest of the feedstocks discussed for 

comparison, as clear from Fig. 3.17. The kinematic viscosity of EJMEs was 

determined to be 5.6 mm
2
/s that is close to that of rubber seed oil (5.81 mm

2
/s) but 

higher than rest of the feedstocks discussed here.  This can be correlated to the fact 

that both of these oils are having similar saturated and unsaturated fatty acid 

proportions, as given in Table 3.2.  A little difference observed between the kinematic 

viscosities of the two can be correlated to the slightly higher proportion of saturated 

fatty acids in rubber seed oil (18.9 %) as compared to Eriobotrya japonica seed oil 

(13.03 %).  The ASTM limit specified for FAMEs to be employed as BD is 1.9-6.0 

mm
2
/s, and the kinematic viscosity of both CSOMEs and EJMEs meets the specified 

limit of this crucial parameter quite satisfactorily.  

Cold weather properties  

Two important experimental parameters that determine the tendency of a fuel 

to solidify at low temperatures and, hence, its cold weather performance are cloud 

point (CP, the temperature at which crystal growth tends to become visible to the 
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naked eye) and pour point (PP, the lowest temperature at which the fuel will pour) 

[Knothe et al, 2005]. At temperatures lower than CP, fusion of larger crystals occurs  

 

Fig. 3.18 Comparison of cloud point and pour point of selected seed oils for BD 

production with those of commonly used BD feedstocks 

 

Fig. 3.19 Comparison of flash points of selected seed oils for BD production 

with those of  commonly used BD feedstocks 
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and results in cluster formation preventing the fuel from pouring. Hence, PP is always 

lower than CP. The low-temperature operability of biodiesel is greatly affected by its 

fatty acid profile [Foglia et al, 1997], that is the proportion of saturated and 

unsaturated fatty acids in the feedstocks oils/fats, number and orientation of double 

bonds and the chain length of the constituent fatty acids. More saturated fatty acid 

proportion in the oil results in higher values of CP and PP. Although no specific 

value/range is given in ASTM D6751 as well as EN 14214 standards of biodiesel for 

evaluation of these properties, the values were compared with those of commonly 

produced fatty acid methyl esters. The CP and PP of CSOMEs were found to be -3
 o

C 

and -6
o
C, respectively. The CP of CSOME was lower, and hence better, than that of 

soybean methyl esters (-0.5 
o
C) palm methyl esters (15 

o
C) and sunflower methyl 

esters (1 
o
C ) but higher than that of rapeseed methyl esters (-4

 o
C). Similarly, PP of 

CSOMEs was lower than that of soybean methyl esters (-4
 o

C) but higher than that of 

rapeseed methyl esters (-10.8
 o

C), sunflower methyl esters (-7 
o
C) and palm methyl 

esters (15 
o
C). Similarly, the CP and PP of EJMEs were determined to be -2 and -6 

o
C, respectively. Fig. 3.18 compares the CP and PP of both of the CSOMEs and 

EJMEs with the commonly employed biodiesel feedstocks. 

Although majority of the biodiesel characteristics are better or comparable to 

the diesel fuel, these cold-weather porperties are comparatively poor than those of 

diesel fuel. Due to higher CP and PP, the biodiesel causes operation problems in 

places having cold weather like European countries where its demand is high. 

However, solutions to these problems exist as a result of the efforts of different 

researchers. For instance, anti-gel additives like ethanol, kerosene etc. are being used 

in order to lower the CP of biodiesel fuels. Similarly, the PP gelling temperature can 
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be reduced significantly using the PP-additives like diesel and kerosene [Tariq et al, 

2012]. 

Flash point 

Flash point (FP) is an important feature of a fuel during its storage and 

transportation. It is the lowest temperature at which a volatile liquid vaporizes to form 

an ignitable mixture in air. FP is also correlated with the volatility that is, in turn, an 

important factor for starting and warming of an engine. Low volatility of a fuel, 

combined with high viscosity, results in problems like bad start-up of the engine (in 

cold), ignition delay and misfire [Szybist et al, 2007]. High FP on the other hand, may 

cause carbon deposits inside the combustion chamber. Usually, the FP of the most 

commonly employed BD feedstocks (soybean, rapeseed and sunflower oils, which are 

131, 155 and 183 
o
C, respectively) are far above that of the petro-diesel (55

 o
C). 

Although transesterification of these feedstocks results in lowering the values of FP, 

still they are higher than FP of the usual diesel fuels [Canakci and Sanli, 2008]. Usual 

range of FP for petro-diesel lies between 60 and 90 
o
C, while for biodiesel it is 

between 130 and 170 
o
C.  This makes biodiesel safer in storage and handling as 

compared to petro-diesel. 

The FP of CSOMEs, was found to be lower than all of the common BD 

feedstocks (Fig. 3.19) i.e, 120
 o

C except that of canola methyl esters that is reported to 

be 107 
o
C. FP of EJMEs, on the other hand, was found to be 138 

o
C, which is close to 

the FP of jatropha methyl esters, and also well within the ASTM limit. 

Cetane Number 

Cetane number (CN) is generally a dimensionless indicator of the ignition 

quality of a diesel fuel, defined as “a measure of the knocking tendency of a fuel”. It 
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is opposite to the octane number of a gasoline fuel. Basically, CN is a measure of the 

ignition delay time, which is the time between start of the injection and the onset of 

the combustion. The ignition delay decreases with the increase in CN, thereby 

increasing the main combustion phase (diffusion controlled combustion). Very high 

CN is however, not acceptable as in this case the fuel will ignite in a brief time and 

distance to the injector and causes excessive heating of it. This strong heating may 

result in the formation of cooked particles in the injector that may block the injector 

nozzle. Due to this reason, the CN of a diesel engine fuel should not be higher than 

65. Similarly, long ignition delay due to low value of CN is also not affordable as it 

makes the diesel knock. CN has also an effect on cold engine starting and the 

resulting noise and white smoke emissions [Heywood, 1997]. CN has been observed 

to vary among different feedstocks, depending upon their chemical composition. CN 

increases with increase in chain-length, and decrease in branching and unsaturation of 

constituent fatty acids in the feedstock oils/fats. When compared with the diesel fuel, 

biodiesel offers a higher CN and hence a shorter ignition delay. 

For biodiesel, the ASTM specified limit (minimum) of CN is 47, while CN of 

CSOMEs was determined to be 48.68. It is well within the required lower limit for 

BD and is comparable to soybean methyl esters (50.9) and sunflower methyl esters 

(49). CN of EJMEs was found to be 49.0, on the other hand and is exactly the same as 

that of sunflower. CN of all other feedstocks discussed here are higher than the 

selected oil sources as shown in Fig. 3.20. 
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Fig. 3.20 Comparison of cetane numbers of selected seed oils for BD production 

with those of commonly used BD feedstocks 

Other fuel properties 

 In addition to the main fuel properties discussed above in comparison to seven 

commonly used biodiesel feedstocks, some other fuel properties of the cantaloupe 

seed oil methyl esters as well as Eriobotrya japonica methyl esters were determined 

in order to have a maximum fuel properties-profile of these two, new, biodiesel 

feedstocks. Following is a brief discussion of these properties.  

Total ash, water and Cu-strip corrosion 

The evaluation of the total ash content, present in a fuel product, can confirm 

its suitability for a given application. Ash may be the result of presence of oil-soluble 

metallic components or dust and rust as contaminants in the product or catalyst 

residue after transesterification of the feedstock oil, and may cause combustion 

deposits inside the engine, plugging as well wearing of the injector. In both CSOMEs 

and EJMEs, negligible ash (%) was found as given in Table 3, showing the absence of 

above-mentioned materials in it. Similarly, water content was also found to be at trace 
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level (0.01%) that is well within the ASTM specification in both biodiesels. Copper 

strip corrosion test is basically designed to evaluate the relative degree of corrosivity 

of a fuel product and shows how much wearing of the engine system may occur by 

that product [ASTM Standards, 2003]. The ASTM requirement for Cu strip corrosion 

is No. 3 max., while it was found to be No. 1 for both CSOMEs and EJMEs.  

Distillation curve  

The evaluation of distillation (volatility) range of a fuel is important regarding 

its safety and performance. It provides information about its properties and behavior, 

while under use or storage [ASTM Standards, 2003]. The ASTM maximum limit for 

the distillation range of BD at 90% recovery of volume is 360
 o

C, while it was found 

to be 340
 o

C for CSOMEs and 356 
o
C for EJMEs. This value of distillation at 90% 

recovery is lower and hence better than the common BD feedstocks like soybean, 

sunflower, canola and cottonseed methyl esters (357-359
 o

C) [Alptekin and Canakci, 

2009].  

3.7 Synthesis and XRD-Characterization of bis(2-carboxyanilinium)sulphate 

monohydrate 

 

The salts of aminobenzoic acids have been reported as medicines as well as 

precursor for in the field of pharmaceutics. These are also useful for autoxidation of 

the fats forming free radicals, hence, in comparison to sulfated metal oxides, these can 

be used for production of biodiesel (Pedanova et al., 1984; Refaat, 2010). For the 

purpose of oxidation of the FFA, bis(2-carboxyanilinium)sulphate monohydrate was 

synthesized by reaction of anthanilic acid with H2SO4 resulted in anilinium salt whose 

structure  was confirmed by single XRD crystallography. ORTEP Diagram of the 

structure is shown in Fig. 3.21. 
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Fig. 3.21 ORTEP Diagram of bis(2-carboxyanilinium)sulphate monohydrate 

The compound benzene rings A (C1–C6) and B (C8—C13) are of course 

planar with maximum r. m. s. deviations of 0.0025 and 0.0034 Å from the mean 

squares planes. The dihedral angle between A/B is 7.91 (13)°. The carboxylate groups 

C (O1/C7/O2) and D (O3/C14/O4) are oriented at dihedral angles of 11.94 (38)° and 

10.86 (41)° with benzene rings A and B respectively. The O-atoms of SO4
-2

 are 

disordered over two set of sites with occupancy ratio of 0.541 (13):0.459 (13). The 

molecules are stabilized due to intra as well as inter-molecular H-bondings and C–

H···π interactions (Table 1, Fig. 2). The π–π interaction between the centroids CgA 

and CgB of benzene rings A and B respectively, also play a role in the stabilization of 

molecules. The centroid to centroid distance is 3.842 (2) Å. The crystallographic 

data/geometry parameters of the compounds is given in Tables 3.11 and 3.12. 
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Table 3.11 Crystal data of  bis(2-carboxyanilinium)sulphate monohydrate 

2C7H8NO2
+
·SO4

2−
·H2O F(000) = 816 

Mr = 390.36 Dx = 1.511 Mg m
−3

 

Monoclinic, P21/n Mo Kα radiation, λ = 0.71073 Å 

Hall symbol: -P 2yn Cell parameters from 3752 reflections 

a = 11.260 (5) Å θ = 2.0–27.1° 

b = 10.542 (4) Å µ = 0.24 mm
−1

 

c = 15.358 (5) Å T = 296 K 

β = 109.737 (5)° Prisms, colorless 

V = 1715.9 (12) Å
3
 0.28 × 0.25 × 0.20 mm 

Z = 4  
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Table 3.12 Hydrogen-bond geometry (Å,°) of bis(2-carboxyanilinium) sulphate 

monohydrate 

D—H A D—H H A D A D—H A 

N1—H1A O6A
i
 

0.89 1.83 2.721 (6) 174 

N1—H1B O2 
0.89 1.99 2.708 (3) 137 

N1—H1B O4
ii
 

0.89 2.33 3.041 (3) 137 

N1—H1C O8A
iii

 
0.89 1.98 2.860 (11) 168 

N2—H2A O8A
iv

 
0.89 1.83 2.698 (12) 166 

N2—H2B O4 
0.89 1.94 2.689 (3) 140 

N2—H2B O2
ii
 

0.89 2.28 2.906 (3) 128 

N2—H2C O5A
i
 

0.89 2.00 2.839 (6) 157 

O1—H1 O9
v
 

0.82 1.75 2.557 (3) 168 

O3—H3A O7A
v
 

0.82 1.70 2.512 (13) 167 

O9—H9A O6A
vi

 
0.80 (3) 2.46 (3) 3.102 (8) 138 (3) 

O9—H9A O8A
vi

 
0.80 (3) 2.38 (4) 3.115 (11) 153 (3) 

O9—H9B O5A 
0.86 (3) 1.96 (3) 2.792 (7) 161 (3) 

C4—H4 Cg2
vii

 
0.93 2.75 3.600 (3) 153 

3.8 Application of bis(2-carboxyanilinium)sulphate monohydrate for 

esterification of free fatty acids in high-FFA rice bran oil 

 In cases where the FFA content of a feedstock is higher than 1.0 % w/w of oil, 

the most common approach is a two-step process where by an acid treatment of the 

feedstock is carried out to lower its FFA content i.e., esterification, followed by the 
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base-catalyzed transesterification of the feedstock oil. In a representative acid 

pretreatment process, the FFA are esterified to the corresponding FAMEs in the 

presence of excess methanol, heat and an acid catalyst, typically sulphuric acid. The 

high-FFA-containing low-cost feedstocks can be readily accommodated through this 

two-step methodology. However, this acid-pretreatment requires larger volume of 

methanol for esterification, higher temperature and significant amount of the acid as 

catalyst. This also adds to the capital cost associated with biodiesel production. Other 

approaches available in literature to lower the FFA content of such feedstocks are use 

of enzymes as catalysts [Bryan, 2009]. During the work, newly synthesized 

compound bis(2-carboxyanilinium) sulphate monohydrate was used as catalyst and  

found suitable for the conversion of FFA into FAMEs in the feedstock oils . It was 

successfully employed for the said purpose under sunlight applying on ricebran oil 

which contains approximately more than 18% FFA. The results obtained showed that 

the catalyst can be utilized instead of H2SO4 to overcome the disadvantages of this 

acid catalyst, as discussed above. Due to solubility of the salt (bis(2-

carboxyanilinium) sulphate monohydrate) in water, it was easy to remove from 

biodiesel product, without any subsequent harmful effect on the environment. 

 

 

  



129 

 

CHAPTER 4 

CONCLUSION  

It can be concluded that the biodiesel has been successfully produced by oils 

extracted from the selected agro-waste feedstocks viz. Melia azedarach (Chniaberry) , 

Cucumis melo var. cantalopensis (cantaloupe) and Eriobotrya japonica (Japanese 

plum). The biodiesel was produced using existing methodology i.e., employing 

solvent extraction with n-hexane for removal of oil from selected feedstocks/oilseeds 

and alkali-catalyzed transesterification for conversion of the extracted oil into fatty 

acid methyl esters (i.e., biodiesel). The biodiesel produced from all the three 

feedstocks was found to meet the standard specifications for B100 as prescribed in 

ASTM D6751. In addition to conventional method for biodiesel production, i.e., 

alkali-catalyzed transesterification, ultrasonic-assisted transesterification of one of the 

experimented oil sources i.e, cantaloupe seed oil was also attempted and optimization 

of the process parameters was carried out, i.e, molar ratio of alcohol to oil, amount of 

catalyst, reaction time and temperature, using Taguchi method. Alcohol to oil molar 

ratio of 6:1, catalyst amount of 1 % wt/wt, 2 h reaction time and 50 
°
C reaction 

temperature were found to be the optimum conditions for obtaining 94.52 % 

biodiesel. Alcohol to oil molar ratio (6:1) and amount of catalyst (1 % w/w) involved 

in the process were found in consistence with the already existing literature.   

The oils extracted from the agro-waste materials i.e., seeds of Melia 

azedarach, Cucumis melo var. cantalopensis and Eriobotrya japonica, as well as their 

fatty acid methyl esters were characterized using chromatographic as well as 

spectroscopic techniques like GC-FID, 
1
H NMR and 

13
C NMR. The characterization 

of fatty acid profile of these feedstocks was confirmed and compared with the fatty 
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acid profile of the existing and commonly employed feedstock oils (like soybean oil, 

sunflower oil, jatropha seed oil, rubber seed oil etc.), and it was found that the 

cantaloupe seed oil possesses fatty acid composition similar to that of soybean oil 

which is commercially being used for biodiesel production in developed countries like 

USA, while that of Eriobotrya japonica seed oil is found to be similar to rubber seed 

oil.  It can be concluded that cantaloupe seed oil can be a cheaper alternate feedstock 

(being an agro-waste) in place of soybean oil as it possesses similar fatty acid 

composition for producing biodiesel with expectedly acceptable fuel properties. This 

was further confirmed by comparing the fuel properties of synthesized biodiesel with 

ASTM D6751 standard specifications. From the 
13

C NMR data for oils as well as 

their fatty acid methyl esters, it was concluded that the conversion of oils into their 

fatty acid methyl esters was achieved by the adopted methodologies quite suitably. 

 All of the samples of the biodiesel were found to offer high values of flash 

point and acceptable cetane number values that indicate the safe handling and storage 

as well as good ignition quality of the product.  

The oil content obtained in these oilseed feedstocks was found to be 32 %, 

42.8 % and 24 % for Melia azedarach, Cucumis melo var. cantalopensis and 

Eriobotrya japonica, respectively. The percentage of oil extracted from Melia 

azedarach, Cucumis melo var. cantalopensis and Eriobotrya japonica was found to be 

comparable or even better than many of the commonly employed biodiesel feedstocks 

(like soybean oil, cottonseed oil etc.). The first of these feedstocks;  Melia azedarach 

is not being cultivated purposefully but is well-known to be found in abundance 

throughout the tropical region, naturally. The second one is cultivated in many 

districts of Punjab and Sindh over a huge area of  >15000 acre and its production, 
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alongwith other varieties of Cucumis melo, is observed to be more than 50,000 tons, 

while the seeds of most of these melon varieties are discarded without any usage. As 

far as Eriobotrya japonica is concerned, its two varieties are cultivated over a 

reasonably huge area and a total of 144,000 tons are produced per annum, while the 

seeds are again discarded without any usage. The data indicated that the selected agro-

waste sources are found in abundance in the region throughout the year which can be 

considered as potential feedstocks for the production of low-cost and biodiesel. 

It is also recognized that many oils/fats sources have free fatty acid (FFA) 

content as high as 25% or even more, while oils/fats containing more than 1.5-2% 

FFA can’t be used for the production of biodiesel as such. These require a two-step 

methodology to be used as to lower the FFA content in first step (upto <1 %), and 

secondly; the triglycerides are converted into FAMEs. The former is normally being 

accomplished using acid catalyst i.e., H2SO4 but this process has many disadvantages 

like corrosive nature of the acid, large amount required for esterification, huge acid-

containing wastewater disposal etc. During the work, we were succeeded to 

synthesize a catalyst bis(2-carboxyanilinium) sulphate monohydrate which was used 

as catalyst and  found suitable for the conversion of FFA into FAMEs in the feedstock 

oils . It was successfully employed for the said purpose under sunlight applying on 

ricebran oil and can be utilized instead of H2SO4 to overcome the disadvantages of 

this acid catalyst, as discussed above. Due to solubility of the salt (bis(2-

carboxyanilinium) sulphate monohydrate) in water, it was vary easy to be removed 

from biodiesel product, without any subsequent harmful effect on the environment.  
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RECOMMENDATIONS / FUTURE PLAN 

The present work is an effort to explore some suitable alternate feedstocks for 

production of biodiesel that are both non-edible and agro-waste in nature and can be 

considered as low-cost and economically viable feedstocks for biodiesel synthesis. 

The experimental work carried out in this regard provides necessary and basic 

technical information that are required for establishing the suitability of selected 

oilseed plants as biodiesel feedstocks, as detailed in previous chapters. 

The major responsibility lies on the shoulders of policy-makers and involved 

governmental institutes now are advised to develop new regulations and laws to 

increase the share of such bioenergy options in the primary energy mix of the country, 

by attracting co-public investments supplemented by supportive economic tools like 

tax exemptions, starter loans and feedin-tariffs. Further research is needed to 

commercialize such alternate energy on mass level. 

Following are some specific suggestions/recommendations for extending the 

present work further, in different lines, and sorting out the related issues and 

challenges: 

 The studied feedstocks should also be experimented for the production 

of biodiesel by using heterogeneous catalyst as these possess the ability 

to be recycled.   

 The biodiesel produced by the oils of agro-waste meet the standard 

criteria as prescribed in ASTM standards but need to be tested in diesel 

engines. 
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 Testing biodiesel produced from the feedstocks investigated here for 

their application in CI-engines and evaluation of their combustion 

characteristics. 

 As Pakistan is basically an agricultural country, hence studies are 

required to be carried out for exploring new feedstocks from the agro-

waste for the production of biodiesel. 

 It is recommended that the Fatty Acid Methyl Esters produced from 

these feedstocks be investigated for their possible applications are raw-

materials to be used in bio-lubricants, bio-plastisizers, precursors for 

bioplastics, cosmetics etc. 

 Performance of FAMEs produced here as ‘heating oil’, and evaluation 

of its properties according to the standard protocols such as ones in EN 

14213. 

  Studies regarding improvement in low-temperature operatability and 

oxidative stability of the synthesized biodiesel. 
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Appendix 

Gas chromatograms  for cantaloupe and Eriobotrya japonica seed oil and their methyl 

esters (biodiesel): 

 

 

Chromatogram of cantaloupe seed oil/ cantaloupe seed oil methyl ester 
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Chromatogram of Eriobotrya japonica seed oil/ Eriobotrya japonica seed oil 

methyl ester 
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