
From Cultivation to Combustion 

 

A Scientific Review of Biodiesel 

 

April 2007 

 

Christopher J. Chuck 

 

 

 

 

 

 

 

  



Acknowledgements 

 i 

Acknowledgements 

 
 

I would like to acknowledge the following people for their help in compiling this 

review: Lucy Series for all her help with section IV and the proofreading of the other 

sections. I would also like to mention Amanda Chmura, Cathy Frankis and Matthew 

Jones for their suggestions, input and allowing me to draw from their overwhelming 

general chemistry knowledge.  

 

Contact Details 

 

Christopher J. Chuck  

cc245@bath.ac.uk 

Department of Chemistry 

University of Bath 

BA2 7AY  

+44 (0)1225 383119 

 

Matthew G. Davidson 

m.g.davidson@bath.ac.uk 

Professor of Inorganic Chemistry 

Department of Chemistry 

University of Bath 

BA2 7AY  

+44 (0)1225 386443 

 

Gary Hawley 

J.G.Hawley@bath.ac.uk 

Professor of Automotive Engineering 

Department of Mechanical Engineering 

University of Bath 

BA2 7AY 

+44 (0)1225 386855 

 

 

  

 

 

 

 



Table Of Contents 

 ii 

Section I 

A Biodiesel Overview  

 

History 1 

Present Day Usage 2 

Review Articles 4 

Vegetable Oil as a Fuel  4 

The Transesterification Reaction 5 

The Present Industrial Synthesis  8 

General Properties  11 

Life Cycle Analysis 11 

Physical Properties 11 

Biodegradability  12 

Oxidation 13 

Lubricity 15 

Toxicity 16 

Low Temperature Behaviour 16 

Fuel Efficiency 18 

Emission Data  18 

Thermal formation of NOx 20 

Prompt NOx formation  20 

Research in Novel Catalyst Design 21 

Homogeneous  22 

Alkyl stannoxanes 22 

Divalent metal acetates 23 

Zinc carboxylate 24 

Titanium alkoxides 24 

Lewis Bases 25 

Heterogeneous 28 

Zeolites 28 

Al2O3 supports 30 



Table Of Contents 

 iii 

ZnO supports 31 

Group II oxides, methoxides and hydroxides 31 

CaO supports / Hydrotalcites 32 

Exchange resins 33 

Functionalised amorphous glucose 37 

Zirconia supports 38 

TPA 38 

Group IV oxides 40 

Zinc iron cyanides 40 

Zinc amino acid catalysts 42 

Metals (possible reactor materials) 42 

Enzymatic 43 

Advances in Processing / Engineering 48 

Continuous Oscillatory Flow Reactor 49 

Membrane Reactor 50 

Supercritical Processing 52 

Microwave 54 

Ultrasonic 55 

In-situ Transesterification 58 

Tailoring the Biodiesel Molecule  58 

Peroxide Treatment 58 

Metathesis 59 

Ozonolysis 59 

Isomerization 62 

α-Hydroxy Ethers via Epoxidation 62 

The Glycerol By-product   63 

Process 1, chemoselective oxidation of glycerol over Pt or Pd 65 

Process 2, oligomer formation 66 

Process 3, conversion to propanediol 68 

Process 4 & 5, oxidation over gold catalysts 68 

Process 6, etherification 68 

Process 7, epichlorohydrin synthesis 69 

Process 8, oxidation with TEMPO 69 



Table Of Contents 

 iv 

Enzymatic synthesis 70 

Alternative Uses of Biodiesel 71 

Fixed Heating Systems 71 

As an Industrial Grade Solvent 71 

As a Plasticizer 72 

 



Table Of Contents 

 v 

Section II 

The Feedstock  

 

Present Day Feedstock   74 

Soybean Oil 79 

Rapeseed Oil 81 

Palm Oil  83 

Sunflower Oil 85 

Cotton seed 87 

Peanut Oil 89 

Olive Oil 91 

Future Sources of Non-Edible Vegetable Oil 93 

Karanja Oil 93 

Jatropha Oil 94 

Jojoba Wax 95 

Chinese Tallow Tree 97 

Common Milkweed (Ascelpias) Seed Oil  98 

Sclerocarya Birrea (Marula)  99 

Melon & Sorgham Bug Oil  99 

Algae 100 

Novel & Future Sources for the Production of FAAE 104 

From Free Fatty Acids 104 

Waste Oils 105 

Novel Biological Sources for the Production of Compatible 

Diesel Fuel 

 

109 

Low-Input High-Diversity Grassland Biomass 109 

Decarboxylation of FFA 110 

 

 

 

 



Table Of Contents 

 vi 

Section III 

Analysis and Sensing 

 

Analytical Techniques 111 

Chromatographic Techniques 111 

Thin Layer Chromatography (TLC) 111 

Gas Chromatography (GC / GC-MS) 112 

High Performance Liquid Chromatography (HPLC) 113 

Gel Permeation Chromatography (GPC)  114 

Spectroscopic Techniques 114 

Nuclear Magnetic Resonance (
1
H NMR) 116 

Fourier Transfer-Infra Red (FT-IR) 116 

Miscellaneous Techniques 117 

Viscosity 117 

Introduction to Chemical Sensing 117 

Possible Transduction Techniques for Biodiesel Use   119 

Ellipsometry 119 

Surface Plasmon Resonance (SPR) 118 

Capacitance 119 

Conductometry 119 

Surface Acoustic Wave (SAW) 120 

Quartz Crystal Microbalance (QCM) 120 

Love Waves 120 

Infrared Evanescent Waves 120 

Fluorescence 120 

Colorimetry 121 

pH Detection 121 

Possible Chemical Sensors for Biodiesel Use   121 

Determination of Contaminants 121 

Molecularly Imprinted Polymers 122 

Determination of Molecular Structure by Chemical Methods 125 

Determination of Fuel Characteristics via Physical Sensors 125 



Table Of Contents 

 vii 

Determination of Blends of Diesel Fuel 129 

Electronic Noses 131 

 

 



Table Of Contents 

 viii 

Section IV 

The Legal, Physical and Molecular Specifications  

 

 

Legal Specifications of Biodiesel 131 

European and American Mineral Diesel Fuel Standards 133 

United States of America (ASTM D6751) 134 

European Union (EN 14214) 135 

Australian Specifications  137 

Brazilian ANP Specifications 138 

Indian Standards 139 

Chinese Standards  139 

The Physical and Molecular Properties  139 

Density 139 

Viscosity 142 

Flash Point 146 

Low Temperature Behaviour 147 

Cetane Number  153 

Heat of Combustion 157 

Carbon Residue 160 

Sulphur Content 160 

Contamination 160 

Copper Strip Corrosion Value 160 

The Oxidative Stability Ash 161 

Iodine Number  161 

Acid Value 162 

Phosphor Content 162 

Ash Content 162 

Water Content 162 

Emissions  163 

Brake Specific Fuel Consumption 170 

Predictive Modelling  171 



Table Of Contents 

 ix

 

Abbreviations and Definitions 173 

Directory  187 

Appendix I  196 

Comparative Production, Usage and Costing for the Major 

Sources of Vegetable Oil  

 

Appendix II 198 

Production Flow Charts for the Industrial Synthesis of Biodiesel    

Appendix III 204 

Suitability of Specific FAAE for Biodiesel Use in the EU  

Appendix IV 206 

Chemical Composition of Mineral Diesel Fuel  

References 207 

 

 



Section I 

 

 1 

Section I 

A Biodiesel Overview 

 

History 
 

Rudolf Diesel (1858-1913) invented the diesel engine at the end of the 19
th
 century. 

He sought to improve the thermodynamic efficiency of combustion over that of a 

steam engine. It is often asserted that Rudolf Diesel designed his engine with 

vegetable oil in mind, but this does not seem to have been the case.  Although he 

developed an interest in the practical development of vegetable oil as a fuel later on, 

his early designs had little to do with naturally derived oils.  

The diesel engine was one of many technologically advanced exhibits 

showcased at the 1900 Paris World Fair. There were five diesel engines in total 

running at the exhibition, one of which ran on peanut oil for the whole event with no 

noticeable negative affects. Diesel noted afterwards ‘at the Paris Exhibition in 1900 

there was shown by the Otto Company a small Diesel engine, which, at the request of 

the French government, ran on Arachide oil, and worked so smoothly that only a few 

people were aware of it.’  This seemed to inspire the French government into 

conducting research into the use of vegetable oils as a fuel, with Diesel himself even 

running tests for them later on in his life.  

 Up until the 1940’s many papers were published, originating from England, 

France, Spain, Portugal and Germany noting the suitability of vegetable oils for fuel. 

It was thought that oil production might become the main source of energy in colonies 

where oil producing crops were grown; this could potentially give those colonies a 

massive economic advantage over colonies which had to import almost all their 

energy.  

World War II increased the interest of vegetable oils as fuels, with many 

countries banning the export of vegetable oils and using the oil as a substitute for 

diesel.  China started producing kerosene type fuels by catalytically cracking tung and 

other vegetable oils, and a Japanese battleship was reported to use refined soybean oil 

as a bunker fuel. In the United States ‘duel-fuel’ projects were set up to investigate 

whether blends of vegetable oil and diesel fuels could replace petroleum in the event 

of fuel shortages. It was energy security issues, not pollution issues, which were 
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driving these and other projects around the world. After World War II, crude oil 

markets stabilised and a cheap and reliable source of petroleum and diesel was 

available. Very little research was invested in biofuel at this point and is was only 

after the 1970’s oil crisis that research started again in this area.   

 Historically research focussed on using the oil itself as a fuel, and not the fatty 

acid alkyl esters (FAAE) which are now referred to as biodiesel. The first recognized 

literature on the production of FAAEs from vegetable oils for use as a fuel was a 

patent applied for by G. Chavanne in 1937.  It described the production of ethyl esters 

of palm oils as a diesel fuel, using an acid catalyst. A bus route in Belgium was 

supplied with this new fuel, running through the summer of 1938, making it the first 

biodiesel run bus in history. A report written afterwards on this research commented 

on the vast improvements in cetane number, viscosity and other important factors that 

the fatty acid esters had over straight vegetable oils. It was around 1980 when the 

transesterification of vegetable oils was re-examined and the production of what is 

now termed biodiesel was first reported. 
1
          

 
Present Day Usage 
  

The consumption of petroleum based fuels was roughly 4,200,000,000 tonnes y
-1
 

worldwide by the end of 2006, of which less than 1,000,000,000 tonnes was diesel 

fuel. 
2
 Roughly 7,500,000 tonnes of diesel fuel derived from crops were produced; the 

three main producers of biodiesel are currently the EU (6,070,000 tonnes y
-1
), 

3
 the 

USA (900,000 tonnes y
-1
) and Brazil (200,000 tonnes y

-1
).  Almost all the biodiesel 

produced by the EU is derived from rapeseed oil, where the US produces most of their 

biodiesel from soybean oil. In Brazil the feedstock used for biodiesel is area specific, 

for example in the north, palm oils and soybean oils are used, in the south, rapeseed 

and sunflower oils tend to be the main feedstocks. 
4
 Waste oils make up a very small 

percentage of global biodiesel production. 

 Around 75% of all biodiesel is produced in the EU but this is likely to 

diminish with the emergence of large scale production facilities in Asia. It is 

estimated that Around 1,500,000 tonnes y
-1
 will be produced in Indonesia and 

Malaysia by 2008.  China, who presently produces 200,000 tonnes y
-1 
mainly from 

waste oil, plans to increase production to 11,000,000 tonnes y
-1
 by 2010. European 

production is estimated to be rise to this level by 2010, despite tax exemptions on 
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biodiesel being reviewed in all the major producing countries. 
5
 A breakdown of 

biodiesel production in the EU is shown in figure 1 below. 
6-9
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Figure 1. Relative biodiesel production in the EU, as of July 2006, taken from the 

European Biodiesel Board (EBB) 
3
 

 

Country Biodiesel Production 

(‘000 tonnes) 

Germany 2,681 

Italy 857 

France 775 

UK 445 

Spain 224 

Czech Republic 203 

Poland 150 

Portugal 146 

Austria 134 

Slovakia 89 

Belgium 85 

Denmark 81 

Greece 75 

Sweden 52 

Estonia 20 

TOTAL 6,069 

 

Table 1. Top 15 biodiesel producers in the EU, taken from the EBB. 
3
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Review Articles 
 

 

Many reviews involving the production, use and economics relating to biodiesel are 

available. These reviews range from specific biodiesel studies, 
4, 10, 11

 energy studies, 

12
 technical reviews, 

13, 14
 reviews focusing on the catalytic chemistry, 

15-17
 on the life 

cycle analysis, 
18-20

 feedstock’s, 
21
 on the economics and technical development of 

production 
22, 23

 and on the general conversion of biomass to industrial grade products. 

24-27
    

 
Vegetable Oil as a Fuel  
 

 

The use of pure vegetable oil or filtered waste oil in modern direct injection diesel 

engines has many drawbacks that make it impractical as a long term fuel. Unmodified 

engines can only run up to a few hundred hours on unblended oil without damaging 

the vehicle; this is mainly due to the high viscosity of vegetable oils. It is this 

increased viscosity that leads to the incomplete burning of the triglyceride molecule, 

resulting in carbonization and resin formation. The formation of these sediments on 

injectors, valves and pistons leads to component failure and engine damage. 
28-31

 

The viscosity of vegetable oils is around 10 times that of diesel fuel but it is 

possible to adapt the injector and hydraulic systems for the new fuel.  However, this 

solution is expensive, reduces performance and the fuel oil is used to dilute engine oil 

which causes problems with engine lubrication. These problems can be alleviated by 

lowering the viscosity of the oil. This is achievable by heating the vegetable oil prior 

to injection in the engine, blending the oil, making an alcoholic emulsion, pyrolysis of 

the oil or the chemical alteration of the vegetable oil to FAAEs.  

The heating of the oil prior to injection into the engine relies on the special 

adaptation of the vehicle. An extra fuel tank can be installed and filled with straight 

vegetable oil (SVO) or waste vegetable oil (WVO). The engine is then run on normal 

diesel fuel until the SVO is sufficiently heated (~ 70 °C) to lower the viscosity to 

useable levels. A manual switch placed on the dash board is the usual method for 

switching between fuel sources. It is also possible to mix SVO with diesel oil but even 

in low concentrations of vegetable oil this can cause similar problems to using the oil 
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unblended. 
32
 Creating micro-emulsions is another way of lowering the viscosity of 

the vegetable oil but these emulsions tend to be unstable at low temperatures.  The 

creation of an emulsion does not prevent carbonization of the triglyceride molecule. 

33, 34
  

Pyrolysis of vegetable oils is achieved at high temperatures (350 – 800 °C) 

and gives a mixture of aldehydes, alkanes, alkenes, carboxylic acids, ketones and 

aromatic compounds. 
35
 The precise ratio, size and chain length of these compounds 

depends on the temperature, method and source of the vegetable oil used. The thermal 

decomposition of the triglyceride molecules is very complex, with many side 

reactions including possible free radical, carbonium ion, cleavage and elimination 

reaction pathways. The pyrolysis process is catalytic, where traditional catalytic 

systems (based on iron) have been replaced by zeolite technology. 
36
 No alcohol is 

needed to form diesel grade fuels from this process, however the selectivity in 

producing usable liquid fuels is not as high as that in the transesterification reaction. 

In addition, the temperatures needed far exceed those used for the production of 

FAAEs.  Transesterification of vegetable oils to produce FAAEs is the most efficient 

method of producing biodiesel which can work with unmodified engines. 

 

The Transesterification Reaction 
 

 

Generally the term biodiesel is used to refer to the FAAEs. The triglyceride molecule 

is the main constituent of vegetable oils, and can be transesterified with an alcohol 

over a basic or acidic catalyst to give FAAEs (see figure 2 below). Methanol is most 

commonly used to make biodiesel as it is less expensive than other alcohols. The 

chain length and level of saturation of the FAAEs produced depends solely on the 

feedstock used. 
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Figure 2. The equilibrium reaction that occurs in the transesterification of the 

triglyceride molecule for the production of fatty acid alkyl esters. 

 

The production of biodiesel involves a number of steps which are all in equilibrium. 

An excess of alcohol is used to drive the reaction to completion which is further aided 

by the alkyl esters separating out of the alcohol/ catalyst phase. Using this process 

around 99.7% conversion of vegetable oil to alkyl esters can be achieved with 

optimised conditions. 
37
 The general transesterification reaction mechanism, involving 

a basic catalyst, is given below in figure 3.   
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Figure 3. A proposed general mechanism for the base catalysed transesterification of 

a monoglyceride 
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The base deprotonates the alcohol to create an alkoxide species. The highly reactive 

alkoxide then goes onto react with the glyceride molecule, creating a four co-ordinate 

intermediate. This intermediate then rapidly decomposes to form the anionic glyceride 

and the alkyl ester. The diglyceride can then react in the same manner, and finally the 

protonated base can then donate the proton to the glyceride and form glycerol and the 

unaltered base. 
17, 38

  

The kinetics of this reaction are complicated and can vary depending on the 

catalyst, starting material and reaction conditions. Generally the base catalysed 

reaction follows three distinct sections, each defined by the production of one 

equivalent of fatty acid methyl esters (FAME) and by a differing reaction rate. These 

are all reversible reactions and follow second order kinetics. 
39
 The first section, the 

reaction of the triglyceride, is slow and is related to the mass transfer. If the reaction 

agitation is maximised, however, the poor solubility of the triglyceride in methanol 

can be overcome and the rate maximised. The following two sections are kinetically 

controlled and can be described as pseudo-homogeneously catalyzed. The rate 

determining step is the production of the monoglyceride from the diglyceride. This 

can be manipulated by the addition of more catalyst, and the rate increases linearly 

with an increase in catalyst. 
40
 

Addition of another solvent will increase the solubility of the glycerides in 

methanol. It has been shown that tetrahydrofuran can significantly increase the rate of 

reaction due to this effect. 
41
 The kinetics and reaction mechanism of this base 

catalysed process have by no means definitively been characterized, and other 

mechanisms have been suggested in the literature. 
42
  

 One disadvantage of the base catalysed process is the inability to esterify free 

fatty acids (FFA) to FAAE. The amount of FFA in pure vegetable oils varies.  In 

waste triglyceride oils such as cooking oils, 2-7 wt % FFA is normal, and in animal 

fats 5-30 wt % is found. Significant amounts of FFA can cause problems such as soap 

formation, downstream gel formation and an increase in viscosity. A recommended 

concentration of FFA in the oil should be less than 0.5 wt %, otherwise, the FFA will 

react with base catalysts to form soap and water. 
10, 43

 Transesterification of vegetable 

oil with a Brønsted acid catalyst has also been investigated. Figure 4, shown below, 

demonstrates a possible mechanism for the transesterification. 
44
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Figure 4. A proposed mechanism for the protonic catalysed transesterification of a 

monoglyceride.   

 

Methyl ester yields of 98 wt% can be achieved using 2% H2SO4 and an excess of 

alcohol over a reaction time of 24 hours. The reaction temperature used to affect this 

varies from 65 °C – 120 °C. 
45
  

 Acid catalysts have the advantage of producing purer products, especially 

when the FFA content is above 1%.  Quicker reaction times can be achieved if 

transesterifying with a higher boiling point alcohol like butanol (bpt. 117 °C). 
43, 46-48

  

Nitric, acetic, formic and hydrochloric acids have all been examined for their activity, 

but were shown to be far less active than H2SO4 demonstrating that the catalytic 

ability of the acid is not dependent on its pKa. High water concentrations also deplete 

the reaction yield when using sulphuric acid, due to the competing reaction to produce 

FFA from the triglycerides and the creation of a water phase which reduces the 

contact of the catalyst and reactants. 
45
 

 

The Present Industrial Synthesis  
 

 

Biodiesel is currently processed industrially using either a homogeneous alkaline 

metal based catalyst, or a mineral acid as shown above. The alkaline catalysts used are 

alkali metal (usually Na, K) hydroxides, or methoxides. These catalysts are extremely 

alkaline and require stainless steel technology to avoid corrosion, but they are over 

4000 times more active and are easier to handle than mineral acids. Mineral acids 

(such as sulphuric 
45
 or sulphonic acids 

17
) are used in the biodiesel process, but 
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generally only to esterify the FFA present in the oil before the transesterification step 

where the alkaline catalyst is used. Sodium methoxide is the most widely used 

catalyst in the world (over 60% of processes use it); although it costs more than the 

hydroxide it shows a higher activity. 
49
 An additional neutralisation step is needed 

when using these homogeneous systems to neutralise both the resulting biodiesel and 

glycerol streams. A flow diagram (figure 5) is shown below demonstrating the typical 

production of methyl ester using an alkaline catalyst. 

 

 

 

Figure 5. Flow diagram for biodiesel production using an alkaline catalyst originally 

published by Knothe and Van Gerpen 
1
 

 

It should be noted that biodiesel can be produced without a catalyst at temperatures 

exceeding 350°C and pressures of over 120 atm. Despite the large capital and running 

costs involved in this method some producers around Europe use this technology. It is 

attractive because of the short reaction times (5-300 s) and the lack of pre- and after- 

treatment steps necessary to produce grade fuel. 
50-52

 

The first step needed in the production of biodiesel is to recover the oil from 

the crop. This will be discussed in greater detail in Section II : Feedstocks. Once the 

pure vegetable oil is obtained it is fed into a reactor with methanol and the basic 
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catalyst. The reactors vary, but tend to be either a batch reactor or a continuous 

stirred-tank reactor (CSTR).  A plug flow type reactor is also appropriate for biodiesel 

production. The temperature is then set between 45 - 60 °C, approximately 1 atm of 

pressure and a methanol/oil molar ratio of between 6-12:1 is used.  Reaction times 

vary between 45-120 min. The reaction can be carried out in one or a combination of 

these reactors. 

After the reaction is complete the products from the reactor separate into two 

phases the glycerol phase (containing any water and most of the methanol which has 

not been esterified) and the alkyl ester phase (containing any remaining glycerides). A 

settling tank and/ or centrifuge are used to separate the two phases. Research is on 

going to develop a ‘dry’ removal technique of glycerol that selectively adsorbs the 

glycerol on to a silica surface. 
53
 The glycerol stream contains approximately 50 wt % 

glycerol, most of the remaining base catalyst, and a quantity of the soap. This fraction 

is then neutralized with acid (usually HCl) and the remaining soap forms FFAs which 

are mostly solids and can be separated from the liquid glycerol phase. These FFAs are 

not usually reused, but can be entered into the start of the process to be esterified by 

the mineral acid. A vacuum flash process separates the methanol and glycerol phases, 

with an 85 wt % glycerol product, which can then be sold. The methyl ester-rich 

stream, which also contains a small portion of methanol, a small amount of base, and 

amounts of tri-, di- and monoglycerides, is neutralized prior to methanol removal. 

Again the HCl removes any remaining catalyst or soap as NaCl. The methanol in the 

methyl ester stream is then stripped by vacuum flash or a falling film evaporator. 

Water washing of the methyl ester stream removes salts and FFA. Finally any 

remaining water in the biodiesel is removed during a final drying step in a vacuum 

flash process. Water is also removed from the methanol stream, and the remaining 

methanol can be recycled back into the process. 
1, 10, 24, 28, 54-58
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General Properties  
 

Life Cycle Analysis 

 

Biodiesel produces around three times the amount of energy that is used to create it, 

and has a carbon cycle which reduces carbon emissions from between 70-79 %. 
18
  A 

schematic of the various factors involved in the production of biodiesel is given below 

in figure 6.  

 

 

Figure 6. A biomass carbon balance taken from the LCA published by the Renewable 

Energy Laboratory 
18
  

Physical Properties 

 

Biodiesel is a lot less viscous than the vegetable oils it is synthesised from. Resistance 

to flow is an important factor in the fuels efficiency in the engine. If the fuel viscosity 

is too low, a substantial amount of liquid will leak past the plunger and result in 

power loss. If the viscosity is too high, the injection pump will not be able to fill the 

chamber again resulting in power loss. If the viscosity is much higher, as in vegetable 

oils, the degradation of the spray will lead to poor atomization, and coke formation in 

the engine. The viscosity of biodiesel is normally between 3.5 – 5.0 mm
2 
s
-1
, 

comparable to diesel fuel which is 2.5-4.5 mm
2
 s

-1
; vegetable oils typically have a 

viscosity of near 38 mm
2
 s
-1
.  
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 The density of biodiesel is typically around 0.88 g cm
-3
, which is greater than 

diesel (0.83 g cm
-3
) but less than vegetable oils (0.92 g cm

-3
). Another important 

physical property is the flash point (FP), defined as the lowest temperature at which 

the vapour makes a flammable mixture with air. Diesel fuel has a low FP, typically 

between 52-66ºC, whereas biodiesel has a flash point over 150ºC comparable to that 

of vegetable oils which have an average flash point of around 220ºC. The composition 

of the biodiesel, particularly the alcohol moiety, chain length and saturation, are the 

predominant factors which determine these physical properties. The effect of these 

molecular properties on the physical specifications are discussed at greater length in 

Section IV.   

Biodegradability  

 

Pure biodiesel biodegrades very quickly; over 90% of biodiesel will have degraded 

within 28 days of exposure to either an aquatic environment or to a soil system.  This 

is under both aerobic and anaerobic conditions. 
59, 60

 Although it has not been fully 

investigated, the degradation of biodiesel, and biodiesel blends, in the environment is 

assumed to follow a co-metabolic pathway.  A micro-organism uses a second 

substrate to garner enough energy to break down compounds which would normally 

be resistant to the relevant enzymes. This mechanism has been suggested to explain 

the increased biodegradability of crude oil when blended with biodiesel. 
61
 The 

biodegradability of biodiesel in the natural environment, and the increased 

biodiegradability of diesel fuel when blended with biodiesel, makes FAAE an 

attractive fuel. However degradation observed where the fuel is being stored (see 

Oxidation) can present many problems in large scale distribution and storage.  

The degradation characteristics of biodiesel under storage conditions are 

largely dependent on temperature. After 52 weeks exposed to ambient air the 

biodiesel had degraded by around 7% when stored at 20 °C, similar to that of mineral 

oil. At 40 °C, under the same time frame and conditions the biodiesel had degraded by 

40%. The acidity value of the biodiesel at 20 °C rose slightly, where the biodiesel 

stored at 40 °C surged to a very high value. Air and temperature are important factors 

in this enzymatic degradation, but have little effect on their own. Water also can cause 

degradation due to hydrolysis but is a minor consideration when compared with the 

other two factors. 
62
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Oxidation 

 

The two main disadvantages of biodiesel are its poor cold-flow characteristics and 

problems relating to the storage. To reduce cold weather performance issues biodiesel 

must contain a high proportion of low melting point alkyl esters, namely unsaturated 

long chain FAAEs. Problems with storage are due to the auto-oxidation of FAAE with 

atmospheric air over a period of time. Unsaturated esters have a much greater 

reactivity towards oxidation than the saturated counterparts, where polyunsaturated 

esters are more prone to oxidation than the monounsaturated compounds. Oxidation 

products of biodiesel vary depending on the feedstock.  Initially hydroperoxides are 

formed, which then break down into aldehydes, acids and other soluble oxygenates. 

Soluble and insoluble polymeric compounds are also created. 
63
 

 The creation of the oxidised products affects the physical properties of the fuel 

in many ways. Oxidation leads to a change in colour from yellow to brown and 

usually a pungent smell is also given off. A slight increase in the cetane number (CN), 

and a large change in the kinematic viscosity (ν) is observed bringing it to above the 

levels stipulated by ASTM D6751.
64-67

 The peroxide value (PV) and acid value (AV) 

are methods used to test the level of oxidation, and the values thereof form a part of 

the specification parameters for biodiesel. 
68
  

 For biodiesel to find widespread use as an alternative fuel, technology must be 

developed to increase the resistance to oxidation during long term storage. There are 

several factors which influence the autoxidation reaction of FAAE; air, temperature, 

light, the presence of antioxidants and pro-oxidants (hydroperoxides or metal 

catalysts). Biodiesel stored in an inert atmosphere does not autoxidise up to 

temperatures of 50 °C. 
69
  The storage container is also very important, with glass 

containers suppressing the oxidation of biodiesel better than any other material. 
66
 It 

has also been found that a greater degree of unsaturation in the biodiesel has a 

disproportional effect on the oxidative stability. This effect is also seen in the 

presence of trace metals such as nickel, copper and iron. The ability to catalyse the 

oxidation is of the order Cu > Ni > Fe. 
64
 

The most promising approach in the suppression of the oxidation of biodiesel 

fuels is the use of anti oxidants. 
70, 71  

Four synthetic antioxidants, TBHQ, BHT, BHA 

and PRG, and one natural antioxidant, α-Tocopherol, have been investigated as 

possible stabilizers for methyl soyate. There are many measurements used to 
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determine the oxidation of unsaturated compounds under laboratory conditions. These 

include monitoring the peroxide value (PV), conjugated dienes and other reactive 

centres. Spectroscopically electron spin resonance, infrared, fluorescene and NMR 

can all be used. Automated techniques have been researched and include 

measurement of the Oil Stability Index (OSI), the Rancimat test and weight gain by 

thermogravimetric analysis (TGA) 
72, 73

   

Thermal techniques such as TGA, differential scanning calorimetry (DSC) and 

pressurized differential scanning calorimetry (p-DSC) are widely used to test the 

oxidation of oils and natural products. Results using pDSC for methyl soyate, showed 

the following trend in antioxidant activity. 
70
 

 

BHA ~ PrG > TBHQ ~ BHT >  α-Tocopherol >> None 

 

The loading was also investigated, and for all the unnatural antioxidants an increase 

up to around 2000 ppm gave substantially better properties of fuel. Between 2000-

5000 ppm an increase in activity was still observed for higher loadings, but after 

around 5000 ppm, the increase of antioxidant gave very little effect. This was not true 

for α-Tocopherol which leveled off after 5000 ppm.    

 The physical compatibility of these antioxidants was also investigated. In table 

2, shown below, the antioxidant was added (the mass given is the concentration with 

respect to the methyl soyate) to a blend of methyl soyate and mineral diesel (#2 

grade). After 3 hours at 30 °C the blend was examined for solid particulate.    
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Antioxidant Loading (ppm) Blend ratio 

  10 20 30 50 

Tocopherol 2000 soluble soluble soluble soluble 

 2500 soluble soluble soluble soluble 

TBHQ 2000 soluble soluble soluble soluble 

 3000 soluble soluble soluble soluble 

 5000 - solids - - 

BHA 5000 soluble soluble soluble soluble 

 10000 - soluble - - 

BHT 2000 soluble hazy hazy hazy 

 3000 solids solids hazy soluble 

PrG 1000 - soluble - - 

 3000 solids solids solids hazy 

 

Table 2.  An examination of physical compatibility of certain antioxidants in biodiesel 

blends, adapted from Dunn et al. 
70
 

 

In conclusion, biodiesel is prone to autoxidation over a timeframe comparable to the 

time it would need to be stored. There are several methods to combat this effect, 

including using an inert atmosphere, different storage materials, chemical 

modification or the addition of antioxidants into the fuel. It seems likely from the 

general literature and from present practice that additional antioxidants, like the five 

compounds examined above, are the most likely technology to offset this negative 

impact. 

May et al. (Engineering and Processing Research Division, Malaysian Palm 

Oil Board (MPOB), P.O. BOX 10620, 50720 Kuala Lumpur, Malaysia) confirmed 

this trend and also noted that vitamin E in doses as low as 600 ppm could protect 

palm oil methyl esters well enough to comply with the EN 14214 statue. 
74
   

Lubricity  

 

Lubricity is the ability of a liquid to reduce friction between solid surfaces in relative 

motion. Low sulphur diesel fuels tend to have a poor lubricity, which is not due to the 
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viscosity but to the low amounts of nitrogen and oxygen containing compounds. 

There are two testing methods used for the measure of lubricity, the Scuffing Load 

Ball on Cylinder Lubricity Evaluator (SL-BOCLE) and the High-Frequency 

Reciprocating Rig (HFRR) test procedures. In both these tests it has been shown that 

the addition of as low as 2% biodiesel increases the lubricity of the diesel blend to 

acceptable levels. 
75
 

 

Toxicity 

Biodiesel is considered completely non toxic. The alkyl esters of long chain fatty 

acids regardless of saturation or chain length all fall into this category. As long as 

there is no starting materials left in the biodiesel the identity of the feedstock does not 

affect the toxicity. 
18
  

Low Temperature Behaviour 

 

An in-depth study into the low temperature characteristics of biodiesel was compiled 

by R. O. Dunn, the following section is a summary of this study. 
76
  

All diesel fuels are susceptible to performance problems in cold weather. This 

is in part due to the crystallisation of higher melting point molecules such as FFA, 

high weight paraffins or certain FAAEs. The temperature at which these crystals 

appear to the naked eye is termed the cloud point (CP). At temperatures below the CP, 

crystals can fuse together and cause large agglomerates which can prevent the free 

pouring of the liquid, this is termed the pour point (PP). There are other tests relating 

to these two factors, namely the wax appearance point (WAP), resulting in the wax 

precipitation index (WPI) for the prediction of the minimum operating temperature. 

The Cold Filter Plugging Point (CFPP) is another method used (ASTM D6371) 

whereby a sample is drawn through a wire mesh filter under vacuum; this is closely 

related to the low temperature flow test (LTFT). The low temperature behaviour and 

the factors which influence it are dealt with in greater detail in Section IV.   

 Biodiesel can also gel at low temperatures. This temperature varies 

significantly, and depends upon the feedstock used to produce the biodiesel (See 

Section II & IV). The temperature range is roughly between -10 °C and 16 °C. 
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Additive products are available to lower the cloud point, Wintron XC30 
77
 has 

been shown to reduce the gel point of pure biodiesel fuels. The additive is a blend of 

styrene copolymer esters in a toluene base. When biodiesel is cooled the viscosity 

rises, the addition of the copolymer suppresses this tendency. The polymer works by 

decreasing both the temperature at which the crystals form and their size when they 

do, which in turn lowers the pour point (the lowest temperature at which the fuel will 

still flow). Another method of lowering the cloud point is to use blends of biodiesel. 

Blends will have different properties depending on what type of biodiesel is used and 

the concentration, but it is generally acknowledged that B20 fuels (a blend made up of 

80% #2 diesel and 20% biodiesel) have a cloud point of around -25 °C.  

 Biodiesel can also be winterised, much like diesel fuel, where the fuel is 

cooled down to the minimum operating temperature and then filtered to remove any 

solid particulates. This process generally removes the saturated methyl esters. 
78
 

Another method of improving the low temperature behavior of biodiesel is to 

use a Cold Flow Improver (CFI) additive. These work by one of two methods, as pour 

point depressents (PPD) or wax crystalline modifiers (WCM). The PPD compounds, 

such as low-molecular weight copolymers, inhibit crystalline growth and eliminate 

agglomeration. This does not affect the nucleation or shape of the crystals and 

therefore has little effect on the cloud point or low temperature filterability. The most 

commonly used PPD are ethylene vinyl ester copolymers. 
79
 WCM additives attack 

one or more phases of the crystallization process, promoting the formation of a greater 

number of smaller more compact crystals, this makes the WCM additives more 

applicable in improving the low temperature behavior of biodiesel.  WCM additives 

are characterized as behaving in three different ways: i) CFPP improvers, ii) CP 

depressents and iii) wax antisettling improvers.  

 The CFPP improvers tend to reduce the pour point as well, however they do 

not improve the cloud point and as such tend not to be used in biodiesel applications. 

The CP depressants are typically low-molecular weight, comb shaped co-polymers 

and are designed to adsorb the wax particles as soon as they appear to decrease 

denucleation. They also have soluble backbones to solubilise the new wax-polymer 

complex and improve the flow charcteristics of the fuel. Antisettling wax improvers 

work by preventing wax build up in the bottom of storage tanks. If biodiesel fuel is 

stored for a long time at low temperatures large agglomerations of the solid particles 

can settle out. In this way when the fuel is warmed again the smaller particles will 
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solubilise much more quickly and easily. 
1, 80

 For some of the typical CPI additives, 

loading and their affect on the low temperature behavior of soybean methyl ester are 

shown below.       

 

Additive Loading (ppm) CP (ºC) PP (ºC) 

none - 0 -2 

DFI-100 1000 -2 -6 

DFI-200 1000 -1 -8 

DFI-200 2000 -1 -16 

Hitec 672 1000 -2 -6 

OS 110050 1000 -1 -7 

Paramins 1000 0 -5 

Winterflow 1000 0 -5 

Winterflow 2000 -1 -17 

Table 3. The effect of a range of industrially available CFI additives on the CP and 

PP of soybean methyl ester, taken from Dunn et al. 
76, 81

 

Fuel Efficiency 

 

Fuel blend km/l miles/l miles/gallon 

B20 0.38-0.89 0.23-0.55 0.9-2.1 

B100 1.96-4.51 1.21-2.80 4.6-10.6 

Table 4. Reduction in Fuel Efficiency of a vehicle when using biodiesel compared to 

diesel fuel. 
82
 

Emission Data  

 

When compared with mineral diesel, biodiesel has been shown to have a higher 

combustion efficiency and a generally improved emission profile when used in a 

diesel engine. 
29, 83

 Biodiesel and fuel blends have been shown to reduce emissions of 

particulate material (also described as the smoke capacity), the hydrocarbon emissions 

(HC), carbon monoxide (CO), carbon dioxide (CO2) and sulphoxides (SOx). Although 
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a general rise in NOx emissions is observed, there is a lowering of carcinogenic PAH 

particles. 
84-87

 Studies have also shown that even though there is an increase in 

contamination by micro-organisms in diesel grade fuel (much like in water), methyl 

soyate acts as an inhibitor in the growth of such species even at low concentration 

blends with diesel fuel. 
88

 

The general chemical equation for the production of emissions from a 

combustion engine is shown below: 

 

Fuel + N2 + O2 → CO2 + CO + H2O + N2 + O2 + (HC) + O3 + NOx + SOx 

 

Carbon dioxide (CO2) is a colourless, odourless, non-poisonous gas that results from 

fossil fuel combustion and is a normal constituent of ambient air. CO2 is harmless to 

human beings, but it is a greenhouse gas that traps the earth’s heat and contributes to 

global warming. 

Carbon monoxide (CO) is a colourless, odourless, toxic gas produced by the 

incomplete combustion of hydrocarbons. CO is an air pollutant emitted directly from 

vehicle exhausts. Incomplete combustion of the hydrocarbons leading to the 

production of CO is most likely to occur at low air-to-fuel ratios in the engine. A low 

air to fuel ratio is found when the air supply is restricted by a fault, high altitudes or 

when the car is first starting up. Around two-thirds of the carbon monoxide emissions 

from human sources come from transportation.  

In the high temperature and pressure conditions of a diesel engine, nitrogen 

and oxygen atoms in the air react to form various nitrous oxides known collectively as 

NOx. This is mostly made up of three forms: nitric oxide (NO), nitrogen dioxide 

(NO2) and nitrous oxide (N2O). NOx contributes to acid rain by converting to nitric 

acid, and causes damage to buildings and waterways. It is also a large contributor to 

producing ground level O3. Although atmospheric ozone is highly beneficial in 

reducing solar radiation, ground level ozone is deemed a major health risk. 
82
 Ground 

level ozone is produced through the following equations:  

 

NO2 → NO + O 

O + O2 → O3 
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Nitrous oxide N2O is a greenhouse gas with 310 times the warming potential of CO2.  

NOx gases are created in an automobile engine by three different mechanisms the 

thermal, fuel and prompt NOx formation reactions, 
89
 these are shown below: 

Thermal formation of NOx 

O + N2 ↔ N + NO 

N + O2 ↔ O + NO 

N + OH ↔ H + NO 

 

An increase in temperature gives an exponential rise in the amount of NOx produced.  

Prompt NOx formation 

CH + N2 ↔ HCN + N 

CH2 ↔ HCN + NH 

N + O2 ↔ NO + O 

HCN + OH ↔ CN + H2O 

CN + O2 

 

Prompt NOx formation is the reaction of hydrocarbon fragments with N2. It is the 

resulting nitrogen compounds which react with atmospheric nitrogen. Only a fraction 

of the NOx produced in a diesel engine is down to prompt formation. 

 Fuel NOx formation only occurs when nitrogen is bound into the fuel source 

and reacts with an excess of O2. This does not occur for fuels made from vegetable 

oil, but may be a larger factor when different feedstocks are used (e.g. animal waste). 

 

Hydrocarbon (HC) emissions result when the fuel in the engine is only partially burnt. 

Most hydrocarbon compounds are air pollutants, and react in the presence of NOx and 

sunlight to form ground-level ozone. A number of hydrocarbons produced from 

transport sources are potentially carcinogenic. Hydrocarbon pollutants also escape 

into the air through fuel evaporation—evaporative losses account for a majority of the 

total hydrocarbon pollution. 

SOx gases are the main contributor to acid rain due to the formation and 

deposition of aqueous acids. Their release into the environment is mainly due to 

industrial and fossil fuel combustion. SOx gases are considered a large aspect of 

global pollution. 
29, 90

 Particulate matter (PM) is tiny solid or liquid particles of soot, 
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dust, smoke, fumes, and aerosols. The size of the particles (10 microns or smaller) can 

be deposited directly in the lungs of humans or animals resulting in adverse health 

effects. PM also causes visibility reduction and is the main contribution to smog. The 

size of the particles is roughly the same for biodiesel emissions as for diesel, but there 

is an overall reduction in the quantity of particles. 
91, 92

 

 There is wide variance in the emissions reductions that are observed when 

biodiesel is used in a diesel engine compared with mineral diesel fuel. Emissions 

reductions depend on the source of the oil used, the testing conditions and the 

resulting blend measured. Using the methyl esters of various oil sources, reductions in 

HC content of 21.1-30.8 % were observed. Reductions in PM from 10.1 – 80.0 % 

were observed, and a reduction of SOx particles by 57.7% was reported. Reduction of 

CO emissions from -8.6% up to 58.9% was observed, CO2 levels rose slightly. NOx 

values on the other hand rose in all the tests commissioned by up to 20%. One study 

concluded that the NOx particles being measured were mainly NO2, while the 

production of NO fell substantially. 
29, 83, 93-95

  

Emissions data for different blends of vegetable oil methyl ester and #2 diesel 

were also collected, and it was reported that the relationship between an increase in 

the amount of biodiesel in the blend, and a percentage reduction of emissions is a 

linear relationship. 
82, 95

 A more detailed analysis of emission data is included in 

Section IV.  

 

Research in Novel Catalyst Design 
 

 

Sodium and potassium alkoxides are the most effective transesterification catalysts for 

the conversion of triglycerides to FAAE. Due to the competing saponification reaction 

all FFA and most of the H2O must be removed from the process before the reaction 

takes place. After the reaction is complete the soap must be separated out and the base 

catalyst neutralised. The resulting salt must also be removed from the reaction 

products. This increases the production costs and makes the use of low quality oil as a 

feedstock practically impossible. These alkali metal catalysts have faster reaction 

times, require milder conditions and involve much cheaper handling costs than 

Brønsted acid catalysed systems, although Brønsted acid catalysed systems do not 

result in saponification. The Brønsted acid systems are also homogeneous and require 
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removal from the glycerol and FAAE products. Current research design is focused on 

creating systems which do not saponify the reaction mixture, are easier to handle than 

the Brønsted acid counterparts, and have a degree of water and acid tolerance. This 

would allow the transesterification of lower quality feedstock such as waste oils, 

whilst reducing the amount of steps in the production process making the industrial 

synthesis of biodiesel more economical. 

In the literature the majority of suggested catalyst systems for biodiesel 

production are heterogeneous. Generally heterogeneous catalysts are less active than 

the homogeneous counterparts but the removal of the catalyst from the products is 

much simpler. The use of heterogeneous systems is also concurrent with new reactor 

designs (see Section I: Advances in Processing / Engineering). In this section three 

catalyst types will be reviewed, these are homogeneous systems (being soluble in 

either alcohol, vegetable oil or both), heterogeneous systems and enzymatic catalysts.  

Homogeneous 

 

Sn (IV) based systems, and in particular stannoxane catalysts, have been investigated 

as efficient catalysts since before the 1980’s. 
96, 97 

In industry Sn (IV) based 

compounds are used as homogeneous and heterogeneous catalysts for a variety of 

reactions, including polycondensations and esterifications.  

Alkyl stannoxanes are simple to make and are generally stable to the air and 

moisture, Meneghetti et al. (Instituto de Quimica e Biotecnologia, Univ. Fed. 

Alagoas, BR-57072970 Maceio, AL Brazil) investigated the methanol and vegetable 

oil soluble dibutyltin dilaureate complex for the methanolysis of soybean oil. This 

homogeneous system was compared to similar Sn (IV) heterogeneous catalysts (di-n-

butyl-oxo-stannane and butylstannoic acid); the homogeneous system was found to be 

more active than the heterogeneous catalysts at any time over the ten hour reaction 

period, at 80 °C with a loading of 1%. An increase in the temperature of the reaction 

to 120 °C led to the homogeneous system giving a higher percentage increase than the 

nearest heterogeneous system.  An increase in the loading and stirring rate improved 

the homogeneous and heterogeneous by roughly the same percentage. 
98
 

Sn (IV) complexes are active for a lot of reactions and previously had a wide 

range of industrial uses. However, alkyl derivatives of Sn (IV) are highly toxic and 

where they are used for large scale applications, alternative catalyst systems are being 
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sort. Suarez et al. (Instituto de Quimica, Universidade de Brasilia. CP 4478, 70919-

970) investigated the activity of a less toxic Sn (II) complex (using 3-hydroxy-2-

methyl-4-pyrone as the ligand), and compared the activity in the transesterification of 

vegetable oils to other divalent heavy metals and zinc. 
99
  

 

O
O

O
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O
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O

3-hydroxy-2-methyl-4-pyrone Divalent metal complex
 

 

The tin complex was a very good transesterification catalyst and converted 37% of the 

vegetable oil to methyl ester after one hour at refluxing temperature. The order of 

activity can be described as follows: Sn(II) > Zn(II) > Pb(II) ~ Hg(II). These catalysts 

were tested for activity in the transesterification of different vegetable oils as well. 

The results indicated that both saturation and chain length of the fatty acid arms are 

important in determining the activity of a catalyst. The researchers note that the 

shorter, less saturated oils are more open to methanolysis. These catalysts also gave 

optimum results when using methanol, an increase in the size of the alcohol group 

gave a sharp decrease in the amount of FAAE formed. 
100

 Mechanistically they 

believe that the formation of a trivalent metal intermediate, involving one ligand and a 

deprotonated methanol molecule occurs. The carboxylate group of the glyceride 

molecule then donates electrons into the empty metal orbital and then goes on to 

further react with the bound (or a co-ordinated) methanol to form the FAME.     

 These pyrone complexes are costly while active, and Sn (II) complexes are 

still considered to be too toxic for 21
st
 century industrial use. One of the main 

problems with using alkaline catalysts is the sensitivity to FFA. Basu and Norris 

proposed a barium acetate / calcium acetate homogeneous system which could 

tranesterify the triglycerides and esterify the FFA in a one pot reaction. 
101

 The 

reactions conditions that were suggested were up to 250 ºC with high alcohol and 

catalyst loadings. Santacesaria et al. (Universtita di Napoli Federico Il, Dipartmento 

di Chimica, via Cintia. 80126 Napoli, Italy), building on this work, examined the 
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catalytic activity of a range of methanol soluble divalent metal acetates against the oil 

soluble stearate complexes.   

 Barium, calcium and magnesium acetate showed very little activity at 150 ºC 

or 200 ºC (using a standard 600:100:1 loading of methanol, vegetable oil and catalyst 

over 2 hours.) The stearates showed a much higher activity of around 60% 

conversion. Cobalt and nickel complexes were almost inactive, regardless of which 

ligand was present. However the acetates and stearate salts of cadmium, manganese, 

lead and zinc were highly active at 200 ºC, converting an average of more than 80% 

of the triglyceride to FAME. The researchers reasoned that the high activity of the 

stearates was mainly due to the increased solubility in the vegetable oil layer, where 

the trend in activity across a series was solely dependent on the Lewis acidic strength 

of the metal ion. 
102

 

 Continuing this work Davidson et al. (University of Bath, UK) investigated 

different zinc carboxylates, with different chain lengths and levels of unsaturation. 

They found that the level of conversion of the shorter chain saturated carboxylates 

was similar to that of zinc acetate where longer saturated chains gave slightly higher 

conversions. The highest conversion of the triglycerides was found using zinc 

crotonate as a catalyst.  

Based on previously published structural information on zinc crotonate, 
103, 104

 

the effect of simple amino bases was investigated. The results suggested that a base 

had no effect on zinc carboxylate systems unless the carboxylate was unsaturated, 

then it increased the activity. The amount of base was unimportant, with as little as 

1% of the amine compared to the catalyst activating the zinc centre. At 200 ºC, over 

two hours, and with a vegetable oil, methanol, and a catalyst ratio of 40:480:1, a 90% 

conversion was observed. 
105

   

 The Lewis acidity of the metal centre was identified by Santacesaria et al. as 

being an important factor when designing a catalyst for the transesterification of 

vegetable oils. 
102

 Titanium is highly Lewis acidic, and complexes of titanium tend to 

be benign. Titanium alkoxides have a high solubility in alcohols, however when 

dissolved in methanol the production of titanium methoxide (an insoluble white 

powder) is favoured. Some mixed titanium alkoxide, alkyl and halogenated catalysts 

have been suggested in the patent literature but high temperatures, loadings and 

pressures are needed to achieve high conversions of the triglycerides to FAAE. 
106, 107

 

Davidson et al. have shown that the titanium, in simple alkoxides, like Ti(O
i
Pr)4 can 
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be stabilised sufficiently by small amounts of a simple diol to create a more active 

catalyst, however this work is not conclusive and more research must be undertaken 

to confirm these results. 
108

    

 Lewis acid catalysts are not the only homogeneous systems that are being 

investigated, certain Lewis bases have also been shown to be active in the 

transesterification of vegetable oils. 
17
  

 A series of guanidine and other similar organic bases were reported for their 

activity in the transesterification of vegetable oils by Vargas et al. (Instituto de 

Química, Universidade Federal da Bahia, Campus de Ondina, 40170-290 Salvador - 

BA, Brazil). The bases used, their abbreviations, structure and their activity in the 

biodiesel reaction are summarized below.  
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Catalyst Structure 

 

Relative 
Basicity 

 

pKa 
(CH3CN) 

Yield % 

TBD 

N

N

N
H  

150 25.9 91 

BEMP P
N N

NN

 

6873  66 

Me7N4P P
NN

N

N

 

4762 27.52 63 

MTBD 
N

N

N

CH
3  

44 25.43 47 

DBU 
N

N
 

3 24.32 32 

DBN 
N

N  

1 23.79 4.5 

Table 5. Comparison of the catalytic activity of some organic bases for the 

transesterification of rapeseed oil (8.00 g) with methanol (2.00 g); 1 mol% catalyst, 

70°C after 1 hour. 

The activity of the bases is not directly attributable to the strength of the base but is 

more closely linked to kinetic factors. The lone pair of electrons on the sp
2
 hybridized 
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nitrogen atom, as shown below, is assumed to be the active site. The more active 

catalysts have less steric hindrance around this reactive centre.  

N

N

N
H

H

H P
N

N

N

N
H

H

H

H
H
H

. . . .

 

These amino bases compare favourably to alkali hydroxides, converting the 

triglyceride molecule in similar yields with no saponification, albeit over 2 to 3 times 

longer. Triethylamine, quinoline and pyridine were also tested but were not as active.    

Guanadines can also be easily heterogenised onto organic frameworks. 
109

 

Schuchardt et al. (
a
Instituto de Química, Universidade Estadual de Campinas, C.P. 

6154, 13083-970 Campinas - SP, Brazil) used cellulose and 

poly(styrene/divinylbenzene) to incorporate the guanidine catalyst. The guanidine can 

be anchored to microcrystalline cellulose, if the sugar has been activated by cyanuric 

chloride first, this process is shown below.  
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Guanidine was also heterogeneised on other anchors (e.g. polystyrene) but it 

was generally observed that the heterogeneised base catalysts were less active than the 
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base in the homogeneous phase. Leaching of the base into the reaction medium was 

also observed for most of the heterogeneous catalysts after a relatively short time. 
110

   

Heterogeneous 

 

 Zeolites were tested for the esterification of FFA with methanol by A.A. Kiss 

et al. (Vant Hoff Institute of Molecular Science, The Netherlands) 
111, 112

. They 

concluded that zeolites were poor catalysts for this reaction due to the size of the 

reactants and poor diffusion through the pores. Zeolites are crystalline 

aluminosilicates that contain open structures with apertures of molecular dimensions, 

cations are trapped within the cages and tunnels of the aluminosilicate framework. 

These counterions are usually alkali metals such as sodium or cesium. When 

catalysing the transesterification of vegetable oils zeolites can be thought of holding 

an alkali metal catalyst within a rigid framework, which inhibits soap formation. One 

inhibiting factor is to get the vegetable oil molecule into the pores to react.   

NaX zeolite structures have been investigated by two groups.  Moreau et al. 

(Laboratoire de Materiaux Catalytiques et Catalyse en Chimie Organique, 

Montpelier, France) investigated the activity of NaX faujasite type zeolites with 

varying amounts of cesium, to establish the optimum conditions of the 

transesterification reaction. In this they found that at refluxing temperatures they 

needed 2 g of catalyst (with 30% of the cationic sites filled by cesium ions), 22 hours 

of reaction time and 63 ml of methanol to convert 5 g of vegetable oil to FAME. 
113

 A 

more detailed study was under taken by Suppes et al. (Department of Chemical 

Engineering, University of Missouri, Colombia, USA). 
114

 They tested a range of 

zeolite catalysts which have been summarised below in table 6.  
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Parent Zeolite NaX NaX ETS-10 

Description Basic 

Na82.8K1.8Al85.8Si106.2O384 

Occulded with 

excess Na species 

TiO6SiO4 structure 

Na21.9K7.5Ti16.5Si77.5O208 

Surface Area 591 m
2
 g

-1
  326 m

2
 g

-1
 

Pore Volume 0.299 cm
3 
g
-1
  0.159 cm

3 
g
-1
 

Catalyst types KX 1 (NaOx / NaX*) K- ETS-10 

 CsX 3 (NaOx / NaX*) Cs-ETS-10 

 (Cs, K)X 4 (NaOx / NaX*) (Cs, K)ETS-10 

  0.25 (NaOx / NaX)  

  1 (NaOx / NaX)  

  3 (NaOx / NaX)  

 

Table 6. A range of zeolite types tested for activity in the biodiesel reaction. All NaX 

species were occulded with sodium acetate apart from NaX*which were occulded 

with sodium azide. 

 

NaX is a faujasite aluminosilicate zeolite with a relatively low charge. The rigid 

framework is remarkably stable and contains the largest void space of any known 

zeolite. It was this type of zeolite that was tested by Moreu et al. (see above). ETS-10 

is a new microporous zeolite which consists of 12-ring pore structure consisting of 

interlocking chains of TiO6
8-
 and tetrahedral SiO4

4-
 atoms. Despite having a smaller 

pore size this zeolite carries a large charge, and therefore exhibits a very high cation-

exchange capacity. NaX type zeolites were also prepared with a large excess of 

sodium species. 

 To prepare a zeolite catalyst for catalysis, it must be calcined (by heating the 

zeolite to high temperatures under an O2 enriched atmosphere.) This is used to burn 

off the organic framework used to prepare the catalyst and in some cases oxygenate 

the framework. Suppes found that calcination was vital to create an active zeolite, as 

the catalysts showed very little activity without this step. The reactions were 

completed over 24 hours, with a catalyst loading of 10 wt % (This would roughly 

equate to between 40-60 mol% in respect to the alkali ions present). The results are 

summarised below in table 7.  
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Catalyst 
Percentage of 

Esters at 150 ºC 

Percentage of 

Esters at 120 ºC 

Percentage of 

Esters at 60 ºC 

NaX – K 31.5 22.7 10.3 

ETS-10 95.8 94.6 80.7 

ETS-10 (Cs, K) 88.1 83.9 67.4 

1 (NaOx / NaX*) 79.1 72.4 - 

3 (NaOx / NaX*) 94.0 93.2 84.2 

0.25 (NaOx / NaX) 58.4 45.5 - 

3 (NaOx / NaX) 95.6 94.1 82.0 

 

Table 7. A range of zeolite catalysts tested by Suppes et al.  

 

   Suppes et al. confirmed that faujasite aluminosilicate zeolite, despite their 

large pore sizes, are not ideal catalysts for the transesterification of vegetable oils.  

This is not reliant on the identity of the cation. It should be noted that recently 

published results show that high conversions of FAME can be achieved by increasing 

the basicity of the NaX zeolite substantially with KOH (as opposed to occulsion with 

an excess of sodium azide) under similar conditions. 
115

 

The activity of these catalysts can be extended by the (costly) occulsion 

process, no data was given as to the level of saponification this caused. The ETS-10 

zeolite gave high conversions, proving that it is not directly pore size that enhances a 

catalyst’s activity, but the amount of active sites. Large amounts of FFA (up to 25%) 

inactivated the catalysts used; this might be due to soap formation blocking the 

cavities. 
114

  

 To avoid this problem, alkali metals can be anchored on to materials with a 

high surface area, with the catalysis reaction taking place on that surface. Xie et al. 

(School of Chemistry and Chemical Engineering, Henan University of Technology, 

Zhengzhou 450052, PR China) investigated loading different potassium salts onto an 

Al2O3 support. Al2O3 is acidic and can be reacted with KNO3, after calcination this 

KNO3 is converted into K2O sites. The following reaction also will take place where 

KNO3 reacts with the isolated aluminium hydroxide groups on the surface. The 

calcinations temperature is around 773 K. 
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2KNO3 + 2AlOH  → N2O3 + 2Al-O-K + H2O 

 

It is these two basic sites which are thought to be active for the transesterification 

reaction. The amount of KNO3 used is important, as is the calcination temperature. 

The optimum conditions for the synthesis of these catalysts are to use 35 wt% KNO3 

and then calcining between 723-823 K. Conversion of 90% of the soybean oil to 

FAME was achieved at reflux when using a reaction time of 8 hours, a methanol to oil 

ratio of 14:1, and a loading of 6 wt% catalyst; highly comparable to the zeolite type 

catalysts used. 
116

 Xie et al. also tested other potassium salts using the same support 

and synthesis conditions. KI, KF and KOH anchored catalysts showed slightly higher 

activity than the KNO3 prepared catalyst. The same optimum conditions applied to all 

the aluminum oxide supported catalysts. The researchers compared their results to a 

KF loaded NaX zeolite, which they found to be inactive under their conditions. They 

found a strong correlation across the series that an increasing activity is observed with 

an increasing amount of basic sites. 
117

 

 A similar series of catalysts were synthesised using sodium instead of 

potassium by Lee et al. (Department of Chemical and Biological Engineering, Korea 

University, 51, Anam-dong, Sungbuk-ku, Seoul 136-701, Republic of Korea). They 

found similar activities to the potassium counterparts at reflux when using lower 

catalyst loadings (1 wt%) and a co-solvent (THF, n-hexane). 
118

 

  Xie et al. also experimented in using different supports for their potassium 

solid base catalysts, notably using ZnO instead of Al2O3, with KF as the potassium 

source. The most notable advantage is the need for less KF, only around 15 wt%, and 

less supported catalyst in the reaction mixture (4 wt%). The alumina supported 

potassium catalysts are highly dependent on the calcination temperature and this 

factor was also studied for the ZnO species. To create the largest amount of basic sites 

on the surface of the catalyst a temperature of 873 K is optimum over a reaction time 

of five hours. 
119

 ZnO can also act as a catalyst; Suppes et al. found its activity as a 

catalyst comparable to the ETS-10 zeolites under the conditions described above. 
114

  

 Oxides of group (II) metals, their methoxides and hydroxides are also basic 

compounds. The ionic radii of the alkaline earth metals increase in size going down 

the group, this means the electronegativity decreases in this order. The general order 

of bascity is thus: Mg < Ca < Ba, within a group the oxides are going to be more basic 
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than hydroxides, with methoxides being the most basic of all. Gryglewicz (Institute of 

Chemistry and technology of Petroleum and Coal, Wroclaw University of Technology, 

Gdansk, Wroclow, Poland) demonstrated that these compounds were active in the 

methanolysis of rapeseed oil, the activity followed this trend of basicity. And despite 

being slightly less active catalysts than NaOH, with optimum conditions (a methanol 

oil, to catalyst ratio of 60:15:1) at reflux over 2 hours gave 90% conversions of 

FAME. 
41
 

After repeated experimentation Davidson et al. found that using soluble 

Ba(OH)2, a similar activity was observed as published, but using calcium oxide and 

calcium methoxide as catalysts (bought from Aldrich Chemicals) under the conditions 

reported gave lower yields than stated. Reddy et al. (Department of Chemistry, 

Gilman Hall, Iowa State University, Ames, Iowa 50011) also found laboratory grade 

CaO to be completely inactive in the conversion of vegetable oils to FAME, however 

when using nanocrystalline (a crystalline size of 20 nm, a surface area of 90 m
2 
g
-1
) 

particles the activity increased dramatically. The complete conversion of soybean oil 

could be achieved after 12 hours at room temperature with a methanol, rapeseed oil to 

catalyst molar ratio of 150:5:1. Nanocrystalline particles of other metal oxides (Mg, 

Ti, Zn, Ce and Cs) were found to be inactive under these conditions.  

Reddy et al. discovered that a large amount of Calcium methoxide was being 

formed on the surface of the CaO and also that any hydroxyl groups on the surface 

were efficiently converting methanol into the methoxide anion. After 8 cycles the 

catalyst became deactivated, SEM pictures show the loss of edges and large amounts 

of polycrystallite formation they observed that this was consistent with catalyst 

deactivation. 
120

  

CaO can also be used as a support for alkali metals, which Meher et al. 

(Department of Chemical Engineering, Catalysis and Chemical Reaction Engineering 

Laboratories, University of Saskatchewan, Saskatoon, SK, Canada) used in the 

transesterification of karanja oil. 
121

 The catalysts were not calcined but laboratory 

grade CaO was wet-impregnated with 1.25% of the metal nitrate, the water was then 

removed at 100 ºC over 24 hours. The researchers found that the Li doped CaO 

catalyst at refluxing temperature and 2 wt% converted 95% of the vegetable oil to 

FAME over 8 hours, the optimal methanol ratio was 12:1. The Na and K doped 

complexes also achieved this conversion but showed a lower initial rate of reaction. 
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The amount of FFA in the oil (up to ~6%) had little effect on the activity of the 

catalyst.  

 Calcium carbonate has also been investigated as a possible catalyst by Suppes 

et al. (See above), however temperatures exceeding 200 ºC are needed to activate the 

limestone catalyst. 
122

 This was also shown to be true for magnesium oxides. 
123

 In the 

patent literature Nakayama et al. (Revo International Inc., Japan) highlight the use of 

hydroxides, oxides and carbonates based on alkali earth metals, but in particular 

highlight a CaTiO3 species for use as a catalyst at refluxing temperatures: the 

implication is that the perovskite structure may be critical. 
124

 Hydrotalcites have 

similar structures to perovskite amalgamations, where the general formula for a 

hydrotalcite mineral is [M
2+
 (1-x) M

3+
x (OH)2]

x+
 (Ax/n)

n-
 
.
 y H2O. Wilson et al. 

(University of York, Heslington, York, UK) prepared as series of Al Mg hydrotalcites 

with varying levels of magnesium and tested their activity in the transesterification of 

glyceryl tributyrate with methanol. A conversion of 75% was observed with high Mg 

loadings at 60 ºC. This was a vast improvement on the MgO and Al2O3 supports used 

without doping for comparison. 
125

 

 Solid acid catalysts have also been extensively researched for their utility in 

the biodiesel reaction. Nafion exchange resins are acidic solid resins, which, much 

like imbedded alkali metals in the zeolite pores, contain a large amount of H+ per 

gram of substance. Nafion resins are sulphonic resins, which are part of a group of 

catalysts that are classified according to their polymer backbone. Polystyrene based 

sulphonic resins are classified as Amberlyst® whereas the perfluorinated are classified 

as Nafion®. They have very low surface areas until a solvent is used to swell the 

polymer and expose the internal acidic sites, this can also be achieved with out a 

solvent by anchorage onto a high surface area silica or metal oxide (Al2O3, ZnO etc.) 

support.  

Goodwin Jr. et al. (Department of Chemical and Biomolecular Engineering, 

Clemson University, Clemson, SC 29634, USA) investigated the use of Nafion NR50 

and the silica supported SAC-13 (see below) for the transesterification reaction of 

triacetin. In doing this model biodiesel reaction they were able to compare the solid 

acids to sulphuric acid kinetically.  
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O

O

CF
3

OH

Nafion NR50

Resin

Nafion SAC-13

Silica Supported Resin

[(CF2CF2)nCFCF2]x

(OCF2CF)mOCF2CF2S

m = 1,2 or 3  n = 6 or 7 
 

 

Figure 7. Schematic demonstrating the Nafion NR50 catalytic site and the same resin 

supported on a silica anchor.  

 

The activity of the Nafion catalysts strongly depends on the accessibility of the 

reactants to the acidic sites. For the non-supported resin, soaking for 12 hours in 

methanol prior to use was deemed sufficient. Even with this pre-treatment the 

supported resin showed a higher degree of activity. The researchers found that the 

catalyst was as active on multiple cycles as the first, indicating no leaching of the 

heterogeneous protons. They proposed that the mechanism is remarkably similar to 

that of the homogeneous catalysed reaction. Where the triglyceride is protonated a 

surface reaction takes place between this positive triglyceride and the liquid phase 

alcohol. After this rate determining step the product is then taken up into the liquid 

phase. The Nafion resins were deemed to be active in this model reaction, if slightly 

less so than the H2SO4.  
126

 

 The researchers also investigated the effect the chain length would have on the 

kinetics of this reaction using the supported Nafion and H2SO4 by esterifying fatty 

acids of a known chain length with methanol. They found the reactivity was strongly 

dependent on the size of the alkyl chain: as the chain grew lower yields of FAME 

were observed. For the largest chain lengths the resin showed a continual loss of 

activity, probably due to the accumulation of carboxylic acids at the Brønsted acid 
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sites by irreversible adsorption. Effective regeneration is needed to improve the 

applicability of the SAC-13, if it is to be used for the esterifcation of large FFA. 
127

 

 Yonemoto et al. (Department of Chemical Engineering, Tohoku University, 

Aoba-yama 6-6-07, Aoba-ku, Sendai 980-8579 Japan) tested triolein with ethanol 

using a range of cationic and anionic exchange resins. They found that no cationic 

exchange resin was active in ethanolysis, at 50 °C and with a ratio of ethanol to 

vegetable oil of 10:1. They reported that the anionic exchange resins (using OH
-
 as 

the anion) demonstrated a much higher activity. For all the Amberlyst anionic 

exchange resins, the conversion of over 90% of the triglyceride was achieved with 2 

hours under the conditions mentioned above. The resin tended to demonstrate a higher 

activity with a lower cross linking density and a smaller particle size. This technology 

was then adapted to a fixed bed continuous reactor packed with the resin allowing a 

successful high through-put production process. 
128

 

 The transesterification of actual vegetable oil by acidic (cationic exchange) 

membranes was investigated by Vital et al. (REQUIMTE, CQFB, Departamento de 

Quimica, FCT, Universidade Nova de Lisboa, 2829-516 Caparica, Portugal.) A 

range of resins where chosen for the reactions including two Nafion types (112, 115) 

Dowex (50X8, X4 and X2) and poly(vinyl alcohol) membranes (5, 20 and SS20), see 

below.  
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Sample Brønsted acid 

sites 

(mmol g-1) 

Thickness of 

the 

membrane 

(mm) 

Percentage 

Swelling  

(methanol) 

Percentage 

Swelling  

(soybean oil) 

Nafion 112 0.9 0.05 - - 

Nafion 115 1.0 0.13 116 negligible 

PVA 20 3.8 0.13 negligible 2.9 

PVA 5 0.8 0.02 8.1 6.9 

PVA S20 9.0 0.14 negligible 18.9 

Dowex 2 5.0 - - - 

Dowex 4 4.3 - - - 

Dowex 8 4.4 - - - 

 

Table 8. A range of cationic membranes used as catalysts in the biodiesel reaction.  

 

All these resins were used in a membrane reactor, shown below.  

 

 

 

Figure 8. Membrane reactor apparatus taken from Guerreio et al. 
129
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The catalyst was soaked in methanol for 24 hours prior to use and fitted to the reactor, 

which was heated to 60 °C. The methanol was distilled prior to use and the reactants 

were then passed through from the relevant reservoirs at a fixed rate. 

All the resins were found to be active but the PVA polymer crosslinked with 

sulfosuccinic acid was more active than the Nafion or Dowex membranes. The 

researchers concluded this was not only due to the greater extent of Brønsted acid 

sites but due to its higher swelling properties. 
129

 

 One factor that reduces the yield of ester when using cationic exchange resins 

is the diffusion through the polymer. Hara et al. (Chemical Resources Laboratory, 

Tokyo Institute of Technology, Yokohama 226-8503, Japan) synthesised a 

functionalised amorphous carbon material (from glucose) with acidic catalytic 

activity. The material contains phenolic hydroxyl, carboxylic acid and sulphonic acid 

groups; it has a catalytic activity akin to the homogeneous sulphuric acid. The 

reaction scheme is shown below. 

 

 

 

Figure 9. Schematic showing the functionalisation of an amorphous carbon material 

from glucose, taken from Hara et al. 
130

 

 

Synthesis of the catalyst takes three stages: A) pyrolysis, B) carbonization and C) 

sulphonation. D-glucose is taken and heated to temperatures of up to 823 K under N2 

gas. This leads to dehydration and dissociation of the C-O-C bonds, formation of 

polycyclic aromatic carbon rings at higher temperature, and eventually the amorphous 

carbon structure. Concentrated H2SO4 is then added and the catalyst heated to 423 K. 

The product is washed with water to remove all impurities from the surface, such as 

sulphate ions.   

 The researchers then tested this solid acid catalyst in the esterification of FFA 

(stearic and oleic); they observed that the activity was roughly half that of H2SO4. On 

further catalytic cycles no leaching or deactivation was observed, unlike in the use of 

ion exchange resins. 
130, 131

 Further research on this type catalyst has been undertaken 
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with one research team demonstrating the applicability of this type catalyst for the 

conversion of waste oils, noting a yield of just below 90% FAME after 12 hrs using 

5.0 g waste oil (27.8% FFA content); 5.54 g methanol; 0.5 g catalyst at 80 °C. 
132

 

 Brønsted acids are not the only solid acids to have been investigated for their 

activity in the catalysis of vegetable oils. Lewis acid solid systems using zirconia/ 

alumina supports were reported to transesterify soybean oil by Furuta et al. 

(Petroleum Refining Research & Technology Center, Japan Energy Corporation, 3-

17-35 Niizo-minami, Toda, Saitama 335-8502, Japan). Tungsten, zirconia and 

alumina were mixed together at 130 °C to create the supported catalyst (WZA), this 

was then calcinated at 800 °C. This catalyst was compared to a sulfated tin oxide 

complex and sulfated zirconia. All catalysts were set into a flow bed reactor and 

soybean oil and methanol (1:40) were passed over the bed at a flow rate of 3.0 g h
-1
 

and 4.4 g h
-1
 respectively. None of the catalysts were active until around 200 °C. By 

250 °C the tungsten based catalyst converted over 90% of the soybean oil, a much 

greater conversion than either of the two other solid catalysts. The esterification of 

octanoic acid was also examined, to test the suitability of the catalysts to convert 

waste oils into biodiesel. In a similar reactor all the catalysts had converted the acid 

completely at 200 °C. 
133

 In a later paper this supported catalyst was then tested under 

the same conditions against TiO2 / ZrO2 (11 wt% Ti) and Al2O3 / ZrO2 (2.6 wt% Al) 

amorphous materials, both of which were bought and then calcined at 400 °C over 2 

hours. These two catalysts were then shown to have a highly similar activity in all 

conditions as the WZA, except under 1 MPa of pressure where they were shown to be 

the more effective catalysts. 
134

 Zirconia catalysts have been used for the conversion 

of vegetable oils previously, but only for the production of gasoline type fuels from 

the cracking of waste oils at 400 °C. 
135

  

Dalai et al. (Catalysis and Chemical Reaction Engineering Laboratories, 

Department of Chemical Engineering, University of Saskatchewan, Saskatoon, SK, 

Canada S7N 5C5.) tested the more acidic 12 –tungstophosphoric acid (TPA) as a 

solid acid catalyst by anchoring the tungsten onto four different supports, these are 

shown in table 9 below.  
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Catalysts TPA wt% 
Surface area 

m2 g-1 

Average pore 

volume 

cc g-1 

Average  pore 

diameter 

Å 

Pure TPA - 8 - 20.7 

Hydrous 

zirconia (HZ) 
- 221 0.12 23.0 

TPA/ HZ 10 146 0.08 21.8 

 20 143 0.07 21.8 

SiO2 - 218 0.21 29.0 

TPA / SiO2 10 177 0.17 28.0 

 20 137 0.12 27.4 

Alumina - 223 0.72 118.0 

TPA/ Al2O3 10 207 0.59 107.0 

 20 193 0.46 95.7 

Activated 

Carbon (AC) 
- 1003 0.46 14 

TPA / AC 10 990 0.53 14.3 

 20 997 0.59 14.0 

 

Table 9. The physical attributes of various supported TPA catalysts, taken from Dalai 

et al. 
136

 

 

The catalysts were screened for activity during the transesterification of low quality 

soybean oil at 200 ºC, with a molar ratio of methanol of 6:1 and 3 wt % catalyst. The 

10% TPA / HZ converted the oil to over 70% ester over 5 hours; the highest 

conversion achieved with the other catalysts was below 50%. A much better 

conversion was achieved using 3 wt % than 1 wt % catalyst, but there was little 

difference in conversion when larger amounts of catalyst were used. The catalyst was 

largely inactive at temperatures lower than 150 ºC, but a rise to 225 ºC converted over 

90% of the triglycerides. The optimum conversion was achieved with 9 parts of 

methanol, more than that made little difference to the conversion. Surprisingly, raising 

the amount of FFA in the soybean oil (from 10% to 20%) increased the conversion, 
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suggesting that this catalyst system could be used for the conversion of animal tallow 

and other waste oils that contain large amount of FFA.  
136

  

 A patent has been filed for the use of Group IV oxides, and their combination 

with bismuth oxide, zinc oxide and alumina. Delfort et al. (92500 Rueil Malmaison, 

France) patented the use of these catalysts to transesterify vegetable oils with an FFA 

content between 150 and 200 °C, under a pressure of up to 100 bar. They claim these 

catalysts are suitable for use in batch and continuous flow reactors, with fixed bed or 

decanter technology. 
137

 This work seems to be a follow up to work done by this 

group in 1997, resulting in the filing of a patent based on zinc spinel/ aluminates as 

discussed earlier in the section. 
138

 

 Zinc oxide is not the only example of a zinc system which can 

heterogeneously convert oils to biodiesel. Srinivas et al. (National Chemical 

Laboratory, Prune, 411 008, India) synthesised a mixed metal solid acidic, zinc-iron 

cyanide acid catalysts, shown below in figure 10. 

 

 

 

Figure 10. The tentative structure of the FeZn cyanide catalyst, taken from Srinivas et 

al. 
139

   

 

These compounds aggregate to form zeolite-like cage structures. The researchers 

showed that there were no basic or Brønsted acidic sites on the surface. They then 

screened the catalyst for activity against similar Fe divalent cyanides, and found the 

zinc catalyst to be by far the most active. In optimising the conditions the loading of 

catalyst was found not to influence the course of the reaction significantly when more 

than 2 wt% was added. Where temperatures of over 400 K were needed, 8 hours and 

an alcohol to oil ratio of 14:1 proved to be the most effective. This catalyst is water 

tolerant and an increase of water does not affect the yield significantly. The catalyst is 
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also able to catalyse esterification reactions and the amount of FFA in the solution 

does not deactivate it, nor does reuse. 
140

   

 Another heterogeneous system zinc catalyst described in the literature is a zinc 

argininate salt. Arginine is a naturally occurring amino acid, with a strong quaternary 

basic guandine group. Peters et al. (Institut für Chemie-Ingenieurwesen, Universität 

Erlangen-Nürnberg, Erlangen, Germany) tested a range of metal arginine salts for the 

methanolysis of de-acidified palm oil. A 70% conversion as achieved over 3 hours 

using 6 parts methanol at 75 °C. The catalyst was deactivated by the addition of FFA, 

but this effect could be offset by raising the temperature of reaction to 135 °C and the 

pressure to 0.5 MPa. 
141

 Davidson et al. synthesised a range of other zinc amino acid 

catalyst characterizing them by 
1
H NMR and x-ray crystallography. The activity of 

the catalysts is varied in the biodiesel reaction. Peters et al. proposed that the basicity 

of the amino acid side chain would directly affect the yield of FAME, but this was not 

found to be the case. Other factors such as Lewis acid strength and decomposition 

temperature have a larger influence. 
102, 141

 The yields below are given as percentages 

of FAME produced over two hours at 200 ºC using 2.5 mol% catalyst and a 12:1 

methanol to soybean oil ratio. 
108
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Figure 11. The catalytic activity of the zinc amino acid catalysts (blue), compared to 

the corresponding free amino acids (purple) for the transesterification of soybean oil. 

 

Before continuing, it is worth noting that the metal walls of the reactor can also be 

used to catalyse the reaction. Suppes et al. investigated the effect of different metals 

which can be used to make up the inside of a reactor, his results are summarized 

below. 
114

 The reactions were carried out at 120 ºC over a 24hr period with a 6:1 

molar ratio of methanol and 10 wt% catalyst.  

 

Catalyst % conversion of methyl ester. 

None 0.13 

Nickel 53 

Palladium 29 

Stainless steel 3.9 

ZnO 80 

Cast iron 3.1 

 

Table 10. The effect on FAME yield of various base metals.  
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Enzymatic 

 

A large proportion of organisms have the ability to catalyse the production of FFA 

from triglyceride oils. They do this by using an enzyme called a lipase, which is the 

general term for any water soluble enzyme which can bring about the hydrolysis of 

lipid substrates. For example, the main enzyme (HPL) responsible for breaking down 

fats in the pancreas converts the triglycerides into two equivalents of FFA leaving the 

resulting monoglyceride molecule. Lipase substrates function best between 30-40 º C, 

and are present in almost all living organisms including bacteria and even certain 

viruses.    

 

Figure 12.  A computer generated image of the lipase enzyme PLRP2. 

 

Lipases do not only catalyse hydrolysis reactions but can also, in the presence of 

alcohol cause the esterification and transesterification of vegetable and animal oils. In 

general lipases catalyse the reaction of longer chain alcohols (i.e. butanol) more 

efficiently than with shorter chain alcohols, an excess of methanol can even inactivate 

the catalyst. Lipases catalyse reactions more efficiently when the substrates are 

miscible, in the case of methanol and ethanol, this is not the case. The short chain 

alcohol (<3 carbon atoms) form droplets in solution, and will destabalise the protein 

catalyst if present in large quantities. Using a co-solvent (larger chain alcohol, hexane, 

tetrahydrofuran etc.) can dissolve the alcohol preventing the formation of large 

droplets, however this can be costly and decrease the theoretical yield of FAAEs. 

Enzymes can also be regenerated after deactivation by submersion in a long chain 
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alcohol. The addition of one equivalent (the stoichiometry needed for complete 

reaction is at least three) of methanol does not destabilise the catalyst and within 5-10 

hours in a fixed bed reactor has completely reacted. Two other equivalents can then 

be added together, as the presence of glycerol from the first reaction stops the 

formation of large droplets on the surface of the protein, and within 24-48 hours the 

vegetable oil has been completely converted to FAME, as shown below. 
142

 

  

 

Figure 13. A flow diagram and reaction conversion for the sequential addition of 

methanol to avoid catalyst poisoning, taken from Schimada et al. 
142
  

 

Lipase catalysed FAAE reactions have been extensively researched since 2002, with 

lipases being developed which can perform both esterification and transesterification 

reactions of waste oils 
143

 However, the rates of reaction can be severely diminished 

by the presence of water and gumming oligomeric compounds. 
142

  

 There are two reviews on the use of enzymes for esterifications and other 

industrial synthesis. 
144, 145

 Kinetic measurement and mathematical modelling have 

also been undertaken for the transesterification reaction. 
146, 147

 

The lipase can be used with no modification (water soluble), with the whole 

cell which it was created in, or anchored on to an insoluble substrate (immobilisation). 

The lipase solubility can create problems when reusing the catalyst, it is also highly 

expensive to refine certain lipases, it is thus more favourable for the whole cell to be 

used instead. Lipases are most commonly immobilised for the production of biodiesel, 
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where the particle size of the surface and the surface area play important roles in the 

activity. 
148

 The typical catalyst loading for an enzymatic reaction is similar to that of 

the heterogeneous catalysed reaction, and most enzymes display a higher reactivity 

towards the esterification of unsaturated cis-fatty acids than the saturated 

counterparts. Counterintuitively, the presence of water in the oil can assist the 

production of FAME due to the increased miscibility of the reactants. 

Candida Antarctica is a strain of yeast which belongs to the Candida genus. It 

is easy to grow under laboratory conditions and produces a lipase, Novozym 435, 

which is commercially available.  By far the most commonly used enzyme for 

biodiesel production is Novozym 435 produced from this yeast strain 
149-163

 The two 

most commonly associated problems with using lipases as the catalyst in this reaction 

is their cost and the poisoning of the enzymes by an excess of alcohol or glycerol. The 

table presented below summarizes the research being undertaken to alleviate these 

problems.  
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Lipase Feedstock Solvents Conditions Notes Researchers 

Burkholderias cepacia 

(IM BS-30) 

Grease (high FFA) Ethanol 40-60 °C, 8-48 hrs, 

4:1 (alcohol: oil 

ratio) 

Continuous reactor 

technology 

A. Hsu et al. 
164

 

Candida Antartica 

(Novozyme 435) 

Vegetable oil / 

waste oils 

t-butanol, THF, 

methanol, 

methyl acetate 
155

 

7-24 hrs, 50 °C, 2- 30 

wt% loading, 4-12:1 

alcohol ratio 

Continuous reactor 
149

 

In silica aerogel 
150

 

On acrylic resin 
151

 

Water tolerance 
152, 153

 

Glycerol removal 
157

 

See above 

Candida cylindracea Waste oil n hexane / primary 

alcohols 

8 hrs Waste stream 

containing some 

triglycerides 

P. Lara et al. 
165

 

Chromobacterium 

viscosum 

(immobilised on celite) 

Jatropha Methanol, ethanol 8 hrs, 40°C  S. Shah 
166

 

Lipase PS from 

Pseudomonas cepacia 

(immobilised on  

accurel / sol gel) 

Madhuca indica 

Soybean oil 

Water / methanol 

ethanol, methyl 

acetate 

Solvent free, 0.5 

6hrs, 5 wt% loading, 

35 °C, 1: 7-15 oil to 

alcohol 

The conversion of a 

high FFA content oil, 

using protein coated 

crystals, low loading 

V. Kumari et al. 
143

 

H. Noureddini 
167

 

A. Hsu et al. 
168
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Lipase Feedstock Solvents Conditions Notes Researchers 

Psychrophilic lipase   12 hrs, 20 °C, Also a highly chiral 

catalyst 

Y. Luo 
169

 

Rhizomucor miehei Refined soybean 

oil 

n hexane / methanol 50 °C, 9 wt% 

loading, 2.4:1 

(MeOH: oil), 0.5 hrs 

Surface studies also 

carried out. 

S. Demirkol et al. 
170

 

A. Oliveira et al. 
171

 

Rhizopus oryzae (IFO 

4697), whole cell 

Soybean oil Methanol 35 ºC, 1:1 MeOh to 

Oil, 10- 30 hrs 

Sequential addition of 

methanol 

J. Zeng, et al 
172

 

S. Hama et al. 
173

 

Thermomyces 

lanuginose 

Novozym 435 

(combined) 

Soybean oil 

deodorizer distillate 

(SODD) 

t-Butanol / methanol 3.9:1 MeOH: oil ratio 

8-25 hrs, 3 & 2 wt% 

TL & Novozym 

Highly reusauable 

(over 120 cycles), 

water removed by 

mol. sieves 

L. Wang 
174

 

Thermomyces 

lanuginosus (Lipozyme 

TL –IM) 

Soybean oil methanol 2:3 oil: alcohol ratio, 

40 °C, 4-10 wt%, 

12 hrs 

Continuous reactor 

technology 

W. Du et al 
175, 176

 

Y. Xu 
177

 

 

 

Table 11. Summary of a range of lipases utilised as catalyst in the production of biodiesel. 
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Advances in Processing / Engineering 

 

As described above, the three types of reactor system generally used in the synthesis 

of biodiesel are batch processors,  continuous stirred tank  reactors 
178

 or flow reactors 

with either a fixed bed, 
179-181

 where the reactants flow over a bed containing the 

catalyst, or homogeneous system.  This is followed by neutralisation and flash 

distillation to separate the catalyst and the products respectively.  Suppes et al. (Dept. 

of Chemical Engineering, The University of Missouri, Columbia, MO 65211) 

investigated the possibility of using a temperature gradient to separate the methanol 

from the glycerine and FAAE. By allowing the effluent to flow through a temperature 

gradient in this reactor-separator they could recycle the methanol in the reaction 

medium and purify the glycerol and biodiesel in one step, as shown below in figure 

14. 
182

  

 

Figure 14. Flow diagrams for the novel reactor-separator vs. a conventional system 

for the purification of biodiesel and glycerin of methanol, taken from Shah et al. 
182
 

 

Using this method of purification, the glycerol and biodiesel streams contained around 

1 wt% of methanol, at optimum conditions. The conditions promoting better 
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separations were found to be higher temperatures in the auto-recycle discharge and 

lower pressures.  

Continuous Oscillatory Flow Reactor 

 

The alternative to using batch processors or continuously stirred reactors, like the 

designs shown above, is to use a plug flow type reactor. In this type of reactor a fluid 

and the reagents (the catalyst can be either homo- or heterogeneous) flow down a pipe 

or a tube. The gradient is key to the reaction rate: at the inlet the rate will be very 

high, but further down the pipe the concentrations of reactants will be lower and 

therefore the rate of reaction will decrease. Once the reaction has reached the net 

equilibrium the reactants are normally distilled off, or separated in some other 

manner. 
183

 Plug flow reactors can be used for biodiesel production. 
184

 However, the 

plug flow systems can be impractical for the production of biodiesel due to the size/ 

length of the reactor needed and therefore the greater capital and running costs 

involved.  Harvey et al. (Department of Chemical Engineering, University of 

Cambridge, New Museums Site, Pembroke Street, Cambridge CB2 3RA, UK) tested a 

continuous oscillatory flow reactor for the production of biodiesel from rapeseed oil. 

In this novel flow reactor an oscillatory motion is superimposed upon the net flow of 

the reactants, generating better mixing. This means the mixing, unlike in a plug flow 

reactor, is independent of net flow. This allows longer residence times with a greatly 

reduced length to diameter ratio of the reactor. 
185

 The pilot scale plant flow diagrams 

are shown below.  

 

Figure 15. The oscillatory flow reactor, taken from Harvey et al. 
185
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Figure 16. The flow diagram for biodiesel production in and OFR, taken from Harvey 

et al. 
185
 

 

Membrane Reactor 

 

A membrane reactor encloses the chemical reaction in a membrane, allowing the 

diffusion of the products out of the reaction medium and pushing the equilibrium in 

the desired direction. Many chemical reactions have been successfully adapted for use 

in a membrane reactor 
186

 including the production of biodiesel. 
187-189

 Microporous 

inorganic membranes can be selectively permeated by FAME, methanol and glycerol 

during the transesterification procedure. The membrane module, shown below, 

consists of a porous tube in a stainless steel shell. 
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Figure 17. A schematic diagram of a membrane module used for the 

transesterification of triglycerides, taken from Cao et al. 
189
  

 

The immiscibility of the oil in methanol, and the miscibility of the glycerol, methanol 

and FAME are central to the system’s successful operation. At a reaction temperature 

of 65 ºC the oil forms droplets in the methanol layer; as the FAME is formed it 

becomes miscible in the methanol phase. The methanol phase is forced through the 

membrane by a slightly positive pressure and passes into the permeate stream. The oil 

droplets are too large to permeate the membrane. By using a membrane any organic, 

hydrophobic matter which is left in the feedstock will not pass into the permeate 

stream, this negates the need to distil the biodiesel fuel. 
189

 

 This technology described by Tremblay et al. (Department of Chemical 

Engineering, University of Ottawa, 161 Louis Pasteur Street, Ottawa, Ontario K1N 

6N5, Canada) is based on a semi continuous reactor, the flow diagram of which is 

shown below 
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Figure 18. A flow diagram for the semi continuous production of biodiesel via a 

membrane reactor, taken from Cao et al. 
189
 

 

It is important to create the membranes with pore sizes less than that of the smallest 

droplet in the suspension. Monoglycerides are nominally small enough to breach most 

membranes, however they are extremely reactive to transesterification and are 

therefore not observed in the product phase. In this type of reactor the catalyst can be 

homogeneous or heterogeneous, but the formation of soaps and emulsions would 

block the reactor pores.   

 The membranes chosen were made from a carbon composite structure. The 

single channel tubular membranes selected by the researchers had an internal diameter 

of 6 mm, an outside diameter of 8 mm, and were 1200 mm long. The internal pore 

sizes were 0.05 – 1.4 µm and the total volume of the reactor was 320 ml.      

 

Supercritical Processing  

 

All the reactors previously mentioned are designed for use with a catalyst. The 

biodiesel reaction can be performed without a catalyst at temperatures over 350 ºC 

and pressures of around 20-65 MPa. The advantages of using such harsh conditions 
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are a lack of saponification, ease of recovery, higher yields and a greatly reduced 

reaction time (120-240 sec.). 
190

 A large amount of research has been undertaken into 

the process kinetics 
191

 and optimization of this method. Including novel catalyst 

systems 
192
, the alcohol moiety has little effect on the activity of the reaction where 

the esterification of FFA is faster than the transesterification reaction. 
193

 The 

transesterification of unsaturated fatty acids is slightly faster than that of the saturated. 

193
 but water does not affect the yield of methyl esters significantly. 

194
 Supercritical 

processing seems ideal for converting waste oils into biodiesel than by using an 

alkaline catalyst; a review comparing the two methods of processing oils was 

published by A. Demirbas (Department of Chemical Engineering, Selcuk University, 

Campus, 42031 Konya, Turkey). 
195

  

  In testing the optimal conditions for supercritical biodiesel continual 

production, Ngamprasertsith et al. (Fuels Research Center, Department of Chemical 

Technology, Faculty of Science, Chulalongkorn University, Bangkok 10330, 

Thailand) utilised a tubular flow reactor as shown below.  

 

 

Figure 19. Schematic showing a continuous tubular flow reactor for supercritical 

processing, taken from Ngamprasertsith et al. 
196
   

Reactor parts: 

1. High pressure pumps 

2. Methanol reservior 

3. Vegetable oil reservoir 

4. N2 cylinder 

5. Preheaters 
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6. Reactor 

7. Salt bath 

8. Temperature monitoring system 

9. Cooling bath 

10. Inline filter 

11. Pressure monitoring system 

12. Back pressure regulator 

13. Sample collector 

 

The oil and methanol were preheated and pumped into a tubular flow reactor at high 

pressure. The mixing of the reactants took place at the reactor inlet. The reactor itself 

was 5.5 m in length and 0.01 m in diameter. The salt bath, with the preheated lines 

running through was heated electrically, and the fluid exiting the reactor was cooled 

by an external water cooling bath. Further studies into the mixing and behaviour of 

the liquids in this type flow reactor were undertaken by Vera et al. (Instituto de 

Investigaciones en Cata´lisis y Petroquı´mica (FIQ-UNL, CONICET), Santiago del 

Estero 2654, 3000 Santa Fe, Argentina) They discovered that back mixing can reduce 

the yield of FAME to below a necessary 99% purity. 
184, 197

 They proposed three 

solutions to this problem: 

 

1. An increase in the temperature and methanol / oil ratio 

2. A separation step which the unreacted glycerides can be recycled into the 

reactor 

3. The ‘daisy chaining’ of reactors together to form a series.  

 

The main academic research group working in the area of supercritical fluids for 

biodiesel production is S. Saka, D. Kusdiana (Graduate School of Energy Science, 

Kyoto University, Kyoto 606-8501, Japan). 

Microwave  

 

Process intensification using ultrasonic or microwave irradiation is fast promising to 

change the current industrial practices in chemical engineering. Both techniques offer 

a more compact, safe, inexpensive and environmentally friendly process. The two 
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forms of energy offer an enhancement of reaction rates, yields and selectivity for 

catalytic reactions under milder conditions. 
198

  

 Microwave irradiation has been applied to the production of biodiesel 

successfully. Despite most catalytic microwave reactions being reported in closed 

vessels, Leadbeater et al. (Department of Chemistry and UCONN Biofuels 

Consortium, University of Connecticut, 55 North Eagleville Road, Storrs, Connecticut 

06269-3060) carried out a Bronsted base catalysed transformation in an open flask, at 

reflux temperatures using 25 W of power. In this reaction they observed that by using 

a 6:1 molar ratio of methanol to oil and 5 wt% KOH catalyst they had a 98% yield of 

FAME after just 60 seconds. 
199

   

Barbosa et al. have demonstrated that heterogeneous transesterifications are 

also favourable using microwave technology. 
200
 This methodology could be applied 

to the biodiesel reaction using a variety of the heterogeneous catalysts discussed 

above.  

Ultrasonic  

 

Ultrasound is another energy form which can be applied to the synthesis of chemical 

products. Ultrasound works by propagating the compression waves outside of the 

range of the human ear, From 20 kHz – 10 MHz. These wavelengths do not affect 

molecular structure but instead can chemically affect the reaction by a process known 

as cavitation. Acoustic cavitation is the formation and then implosive collapse of 

bubbles generated in solution by an ultrasound wave. When the sound passes through 

the solution the waves cause bubbles to form, filled with solvent, vapour and 

previously dissolved gas. These will grow and then violently implode causing intense 

local heating and high pressures, it is this process which concentrates the energy into a 

useable chemical form.  

Ultrasonic technology has also been applied to the biodiesel reaction. 

Stavarache et al. (Department of Applied Material Science, College of Engineering, 

Osaka Prefecture University, Gakuen-cho 1-1, Sakai, Osaka 599-8531, Japan) first 

reported that the use of ultrasound significantly reduced the reaction times of the base 

catalysed methanolysis of vegetable oils. 
201

 They went on to discover that the 

composition of these vegetable oils is unchanged, and the distribution of FAME is the 

same compared to their production via thermal methods. 
202

 The researchers have also 
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probed the reaction kinetics under sonication compared to classical mechanical 

agitation. The rate determining step for the reaction classically is the diglyceride to 

monoglyceride step. Under sonication the rate determining step is monoglyceride to 

glycerol, where any saturated fatty acids are converted to FAME quicker than their 

unsaturated counterparts. 
203

 

 Fernando et al. (Department of Agricultural and Biological Engineering and 

Dave E. Swalm School of Chemical Engineering, Mississippi State University, 100 

Moore Road, Mississippi State, Mississippi 39762) investigated the effect that the 

input energy, amplitude and temperature over time would have on the reaction yields 

in the ultrasonic irradiated methanolysis of soybean oil (6:1 molar ratio) with KOH 

(~1 wt%) using low frequency ultrasound (28-40 kHz). 
204

 

 

 

 

 

Figure 20. Biodiesel yield as a function of amplitude over time, taken from Fernando 

et al. 
204
 

  



Section I 

 

 57 

 

Figure 21. The input energy as a function of amplitude over time, taken from 

Fernando et al. 
204
 

 

 

Figure 22. The temperature as a function of amplitude over time, taken from 

Fernando et al. 
204
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The amplitude of the sound wave is very important to the yield, after five minutes 

with amplitude set to 100% a 99% conversion to FAME was observed. However, with 

such high levels of energy over a longer period of time, cracking to aldehydes and 

ketones was observed, and therefore only lower amplitudes would give high yields of 

biodiesel. Again high input energy would lead to a larger production of FAME, but 

after a period of time cracking, oxidation and degradation of the FAME was also 

observed. The researchers highlight that ultrasonic technology is concurrent with the 

use of plug flow or continuously stirred tank reactors.      

 

In-situ Transesterification  

 

The transesterification of triglycerides can be achieved without first separating the oil, 

cutting the cost of production significantly. Hass et al. (US Department of Agriculture, 

Agricultural Research Service, Eastern Regional Research Center, 600 East Mermaid 

Lane, Wyndmoor, PA 19038, USA) has developed a homogeneous alkaline catalyst 

system which converts soybean flakes to FAME without separation of the oil first 

(though drying the flakes increases the yield of FAME considerably). The resulting 

FAME complied favorably with ASTM standards, including negligible phosphor 

levels and sediments. The Soybean oil flakes themselves retained almost all their 

protein despite the processing and the FAME contained a large amount of natural 

antioxidant with no need for additives. 
205, 206

  

 

Tailoring the Biodiesel Molecule  

 

Peroxide Treatment 

 

 After the methyl esters of the biodiesel have been produced, separated and 

purified they can undergo further reactions. The addition of peroxide (1 wt %) to the 

biodiesel at 60 ºC reacts some of the unsaturated bonds on the esters. This produces a 

higher weight proportion of saturated carbon bonds to unsaturated, which in turn gives 

a higher kinematic viscosity, a higher flash point, and less fuel residue after 

combustion. The results are shown below in table 12.  
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ASTM Appraisal Diesel Biodiesel Treated biodiesel 

Heating Value (cal/g) 11035.7 9712.8 9701.3 

Flash Point (ºC) 65 125 131.2 

Viscosity 2.5 4.3 4.0 

Specific Gravity 0.836 0.882 0.871 

Iodine Value - 128.5 125.6 

Peroxide Value - 58.235 11.13 

Acid number - 2.76 1.77 

TBA - 90.50 59.86 

 

Table 12. The treated biodiesel in comparison with untreated biodiesel and mineral 

diesel fuel.   

 

The amount of energy produced on combustion by the treated biodiesel is roughly the 

same as the untreated biodiesel sample. The iodine and peroxide figures show that a 

certain percentage of saturated double bonds have reacted and that there is less acid in 

the treated sample. The TBA value demonstrates that after peroxidation the treated 

biodiesel is less prone to oxidation than when untreated. 
207

 Despite these changes it 

seems the energy and expense of using a second step may not be justified. No other 

test results were published giving details about the pour point and cloud number after 

this treatment. It is probable that the peroxidation of unsaturated double bonds in the 

FAAE molecule would increase these values.  

 

Metathesis 

 

The metathesis reaction is the attempt to convert unsaturated bonds in the biodiesel 

molecule into alkenes and saturated diesters. This is done over a Ru based catalytic 

system and the reformulation of the fuel is expected to improve the viscosity and 

lubricity; research into this is ongoing. 
208, 209

  

The catalysts used here were Ruthenium catalysts, 

dichlorotris(triphenylphosphine) ruthenium (II), bis (tricyclohexyl phosphine) 

benzylidine ruthenium (IV) dichloride, ruthenium [1,3-bis-(2,4,6-trimethylphenyl)-2-

imidazolidinylidene]dichloro (phenylmethylene)tricyclohexylphosphine. It is the 
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latter (a second generation Grubbs catalyst) which proved to be the most effective 

converting almost all unsaturated double bonds over 2 hours at 40 ºC. 
210

 

 

Ozonolysis 

 

One key reaction in alkene chemistry is the ozonolysis of the double bond. The 

general reaction scheme is shown in figure 23 below, and the products are detailed in 

table 13.  

 

R'R

O
OO

O
O

O

R R'

+
-

 Reagent

Products

 

 

Figure 23. The reaction of ozone across a double bond 

 

Reagent Products 

Me2S 

 

R' O R O  

 

H2O2 

 

R' O

OH

R O

OH

 

 

NaBH4 

 

R' OH R OH  

 

 

Table 13. The products of various ozonolysis reactions. 
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This simple reaction has the potential to standardise biodiesel production as all 

unsaturated FAAE could be converted to the diesters, mixed ester alcohols etc. 

Narayan et al. (Department of Chemical Engineering & Meterial Science, Michigan 

State University, Michegan) investigated the possibility of producing more 

standardised biodiesel in this manner. Using a methanol, dichloromethane and 

triethylamine system they produced the resulting saturated ester and diester 

compounds, shown below. 
211
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Methy esters of Oleate, Linoleate 
and Linoleneate fatty acids

Methyl nonanoate

Dimethyl azelate

Methyl hexanoate

Dimethyl malonate

Methyl propionate  

 

Figure 24. The reaction products of the ozonolysis with FAME and NEt3.  

  

The shorter chain mono esters have a much lower melting point than FAME (~  -70 - 

80 ºC), but are more volatile than specification biodiesel (see section IV). The di-

esters are solids at room temperature, but the correct mixture of the two creates a 

liquid fuel which can be used at low temperatures without additives. More research is 

needed in this area before definite conclusions can be drawn on the practicalities of 

this process.  
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 Matsumira et al. (Graduate School of Life and Environmental Sciences, 

University of Tsukuba, Tennodai 1-1-1, Tsukuba, Ibaraki 305-8572, Japan) 

investigated the effects that a small amount of ozonized vegetable oil could have 

when blended with biodiesel made from various sources. They found that the addition 

of small amounts of the ozonized vegetable oil prevent the agglomeration of crystals 

which results in the formation of smaller and more regular-shaped solids, thus 

maintaining the fluid flow properties of the biodiesel at lower temperatures. 
212, 213

 

 

Isomerization 

 

Biodiesel can also be isomerized in the liquid phase at temperatures reaching 150 °C. 

Vera et al. (Instituto de Investigaciones en Catalysis y Petroquimica, Santiago del 

Estero 2654, 3000 Santa Fe, Argentina) investigated the use of the solid acid 

catalysts, sulphated zirconia and H-mordenite to achieve this. Biodiesel can be 

isomerized successfully yet this has both positive and negative effects on the fuel 

properties. It does reduce the cloud point significantly but also reduces the cetane 

number. The fuel also needs to be fractionated first to control the degree of 

isomerization. 
214

 

 

α-Hydroxy Ethers via Epoxidation 

 

Epoxidation of biodiesel can be achieved using hydrogen peroxide and methanoic 

acid 
215

 or more recently has been achieved using solid Ti(IV) catalysts. 
216, 217

 Moser 

et al. (Food and Industrial Oil Research, USDA, ARS, National Center for 

Agricultural Utilization Research, Peoria, Illinois 61604) then went on to react the 

epoxidised biodiesel (isopropyl oleate) with various alcohols to synthesise a range of 

α-hydroxy ethers with the aim of reducing the cloud point of biodiesel.  
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Material α-hydroxy R group Cloud Point (ºC) Pour Point (ºC) 

#2 Diesel - -17 -24 

Methyl Soyate none -2 -3 

i
Propyl Soyate none -9 -12 

 Ethyl  -2 -8 

 Propyl -5 -11 

 
i
Propyl -5 -12 

 Butyl -21 -22 

 
i
Butyl

 
-21 -23 

 2-Methoxyethyl
 

-11 -14 

 Hexyl -23 -23 

 Octyl -23 -23 

 2-Ethoxyhexyl -23 -24 

 Decyl -23 -24 

 

Table 14. The affect on low temperature behavior of the R-group in a range of α-

hydroxy isopropyl oleate ethers taken from Moser et al. 
215
  

 

The research demonstrates that longer chain ethers will reduce the cloud point of 

biodiesel well below that of #2 diesel fuel. Research into the effect of these ethers on 

other physical properties, like the cetane number, is ongoing.  

 

The Glycerol Byproduct   

 

The world production of biodiesel is expected to top four billion litres by 2010, the 

projected amount of glycerol this would produce is around 400 million litres a year. 

Glycerol forms up to 14 wt% of the synthesised biodiesel, but the glycerol formed in 

the biodiesel process is impure and contains up to 15 wt% soluble salts. 
218, 219

 The 

potential amount of glycerol that will be available on the market from this new source 

in the coming years has seen the price of glycerol drop sharply. 
220

 Glycerol is 

currently utilised as a low value commodity product in a range of industries, these 

include personal care, food additives, the synthesis of nitroglycerine, and the 
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production of low value resins. Glycerol can also be burnt as a fuel, but like vegetable 

oil it has a very high viscosity. Glycerol is of chemical interest due to its high oxygen 

content, and could be used to create components with a much higher value than itself.  

 At the moment most small and medium producers of biodiesel fuel will 

discard the glycerol due to the decreasing value of the product against the costly 

removal of the salts. The main method used to purify glycerol is the flash-separation 

process. Despite total removal of the salts, this process consumes large amounts of 

energy together with high capital and running costs. Current research in the area 

demonstrates that a gravimetric technique is just as effective and could cost a fraction 

of the current technology if scaled up. 
218

 This involves reacting the salts in the 

glycerol with phosphoric acid, and removing the resulting insoluble salt  

 Once the glycerol has been purified it can be turned into higher value 

products. Shown below are a selection of the products that glycerol could be used to 

make; each product has a significantly higher value (or larger market) than glycerol 

itself. 
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Figure 25. The possible value added products of the chemical transformation of 

glycerol.  

Process 1. (Garcia et al. Institut de Recherches Sur le Catalyse,  Paris.)  

 

Process 1. is a chemoselective oxidation of glycerol over Pt or Pd, and has been 

suggested as a replacement for the synthesis of glyceric acid, dihydroxyacetone or 

hydroxypyruvic acid. Dihydroxyacetone is used as a tanning agent in the cosmetics 

industry and is widely regarded as a useful synthon in organic synthesis. It is currently 

produced by a low productivity fermentation process, similar to that of 

hydroxypyruvic acid. Hydroxypyruvic acid and glyceric acid are used as precursors to 
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pharmaceutical agents, and have other uses as organic starting materials. Oxidising 

glycerol with air in a one-step liquid phase reaction over a Pd/C catalyst gives up to 

77% selective conversion to glyceric acid. The selective oxidation over a Pt/Bi 

catalyst of dihydroxyacetone was also achieved, with the authors claiming a 37% 

yield of dihydroxyacetone at 70% conversion of the glycerol. Both of these oxidations 

represent greater conversions and selectivities at a potentially lower cost than existing 

technology that is not based on glycerol. 
221

 

  

Process 2. (S. Cassel et al. Université d’Orléans; J. Barrault et al. LACCO, UMR 

CNRS, Poitiers) 

 

Glycerol is mainly used in industry as the hydrophilic component in many emulsifiers 

and neutral surfactants. Although glycerol has benefits in being completely non toxic, 

and with a cheap source of glycerol becoming readily available, it is difficult to adjust 

the hydrophilic/ hydrophobic balance in such glycerol based surfactants. It is possible 

to increase the hydrophillicity of an emulsion if you can use oligomers of glycerol 

instead. To this end Cassel et al defined a series of these compounds and noted that 

cyclic, branched and linear compounds are all readily made from the resulting 

etherifications, shown below. 
222
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Figure 26. Various oligomer products  possible from the polymerisation of glycerol.  

 

Linear glycerol oligomers are the most useful in these applications and therefore 

selective etherifications are highly sort after. The use of mesopourous catalysts was 

shown to achieve the highest selectivities. MCM-41 type zeolites embedded with 

magnesium and cesium were shown to selectively produce diglycerides with other 

similar mesopourous materials completely excluding the synthesis of cyclic products. 

223
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Process 3 (T. M. Che, Celanese Corporation, New York) 

 

1,3 and 1,2 propanediol are important chemicals in many industries and at present are 

produced in large volumes from petrochemicals, ethylene oxide or acrolein. 1,2-

Propanediol can be used to replace ethylene glycol as an anti-freezing agent, where 

1,3 propanediol can be copolymerized with terephtalic acid.  A patent has been filed 

on the use of an Rh(acac) catalyst along with a tungsten promoter to convert glycerol 

in to a mixture of the two. Large pressures are needed and the overall conversion to 

the products is only 50%, with the ratio between the two roughly 1:1. 
224

 The 

conversion of glycerol to propanediols might also be unnecessary as glycerol can be 

used as a direct replacement for either diol in many cases.  

 

Process 4 & 5 (G. J. Hutchings et al. University of Cardiff) 

 

One problem with the oxidation of glycerol in air is the selectivity of the catalysts, 

even when using Pd and Pt systems (shown in Process 1.) a combination of products 

is possible. Hutchings et al demonstrated that the use of gold particles on graphite as a 

catalyst is a far more effective method of producing the hydroxypyruvic and glyceric 

acids. With a 1 wt% of Au layered on to graphite, the acid products (as a sodium salt 

due to the necessary presence of NaOH) were the only product observed. 
225

 

 

Process 6 (R.S. Karinen, Helsinki University of Technology, Finland) 

 

Glycerol has been put forward for use as a fuel, fuel additive or novel organic solvent. 

The general viscosity and boiling point of glycerol make the compound itself 

unattractive in any of these roles, but ethers made from glycerol and low boiling 

alcohols do hold some interest. 
226-229

 One study concludes that t-butyl ethers of 

glycerol could be potential additives for petroleum fuel, as could glycerol ethers made 

from isobutene. 
230

 The selective synthesis of these ethers is difficult, with the 

formation of five different isomers and oligomised alcohol observed. Varying the 

conditions gives a degree of control, with an almost 100% yield of triether observed 

when large alcohol/glycerol ratios were used at 80 °C. 
220
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Process 7 (Solvay S.A., Belgium) 

 

Epichlorohydrins have many uses, and were once even used in the industrial synthesis 

of glycerol and glycerol diethers. Solvey S.A. have developed a new synthesis of this 

compound which should be commercialised within the year. The process uses HCl to 

produce the dichloropropanol which is then converted into the required product. The 

main uses of epichlorohydrin are in the production of epoxy resins, paper 

reinforcement and water purification. Solvay predicts that the expected global demand 

of these compounds will outstrip their supply by conventional methods by 2010, and 

hence the development of this technology which they describe as a ‘strategic outlet for 

the booming biodiesel industry’. 
231
 

 

Process 8 (Mario Pagliaro, Institute for the Study of Nanostructured Materials, 

Palmero) 

 

As for the previous processes, the oxidation of the primary alcohol group yields two 

products, glyceric acid and hydroxypyruvic acid, which are both useful commercial 

compounds. The oxidation of the second hydroxyl group yields the fine chemical 

dihydroxyacetone. The oxidation of both groups forms the high value compound 

ketomalonic acid (mesoxalic acid), which is used as an organic synthon and precursor 

to a potential AIDS drug. 
232

 The product was traditionally made from either 

hydroxypyruvic acid or tartronic acid precursors. This made the reaction costly as the 

mass balance of producing sequentially oxidised carbohydrates is low and requires 

many separate reaction steps.  

By using NaOCl as a primary oxidant and under mild conditions, TEMPO is 

both a highly selective and active catalyst which gives high yields in a one-pot pH 

controlled reaction. TEMPO can also be functionalised on sol-gel silica supports to 

give a stable, reusable heterogeneous catalyst. The authors note that the relevant price 

of glycerol compared to mesoxalate shows an upgrading of glycerol to around 160x 

its original value. 
233
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Enzymatic Synthesis  (J. W. Frost at Michigan State University) 

 

J. W. Frost specialises in selectively converting natural products, using a variety of 

engineered microbes, into industrially relevant chemicals. 
234-241

 His work to date has 

focussed on the use of glucose as the main starting material, a summary is shown 

below in figure 1. The reactions that can be achieved with glucose can also be 

achieved using glycerol with no additional technology. 
242
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Figure 27. Possible products from the enzymatic reduction of glucose 

 

Enzymatic production of hydrogen gas and ethanol, N. Nishio et al. (Department of 

Molecular Biotechnology, Hiroshima University, Japan) 

  

The researchers used the microbe Enterobacter Aerogenes (HU 101) to reduce the 

glycerol waste stream from biodiesel production into hydrogen gas and ethanol. The 

conversion of the glycerol in a packed bed reactor using immobilised cells was 63 
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mmol l
-1
hr

-1 
of hydrogen gas and 0.85 mol molglycerol

-1 
of ethanol. This is not as 

productive as converting pure glycerol, as the waste stream also contains methanol 

and salts. These figures were achieved by using porous ceramics as a support material 

to fix the cells into the reactor. 
243

   

Alternative Uses of Biodiesel 

 

Fixed Heating Systems 

 

One use for biodiesel, other than as a transportation fuel, is in fixed boilers used for 

space and water heating. 
244

 A B20 blend was tested and exhibited above normal 

combustion performance. These tests were performed on both residential and 

commercial oil fired units, with no modification to any of the systems tested. The 

researchers saw a substantial reduction in all emissions, including the NOx values. 

They proposed the use of blended fuels to satisfy increasingly stringent emission 

reduction criteria. Despite promising preliminary results, further studies are needed to 

determine the long term effects to the boiler and the emissions, the suitability of 

higher biodiesel blends and the suitability of more universal fixed diesel systems.   

 Synthesising biodiesel from vegetable oils represents a loss of 25% potential 

carbon dioxide reductions compared to the use of natural vegetable oil alone. 
245

 

When using fixed systems such as co-generation plants for producing electricity, the 

large sweep through volumes of fuel negate the viscosity problems of the vegetable 

oil. Lachenmeier et al. demonstrated that a co-generation plant capable of an electrical 

power output of 5kW could be run on pure vegetable oil with no adverse affects to the 

machinery if the oil is pre-warmed before use. (The external fuel heating system can 

be run off a fraction of the output power produced.) The use of an SCR catalyst 

further reduced emissions to very low levels. 
246

  

 

As an Industrial Grade Solvent 

 

The evaluation of industrial solvents depends on the needs of the particular 

processes involved. However, some properties are important in all processes, these 

include the solvent power, the flash point, the toxicity and the evaporation point of the 
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solvent being evaluated. One standard test to measure solvation power across a range 

of different solvents is the kauri-butanol value (KBV). The KBV is a measure of the 

ability of the solvent to dissolve kauri gum, the higher the KBV value the more 

effective a solvent the substance is.  

 Alkyl esters derived from soybean oil have been examined in this capacity and 

were found to have a KBV of 58, which is comparable with many common organic 

solvents. It should also be noted that biodiesel is less volatile and remarkably less 

toxic than most organic solvents (e.g. toluene, chlorinated solvents, THF), and has a 

high flash point. Its long chain esters are also un-reactive towards other solvents, 

metals and large amounts of plastics / elastomers. These properties make FAAE very 

interesting and potentially plausible replacements in many industries  

 Pure biodiesel displays excellent solvation properties but these properties are 

hindered in the presence of unreacted starting materials. The length of the carbon 

chain is important to the solvation properties as longer chains give lower values than 

shorter ones. The presence of a single double bond improves the solvency power of 

FAAEs, but increasing the level of unsaturation does not increase this effect. The 

alcohol group used in the reaction process is also a large factor in the solvation 

properties, where generally the bulkier the alcohol group, the lower the KBV value. 

Methyl esters are therefore the most efficient solvent. 
247

 

Due to its miscibility with crude oil, biodiesel has also been investigated as a 

possible reagent to aid in the cleaning up of land based oil spills. Biodiesel has a 

considerable capacity to dissolve crude oil (the most effective ratio being 2:1) and in 

simulated tests soybean and rapeseed methyl esters were shown to be the most 

effective; field trials are apparently ongoing but were not cited in this research. 
248-250

 

 

As a Plasticizer 

 

Plasticizers used in PVC coatings are normally made up of a mix of phthalic acid 

esters and chlorinated paraffins. These esters are usually dioctyl phthalate (DOP), 

which is also known as diethyl hexyl phthalate (DEHP). Both these compounds, 

particularly the chlorinated paraffins, are considered to be toxic and research has been 

invested into finding replacements. Epoxidised soybean oil is already used in the PVC 

industry are a co-plasticizer or a co-stabaliser, used mainly in floor coverings 
251-254

. 
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Any new material replacing these plasticizers must be very close to the currently 

produced product in terms of compatibility, low volatility, migration, low-temperature 

stability, good gelling behaviour, thermostability, and resistance to chemicals. The 

results of the study undertaken show that only a partial substitution of around 50% of 

the phthalic acid ester plasticizers or plasticizers based on chlorinated paraffin by 

RMEs is possible. Any further addition of this type leads to an unacceptable 

divergence of the plastic product. 
255
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Section II 

The Feedstock  
 

A variety of feedstocks have been investigated for the production of FAAE.  This 

section will review a selection of current feedstocks used to make biodiesel, and 

potential future sources. As a biological resource, each feedstock is subject to specific 

agricultural limitations, and should also be assessed for its potential ecological, social 

and economic impact.  This section will present an overview of these concerns. 

 Agricultural limitations on the feedstock concern where and how a crop can 

be produced, and therefore the theoretical maximum amount of oil that can be grown 

globally. All crops thrive in very specific climactic conditions involving the 

temperature, atmospheric humidity, the seasonal changes and the pH of the soil.  

 These agricultural limitations in turn influence the ecological and social 

impact of production of oils. Many countries have willingly engaged in large 

deforestation programmes which have in the short term devastated eco-systems and in 

the long term destroyed the viability of agriculture due to soil degradation and 

erosion.  An additional problem with deforestation is the net release of large amounts 

of carbon dioxide into the atmosphere, negating many of the potential benefits 

afforded by biodiesel usage. Furthermore, the susceptibility of particular crops to 

disease or adverse weather conditions may cause additional damage to local 

ecosystems where fertilizers and pesticides are in unchecked use.  All of these factors 

must be taken into account when assessing the long term sustainability of the 

production of biodiesel, and the positive LCA which is fundamental to its 

marketability and uptake as a ‘green’ fuel 

 Threats to the environment in general and to local ecosystems in turn raise 

social and economic concerns should this impact on the health and means of support 

of local communities.  Additional social and economic concerns are raised where a 

large proportion of biodiesel is produced from food crops, potentially bringing the 

cost of the fuel into direct competition with food production.   Should the production 

of oils for biodiesel become more economically advantageous than food production, 

there is a danger this will be prioritised above the interests of the local communities’ 

needs.  Should production of oils for biodiesel become a sound economic investment 
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for a nation, its government will need to ensure that this competition for agricultural 

production of food does not elevate prices above that which the populace can afford. 

 Economic limitations on the choice of feedstock concern the ease of extraction 

of oil, the yield of oil from the crop, and the yield per ha of crop which can be 

achieved annually. The resistance of the crop to disease or adverse weather systems 

can also affect the potential costs of production. Biodiesel is produced from the oil of 

the crop, which makes up around 30-59 wt% of the total mass, though research into 

extraction and a further hydropyrolysis step could potentially increase this yield. 256 

Though a range of solvents can be used for the extraction of vegetable/ waste oils, n-

hexane is generally used due to its low boiling point and inexpense. 257 Another 

important consideration in the economics of biodiesel production is what the resulting 

biomass can be used for. One major use of this, particularly in rapeseed production, is 

animal feed (protein meal). Many bio-refineries are set up to produce useful industrial 

products from the whole crop. For example, the decomposition of biomass is used to 

produce cellulose and lignin, and gasification can produce syngas. The fermentation 

of glucose and other sugars collected from the meal or produced from the conversion 

of starch can be used to produce bioethanol, itself a potential reactant in biodiesel 

production. Many other useful products can be formed from these types of processes 

with a wide ranging utility and market value. 258, 259       

Another important consideration is the molecular make up of the oil; not all 

oils extracted can be useful in FAAE production. The vegetable oil itself will contain 

mainly triglycerides, but also an amount of di- and mono-glycerides, with FFA 

making up the remainder of the solution. There may also be other types of biological 

matter, such as vitamin E, but this will only be present in fractions of a percent. The 

glyceride molecule is made up of the glycerine backbone and the fatty acid ‘arms’.  

These ‘arms’ have carbon chains with an even amount of carbons, between 10 and 22 

atoms long, the saturation of which ranges from 0 – 3 double bonds per fatty acid. No 

oil will be made up specifically of one type of chain, but will have a certain 

percentage of particular lengths and saturation which makes the oil more or less 

appropriate to biodiesel production.    

 Each FFA is named according to its length and saturation character, these are 

given below; it is common to describe oils by the percentage make up of its acid 

content. This refers to the fatty acid esters of glycerol, not the FFA in solution. There 

are two types of nomenclature for describing where on the molecule the double 
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bond(s) is located.  In the first the carbon atoms are counted from the carboxyl group. 

For example, oleic acid could be represented as 18:1 cis-9. This means there are 18 

carbons in the chain and one double bond, the double bond is in a cis arrangement, 

and it is nine carbons from the carboxylic group. The second numbering system is 

more widely used and is sometimes referred to as the omega nomenclature. The 

double bonds are counted from the terminal methyl group and denoted by ω x (ω for 

the terminal carbon), or also n-x (n being the total number of carbons, x being the 

position of the distal double bond). In the latter system only one double bond is given. 

For example linoleic acid would be 18:2 cis-9, cis-12, or in omega nomenclature 18:2 

(ω-6). This means that the last double bond is six carbons from the terminal carbon; 

you can deduce where the other bond is by adding 3 for a non-conjugated, or 2 for a 

conjugated naturally occurring fatty acid. This would mean that linoleic acid, a non- 

conjugated fatty acid is 18:2 (ω-6) and the second bond is nine carbons from the end 

of the chain. Almost all naturally occurring fatty acids are found in a cis arrangement. 

This nomenclature helps describe the molecular characteristics of the oils extracted, 

which is essential to understanding their utility in biodiesel production. 

 

 

 

      
OH

O

O

OH

Palmitoleic acid, (16:1 cis-9) or 16:1 (ω-7)  

Linoleic acid, (18:2, cis-9, cis-12) or 18:2 (ω-6)  
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Number of Double Bonds and Their Relative Positions 

0 1 2 3 3 4 5 6 Carbon 

Chain 
  ω-6 ω-3 ω-6 ω-6 ω-3 ω-3 

C10 
capric acid 

 
       

C12 
lauric acid 

 
       

C14 myristic acid 

myristoleic 
acid 
ω-5 

 

      

C16 palmitic acid 

palmitoleic 
acid 
ω-7 

 

      

C18 stearic acid 
oleic acid 

ω-9 
linoleic 

acid 
α-linolenic 

acid 
γ-linolenic 

acid 
   

C20 aracchidic acid     
arachidonic 

acid 
eicosapentaenoic 

acid 
 

C22 
behenic acid 

 
       

C24 
lignoceric acid 

 
       

C26 

hexacosanoic 
acid 

 
      

docosahexaenoic 
acid 

 

Table 15. The commonly used names for the fatty acids which make up the triglyceride molecule in vegetable feedstock.
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Fact sheets for the highest produced oils from around the world are given. The 

following fact sheets were compiled from data from the Perdue University 260 and 

USDA websites, 261 USDA reports, 262 the Global Petroleum Club, and from two text 

books and their cited sources. 263, 264 All numbers given are averages (unless the 

figures were deemed too far apart, where they are given as a range) based on 

information from the numerous sources, and should thus only be taken as a guideline. 

These discrepancies occur because the conditions crops are grown in affects their 

yields and compositions; more advanced pesticide and mechanical control can vary 

the yield of oil, and different strains of crops will give different levels of oil and meal.  

The prices of the oils are given in dollars, and based on the price of the crop 

on the European market.  Where this data was unavailable the price on the relevant 

local stock exchange was used.     

Information regarding the chemical composition of the various oils has been 

taken from various academic sources. 265-267 No two sources quote identical 

percentages, as the ratio of fatty acid chains depend on the method used to analyse the 

sample and the origin of the oil. 
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SOYBEAN OIL 

Production 

 

Global Production: 35,660,000 t (28% of global vegetable oil) 

Global Ending Stock: 3,190,000 t (9% of soybean produced globally) 

 

Country Production * 

(million metric tonnes) 

Percentage of  

Global Soybean Oil Market 

US 9.12 25.6 

China 6.74 18.9 

Argentina 6.34 17.8 

Brazil 5.29 14.8 

EU-25 2.45 6.9 

India 0.99 2.8 

Mexico 0.66 1.9 

Other 3.72 10.4 

  

Table 16. Total production of soybean oil per country 
262
 

* Numbers may not add up due to rounding, for comparative analysis see APPENDIX I 

Soybean Oil 

 

Percentage of oil in total mass of crop:  14-25 wt% 

Amount of Oil collectable (ha-1):  375 kg (446 litres)  

Average Cost 2005/2006 (metric tonne-1): $ 516  

 

Chemical Composition of the Triglyceride Molecule  

 

 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) 

Name Palmitic Palmitoleic Stearic Oleic Linoleic α-Linolenic 

% 13.9 0.3 2.1 23.2 56.2 4.3 

 

Table 17. Chemical composition of the triglyceride molecule in soybean oil  
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Notes on Cultivation, Extraction and General Use 

 

Soybean seeds are the U.S.A.’s most important source of protein and vegetable oil. 

The seeds can be eaten, or processed to give soy milk, protein supplement and other 

products like coffee substitute and sauces. The sprouts are also eaten all over the 

world and the meal is used for many different edible and industrial purposes.  

 The soybean plant is a bushy, coarse herb which has an annual flowering and 

can grow up to 180 cm tall. Originally cultivated in the Far East the soybean plant is 

not known to grow in the wild, and has to be carefully managed. It is extremely 

variable with well over 36 different breeds known around the world.  These all have 

specific traits depending on local diseases, climates and food needs. It can not stand 

excessive variance in temperature (5.9 to 27 °C) so is more prevalent nearer the 

tropics, especially certain parts of China or the US corn-belt. The crop can be grown 

alongside corn, but needs to be treated to prevent soil-borne diseases; they are tolerant 

to large differences in pH. The average crop yield of soybeans is around 1700 kg ha-1, 

but twice this yield is achievable in highly favourable conditions. The seed to biomass 

ratio is between 1:2 and 1:4. Many insects feed off the soybean plant and seeds, 

soybean is also prone to bacterial and fungal diseases. Soybean production thus 

requires a range of pesticide and fungicide controls. 
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RAPESEED OIL 

Production 

 

Global Production: 17,880,000 t (~14 % of global vegetable oil) 

Global Ending Stock: 319,000 t (2% of rapeseed produced globally) 

 

Country Production * 

(million metric tonnes) 

Percentage of  

Global Rapeseed Oil Market 

EU-25 6.69 37.4 

China 4.56 25.5 

India 2.29 12.8 

Canada 1.45 8.1 

Japan 0.92 5.2 

Other 1.97 11.0 

  

Table 18. Total production of rapeseed oil displayed  per country 
262
 

* Numbers may not add up due to rounding, for comparative analysis see APPENDIX I 

Rapeseed Oil 

 

Percentage of oil in total mass of crop:  40-54 wt% 

Amount of Oil collectable (ha-1):  1000 kg (1190 litres)  

Average Cost 2005/2006 (metric tonne-1): $ 770 

 

Chemical Composition of the Triglyceride Molecule  

 

 

 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) 

Name Palmitic Palmitoleic Stearic Oleic Linoleic α-Linolenic 

% 12.6 0.1 4.0 22.3 60.2 0.1 

 

Table 19. Chemical composition of the triglyceride molecule  in rapeseed oil  
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Notes on Cultivation, Extraction and General Use 

 

 Rapeseed, or Canola (a specially bred version of rapeseed to remove all eurcic 

acid), may be among the oldest cultivated plants known to man with records of its use 

dating back to 2300 B.C. The crop has a long history in both China and the 

Subcontinent. There are two main forms of rapeseed, Brassica rapa and B. napus. 

Both species have winter and spring types. Winter type B. napus is the main rapeseed 

crop in most of Europe, in parts of China and also in the eastern United States. Spring 

type B. napus is produced in Canada, northern Europe, and China. Winter type B. rapa 

has largely been replaced by more productive winter type B. napus and spring crops. 

Rapeseed grows best in mild maritime climates.  

The growth of rapeseed is maximised at temperatures between 10 °C and 30 

°C with the optimum temperature being around 20 °C. Rapeseed is very sensitive to 

high temperatures, where long periods of over 30 °C can result in severe sterility and 

high oil yield losses. The seed oil content is highest when the seeds mature under low 

temperatures (10° to 15°C). The rapeseed plant can survive very low temperatures (-4 

ºC, if unhardened, up to -12 ºC if the seed has been fully hardened.) The absence of 

snow cover during the coldest period of the winter decreases the plants' chances to 

survive.  

Winter rape in particular has little tolerance for heavy, wet soils. Wet soil can 

significantly reduce winter survival and contribute to root disease. Rapeseed grows 

best in sandy loams, loams with high organic matter, and loamy sands. Canola oil is 

widely used in the food industry and Canola/ rapeseed is the EU’s major crop for 

biofuel production.  
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PALM OIL 

Production 

 

Global Production: 38,970,000 t (~32 % of global vegetable oil) 

Global Ending Stock: 3,730,000 t (9% of palm oil produced globally) 

 

Country Production * 

(million metric tonnes) 

Percentage of  

Global Palm Oil Market 

Indonesia 17.2 44.1 

Malaysia 16.5 42.3 

Thailand 1.00 2.6 

Nigeria 0.81 2.1 

Colombia 0.75 1.9 

Other 2.71 7.0 

  

Table 20. Total production of palm oil displayed  per country 
262
 

* Numbers may not add up due to rounding, for comparative analysis see APPENDIX I 

Palm Oil 

 

Percentage of oil in total mass of crop:  20-25 wt% 

Amount of Oil collectable (ha-1year-1):  4900 kg (5830 litres)  

Average Cost 2005/2006 (metric tonne-1): $ 416 

 

Chemical Composition of the Triglyceride Molecule  

 

Table 21. Chemical composition of the triglyceride molecule in palm oil  

 

 12 (0) 14 (0) 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) 

Name Capric Lauric Palmitic Palmitoleic Stearic Oleic Linoleic α-Linolenic 

% 0.2 1.7 42.6 0.3 4.4 40.5 10.1 0.2 
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Notes on Cultivation, Extraction and General Use 

 

 The source of palm oil is the fleshy fruit of the tropical, spineless palm tree. 

The fruit is produced in large bunches, each of which can weigh up to around 9 kg.  

Palm trees are native to western Africa but are now extensively cultivated in other 

tropical countries. It is the flesh that contains the oil called palm oil, the palm kernel 

also contains oil which is marketed as palm kernel oil and is more similar to coconut 

oil in composition than palm oil.  

 Various methods can be used to extract the oil from the pulp, these include 

pressing, centrifuging or macerating the pulp and boiling in water, (the oil will float 

and can be skimmed off) As the major component of the glycerides in the palm oil are 

saturated fatty acids (such as palmitic acid) the oil is a viscous semi-solid in the 

tropics, and a solid fat in temperate climates.  

 Palm trees for oil are now grown almost solely as a plantation crop in most 

countries with high rainfall (minimum 1600 mm/yr) and a tropical climate within 10° 

of the equator. The oil palm gives the highest yield of oil per unit area compared to 

any other large-scale crop produced in the world. Such high yields listed above are 

rarely achieved in practice because climatic conditions are usually less than ideal. 

Rainfall is erratic in Central and West Africa. Also these yields are based on the use 

of highly advanced technical methods of farming and large scale use of insecticides/ 

pesticides, this is not always the case.  

 Despite palm oil yielding the highest amount of oil per hectare, the use and 

production of more plantations is unsustainable. 268 One of the largest markets in the 

world for biodiesel is the EU, and is identified as the main market for biodiesel 

produced from oil plantations. It is highly probable, due to public pressure groups that 

legislation will be examined into the sustainability and environmental impact of the 

source oils for all biofuels and not just the impact of the production of the biofuel and 

its consumption itself.  
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SUNFLOWER OIL 

Production 

 

Global Production: 10,794,000 t (~9 % of global vegetable oil) 

Global Ending Stock: 500,000 t (5% of sunflower produced globally) 

 

Country Production * 

(million metric tonnes) 

Percentage of  

Global Sunflower Oil Market 

Argentina 1.61 14.9 

EU-25 1.73 16.0 

Russian Federation 2.43 22.5 

Turkey 0.50 4.6 

Ukraine 1.93 17.8 

Other 2.61 24.2 

  

Table 22. Total production of sunflower oil displayed  per country 
262
 

* Numbers may not add up due to rounding, for comparative analysis see APPENDIX I  

Sunflower Oil 

 

Percentage of oil in total mass of seed:  32-49 wt% 

Amount of Oil collectable (ha-1year-1):  800 kg (952 litres)  

Average Cost 2005/2006 (metric tonne-1): $ 635 

 

Chemical Composition of the Triglyceride Molecule  

 

 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) 

Name Palmitic Palmitoleic Stearic Oleic Linoleic α-Linolenic 

% 6.4 0.1 2.9 17.7 72.9 0 

 

Table 23. Chemical composition of the triglyceride molecule  in sunflower oil  
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Notes on Cultivation, Extraction and General Use 

 

 Sunflowers originated in North America and were introduced to Europe via 

Spain. The widespread production and selective breeding of this crop for oil was 

started in Russia in around 1860, it was these programs which selectively increased 

the oil content to over 40%, the present day value of most commercial strains. 

Sunflower Oil makes up over 80% of the market value of the crop, and is highly 

valued because of its light colour, high level of unsaturated fatty acids and lack of 

linolenic acid, bland flavour and high smoke points. High oleic acid containing strains 

have also been developed.   

In temperate regions, sunflowers require approximately 3 ½ - 4 months to 

reach maturity from seed. Sunflowers can be grown in many climates including semi 

arid terrain, as it is tolerant to both low and high temperatures, but tends towards 

higher oil yields if the sunflower seeds have not been exposed to extremely high 

temperatures. Despite the seeds not being affected in the early germination periods by 

very low temperatures, to germinate healthily, temperatures of at least 7 °C to 10 °C 

are required, where the optimum temperatures for growth are 18 – 33 °C.  

Oil from northern regions tends to be higher in linoleic acid and has a higher 

ratio of polyunsaturated to saturated fatty acids than oil produced in southern 

latitudes. Sunflower is an inefficient user of water, is not considered highly drought 

tolerant, but will grow in a wide range of soil types from sands to clays. Sunflowers 

have a low salt tolerance but a somewhat better one than soybeans. 
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COTTONSEED OIL 

Production 

 

Global Production: 4,764,000 t (~4 % of global vegetable oil) 

Global Ending Stock: 130,000 t (3% of cottonseed oil produced globally) 

 

Country Production * 

(million metric tonnes) 

Percentage of  

Global Cottonseed Oil Market 

China 1.27 26.6 

EU-25 0.07 1.5 

India 0.91 19.0 

Turkey 0.22 4.6 

United States 0.41 8.6 

Other 1.74 36.5 

  

Table 24. Total production of cottonseed oil displayed  per country 
262
 

* Numbers may not add up due to rounding, for comparative analysis see APPENDIX I 

Cottonseed Oil 

 

Percentage of oil in total mass of seed:  14-20 wt% 

Amount of Oil collectable (ha-1year-1):  140-273 kg (167-325 litres)  

Average Cost 2005/2006 (metric tonne-1): $ 669 

 

Chemical Composition of the Triglyceride Molecule  

 

 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) 

Name Palmitic Palmitoleic Stearic Oleic Linoleic α-Linolenic 

% 28.7 0 0.9 13.0 57.4 0 

 

Table 25. Chemical composition of the triglyceride molecule  in cottonseed oil  
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Notes on Cultivation, Extraction and General Use 

 

 Cotton is grown primarily for the fibers, but the oil containing seeds can also 

be utilised. The cotton plant has large, lobed leaves. The fruits are capsules which 

contains up to 40 or 50 seeds, to which are attached the fibers or lint used in the 

production of cotton. The oil is traditionally used for consumption and the synthesis 

of soaps.  

Cotton is believed to have originated from Central America but is now grown 

on every continent in the world. Upland Cotton is reported to tolerate temperatures of 

7.0 to 28 °C and pH levels of 4.5 to 8.4. Cotton is highly sensitive at any stage of its 

growth to frost. Cotton is a crop of warm plains, grown commercially from sea level 

to 1,200 m. Cotton requires a minimum of 180–200 frost-free days of uniformly high 

temperatures, averaging at least 21–22°C. Full sunlight and a rainfall of more than 

500 mm annually are critical for proper development. 

Commercial cotton is always grown from seed, sown when soil temperatures 

are at least 18°C. Chemical insect control is one of the most costly items when it 

comes to cultivating the cotton plant also for large harvests nutrients must be 

continually replaced artificially. Planting to harvesting is 140-190 days. Hand-

harvesting still accounts for the largest percentage of harvest in spite of advances in 

mechanization. Seed removal is done almost exclusively by one of many ginning 

processes on the market today and not by the growers.  
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PEANUT OIL 

Production 

 

Global Production: 4,852,000 t (~4 % of global vegetable oil) 

Global Ending Stock: 40,000 t (1% of peanut oil produced globally) 

 

Country Production * 

(million metric tonnes) 

Percentage of  

Global Peanut Oil Market 

China 2.16 44.5 

EU-25 0.02 0.3 

India 1.55 31.9 

Turkey 0.01 0.1 

United States 0.10 2.0 

Other 1.03 21.2 

  

Table 26. Total production of peanut oil displayed  per country 
262
 

* Numbers may not add up due to rounding, for comparative analysis see APPENDIX I 

Peanut Oil 

 

Percentage of oil in total mass of kernel: 42-50 wt% 

Amount of Oil collectable (ha-1year-1):  1037 kg (1234 litres)  

Average Cost 2005/2006 (metric tonne-1): $ 931 

 

Chemical Composition of the Triglyceride Molecule  

 

 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) 22 (0) 24 (0) 

Name Palmitic Palmitoleic Stearic Oleic Linoleic α-Linolenic Behenic Lignoceric 

% 13.9 0.3 2.1 23.2 56.2 4.3 2.7 1.3 

 

Table 27.  Chemical composition of the triglyceride molecule in peanut oil  
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Notes on Cultivation, Extraction and General Use 

In extracting the oil the cleaned nuts are passed through machinery to separate 

the kernels out. It is the kernels that contain the oil, they are then crushed, heated and 

pressed in hydraulic presses.  The oil traditionally has a large amount of applications 

from the food industry to lubricants. The seeds can also be used to make coffee 

substitute. The peanut is a native of South America but is now cultivated in warm 

countries throughout the world. The peanut is exceptionally versatile and is suitable 

for cultivation in the tropics, subtropics and warm temperate regions. The peanut is 

sensitive to frost, can grow in heavy soils but prefers sandy loams and can survive in a 

pH range of 4.3-8.7. The growing period is 3–5 months from planting to harvesting, 

depending on species and can thrive in temperatures of between 10 °C to 29 °C. All 

commercial peanuts are propagated from seed and in countries of advanced 

agriculture, peanuts are often grown in monoculture and harvested / dried by 

mechanized means.  
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OLIVE OIL 

Production 

 

Global Production: 2,845,000 t (~2 % of global vegetable oil) 

Global Ending Stock: 780,000 t (27% of olive oil produced globally) 

 

Country Production * 

(million metric tonnes) 

Percentage of  

Global Olive Oil Market 

EU-25 2.20 77.3 

Turkey 0.11 3.7 

United States 0.01 0.4 

Other 0.54 18.9 

  

Table 28. Total production of olive oil displayed  per country 
262
 

* Numbers may not add up due to rounding, for comparative analysis see APPENDIX I  

Olive Oil 

 

Percentage of oil in total mass of crop:  14-40 wt% 

Amount of Oil collectable (ha-1year-1):  1019 kg (1212 litres)  

Average Cost 2005/2006 (metric tonne-1): $ 2072 

 

Chemical Composition of the Triglyceride Molecule  

 

 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) - 

Name Palmitic Palmitoleic Stearic Oleic Linoleic α-Linolenic Others  

% 13.5 2.5 2.5 65.0 12.0 1.5 3.0 

 

Table 29. Chemical composition of the triglyceride molecule in olive oil 
*
 

 

                                                 
* Values can vary widely depending on growing conditions, the averages are given.  
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Notes on Cultivation, Extraction and General Use 

  

 Olive oil is obtained from the fleshy portion of the fruit with the fruit being 

harvested just before it reaches full maturity. The fruit is crushed and pressed 

mechanically but generally a solvent extraction is used finally. The oil produced 

globally is almost all used as a foodstuff. It is only the low-grade oils, unsuitable for 

consumption, that are used to make soap. Only a small proportion of olive oil grown 

is distributed globally, even though this is changing with the emerging markets in 

America and Australia. To a large extent olive oil does not compete with other 

vegetable oils but occupies a specialty niche market due to the supposed health and 

taste benefits.  

The olive tree requires a mild climate with warm summers and cold winters. 

The tree does require substantial chilling for good fruiting but cannot survive 

temperatures lower than -10 °C. Olive is considered a drought-resistant species with 

the largest proportion of water being needed during flowering and fruit setting in late 

spring, and again in the summer as the fruit increases in size. Olive trees will grow on 

poor soils and rocky hillsides, but deep, rich soils produce the best quality fruit. The 

Olive tree is tolerant to saline or alkaline soils. Olives are picked in autumn or winter, 

this is for the oil content to reach a maximum. Oil olives are harvested by hand or by 

mechanically shaking the tree. Olives do contain small amounts of polyphenols, 

tocopherols, sterols, and many aromatic compounds which can complicate the 

transesterification process. 
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Future Sources of Non-edible Vegetable Oil 

 

Karanja Oil 
269-271

 

  

Production Potential:    135,000,000 + tonnes (y-1) 

Principle Source Countries:   India, Subcontinent, Far East.   

Predicted Cost of Production:  Estimated as being lower than edible oils on the 

market presently due to the abundance, ease of 

cultivation and their being no competition with 

edible feedstock as there are trace amounts of 

toxic bio-molecules present. 

 

 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) 24 (0) 

Name Palmitic Palmitoleic Stearic Oleic Linoleic α-Linolenic Lignoceric  

% 3.7-7.9 2.4-8.9 0 44.5-71.3 10.8-18.3 0 1.1-3.5 

 

Table 30. Chemical composition of the triglyceride molecule in karanja oil  

 

Karanja Oil is collected from a forest based tree, and is a non-edible oil. Karanja oil, 

along with Jatropha oil have been put forward as a solution to India’s worsening 

urban pollution problem as well as a greater demand for fuel than the expanding 

economy is creating. Even though, at present, the fuel is not made on any meaningful 

industrial scale and the oil is not produced any where near a fraction of it potential, 

research has been carried out to examine the physical and molecular properties of the 

Karanja methyl ester, these are summarised below in table 31. 
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Fuel Specific Gravity Kinematic Viscosity 

(mm
2
/s) 

Calorific Value 

(MJ/kg) 

Flash Point 

(°C) 

Karanja Oil 0.912 27.84 34.00 205 

B100 0.876 9.60 36.12 187 

B20 0.848 3.39 38.28 79 

B40 0.856 4.63 37.85 81 

B60 0.864 5.42 37.25 84 

B80  0.869 6.56 36.47 92 

Diesel 0.846 2.60 42.21 52 

 

Table 31. Physical properties of karanja oil methyl ester.  

 

It should be noted, that the viscosity of the karanja methyl ester seems very high 

compared with FAME derived from oils with a similar composition and density. This 

might be due to the presence of large bio-molecules or a slight mistake with the 

measurement.  

Jatropha Oil  
272-274

 

  

Production Potential:    3-30,000,000+ tonnes (y-1) Oil 

Principle Source Countries:   India, Subcontinent, Far East.   

Predicted Cost of Production:  Estimated as being similar to Karanja, very little 

maintenance needed and can grow healthily with 

very little human cultivation. Also produces 

non-edible oils.  

  

 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) 

Name Palmitic Palmitoleic Stearic Oleic Linoleic α-Linolenic 

% 4.2 0 16.9 43.1 34.3 1.4 

 

Table 32. Chemical composition of the triglyceride molecule in jatropha oil  
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The Indian government is embracing the cultivation of Jatropha oil production 

with many services already using biodiesel derived from the oil (like the Mumbai-

Delhi train line) and there are also plans for large scale plantations. Jatropha itself is a 

shrub which usually grows from between 3-5 metres in height, even though it can 

grow upto 8m tall. It normally yields one crop of seeds a year, where the oil is found, 

but in favourable climatic conditions can produce up to three. One hectare of planted 

land yields around a 1.5 metric tonnes of oil per year. The tree itself is especially 

hardy, growing almost anywhere including the poorest stony soil. It manages this by 

using its own leaves to compost the base of the tree in winter to aid its growth, this is 

also how the tree manages to survive severe drought. It is a good plant for preventing 

soil erosion and can survive light frosts.  The oil content is 25 – 30% in the seeds and 

50 – 60% in the kernel. Jatropha is not grazed by animals, or used by humans for 

anything other than as a herbal medicine. The plant becomes productive around 1-2 

years after planting. 

 Other similar plants to Jatropha and Karanja oils are Neem (Azadirachta 

indica), Ballnut (Calophyllum inophyllum) and the Pongam tree (Pongamia pinnata), 

and have all been investigated for their use as an oil source in the production of 

biodiesel. 275 

Jojoba Wax 
276
 

 

Principle Source Countries:   Spain, USA, North Africa, Middle East 

Predicted Cost of Production:  Low, hardy plant which is already utilised in the 

cosmetics industry. There is no glycerol by-

product just a FFA product which could possibly 

be esterified to double the yield of FAME per 

hectare.   

 

Jojoba wax is extracted from the seeds of the Jojoba shrub. The shrub grows in semi 

arid deserts, in most parts of the world. The main use for Jojoba oil-wax is in the 

cosmetic and pharmaceutical industry. The jojoba oil-wax has the general formula 

given below, and can be transesterified to give the methyl ester and FFA. The 
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development of an effective transesterification / esterification catalyst would make 

jojoba wax a very promising feedstock.    

 

 

Fraction Formula %  yield 

Methyl palmate 16 (0) 1.1 

Methyl palmitoleate 16 (1) 0.2 

Methyl 8,11 - 

octadecadienate 
18 (2) 0.1 

Methyl oleate 18 (1) 7.2 

Methyl cis-11- 

eicosenoate 
20 (1) 37.6 

Methyl cis-13- 

docosenoate 
22 (1) 11.2 

Methyl docosanoate 22 (0) 0.3 

Methyl 15-tetracosenoate 24 (1) 1.1 

Cis-9-eicosen-1-ol 20 (1) 0.7 

Cis-11-eicosen-1-ol 20 (1) 19.3 

Cis-13-docosen-1-ol 22 (1) 19.0 

Trans -13-docosen-1-ol 22 (1) 0.9 

15-tetracosen-1-ol 24 (1) 1.3 

 

Table 33. Typical composition after the transesterification of jojoba wax.  

Jojoba wax itself could be used as a fuel at low blends, however the methyl esters of 

this wax give considerable advantages over the feedstock for use in diesel engines. 

Certain physical properties are shown below in table 34.   
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Sample 
Density 

(15 ºC) 

Kinematic 

viscosity at 

40ºC (mm
2
s
-1
) 

CFPP 

(ºC) 

Calorific 

Value (kJ g
-1
) 

Jojoba oil-wax 868.6 24.89 + 14 43.47 

Crude product 866.0 11.82 + 4 42.17 

Methyl jojobatea 863.5 9.04 -14 41.52 

EN standard 860 - 900 3.50-5.00 
-10 (winter) 

0 (summer) 
 

 

Table 34. Evaluation of the physical properties of FAME made from jojoba oil-wax 

and the feedstock, taken from Canoira et al. 
276
 

 

As can be seen the kinematic viscosity of the methyl esters are still too high for 

European biodiesel usage. The ease of growing the crop, and where the crop can be 

grown mean that this crop has a high potential for future energy production if this 

problem can be addressed.   

 

Chinese Tallow Tree 
261, 277

 

 

Production Potential:    Large, can produce up to 10,000 t oil ha-1 

Principle Source Countries:   United States, Far East.   

Predicted Cost of Production:  Very low, as the Chinese tallow tree is an 

evasive shrub/ bush which needs no cultivation 

to grow, all cost would be in the collection and 

production of the oil.  

 

The Chinese tallow tree is also known as the popcorn tree, chicken tree or Florida 

aspen. It is quite toxic to humans and animals alike and can cause nausea and 

vomiting if any of the plant matter is ingested. It has been cultivated in China for at 

least 14 centuries for its oil and wax. Despite its attractive appearance and valuable oil 

content, many regions have placed restrictions on the distribution of the tree, as it has 

invaded areas throughout the South Eastern United States.  
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Chinese Tallow can grow in any soil, and starts producing oil after only a few 

years of being planted. It can remain productive up to a century after that date. The 

white seeds of the tree produce up to 40% extractable oil. The oil in Chinese tallow 

tree contains high amounts of palmitic fatty acid, along with some oleic, linoleic and 

linolinic fatty acids. Research is ongoing in this area as it would be a highly attractive 

economical situation to be able to turn the commonly thought of pest into an oil 

producing crop.  

Common Milkweed (Ascelpias) Seed Oil 
278
 

 

Production Potential:    Unknown  

Principle Source Countries:   United States, Europe.   

Predicted Cost of Production:  Very low, as like the Chinese tallow tree the 

common milkweed is an invasive weed, needing 

very little cultivation.   

 

Common milkweed is native to the United States where it grows abundantly as a 

weed on untended land, gardens and at roadsides etc. The seed of the milkweed plant 

contains 20-25 wt% oil. Milkweed seed is commercially harvested presently for the 

seed floss, which is used as an insulator, fibre fill material and for some 

hypoallergenic applications. Milkweed could be a useful source of oil for biodiesel 

production not only due to the low cost of the oil but also the high value utility that 

other parts of the plant contain (e.g. a source of latex)   

 

 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) 20 (0) 

Name Palmitic Palmitoleic Stearic Oleic Linoleic α-Linolenic 
Aracchidic 

acid 

% 5.9 6.8 2.3 34.8 48.7 1.2 0.2 

 

Table 35. Chemical composition of the triglyceride molecule in milkweed oil  
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Sclerocarya Birrea (Marula)  
279
 

 

Production Potential:    Unknown  

Principle Source Countries:   Southern Africa, Sudan.   

Predicted Cost of Production:  Low, already grown with little cultivation 

 

Marula (Hard Walnut) is a medium sized tree which grows up to 18m tall. It is 

indigenous to the woodlands in Southern Africa and Sudano-Sahelian range in West 

Africa. The fruit produced by the tree is either eaten fresh or used to make a variety of 

products, such as liqueur. The fruit encloses a hard stone which can be cracked open 

to expose the seeds which are high in oil and protein.  

 

 16 (0) 16 (1) 17 (0) 18 (0) 18 (1) 18 (2) FFA 

Name Palmitic Palmitoleic Heptadeconoic Stearic Oleic Linoleic miscellaneous 

% 14.2 0.2 0.1 8.8 67.3 5.9 2.1 

 

Table 36. Chemical composition of the triglyceride molecule in marula oil  

 

Melon & Sorgham Bug Oil 
279
 

  

Aspongubus Viduatus (melon bug) is a small pest bug, around 20mm long which is 

widely distributed in the Sudan and attacks watermelon crops mainly. The oil, 

gathered from the crushed bug (similar to the production of cochineal dye) is used in 

folk medicinal applications and occasionally as a food source during famine.  

The bug contains around 45 wt% of oil and a small amount of natural anti-

oxidants and therefore the oil can be stored easily over a long period of time with out 

adverse affects. Agonoscelis pubescens (sorghum bug) or more commonly known as 

the Dura andat, is highly similar to the melon bug except the oil content of the 

sorghum bug is slightly higher with around 60 wt% being collectable.  
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 16 (0) 16 (1) 17 (0) 18 (0) 18 (1) 18 (2) FFA 

Name Palmitic Palmitoleic Heptadeconoic Stearic Oleic Linoleic miscellaneous 

% 

MBO 
30.9 10.7 2.4 3.5 46.6 3.9 3.0 

% 

SBO 
12.2 1.0 0.1 7.3 40.9 34.5 10.5 

 

Table 37. Chemical composition of the triglyceride molecule in MBO and SBO 

 

Methyl and ethyl esters of these oils were synthesised and the resulting FAAE was 

shown to have properties which all fell within the EN 14214 parameters except for the 

viscosity which was slightly too high.   

 

Algae  

 

Production Potential:    Total global mineral diesel replacement  

Principle Source Countries:   Anywhere, large amounts of sunlight preferable.   

Predicted Cost of Production:  Depending on scale $0.09 l-1 – $2.54 l-1 (FAME)    

 

The molecular composition of Algae oil is different for different species, 

however, large oil producing strains normally have high values of unsaturated fatty 

acids such as, arachidonic acid (20:4,ω-6), eicosapentaenoic acid (20:5, ω-3), 

docosahexaenoic acid (26:6, ω-3), γ-linolenic acid and linoleic acid.   

Algae and algaculture (the farming of algae) refers to the plant microalgae 

(algae is not just a plant but a general term that spans some simple cell animal life as 

well), it is also described as phytoplankton, microphytes or planktonic algae. It does 

not refer to macroalgae, which is commonly known as seaweed. Algae has lots of 

traditional uses as a food source, nutritional supplement and alternative medicine 

(some sources of algae have a high affinity to heavy metals). It is also used as a 

source of potassium for fertilizers or industrial products. 280 
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The United States (specifically the Department of Energy) 281 have led the way 

in algae research, running a program from 1978-1996 looking in to the environmental 

solutions that algae could be used for. These included hydrogen production, carbon 

dioxide sequestration and biodiesel production. Algae is an extremely fast growing, 

high oil content, aquatic plant which can thrive in fresh or salt water and feeds off 

waste streams of nutrients. Certain strains can produce over 50% of their body mass in 

oil. Any figure quoted as being higher than this is often misleading as algae will retain 

oil in starvation conditions, making the ratio to total body mass increase but not the 

actual amount of oil.  

It has been estimated that properly managed algae pools could produce well 

over 100,000 L ha-1year-1 of biodiesel. This would equate to an area of just 40,000 

km2 being able to produce enough biodiesel to meet current US petroleum usage. 

(Current US land use for farming is around 1,900,000 km2 and 2,150,000 km2 for 

grazing cattle.) 282 For the production of biodiesel on this level, an original outlay of 

$308,000,000,000 would be required (based on open pool technology) a further 

$46,200,000,000 a year would be needed to keep the industry running. These 

estimates are highly favourable as in comparison the US already spends around 

$150,000,000,000 on crude oil each year from the Middle East. 282, 283 

CO2 from industrial processes 284 and nutrients from the waste streams could 

be used to feed the algae pools, (biodiesel has experimentally already been produced 

from the algae growing in sewage waste streams.) 285, 286 The alcohol needed to 

produce biodiesel would also not be that difficult to produce as the waste algal matter, 

and any high cellulose bio-waste matter could be fermented to produce ethanol.        

 Algae can be harvested in many ways these include using, centrifugation, 

microscreens, sonification or by flocculation, the process of creating a froth and then 

removing the algae from the water, aluminium and iron chloride are commonly used 

flocculation chemicals. 287 Once the algae has been recovered, the oil can be extracted 

by a variety of means. Chemically the oil can be extracted by using a benzene/ether 

system or more commonly hexane. This method is both cheap and recovers a large 

amount of the oil. The oil can also be extracted using these solvents and a Soxhlet 

extraction method. This method is normally combined with a pressing extraction 

technique where the dried algae is pressed and the oil recovered. 

The process can also be achieved enzymatically. This method is highly useful 

as it uses water as the solvent and therefore it is safer and easier to separate the oil out, 
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it also degrades the cell walls, producing a higher oil yield but is estimated to be a 

much costlier process. There are many other methods which are all effective, these 

include using an osmotic shock to rupture the cell wall or using ultrasound to cause 

bubbles to appear in the solvent and aid in breaking cell walls down. 288 

Algal oil has a similar composition to most fish oils and can be transesterified 

with the same methods as those used for land-based crops. There are three main 

factors barring the commercialisation of algal fuels The present expense, the 

difficulties in finding an algal strain with a high lipid content and fast growth rate that 

isn't too difficult to harvest, and designing a bio-reactor system which is effective in 

solving the problems highlighted by the US Department of Energy on open systems. 

281  

The Aquatic Species program focused solely on the use of open-ponds. This 

meant that the strains of algae produced had to be incredibly resilient to microbe and 

invasive algae competition. They also had to be resilient to large pH and temperature 

modulation. Algal species which can do this generally are high in protein and 

carbohydrates, not lipids and oils. Currently most research in this area is being done 

by the private sector so specific information on the process technology is not 

disclosed, there are a few institutions doing research and this is mainly focused on the 

design of the closed reactors. 282, 289 One team have combined the application of 

reactor technology to grow algae and then to produce biodiesel straight from this oil, 

with highly positive results. 290 There is one definite industrial collaboration that 

demonstrates the applicability of using algal oil as a feedstock. Green Star Products 

and De Beers Fuel have announced, in November 2006, to build up to 90 biodiesel 

reactors with the view of using algae as the raw material. When running at full 

capacity, these reactors could produce up to 3,500,000,000 litres of biodiesel y-1. 291, 

292 The first reactors are expected to be set up and producing biofuel within the next 

18 months. The De Beers group have already been producing biofuels using 

sunflower oil in South Africa under a franchise agreement. They plan to switch to 

algae production after purchasing the rights to an experimental bioreactor that has 

been designed in MIT. 293 The reactor runs off the flue gas stream (NOx, SOx, CO and 

CO2) from a generator on campus. They have solved the problem of breeding the 

algae to survive in particularly harsh flue gas conditions by allowing it to grow in 

increasing amounts of the gas mixed with air, this then allows the algae to naturally 

adapt to the environment and maximises oil yields.    
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FAAE are not the only diesel like oil that can be produced from algae. The 

algae strain Botryococcus braunii is different than other algal oils, in which they 

produce a certain amount of hydrocarbon oils suitable for hydrocracking. The 

researchers found that using apparatus to crack coal, shown below in figure 28, was 

sufficient to produce a 67% gasoline fraction, 15% aviation fuel, 15% diesel fuel and 

3% residual oil fractions. 294 

 

Figure 28. Flow diagram for the hydro-cracking of algal oil from the specific strain, 

Botryococcus braunii. 

 

The reactor is a coiled stainless steel tube of around 6m length by 6mm diameter 

packed with 120 g of a solid cobalt molybdate catalyst. The oil and hydrogen gas at 

20 MPa (3000 psi) were passed into the reactor which was heated and held to 400 °C. 

A total of 160 g of oil sample was fed into the hydrocracker at the rate of 230 ml/h 

this yielded 127 g of product. Despite the success in obtaining fuel via cracking, it is 

unlikely that this will ever become an industrial process due to the problems inherent 

with growing the feedstock and the general production costs involved.  

 

Algae seem to be the ideal feedstock for biodiesel production. It can produce by far 

the largest amount of usable oil ha-1 y-1, it has a large energy balance, is a non 

foodstuff avoiding deforestation and crop management problems. However, despite 
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the first signs of industrial involvement a number of problems still have to be over 

come, these are summarized below. 

  

1. To design and produce more efficient photobioreactors for the production of 

regular algal blooms 

2. The genetic engineering / selective breeding of more resistant high oil species 

for use in open pond systems 

3. The development of technology to protect productive algae from competitive 

microbes and economically useless strains.  

4. The political interest to invest large amounts of capital into biodiesel and 

diesel technology. 

5. The development of catalyst technology to be able to deal with low quality 

algae oil streams 

6. Research in to the different physical properties such unsaturated alkyl esters 

and their effect on a diesel engine.    

 

Novel & Future Sources for the Production of Biodiesel  

 

From Free Fatty Acids  

 

Some waste oils can contain large amount of FFA, up to 40%. Research has been 

undertaken to recover these FFA by fractional distillation and convert them into the 

methyl ester. One such process uses Crude Tall Oil, a waste product of the paper pulp 

industry. Tall oil is made up of around 40-50% resinic acids, 30-40% FFA and 10% 

neutral material. The chemical composition will vary depending on the wood source. 

The distillation temperature is between 275 – 330 °C, where the esterification 

involving sulphuric acid (5 wt%) as the catalyst, an excess of methanol and the freshly 

distilled FFA is completed over 2 hours at 65 °C. The mixture is then washed with 

sodium bicarbonate to remove impurities. The crude ester is then distilled to give the 

grade fuel, as shown in figure 29 below. 295
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Figure 29. Flow diagram showing the workings of a proposed FFA processing plant.  

 

It is also possible to esterify FFA using solid acid catalysts, two reviews on the 

subject have been published. 296, 297   

 

Waste Oils 

 

For an up-to-date review detailing the feedstock and catalytic issues with the use of 

waste oils for biodiesel production see Kulkarni et al. 298  

The major barriers in the commercialization of biodiesel are the cost of the 

feedstock, application of the glycerine product and the problems involved with plant 

size. The eventual cost of biodiesel could be made competitive with diesel fuel if the 

cost of the feedstock could be reduced significantly. 299 Waste cooking oils and 

animal tallow products are a far less expensive alternative. Currently the largest use of 

waste oils around the world is the production of animal feed. The EU has banned this 

practice, citing fears of cross contamination, and that the harmful products produced 

during frying could enter the food chain. 300, 301  

The amount of waste cooking oil collectable in any one country varies and 

depends on the culture, the ease of collection and legislation dealing with the above 

factors. It is estimated that the EU alone produces 1,000,000 tonnes yr-1 of waste oil 

which is potentially collectable and usable. 302 The US produces at least five times this 

amount. 303  

In Europe the standard nomenclature is to describe waste oils by whether they 

are vegetable based or animal based (WVO or WAO) and by their FFA content. In the 
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United States the term Waste Frying Grease (WFG) is commonly used and it is 

described as being yellow (FFA <15 wt%) or brown (FFA > 15 wt%). If this amount 

of waste oil could be collected in the EU alone, it could produce between 600,000,000 

– 750,000,000 litres of biodiesel which would become a significant percentage of the 

total biodiesel produced in the EU. 304 

In the frying process, the major process for the production of waste oils, oil is 

heated up to 200 ºC in the presence of organic matter and light. In public restaurants 

the oil will be maintained at this temperature over relatively long times, and will be 

continually cooled and reheated until replaced. During this time three basic reactions 

occur, the thermolytic, the oxidative and the hydrolytic. 305-307 

  

Thermolytic 

 

This occurs in the absence of oxygen, where the temperatures are at least 180 ºC or 

higher. The triglycerides that contain saturated fatty acids will produce a series of 

alkanes, alkenes, smaller FFA, ketones and oxo- esters, CO and CO2 are also 

produced. The unsaturated compounds will form dimeric structures, saturated dimers 

and unsaturated dehydro-dimers are both observed. Poly cyclic compounds are 

common as well as the fatty acids reacting via the Diels-Alder reaction to form other 

types of polymeric compounds. 

 

Oxidative Reactions 

 

As mentioned above, the heating of triglycerides with air can form certain oxidative 

products. In the environment of the frying process oils react with atmospheric oxygen 

via a free radical mechanism, to produce hydrogen peroxides. A scission of the O-O 

bond will create alkoxy radicals which then may loose or gain hydrogen atoms to 

form the hydroxyl or ketone derivatives. Aldehydes, hydrocarbons and acids are made 

by decomposition of the alkoxy radicals. Dimerisation or oligomerisation are also 

possible when an excess of oxygen is present.  
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 Hydrolytic Reactions 

 

Steam is produced in the preparation of foods, and this can affect the composition of 

the FFA and triglycerides in the oil. It mainly causes hydrolysis of the triglycerides to 

produce a higher level of FFA, monoglycerides and diglycerides. This is the main 

mechanism that increases the FFA content of waste oils.  

 

All of these reactions occur competitively and there are two commonly used methods 

to determine the extent of degradation of the waste oils; measuring the polarity and 

using High Performance Size Exclusion Chromatography (HPSEC). With the 

formation of these products, the general polarity of the solution increases and can be 

measured. The EU legislation on edible oils states that if the polar fraction of waste 

oils is above 25% then the waste oil can no longer be used for the preparation of food.  

HPSEC is a more involved analytical technique but (much like HPLC) can 

determine the amount and identity of separate products from the reaction mixture. 

This type of analysis is important as waste oils collected from many different sources 

when pooled together will have a vast array of different contaminants and this will 

affect the transesterification process as well as the potential fuel properties. 

Generally the larger amount of polymeric material present in the waste oil, the 

less suitable the resulting biodiesel produced will be for use as a fuel. This is due to 

the elevated carbon residues which are generated by the incomplete burning of these 

compounds. 308   

 The normal industrial methods for the production of FAAE are hindered by 

their sensitivity to water, FFA and any solid organic matter. In the catalysis of virgin 

vegetable oils this does not represent a large problem as there is very little water and a 

FFA concentration of below 1%. Waste oils all have large FFA contents, higher 

moisture residues and varying amounts of solid suspensions. Waste oils are subjected 

to a filtration or centrifugation step to remove the organic matter, then the removal of 

all the FFA and water is achieved by a neutralisation step and heat treatment. This 

must be completed before the addition of the alkali catalyst used to synthesise the 

biodiesel product (see Appendix II). 

 These three steps make the use of waste oils impractical as a feedstock while 

utilising current technology. A large number of novel catalyst systems have been 
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investigated which are impervious to FFA, from H2SO4 to the solid acid catalyst 

systems described in Section I. Current industrial practice is to treat the solid matter 

with either citric acid or steam. This step releases trapped solid particulates and melts 

any solid fats, helping to release moisture and sub-particulate matter. The resulting 

oils are then filtered through a selection of fine sieves. 302 The waste oil stream is then 

esterified with the FFA being turned into FAAE with either an H2SO4 or a Fe2(SO4)3 

solid catalyst. With high loadings of both catalyst and alcohol the transesterification 

of vegetable oil can also be achieved with these acid catalysts without the need for an 

alkali-metal transesterification step. The step approach is more common however as it 

negates the need for large amounts of H2SO4 that would require special reactor 

technology. 309-312    

 As discussed above the vegetable oil feedstock has already undergone 

chemical and physical changes aside from the production of FFA previous to use as a 

feedstock. Even though the majority of triglycerides in the vegetable oil feedstock are 

unchanged by the time they are transesterified, there is a proportion of dimeric and 

oligmeric compounds present. In the catalytic process these compounds react. The 

dimeric fatty acids are tranesterified and the alkyl esters formed. The oligomeric and 

polymeric compounds are generally cleaved to form novel dimeric and monomeric 

esters. These dimeric and oligmeric esters increase the flash point of the biodiesel and 

an increase in the viscosity is also observed. 306 

The resulting emissions from using the waste alkyl esters were tested on a 

variety of test rigs. All tests showed no difference in the levels of pollution run on 

waste oil alkyl esters than those observed for virgin oil alkyl esters. 310 This was also 

true of animal tallow methyl esters. 313, 314   

The use of waste oil as a feedstock could make up a significant proportion of 

biodiesel produced. However, out of the four practical methods for producing 

biodiesel based on technology used presently (alkaline transesterification, acid 

transesterification, a two step esterification with acid followed by an alkaline 

transesterification and using supercritical fluids) only the acid esterification and 

transesterification is deemed economical. 315, 316 This is not to imply that a solid base / 

acid catalyst can not be developed which reduces a large amount of the problems with 

using waste oils as fuels and research in this area is ongoing.    

 It is also possible to esterify FFA using solid acid / base catalysts, two reviews 

in using these techniques have been written detailing the industrial advantages and 
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disadvantages associated with this approach. 296, 297  FFA tend to interfere with the 

catalytic process by promoting either competing acidification reactions or reducing 

the amount of active sites for solid acids and bases. 317 

 

Novel Biological Sources for the Production of Compatible Diesel 

Fuel 

 

Low-Input High-Diversity Grassland Biomass 

 

One major problem with the use of vegetable oils as feedstock for biodiesel 

production is the amount of energy, infrastructure, space and time needed to cultivate 

the crops. Low Input High Diversity (LIHD) biomass is a possible solution to this 

problem. LIHD involves the growing of mixed diversity grasslands on land which is 

unsuitable for crop production due to the poverty of the soil and other such factors. 

The ground is normally scorched, to remove other biological matter and to enrich the 

soil temporarily, it is watered and the seeds sown. No further action is taken except to 

collect the growth after a set period of time, the grass will reproduce without human 

involvement, resulting in a significant annual yield with no further input necessary.  

 A field study has been ongoing since 1994, and the total energy yield from the 

LIHD experiment averages 68.1 GJ ha-1 y-1, with an outlay of 4 GJ ha-1y-1 of energy to 

produce this. Even though the main use of these fuels would be to burn the dried 

biomass with coal in existing power generation facilities, the cellulose can be 

converted into ethanol, while the biomass can be cracked into gasoline and diesel 

synfuels via the Fisher-Tropsch hydrocarbon synthesis. The researchers estimate that 

this would net 28 GJ ha-1 of energy, whereas the net energy gain from soybean oil is 

nearer 18 GJ ha-1.  

 The grasses have a large amount of other positive factors including the 

sequestration of carbon dioxide into the soil (turning low value land into a carbon 

sink) and as so are considered to be a carbon negative fuel source. The lack of 

pesticides, fertilizers and the potentially huge amounts which can be grown with no 

competition with food sources means that LIHD feedstock will be a highly researched 

subject in the coming years. 318       
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Decarboxylation of FFA 

 

A Pd/C system can be used to catalytically decarboxylate fatty acids. The optimum 

conditions for this system are 300-320 °C, 6-17 bar pressure, 2 wt% catalyst and an 

oxygen free atmosphere. This produces linear hydrocarbons of the same chain length 

as the original fatty acid, aromatic and unsaturated compounds are also formed.  

The yield of reaction can be increased by increasing the alkalinity of the 

catalyst, however this reduces the selectivity towards high molecular weight alkanes. 

The presence of H2 aided the rate of reaction, this however produced a larger amount 

of CO (compared to CO2).  The rate of the reaction is largely dependent on the carbon 

chain length of the FFA, where the longer the carbon chain the slower the reaction 

rate. 319 

The reaction can also be carried out in supercritical water (673 K) using either 

an alkaline metal catalyst or a solid zirconium system. With the zirconium system the 

largest amount of decarboxylation was observed but this also resulted in a larger 

amount of ketones being produced. Functionalised molecules (like the ketones) 

resulting from this process are eventually broken down into smaller alkane carbon 

chains, which could also be used as a diesel fuel. 320 

 



Section III 

 

 111 

Section III 

Analysis & Sensing 

Analytical Techniques 

 

A range of chromatographic and spectroscopic techniques are available to determine 

the purity and composition of samples of biodiesel. All techniques have both positive 

and negative qualities in determining biodiesel content and are usefully employed at 

some point in the production chain. The ideal analytical method would be both fast, 

up to on-line sampling speeds, and be able to detect trace amounts of all the 

contaminants legislated for. An analytical technique must be able to determine the 

ratios of different levels of saturation, variable chain length and isomerization of the 

resulting FAAE also. For a complete quantitative analysis of a sample of biodiesel 

two or more techniques are normally used. 
321
 

Chromatographic Techniques 

 

Chromatographic analysis is a series of closely related techniques which separate 

components in a mixture. This is made possible by the distribution of components 

across a mobile (liquid or gas) and stationary phase (high surface area solid). It is the 

varying strength of interactions with these phases that different components display 

which allows the separation. After separation a range of techniques can be used to 

further investigate the different components including mass spectrometry and infra 

red spectroscopy.   

Thin Layer Chromatography (TLC)  

 

TLC is the easiest chromatographic technique to use, and involves an adsorbent 

stationary phase (usually silica gel or cellulose) which is supported on an inert sheet. 

The liquid phase consists of a solution of solvent and the biodiesel analyte. The 

solution is then drawn up the plate via a capillary action and the products separate out 

according to the solubility in the solvent and attraction to the stationary phase. An 

example of a TLC analysis of an incomplete biodiesel reaction is shown below. The 
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spots from left to right are 100% soybean oil (0.56% FFA content), 100% soybean 

methyl ester, Barium hydroxide catalysed mixture and calcium methoxide catalysed 

mixture.   

 

 

Figure 30. A TLC plate, using a solvent mixture of petroleum ether, diethyl ether and 

acetic acid in a ratio of  85:15:1, taken from Davidson et al. 
322

 

 

TLC is an easy to use and quick method of analysis however it is a qualitative 

measure only and provides no structural data on the resulting FAAE. 
323
  

Gas Chromatography (GC) 

 

Is the type of chromatography where the mobile phase is a carrier gas (usually helium, 

nitrogen or hydrogen) and the stationary phase is either a layer of liquid or a 

supported polymer. This is set in the column (made out of either glass or metal). The 

stationary phase will interact with the components in the gaseous phase causing each 

component to adsorb at a different rate and therefore exit the end of the column 

separately (retention time), the flow rate of the gas and temperature can be altered to 

achieve acceptable resolutions. GC does need standards to be able to quantify the data 

however it is probably the most widely used technique in determining the composition 

of biodiesel samples.  

 GC is widely used in the determination of biodiesel samples as the techniques 

can be used for the quantification of esters 
324, 325

 in a sample as well as glycerol and 

methanol contaminants. 
326
 The determination of glycerol, methanol and the 

acylglycerides has been achieved simultaneously by GC. 
327
 Typically fused-silica 

Triglyceride (vegetable oil) 

Fatty acid residue 

Biodiesel (fatty acid methyl ester) 
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capillary columns coated with a 0.1 µm film of (5%-phenyl)-methylpolysiloxane of 

up to 15m length are used. 
328
  

 Two types of detectors are used for biodiesel analysis, the flame ionisation 

detector (FID) 
329
 and mass spectrometric detectors (MSD). 

326, 330
 The flame 

ionisation technique is easier and cheaper to implement however ambiguities in the 

eluting materials cannot be verified, even though the ambiguities can be decreased by 

using a liquid chromatographic technique first (LC-GC). 
331
 Using GC-MS techniques 

has the major advantage of being able to determine the varying molecular weights of 

the sample being eluted. Therefore the structure of the FAAE can be examined also. 

Other Contaminants such as sterols and sterol esters can also be detected. With the 

GC-MS technique a sample of biodiesel can be assessed for most known 

contaminants and structural information (chain length, saturation and alcohol moiety) 

can be obtained for the FAAE.  

High Performance Liquid Chromatography (HPLC)  

 

HPLC is a form of liquid chromatography where the components of the mixture are 

separated by their chemical interactions with the chromatographic column. In HPLC 

analysis the mobile phase can be non polar, with the stationary phase being polar 

(Normal Phase HPLC). Alternatively Reversed Phase HPLC (RP-HPLC) can be used 

where the mobile phase is polar and the stationary phase is non polar. RP-HPLC 

separates components based on polarity, the lower the polarity the longer the retention 

time. This retention time can then be increased by adding a more polar solvent to the 

liquid phase or decreased by the addition of a non-polar solvent. 

 HPLC is a powerful technique in determining the yields of separate 

components in the biodiesel mixture. One advantage over GC is that an HPLC 

analysis is a lot less time consuming and only needs a fraction of the amount of 

sample. HPLC is used mainly for the quantification of various degrees of conversion 

during the biodiesel reaction, yet has also been adapted for the measurement of 

alcohol and glycerol contaminants. A series of detectors have been examined for their 

use in RP-HPLC of biodiesel samples. Atmospheric Pressure Chemical Ionization 

Mass Spectrometry (APCI-MS) was found to be the most accurate and suitable 

detection method when coupled with HPLC. 
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Gel Permeation Chromatography (GPC)  

 

Molecules can also be separated by their relative sizes. Size exclusion 

chromatography is normally used for polymers and other very large molecules, when 

using an organic solvent to transport the analyte, the technique is termed Gel 

Permeation Chromatography (GPC). GPC is normally used to analyze the molecular 

weight distribution of soluble polymers such as polylactide. The stationary gel 

medium, which the molecule is forced through, can be made from a range of 

compounds such as dextrin or polystyrene. The column consists of tightly packed 

extremely porous polymer beads. The pores have depressions and channels running 

from the surface and as the solution travels down the column particles enter into the 

pores, the larger the molecules cannot enter so many pores, and the smaller the overall 

volume to traverse is and the faster the elution time.  

 GPC can be applied to biodiesel analysis and is very similar to HPLC in 

instrumentation and what can be inferred from the resulting spectra. 
332
 The 

reproducibility of the spectra is very good, however it can be difficult to get exact 

values for the triglyceride and diglyceride peaks as there is almost always an amount 

of overlap. 
333
   

Spectroscopic Techniques 

 

Nuclear Magnetic Resonance (NMR)  

 

Nuclear magnetic resonance spectroscopy (NMR) is a powerful technique which is 

widely used to determine the structure of organic molecules. Of all the spectroscopic 

methods, it is the only one for which a complete analysis and interpretation of the 

entire spectrum is almost always possible. NMR is based on the magnetic properties 

of an atoms’ nuclei and in particular the characteristic spin (I). The isotopes of 

particular interest in the characterisation of biodiesel (
1
H, 

13
C and 

31
P) have integral 

spinsI = ½. The NMR machine must be tuned to a specific nuclei and the standard 

nomenclature of describing this is to put the isotope in front of the word thus 
1
H NMR 

or 
13
C NMR.    

 NMR studies magnetic nuclei by aligning them with a powerful external 

magnetic field. Nuclei can then absorb energy (RF) when placed in this field, of a 
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strength specific to the identity of the nuclei. The nuclei is then described as being in 

resonance, different atoms within a molecule resonate as different frequencies 

depending on their electronic environment. The field range is very small compared 

with the actual field strength, and the shifts of the spectrum are given in ppm. For 

example the difference between 2.3487 T and 2.3488 T would be 42 ppm. The 

location of different NMR resonance signals is dependent on both the external 

magnetic field strength and the RF frequency, and therefore a spectrum must be 

referenced to one peak, tetramethylsilane is commonly used as a reference material.  

A nucleus with increased shielding by extra-nuclear electrons will be lower 

down the spectrum (upfield) than a nucleus which is close to an electronegative 

species, and therefore unshielded. Using these shifts in the spectrum the specific 

environment (i.e. aldehydes, alcohols, alkanes etc.) of the resonating nuclei can be 

deduced.  

 Nuclei can also display spin-spin interactions, this is best described in a 
1
H 

NMR spectra. When two protons are bound in the same molecule on either the same 

carbon or the adjacently bound carbon and are in different electronic environments 

there will be an interaction. This interaction is displayed as a unique splitting pattern 

of the signal, which is specific to the number of protons involved and the number of 

bonds apart they are. The number of nuclei in the same chemical environment can 

also be determined by integration of the peak area. The molecular abundance will be 

relative to each other.  

 Using this information a sample of biodiesel can be analyzed easily and 

quickly. The most useful technique is 
1
H NMR, 

334
 but 

13
C NMR can be used in 

limited circumstances  and 
31
P NMR can be used for detecting traces of phosphorous 

containing compounds in a sample. For a 
1
H NMR sample the glycerol needs to be 

separated out from the reaction mixture and the remaining oils dissolved in deuterated 

chloroform. The amount of glyceride (the sum of tri, di and mono), FAAE and 

methanol can be quantified. The level of saturation and the orientation of the double 

bonds can also be quantified. 
335
 An example of a spectrum is given below.  
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Figure 31. 
1
H NMR spectrum of a blend of FAME and soybean oil.  

 

Fourier Transform-Infra Red Spectroscopy (FT-IR) 

 

Infrared spectroscopy deals with the interaction of molecules with energy in the 

infrared region of the electromagnetic spectrum. Chemical bonds have specific 

frequencies at which they vibrate corresponding to energy levels. The frequency at 

which these bonds vibrate can be associated with a specific organic moiety. Simple 

diatomic molecules have only one bond which can stretch. More complex molecules 

have many bonds which can behave in different ways including symmetrical and 

asymmetrical stretching as well as rotational and twisting motions. These different 

motions and the different energy involved in different bonds mean that specific bonds 

will show in different parts of the spectrum. 

 FT-IR is used to determine relative amounts of biodiesel to acylglycerides, the 

results of which show a close correlation to results derived from other techniques. 
335
 

The methyl esters display peaks at 6005 cm
-1
 and 4425-4430 cm

-1
, where the acyl 
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glycerides only exhibit shoulders. Contaminants, in the levels stipulated by legal 

specifications, cannot be detected by IR spectroscopy. Using other techniques 

however combined with IR can cut the cost and time of the analysis than just using 

the first technique alone.    

Miscellaneous Techniques 

Viscosity 

 

The viscosity of vegetable oil and the pure alkyl esters is an order of magnitude apart. 

The viscosity difference can then be used as an analytical tool to determine the level 

of vegetable oil remaining in the methyl ester. This method was found to be suitable 

in determining biodiesel samples of up to 98% purity. 
336
 

 

Introduction to Chemical Sensing 

 

Chemical sensing works by a sensor recognising a specific compound and a 

transduction element that transmits this knowledge to be detected. Many compounds 

have been investigated for use in the recognition stage, including polymers, inorganic 

metal sensors and biological systems. There are many ways to detect the presence of 

the desired compound like a change in the electrical current, pH of a solution or a 

change in the optical properties of the sensor. 
337
 An example of an inorganic sensor is 

given below, where the selective binding of glucose to copper releases a proton which 

can then be measured by a pH meter.   
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Figure 32. Depiction of an inorganic sensor to detect glucose in an aqueous solution, 

the detection of glucose is based on the change in pH of the system.  

  

Another example of a chemical sensor in widespread use is a carbon monoxide 

monitor. In a CO detector there are two electrodes separated by a sulphuric acid 

electrolyte. At one electrode CO is oxidised to CO2, at the other electrode O2 is 

consumed. This creates an electrical current where the strength of the signal correlates 

with the concentration of CO.  This type of technology can also be used to measure O2 

levels in a similar manner, as seen in the Lambda probe. 
338
 

A multi-disciplinarian approach to chemical sensors is vital. To design, 

synthesise and apply chemical sensors needs skills in the areas of inorganic, organic, 

physical and analytical chemistry as well as skills in materials science, physical 

transduction and biological science.  

A list of all the possible transduction elements and how these can be detected 

is given below. The references given are examples of the technique being examined 

and used in the literature but not all techniques are applicable to biodiesel sensing. 

This is followed by a discussion of the possible sensors for use in the online 

monitoring of a biodiesel stream and the blends thereof.  
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Possible Transduction Techniques for Biodiesel Use 

Ellipsometry   

 

Ellipsometry is the measure of the change in polarization of a light source upon 

reflection or transmission. This polarization change is determined by the samples 

properties, which have changed on binding of the specific chemical. Usually thin 

films of optically homogeneous and non-absorbing liquid are used. Vitamin K is 

detected in this manner.
339
 

Surface Plasmon Resonance (SPR) 

 

Surface electromagnetic waves propagate parallel along metal/dielectric interfaces, 

these are called surface plasmons. For them to exist certain factors must be met, 

which means silver or gold with an air/water interface are the best combinations to 

generate them. SPR reflectivity is a measurement of these waves and the reflectivity 

changes with the adsorption of the target molecule to the metal surface. The technique 

can be applied to ranges of biopolymers selectively. 
340
 

Capacitance     

 

The capacitance is a measure of the amount of electric charge which is stored over 

any given electric potential. This can be used to detect target compounds by 

measuring the change on binding of that compound. 
341
  

Conductometry  

 

The conductivity of a substance can be measured, and any change in the binding 

which disrupts this conductivity due to electronic factors can be detected. This is one 

of the simplest forms of detection. Amperometry, the technique involved in measuring 

electric charge per second, can be used to detect a change in conductivity. 

Voltammetry can also be used to measure the potential difference across the 

conductor. 
342, 343
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Surface Acoustic Wave (SAW)     

 

SAWs are acoustic waves that can travel along the surface of any substance which has 

a degree of elasticity, this wave has a measurable amplitude. When a substance has 

coupled, or physically changed the surface of a material (as in a touchscreen) the 

amplitude and velocity of the wave changes dramatically. SAW sensors can directly 

sense slight changes in mass on a molecular level. This change can be converted to an 

electrical current by a piezoelectric material. 
344
  

Quartz Crystal Microbalance (QCM) 

 

A QCM measures the change in mass of a piezoelectric quartz crystal when a small 

amount of mass has been added. It does this by measuring the change in frequency of 

that crystal. These measurements can be extremely accurate. 
345
 

 

Love Waves 

 

A love wave is a wave which can travel down the surface of an elastic layer, and are 

also called polarized shear waves. They contain a huge amount of energy and distort 

the surface horizontally, decreasing on approach to a node and increasing afterwards. 

In Seismology Love waves are used to describe horizontal surface seismic waves after 

an earthquake. 
346
 

Infrared Evanescent Wave 

A crystal is coated with a liquid phase containing the analyte. An infrared beam is 

passed through the crystal, at such an angle as to reflect off the internal surface in 

contact with the sample. This forms the evanescent wave, which extends in to the 

sample and can be collected by a detector. 
347
 

Fluorescence 

 

Fluorescence is a luminescent phenomenon in compounds where the molecular 

absorption of a photon, triggers the release of a photon of a longer wavelength. 

Usually the absorbed photon is in the ultraviolet range whereas the emitted light is 
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visible. 
348
 The binding of the target molecule to a sensor can either commence 

fluorescence or quench natural fluorescence.  

Colorimetry 

 

This technique describes the colour in the visible region of the spectrum scientifically.  

Instruments can assign a number and therefore provide a physical colour match. 
349
 

pH Detection 

 

If the sensor can chemically release or uptake hydrogen ions in solution when in 

contact with the analyte, the pH of the solution can be measured. This is done by a pH 

meter which through a glass electrode applies a small voltage to a solution and 

measures the diffusion of hydrogen ions at the electrode. 
350
    

 

Possible Chemical Sensors for Biodiesel Use 

 

Determination of Contaminants   

 

In a sample of biodiesel there are many contaminants that can make the sample 

impure. These include a certain amount of remaining starting material as well as 

protein or carbohydrate impurities, dirt, and the oxidation products. Even though the 

legal specifications for biodiesel mean the level of these compounds will be very 

small, blends of vegetable oil and diesel or vegetable oil, biodiesel and diesel fuel are 

still used. Large proteins and carbohydrates are relatively simple to detect, 
351, 352

 yet it 

is unlikely that this technology could be applied to the glyceride molecule due to the 

disparity in size and structure.  

 Methanol on the other hand can be readily detected chemically. Much research 

has been invested in determining the alcohol content of beverages quickly and 

accurately which could be applicable for online measurements of alcohol content. 

Recently two reports have been published in this area. The use of a silicon based 

micro hot plate systems have been investigated for the selective gaseous 

determination of separate alcohols and their concentration is solution. 
353
 This method 

involves heating the solution, and determining the identity of the molecules in the 
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gaseous phase. Another report was published detailing the selective detection of 

alcohols and their concentrations accurately to 1 ppm while still in a solution. A 

hybrid multi-walled carbon nanotube (MWCNT) chemical sensor was designed for 

this purpose, functionalised with thiol moieties it gave off a small electrical signal 

when specific binding occurred. The authors noted that this system could be fully 

automated. 
354
 There are other methods of achieving the chemical detection of free 

alcohol, 
355-362

 but as all specifications already limit the concentration of alcohol in 

biodiesel, it is unlikely that these sensors could be usefully employed in a diesel 

engine.  

 The level of oxidation in a biodiesel sample can also affect the viscosity, 

cetane number and other important physical properties. 
363
 Despite the level of 

oxidation being controlled by all legislative specifications (see Section IV) there still 

could be a need for measuring this problem online in a car fuel tank. The oxidation 

can be measured by the amount of peroxide produced (the primary product of the 

oxidation of biodiesel) and then by the resulting acid level (a secondary product of the 

oxidation). This can be done by a pH meter immersed in the solution or chemically. 

One chemical biosensor is based on a sol-gel enzyme system containing poly(ester 

sulfonic acid) resin and thionine ions. The sensitivity to peroxide was high and could 

detect as little as 5.0x10
-7
 mols of H2O2.  

364
 Other methods, such as using amino acid 

tubular structures are aimed at detecting pH changes in solution. 
365
   

The factors that determine the behaviour of FAAE as a fuel, and therefore 

needs to be chemically deduced, are the molecular properties (see Section IV). It is 

therefore important to determine the chain length, saturation, configuration of the 

double bonds and the alcohol moiety of specific FAAE over any inherent 

contaminants.  

Molecularly Imprinted Polymers  

 

The defining aspect that distinguishes the triglyceride ester from FAAE is the size. 

Using a technique called polymer imprinting it might be possible to sense the 

glycerides selectively or even the specific chain length and saturation of differing 

FAAE. 

Molecularly Imprinted Polymers (MIP) are synthetic polymers where the 

functional and cross linking monomers are co-polymerized in the presence of the 
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target molecule. 
366
 In the first step the functional monomers will initially form a 

complex with the imprint molecule, in the second step the functional groups are 

bound into position by the cross linked polymeric structure. In the third step the target 

molecule is removed via calcination (or using wet techniques) leaving behind a cavity 

with binding sites that can selectively ‘recognise’ the target molecule. This cavity can 

then rebind the target molecule with a large degree of selectivity. Two distinct 

methods of achieving this aim are given below in figure 33.  

 

  

 

Figure 33. Schematic drawing detailing the two synthetic routes to MIP formation, 

taken from Haupt et al. 
366 

 

For the synthesis of triglyceride / FAAE specific polymer sensors it is likely the non 

covalent imprinting would have to be used. In the case of a diglyceride / 

monoglyceride sensor both techniques could be applied. The sensor can then be held 

on an inactive support or membrane depending on the application. Shown below is an 

example of the synthesis of a MIP and the rebinding of the target molecule.  
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Figure 34. Schematic diagram demonstrating the synthesis and application of a 

peptide specific MIP, taken from Klein et al.  
367

 

 

In this type of sensing a change in one or more of the physiochemical parameters of 

the system on analyte binding is measured. Reporter groups may also be combined in 

the polymer to generate or enhance the sensor response. The transducer connected to a 

MIP can take many forms depending on the desired analysis method and properties of 

the polymer itself. Ellipsometric measurements and changes in the capacitance are 

two ways of directly measuring the uptake of an analyte. Other methods involve using 

mass sensitive techniques, where the change in mass of the polymer when it up takes 

a molecule can be measured by the transducer. 
366
 

  

  

Chemcial 

clevage and 

removal of 

target molecule 

Noncovalent sensing 

of target molecule 
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Determination of Molecular Structure of FAAE via Chemical Methods 

 

At present there are no viable methods discussed in the literature to detect the precise 

level of saturation, its position on the carbon chain and the precise chain length of 

FAAE in the time frame needed for online automobile sensors.  

Whether a MIP system can be designed to determine accurately the difference 

between a C16 and C18 saturated ester needs to be investigated. There is a vast 

difference in structure between a cis-configuration unsaturated FAAE, a trans-

unsaturated FAAE and a saturated FAAE. These differences might enable a MIP to 

selectively distinguish these components from one another.  

Another method of detecting saturation was explored by Shih et al. 

(Department of Chemistry, National Taiwan Normal University, 88, Sevc. 4, Ting-

Chow Road, Taipei 116, Taiwan, ROC). They designed a SAW sensor for the 

detection of double and triple bonds for use in GC analysis. They coated a 315 MHz 

one-port resonator with a Ag(I)/cryptand-22 complex with the aim of detecting non-

polar alkenes and alkynes. Transition metal ions like Ag(I) and complexes thereof can 

interact with unsaturated compounds by ion-interaction and back donation of d-

electrons into the orbital of the unsaturated bonds. The researchers experimented with 

hexane, 1-hexene, 1-heptane, 2-(cis and trans)-heptane and 3-(cis and trans)-heptane. 

As little as 1 mg in a litre could be detected, all of the compounds resulted in a signal 

shift particular to that compound at a fixed concentration. When the concentration was 

varied the resulting change in signal was very large (up to 100 Hz per mg L
-1
) and the 

rate of that change particular to the specific compound. This sensor was shown to be 

highly selective for these types of compounds while the method seems highly 

applicable to biodiesel research. 
368
     

Determination of Fuel Characteristics via Physical Sensors 

 

In Section IV the links between the molecular and physical properties are discussed. 

In this way if the molecular properties of the biodiesel sample can be detected then 

certain physical properties can be deduced and the performance of the engine changed 

to suit that specific fuel mixture. This is particularly important in the case of biodiesel 

as different sources and feedstocks will yield different mixtures of FAAE. This 
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approach however might result in an array of chemical sensors which are too 

expensive and unyielding for use in an automobile engine.  

Another approach might be to use existing technology in measuring certain 

physical properties (e.g. the density or the viscosity) and deduce the molecular 

properties from these measurements. If the molecular properties are known, from an 

array of simple sensors, then the more difficult-to-measure physical properties (e.g. 

the cetane number) can be surmised. Four properties that can be easily measured are 

the:  

 

1. Temperature 

2. Density 

3. Viscosity 

4. Refractive index 

 

Measuring the temperature of a solution, using an electronic thermometer, is useful as 

variant temperatures will change the flow characteristics of the fuel, and must be 

taken into account.  

 Online measuring of the density and viscosity can be achieved by using one of 

two devices; a Thickness Shear Mode (TSM) resonator 
369
 or a Guided Shear 

Horizontal Surface Acoustic Wave (SH-SAW) Device. 
370
 

 TSM resonators are thin disks made from a piezoelectric material like AT-cut 

quartz as discussed above for a Quartz Micro Balance. An electrode is placed on 

either side of the disk and an oscillating electric field is applied. This results in the 

propagation of acoustic waves perpendicular to the substrate surface while also 

displacing particles parallel to the surface. It is this particle displacement that makes 

these devices sensitive to the physical properties of the liquid and especially useful at 

characterizing the viscosity. A device which is only 10
-4 
m will result in a frequency 

of 5-15 MHz.  
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Figure 35. Schematic showing a typical TSM resonator, taken from J. M. Hossenlopp 

371
  

 

The visco-elasticity and density of liquid samples can be characterized by a TSM 

resonator. The TSM device only works on Newtonian fluids (which biodiesel and the 

commercial blends are at room temperature) and the observed frequency shift can be 

related to the device frequency, mass density and dynamic viscosity of the liquid in 

contact with the probe. 
369, 371

 Many examples in the literature are given of specific 

designs of these devices and their application in measuring the physical values of 

liquids. 
372-378

 Complex solutions are not problematic with one research group 

measuring the growth of an anaerobic bacterial strain under natural conditions by 

following the increasing viscosity of the solution. 
379
 

 The one problem with the TSM systems are their sensitivity and selectivity to 

only Newtonian liquids, SH-SAW devices are much more sensitive and selective than 

their counterparts. Guided SH-SAWs are two port devices where an input interdigited 

transducer (IDT) is used to generate a wave which can then be detected by the output 

IDT. Acoustic interactions are minimized by a delay line, this is synthesised in a dual 

configuration, where the second line is used to provide a reference line. Temperature 

fluctuations and other changes in the environment can then be taken into account. 

These devices record in the range of up to a 103 MHz. The IDTs are protected from 

the liquid medium by a dielectric material. This also serves as the wave guiding 

function, trapping the acoustic wave near the surface which gives the device its 

sensitivity. The reference line will be coated with a waveguiding inert layer that does 

not significantly absorb the target analyte, whereas the sensor line will have a specific 

polymer for the target analyte being measured.  
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Figure 36. A schematic picture of a SH SAW device. 

 

These devices are normally used to measure the conductivity or permittivity of a 

solution. However, the simultaneous measurement of density and viscosity can be 

obtained if a textured propagated surface is used. Textured (sagittally corrugated) 

surfaces trap the liquid between the dents. By comparing this measurement to the 

interaction of the liquid with a smooth surface gives a differentiation in signal that is 

directly related to both the viscosity and density. 
380, 381

 In this way the permittivity, 

viscosity and density can all be measured simultaneously at fast enough rates for 

online sampling. It is highly probable that the first measurement can help in the 

determination of the blend ratio while the last two (possibly coupled to a chemical 

sensor to detect saturation) might be used to determine molecular structure.    

 There are some examples of these devices being used for measurements in real 

life scenarios 
382
 including the use of detecting the degradation of used motor oils. 

383-

385
 All the papers published find that the SH-SAW sensors show an extremely high 

correlation with other analytical testing methods.  

Another method of measuring the viscosity is to use a miniaturized thermal 

conductivity sensor made from molybdenum or another metal. It works by spreading a 

thin film of substrate over the transducing agent and emitting an electrical current into 

the film. The film is then monitored for a change in temperature, as shown below. 

From this information, liquids displaying non-newtonian properties can be measured 

for their viscosity. 
386, 387
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Figure 37. Microfilm transducing agent taken from Kuntner et al. 
386

 

 

One other physical property that can be measured is the refraction of a solution. This 

could be used for the determination of biodiesel in a blend with diesel fuel. Mitsushio 

et al. (Department of Applied Chemical Engineering, Kagoshima University, 

Korimoto, Kagoshima, Japan) have managed to detect the concentrations of different 

carboxylic acid esters and lubricants via this method.  This was achieved by using a 

gold-plated optical-fibre sensor. This consisted of a He-Ne laser coupled to an optical 

fibre equipped with a detector. The optical fibre was coated with a thin gold film and 

allowed to come into contact with the relevant sample solution. The intensity of the 

transmitted light, which varied depending on the refractive index of the solution, was 

then measured. In this way they were able to accurately predict the concentrations of 

various solutions containing, diethyl sebacate, ethyl formate and various other esters 

and lubricants accurately. 
388
 

Determination of Blends of Diesel Fuel 

 

Almost all biodiesel around the world is presently sold in various blends with diesel 

fuel. As the precise ratio will have a large affect on the fuel properties, and the use of 

biodiesel will at first be sporadic (if the car is filled up with diesel fuel and topped up 

with a blend of biodiesel the ratio will differ) being able to sense the amount of ester 

or diesel fuel in a sample would be beneficial.  

 Presently there are no alkane specific sensors which could be applied in this 

case. The method of measuring a blend would have to therefore focus on the ester and 

aromatic content and deducing the blend level from this number. As discussed above 

it seems probable that an ester specific MIP could be synthesised utilising the 

potential interaction between the carboxylate moiety and empty d-orbitals on a metal.   
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 Chemically detecting the aromatic segment of diesel fuel (which is around 

25% for #2 diesel fuel) is more easily achieved. A large amount of research being 

conducted in the area of chemical sensing is focussed on environmental pollutants 

such as heavy metals, gaseous emissions and polyaromatic hydrocarbons. 
389
 The 

technology used for the determination of polyaromatics in solution might be adapted 

to the quantification of aromatic molecules found in diesel fuels. The aromatic portion 

of diesel fuel contains alkylbenzene, tetralins, indenes, napthalenes, biphenyls, 

fluorenes and phenanthcenes. 

Almost all PAH detection units focus on the aromatic ring system and the 

tendency to form π-π sandwich complexes. Stanley et al. immobilised anthracene 

derivatives on a QCM surface. This interaction of the polyaromatic hydrocarbons with 

the QCM gave off a strong signal, worked in the liquid phase and was sensitive to 2 

ppb. A diagram of this system is shown below in figure 38. 
390
 

 

 

Figure 38. A diagram of a possible aromatic compound sensor, taken from Stanley et 

al. 
390

 

 

MIPs have been used to selectively determine between large and small PAH, one 

advantage of using these size selective pores is that any possible quenching agents 

will not affect the transmission. 
389
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Electronic Noses  

 

This term refers to the use of a range of sensors, all providing specific information on 

a various component or property of a liquid / gas. By the use of modelling programs 

(such as a neural network) these inputs can produce highly accurate output predictions 

on the different components or properties of the unknown solution. This system type 

seems to be the most applicable to biodiesel sensing as various chemical and physical 

systems can all supply certain measurements which together provide the almost total 

characterisation of the fuel. 
391, 392
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Section IV 

The Legal, Physical and Molecular Specifications  

 

Legal Specifications 
 

Biodiesel is produced in many different manners and from feedstock which varies 

widely. It is therefore necessary to have a standard specification, based on the 

physical properties to ensure quality and engine performance without long term 

problems arising. Austria was the first nation to impose standardisation parameters on 

biodiesel, followed by many other European countries. All the specifications are 

similar across the globe, however there are some differences based on the differences 

in feedstock native to biodiesel production in the different countries. The 

specifications, which define quality, can be loosely placed into two groups. The first 

are the general parameters, also used in the specification of mineral diesel and the 

second group describe the biodiesel specific impurities and molecular properties.  

 Reference in the literature is almost always made to either the European (EN 

41214) or the American (ASTM D6751) testing standards. The EN 14214 are 

European wide regulations agreed by CEN (European Committee for Standardisation) 

which grew out of the German DIN regulations that preceded this. CEN is a non-

profit organization which develops all European standards (ENs) for the benefit and 

welfare of European citizens by providing an efficient infrastructure for development, 

maintenance and distribution standards in global trading, human rights and 

environmental issues. 
393, 394

 The European testing standard supersedes any 

regulations which were in place previously in that European country. The European 

countries which have agreed to these regulations are Austria, Belgium, Cyprus, Czech 

Republic, Denmark, Finland, France, Estonia, Germany, Greece, Hungary, Iceland, 

Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, The Netherlands, Norway, 

Poland, Portugal, Slovakia, Slovenia, Spain, Sweden, Switzerland and the United 

Kingdom. EN 590 contains a provision that any diesel fuel may contain up to 5% 

FAME blended into, still meeting these specifications, as long as the FAME conforms 

with the EN 41214 legislation.  

 The ASTM (American Society for Testing and Materials [International]) was 

founded in 1898 in the United States. The group’s primary aim was to address the 
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enormous variance in quality of steel in the railroad industry. Today ASTM 

international supports thousands of technical committees around the world and 

produces an annual book of standards which runs to over 77 volumes. 
395
   

  As there is some variance in the measurements of certain physical values, 

depending on the instrumentation used, both the EN and ASTM standards include 

regulated tests with GC being used for any analytical measurements. 
396-400

  

 

European and American Mineral Diesel Fuel Standards 

 

Parameters EN 590 (1999) ASTM D975 

Density (15 ºC)  0.820-0.845 g cm
-3
 - 

Kinematic Viscosity  

at 40 ºC (mm
2
s
-1
) 

2.0-4.5  1.9 -4.1 

Distillation 85% at 350 ºC 90% at 232-328 ºC 

Flash point 55 ºC (min) 52 

Sulphur Content 350 mg kg
-1
 (max) 0.50 - 0.05 (% mass) 

Carbon residue  

(10% dist. residue) 
0.3 %mass  

Ramsbottom  

Carbon Residue 
 0.35 (mg KOH / g) 

Oxidated Ash  

(% mass) 
0.1 max 0.01 max 

Water 200 mg kg
-1
 (max) 

Contamination 24 mg kg
-1
 (max) 

0.050 max (% vol) 

Copper Corrosion 

(3 hrs 50 ºC) 
No. 1  No. 3 max 

Oxidative Stability N/A  

Cetane Number 51 40 min 

   

 

Table 38. Standards used in the United States and Europe for Mineral Diesel Fuel 
394, 

395
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United States of America (ASTM D6751) 

 

 

Limits 
Property Test Method 

min max 
Units 

Flash point D 93 130  ºC 

Water and sediment D 2709  0.050 % vol. 

Kinematic viscosity 

(υ) 
D 445 1.9 6.0 mm

2
s
-1
 

Sulphated ash D 874  0.020 % mass 

Sulphur D 5453  0.0015 % mass 

Copper strip 

corrosion 
D 130  No. 3  

Cetane number D 613 47   

Cloud point D 2500   ºC 

Carbon residue D 4530  0.050 % mass 

Acid number D 664  0.80 Mg KOH g
-1
 

Free glycerol D 6584  0.020 % mass 

Total glycerol D 6584  0.240 % mass 

Phosphorus content D 4951  0.001 % mass 

Distillation 

temperature 
D 1160  360 ºC 

 

Table 39. ASTM standards, used predominantly in the USA, taken from Knothe et al. 

396
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European Union (EN 14214) 

 

Limits 
Property Test Method 

min max 
Units 

Ester content EN 14103 96.5  % (m/m) 

Density (15 ºC) 
EN ISO 3675 

EN ISO 12185 
860 900 Kg m

-3
 

Viscosity (40 ºC) 
EN ISO 3104 

EN ISO 3105 
3.5 5.0 mm

2 
s
-1
 

Flash point EN ISO 3679 120  ºC 

Sulphur content 
EN ISO 20846 

EN ISO 20884 
 10.0 mg kg

-1
 

Water content EN ISO 12937  500 mg kg
-1
 

Carbon Residue (10% 

dist. Residue) 
EN ISO 10370  0.30 % (m/m) 

Cetane number  EN ISO 5165 51   

Sulphated ash  ISO 3897  0.02 % (m/m) 

Total contamination EN 12662  24 mg kg
-1
 

Copper strip corrosion 

(3 hr, 50ºC) 
EN ISO 2160  1  

Oxidative stability EN 14112 6.0  hrs 

Acid value EN 14104  0.50 mg KOH g
-1
 

Iodine value EN 14111  120 g I2 / 100 g  

Linolenic acid content EN 14103  12 % (m/m) 

Content of FAME with 

≥ 4 double bonds 
  1 % (m/m) 

Methanol content EN 14110  0.20 % (m/m) 

Monoglyceride  EN 14105  0.80 % (m/m) 

Diglyceride EN 14105  0.20 % (m/m) 

Triglyceride EN 14105  0.20 % (m/m) 

Free glycerol EN 14105  0.02 % (m/m) 

Total glycerol EN 14105  0.25 % (m/m) 

Alkali metals 
EN 14108 

EN 14109 
 5.0 mg kg

-1
 

Alkali earth metals EN 14538  5.0 mg kg
-1
 

Phosphorous content EN 14107  10.0 mg kg
-1
 

 

Table 40. EN 14214 standards, used predominantly in the EU, taken from Knothe et 

al. 
396
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The low temperature behaviour is still country specific and is summarized in table 1 

below.  

 

 Austria 
Czech 

Republic 
France Germany Italy 

 Sum. Win.   Sum. Win. Sum. Win. 

CFPP (°C) 0 -5 -5 - 0-10 -20 - - 

Pour Point (°C) - - - -10 - - 0 -5 

 

Table 41. EN 14214 low temperature performance specifications taken from Meher et 

al.
397
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Australia (Approved under the Fuel Quality Standards Act 2000) 

 

Limits 
Property Test Method 

min max 
Units 

Sulphur ASTM D5453  10 mg kg
-1
 

Density (15 ºC) 
EN ISO 3675 

ASTM D1298 
860 890 kg m

-3
 

Viscosity (40 ºC) ASTM D445 3.5 5.0 mm
2 
s
-1
 

Flash point ASTM D93 120  ºC 

Distillation T90 ASTM D1160  360 ºC 

Water and Sediment ASTM D2709  0.50 % vol 

Carbon Residue (10% 

dist. Residue) 
EN ISO 10370  0.30 % (m/m) 

Cetane number  EN ISO 5165 51   

Sulphated ash  ASTM D874  0.20 % mass 

Total contamination 
EN 12662 

ASTM D5452 
 24 mg kg

-1
 

Copper strip corrosion 

(3 hr, 50ºC) 
ASTM D130  No. 3  

Ester content EN 14103 96.5  % (m/m) 

Oxidative stability 
EN 14112 

ASTM D2274 
6.0  hrs 

Acid value ASTM D664  0.80 mg KOH g
-1
 

Iodine value EN 14111  120 g I2 / 100 g  

Free glycerol ASTM D6584  0.02 % (mass) 

Total glycerol ASTM D6584  0.25 %  (mass) 

Alkali metals 
EN 14108 

EN 14109 
 5.0 mg kg

-1
 

Alkali earth metals EN 14538  5.0 mg kg
-1
 

Phosphorous content ASTM D4951  10.0 mg kg
-1
 

 

Table 42. Specifications for biodiesel sold within Australia, taken from Knothe et al. 

396
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Brazilian ANP (Agência Nacional do Petróleo) Specifications 

 

Limits 
Property Test Method 

min max 
Units 

Flash Point  ISO/CD 3679 100  ºC 

Water and Sediments D 2709  0.02  

Kinematic viscosity 
D 445  

EN/ISO 3104 
As diesel  mm

2
 s
-1 
(40 ºC) 

Sulphated ash 
D 874 

ISO3 987 
 0.02 % m/m 

Sulphur 
D 5453 

EN/ISO 14596 
 0.001 % m/m 

Copper Corrosion 
D 130 

EN/ISO 2160 
 No. 1 3 hrs (50 ºC) 

Cetane number 
D 613 

EN/ISO 5165 
45   

Cloud point D 6371 As diesel  ºC 

Carbon residue 
D 4530 

EN/ ISO 10370 
 0.05  

Acid number 
D 664 

EN 14104 
 0.80 mg KOH g

-1
 

Free glycerol 
D 6854 

EN 14105 
 0.02 % m/m 

Total glycerol D 6854, EN 14105  0.38 % m/m 

Distillation recovery D 1160  360 95% ºC 

Phosphorous 
D 4951 

EN 14107 
 10 mg kg

-1
 

Specific gravity D 1298/4052 As diesel   

Alcohol EN 14110  0.50 % m/m 

Iodine number EN 14111 
To be 

Noted 
  

Monoglycerides D 6584 , EN 14105  1.00 % m/m 

Diglycerides D 6584, EN 14105  0.25 % m/m 

Triglycerides D 6584, EN 14105  0.25 % m/m 

Na + K EN 14108-9  10 mg kg
-1
 

Oxidative stability EN 14112 6  Hrs (at 110 ºC)  

 

Table 43. Provisional ANP standards for biodiesel sold within Brazil, adapted from 

Knothe et al. 
396
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Indian Standards 

 

The Indian government has yet to introduce Indian specific biodiesel legislation but 

instead has adopted European standards and specifications from EN 14214.  

 

Chinese Standards 

 

There is currently no uniform quality standards set for biodiesel production in China. 

A large proportion of the future market for Chinese biodiesel will be to use palm oils 

and waste palm oils. The EN 14214 regulations might therefore be inappropriate. 

 

There have been discussions and proposals to create one international standard of 

specifications for all biodiesel fuels, these would be based on the ASTM and EN 

regulations currently in place. No definite timetable or provisional plans have been 

agreed but it looks highly probable that this will become a more important issue as 

biodiesel production grows globally.  

 

The Physical and Molecular Properties 
 

Density  

 

The density is an indicator of the volumetric and gravimetric fuel consumption and is 

of importance in the layout of the fuel reservoir, the injection nozzles, and the 

injection pump.  

The Density of a Range of FAAE Derived from Oils and Fats 

 

Biodiesel  Density (g cm
-3
) 

Soybean methyl ester 0.885 

Canola methyl ester  0.888 

Fish oil ethyl ester 0.878 

 

 Table 44. Typical density values for a selection of biodiesel samples derived from 

differing feedstocks, taken from Watts et al. 
401
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There is little difference in the densities of vegetable oil esters, and present day 

biodiesel types comply with all the legal specifications.  

 

The Influence of the Molecular Properties on the Density 

  

The density of almost all FAAE falls within the specifications allowed by the ASTM 

and EN 14214 regulations. The difference in the molecular properties of different 

FAAE does have a slight influence on the density, this is shown below.   

 

 

Figure  39. Graph showing the density, as a function of carbon chain length, for a 

range of saturated alkyl esters.  

D
en
si
ty
 (
g
 c
m
-3
) 

Carbon Chain Length 

ethyl 

methyl 

8 10 12 14 16

0.855

0.860

0.865

0.870

0.875

D
e
n
s
it
y

�

�

�

�

�

�

� �

�



Section IV 

 

 141 

 

Chain Length Methyl Ethyl 

8 0.877 0.867 

10 0.871 0.862 

12 0.870 0.860 

14 0.855 0.860 

16 SOLID 0.857 

18 SOLID SOLID 

 

Table 45 . Showing the density (g cm
-3

) of a range of alkyl esters.  

 

The density falls slightly as the chain length increases, the larger alkyl esters (C18 and 

above) are all solids at room temperature. Ethyl esters are less dense than the methyl 

counterparts, though this doesn’t make a considerable difference. The level of 

unsaturation is also a factor in determining the density of a sample, as shown below.  

 

Figure 40. Graph showing the density, as a function of unsaturation, for a range of 

C18 alkyl esters.  
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Level of Unsaturation C18 Methyl Ethyl 

0 SOLID SOLID 

1 0.874 0.870 

2 0.889  

3 0.895  

 

Table 46. The density of a range of C18 unsaturated alkyl esters 

 

The presence of a large amount of polyunsaturated methyl esters would bring the 

biodiesel up to the legal limits specified, this would have a particular bearing on fuel 

derived from aquatic sources.  

The temperature is one of the most important factors when considering the 

density of a liquid. The legal specifications require the temperature to be measured at 

a constant 15 ºC, however a large change in the density at higher temperatures will 

affect the atomization and combustion. Watts et al. (Department of Biological 

Engineering, Dalhousie University, P.O. Box 1000, Halifax, NS, Canada B3J 2X4) 

studied the varying affect of temperature on the density of methyl soyate, rapeseed 

methyl ester and an ethyl ester of fish oil. The results show that with an increase in 

temperature the density decreases linearly, by 300 ºC the density is as low as 0.5 g 

cm
-3
. 
401
 

 

Viscosity 

 

The viscosity is the resistance shown by one portion of a material moving over 

another portion of the same material. The viscosity of biodiesel is generally given in 

two different forms; the dynamic viscosity (η) or the kinematic viscosity (υ). The 

dynamic viscosity is the ratio of shear stress existing between layers of moving liquid 

and the rate of shear between the layers. The kinematic viscosity is the resistance to 

flow of a liquid under gravity, and is related to η by the density.  

Viscosity is a criterion for the internal burning process and an important 

parameter for the layout of fuel-injection-nozzles and fuel-pumps. It is very important 

that the viscosity of the fuel is kept within very strict parameters to insure engine 

performance, and therefore is close to the standard set for diesel fuel.  
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A high dynamic or kinematic viscosity is indicative of a large resistance to 

flow. Kinematic viscosity is a key aspect of all legal specifications and the chain 

length, level of saturation and alcohol moiety are all large factors in determining this. 

All information presented was taken from a collection of references on this subject, 

396, 402, 403
 G. Knothe (National Centre for Agricultural Utilization Research, US 

Department of Agriculture, IL, USA) heads the a research group working on the 

physical properties of biodiesel including the effects of viscosity.      

 

The Viscosity of Biodiesel Derived from Oils and Fats  

 

Given below are some typical values of the viscosity of biodiesel samples synthesised 

from various feedstocks. Watts et al. are the main research team investigating the 

differing viscosities of biodiesel and modelling the affect it has on other physical and 

mechanical properties.  

 

Biodiesel Type 
Dynamic Viscosity, η 

(mPa S) 

Kinematic Viscosity, υ 

(mm
2
 s
-1
) 

Peanut 3.57  

Rapeseed 4.70  

Canola 3.45 4.65 

Coconut 2.15  

Palm 3.59  

Soybean 3.26 3.98 

 

Table 47. Typical values of the dynamic viscosity 
403

 and kinematic viscosity 
404

  of 

FAME derived from various oils 

 

The Influence of the Molecular Properties on the Viscosity 

 

The chain length and level of saturation are the most important factors in determining 

the viscosity of biodiesel, the alcohol moiety also has an affect on the flow 

characteristics.   
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Figure 41. The kinematic viscosity as a function of chain length for a range of FAAE 

 

 

Table 48. The kinematic viscosity of a range of FAAE as a function of chain length 

 

An increase in the size of the alcohol moiety correlates with an increase in the 

viscosity of the FAAE. However, it is chain length that has a larger affect on the 

viscosity. An increase in the chain length corresponds with a large increase in the 

viscosity. There are too few data points to determine whether this relationship is 

linear, yet any saturated FAAE which has more then 18 carbons will certainly be 

Chain length Methyl Ethyl Propyl iso-Propyl Butyl iso-Butyl 

10 1.72 1.87 2.30  2.60  

12 2.43 2.63 3.04  3.39 3.48 

14 3.30 3.52 4.05 3.91 4.47 4.65 

16 4.38 4.57 5.30 5.20 6.49 6.02 

18 5.85 5.92 6.78  7.59  
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outside of the specifications. The amount of double bonds present in a sample of 

biodiesel has the affect of lowering the viscosity, as shown below.   

 

 

Figure 42. Graph showing the kinematic viscosity, as a function unsaturation, for a 

range of C18 FAAE.  

 

Level of Saturation, C18 Methyl Ethyl 

0 5.85 5.92 

1 4.51 4.78 

2 3.65 4.25 

3 3.14 3.42 

 

 

Table 49. The kinematic viscosity of a range of C18  FAAE as a function of saturation 

in the molecule. 
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As with the saturated alkyl esters, a larger alcohol group raises the viscosity slightly, 

yet unsaturation lowers the viscosity dramatically. This is in part due to the inability 

of the FAAE to stack as the double bonds are in the cis-configuration.  

 

Flash Point  

 

The flash point is not an obligatory engine criterion but a measure for the oil 

pollution. The flash point measurement is required to insure the secure handling of 

flammable liquids. The flash point is the minimum temperature at which the fuel will 

give off enough vapour to produce a flammable mixture.  

It increases with increasing chain length, C14 and higher, saturated and 

unsaturated esters have flash points over 130 ºC. A range of esters derived from 

different sources and their corresponding flash points are given below. The flash 

points are taken from a variety of sources. 
396, 405-411

 There is a large discrepancy in 

values from different sources, and if two or more values were available, the average 

of these values has been displayed. Due to the large variance in reported values these 

numbers are meant as a guideline only.  
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Oil Source Alcohol Moiety Flash point (ºC) 

Coconut Ethyl 190 

Corn Methyl 111 

Cottonseed Methyl >110 

Olive Methyl >110 

Methyl 167 
Rapeseed 

Ethyl 170 

Methyl 180 
Safflower 

Ethyl 178 

Methyl 156 
Soybean 

Ethyl 120 

Sunflower Methyl >110 

Hydrogenated Soybean Methyl 174 

Waste Oil (High FFA) Methyl >110 

 

Table 50. The flashpoints of various esters derived from differing vegetable feedstock.  

 

Low Temperature Properties 

 

Generally biodiesel demonstrates poor low temperature performance in comparison 

with mineral diesel fuel. As gelling, increased viscosity and more specifically the 

formation of crystalline solids can severely damage the engine it is a necessary 

parameter for the operation of the engine in cold conditions. All the low temperature 

testing (CFPP, pour point, cloud point) is indicative of how the fuel will behave at 

lower temperatures. The CFPP is used within the EU as this measurement is thought 

to give a better correlation with fuel performance than either the pour point or the 

cloud point. 

 Initially, on cooling the formation of crystals will be observed. This is labelled 

the cloud point, and can be observed by the human eye as the fuel will become opaque 

and cloudy. As the temperature continues to fall, or the fuel is left for a long time, 

aggregates of the crystals will form and the fuel will no longer be able to flow, this is 

termed the Pour Point. The Cloud and Pour Points have been included in the legal 
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specifications. Legally the cloud point can be measured by human observation 

(ASTM D2500, ISO 3015), there are automated methods available also available (e.g. 

DSC, light scattering techniques) (ASTM D5773, EN 116). Alternatives to using the 

CP and PP for measuring the low temperature operability of diesel and biodiesel exist. 

The Low Temperature Flow Test (LTFT) is used in North America (ASTM D4539) 

and the Cold Filter Plugging Point (CFPP) is used elsewhere (EN 116). Both these 

tests show a better correlation with actual low temperature behaviour observed than 

the CP or PP for diesel fuel. However for fuel formulation containing over 10% 

FAAE the correlation between CP and LTFT or CFPP is a 1:1 linear correlation. 
412
   

 

The Low Temperature Behaviour of a Range of FAAE Derived from Oils and Fats 

 

The following information on the low temperature behaviour of FAAE was collected 

from a range of sources. 
396, 405, 413-416 
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Source Alcohol Moiety CP (ºC) PP (ºC) CFPP (ºC) LTFT (ºC) 

Babassu Methyl  4    

Methyl 1 -9   
Canola 

Ethyl -1 -6   

Coconut Ethyl 5 -3   

Cottonseed Methyl  -4   

Methyl 0 -9   
Linseed 

Ethyl -2 -6   

Mustardseed Ethyl 1 -15   

Olive Methyl -2 -3 -6  

Methyl 13 16   
Palm 

Ethyl 8 6   

Peanut Methyl 5    

Methyl -2 -9 -8  
Rapeseed 

Ethyl -2 -15   

Methyl  -6   
Safflower 

Ethyl -6 -6   

Methyl 0 -2 -2 0 
Soybean 

Ethyl 1 -4   

Methyl 2 -3 -2  
Sunflower seed 

Ethyl -1 -5   

Methyl 17 15 9 20 
Tallow 

Ethyl 15 12 8 13 

Waste  

(FFA 9 wt%) 
Ethyl 9 -3 0 9 

 

Table 51. Cold flow properties for a range of FAAE derived from various oil sources 
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Blends  

 

Blending the biodiesel results in the minimum operating temperature decreasing and 

as such can be used to off set the negative low temperature behaviour of biodiesel. 

The following table has been correlated from various sources. 
396, 413, 414

 

 

Source 
Alcohol 

Moiety 
Blend CP (ºC) PP (ºC) 

CFPP 

(ºC) 

LTFT 

(ºC) 

- - B0 -16 -27 -18 -14 

Coconut Ethyl  B20 -7 -15   

Rapeseed Ethyl  B20 -13 -15   

Methyl B20 -14 -21 -14 -12 
Soybean 

Methyl B30 -10 -17 -12 -12 

Methyl B20 -5 -9 -8  
Tallow 

Ethyl  B20 -3 -12 -10 1 

Waste 

(9 wt% 

FFA) 

Ethyl  B20 -12 -21 -12 -3 

  

Table 52. Various #2 diesel blends of FAAE and their low temperature properties 
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The Influence of the Molecular Properties on the Low Temperature Behaviour  

 

 

Figure 43. Graph showing the temperature at which crystallisation begins (TCO), as a 

function of carbon chain length, for a range of saturated alkyl esters.  

 

Chain length Methyl n-butanol n-octanol 
2-ethyl-1-

hexanol 

C12 -4.0 -22.4 -0.6 -30 

C16 23.2 11.4 17.3 -6.0 

C18 31.6 13.5 16.9  

 

Table 53. Crystallisation temperatures (TCO) for various saturated FAAE (ºC) taken 

from Rodrigues et al. 
415

  

 

The point at which saturated esters crystallise demonstrates the poor cold temperature 

behaviour of biodiesel. As only short chain lengths and larger alcohol moieties have 

acceptable low temperature characteristics. Despite FAAE made with larger alcohols 

than methanol reducing this crystallisation temperature, it is steric bulk around the 

12 14 16 18

-20.0

0.0

20.0

c
ry
s
ta
l

�

�

�

�

�

�

�

� �

�

�

C
ry
st
al
li
sa
ti
o
n
 t
em
p
er
at
u
re
 (
 ° C
) 

Carbon Chain Length 

2-ethyl-1-hexyl 

methyl 

n-octyl 

n-butyl 



Section IV 

 

 152 

ester which lowers this, not necessarily an increased chain length. Unsaturated cis-

FAAE show much better cold flow characteristics as shown below.  

 

 

Figure 44. Graph showing the crystallisation temperature, as a function of 

unsaturation, for C18 FAME.  

 

Level of 

unsaturation 
Methyl 

0 23.2 

1 -19.8 

2 -30 

3 <-30 

 

 Table 54. Crystallisation temperatures (TCO) for the C18 unsaturated FAME (ºC) 

taken from Rodrigues et al. 
415
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The same correlation can be seen with the melting points of the FAAE, as shown 

below. 

 

Chain length Methyl Ethyl  

C10 -14 -20 

C12 5 -1.8 

C14 18.5 12.3 

C16 30.5 19.3 

C18 39 31 

 

Table 55. Melting Points for various saturated FAAE (ºC) taken from Knothe et al. 
416

    

 

 

Level of 

Saturation 
Methyl Ethyl  

0 
39 31 

1 
-20 -32 

2 
-35  

3 
-54  

 

Table 56. Melting Points for various unsaturated FAAE (ºC) taken from Knothe et al. 

416
    

 

Cetane Number 

 

The Cetane number is a dimensionless value, which describes the ignition quality of a 

diesel fuel. The cetane number is much like the octane number used to describe 

gasoline. The cetane number and octane number are comparable and generally if the 

cetane number is high the octane value is low and vice versa.  

Cetane, hexadecane (C16H34) is assigned a CN of 100. Conversely the highly 

branched 2,2,4,4,6,8,8- heptamethylnonane (HMN, C16H34) is assigned a CN of 15. 

Just from the scale parameters it is clear that CN is affected by chain length and 
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branching. The CN of diesel fuel is determined by the ignition delay time, this is then 

compared to the standards above to give the CN. This allows a measure of 

standardisation over different diesel engine testing rigs. The ignition delay time is the 

time difference between the onset of combustion and the injection of the fuel into the 

cylinder. If the CN is too high, the combustion can occur before the fuel is properly 

mixed with the air which results in incomplete combustion and raises the particulate 

exhaust. If the CN is too low, the engine can misfire, the air temperature will be hotter 

than optimum and incomplete combustion will occur.     

 CN studies are primarily conducted using an Ignition Quality Tester (IQT ™), 

this device is an automated development of a constant volume combustion apparatus 

(CVCA). This development allows for the inexpensive, high throughput testing of CN 

over the conventional use of a Cetane engine. The results are shown to be competitive 

with those derived from the old method (ASTM D613) and are shown to be highly 

reproducible. 
417
    

The Cetane Number of a Range of FAAE Derived from Oils and Fats 

 

Oil Source Alcohol Moiety Cetane Number 

Coconut Ethyl 67.4 

Corn Methyl 65 

Cottonseed Methyl 51.2 

Olive Methyl 61 

Methyl 52.5 
1
 

Rapeseed 
Ethyl 67.4 

Methyl 49.8 
Safflower 

Ethyl 62.2 

Soybean Methyl 51.4 
a
 

Sunflower Methyl 56 
a
 

Hydrogenated Soybean Methyl 65.1 

Waste Oil (High FFA) Methyl 58.7 

 

Table 57. Cetane number values for a range of esters derived from differing 

feedstocks. 
396

 

                                                 
1
 An average taken from numerous sources.  
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The Influence of the Molecular Properties on the Cetane Number 

 

The saturation, chain length and alcohol moiety all affect the CN by varying degrees. 

The following figures and tables have been completed from research drawn from the 

following references. 
396, 417-419

 For fully saturated methyl esters, the CN increases 

roughly linearly with chain length, as demonstrated in figure 45 below. The range of 

acceptable CN is large, however any saturated methyl esters which are 18 carbons or 

above are not suitable for use, like wise for esters with a smaller chain length than 8 

carbons. This would mean that smaller esters, derived from cracking or ozonolysis 

would be unsuited for use as a diesel fuel without a cetane improver additive.  

 

Figure 45. Graph showing the cetane number, as a function of chain length, for a 

range of saturated FAAE.  

 

C
et
an
e 
N
u
m
b
er
 

Carbon Chain Length 

n-butyl 

n-propyl 

ethyl 

methyl 

8 10 12 14 16 18

40.0

50.0

60.0

70.0

80.0

90.0

c
e
ta
n
e

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



Section IV 

 

 156 

 

Table 58. The cetane number of a range of saturated FAAE  

 

The alcohol moiety on the FAAE does not have as large affect on the CN as the level 

of saturation, or chain length. Saturation also is a large factor in determining CN, 

shown below is the CN as a function of the unsaturation found in a range of different 

C18 fatty acid alkyl esters.    

 

Figure 46. Graph showing the cetane number, as a function of unsaturation, for C18 

FAAE.  
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 Methyl Ethyl Propyl Butyl 

18 (0) 86.9 87.3 80.4 86.3 

18 (1) 57.2 60.8 57.3 60.7 

18 (2) 40.2 38.4 42.3 47.5 

18 (3) 22.7 26.7 26.8 28.6 

 

Table 59. The cetane number of a range of C18 unsaturated FAAE 

 

The size of the alcohol directly around the ester moiety is also not a large factor in the 

determination of CN, as shown below in table 60.  

 

 

 

 

 

 

Table 60. Cetane number of a range of FAAE with sterically bulky alcohol moieties.  

 

Distillation of the fuel prior to use does not have any effect on the CN, this suggests 

that for a biodiesel sample the trace amount of biological matter inherent in the fuel 

does not have a bearing on the CN. Van Gerpen also tested the impact of oxidation (as 

measured by the peroxide value, PV) on the CN of a sample of methyl soyate. He 

found that an increase in the PV did correlate with an increase in the CN. The 

oxidation did not have the same impact as a change in saturation or chain length, 

changing the CN by up to 4 at the highest oxidised level.       

 

Heat of Combustion   

 

The gross heat of combustion (HG) is a useful method of describing the heat content 

of FAAE and therefore their suitability as replacement fuels. For comparison cetane 

has a heat of combustion of 2559.1 kg-cal/mol.  

 Propyl Iso Propyl Butyl 2-butyl 

C16 85 82.6 91.9 84.8 

C18 80.4 96.5 86.3 97.5 
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Figure 47. Graph showing the heat of combustion, as a function of chain length, for a 

range of FAAE..  

 

 

 

 

 

 

 

 

 

 

Table 61. Showing the heat of combustion (kg-cal/mol) for a range of FAAE 
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Figure 48. Graph showing the heat of combustion, as a function of unsaturation, for 

C18 FAME.  

 

 

 

 

 

 

 

Table 62. Demonstrating the heat of combustion for unsaturated C18 FAME 

 

The most influential molecular property on the heat of combustion is the chain length. 

There is a roughly linear relationship between the two factors. The alcohol moiety and 

number of double bonds in the compound do affect the heat of combustion but not 

significantly.  
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Carbon Residue 

 

The Carbon residue number, or (Conradson Value) indicates the carbonisation of fuels 

and is responsible for damage at fuel injection nozzles, pistons and the combustion 

chamber. 

 

Sulphur Content  

 

The sulphur content is responsible for sulphur dioxide emissions (SO2) of the 

engine. Therefore the sulphur content should be reduced to the technically possible 

minimum. Naturally vegetable oils contain very little sulphur and therefore it would 

not be necessary to limit its content. The vegetable oil producers have set a limit to 

emphasise the advantages of their products over fossil diesel fuel. Also the sulphur 

content can influence the conversion and durability of oxidation catalysts.  

 

Contamination 

 

The contamination is a criterion for the number of abrasive ingredients like sand and 

other small particles, which can damage the engine. The value does not include the 

group of water-soluble slime-substances, which can occlude the fuel filter. The total 

dirt is evaluated with an 0.8 µm filter at an oil temperature of 40 ◦C.   

 

Copper Strip Corrosion value 

 

Diesel engine injection systems are comprised of many parts, some of which are made 

of high-carbon steels. Water and sulphur containing compounds (as well as other 

contaminants) can severely damage these parts. Despite generally having a low 

sulphur content, biodiesel can absorb as much as 1500 ppm of water (compared to 50 

ppm for mineral diesel fuel). The copper strip corrosion value is a measure of the 

corrosiveness of the fuel. By soaking a strip of highly polished copper in the fuel this 

corrosiveness can be measured by determining the level of corrosion in the copper 

strip. 
420
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The Oxidative Stability  

 

The oxidation stability is an indicator for the long term stability of the fuel. 

Parameters like oxygen, light and temperature during the storage of the fuel will affect 

the oxidation stability. One measure of the oxidative stability is the peroxide value, 

the measure of how much peroxide is in a known sample of biodiesel, as this is the 

primary oxidation product. The oxidative stability is measured legally by one of two 

tests, a modified version of the ASTM D2274 and the European Rancimat test (EN 

14112). 
421
 In the ASTM D2274 a fuel is aged at 95°C for 16 h. Oxygen is bubbled 

through the sample at a rate of 3 L/h. After ageing and cooling the insoluble particles 

are removed from the oxidation cell and a mixture of equal parts toluene, acetone, and 

methanol added. The sum of the filterable and adherent insolubles, expressed as 

milligrams per 100 ml, is reported as total insolubles.  

As an additional analysis for biodiesel-soluble polymers, 100 ml of the aged, 

filtered fuel was mixed with 400 ml of iso-octane. The aged fuel/iso-octane mixture 

was also filtered through a separate pair of filters. 

In the Rancimat test the induction period prior to the onset of rapid oxidation 

is measured. A stream of air is passed through the sample, which is heated to a 

specified temperature (e.g. 110 °C). The gases released during the oxidation process, 

together with the air, are passed into a flask containing deionized water. This flask 

also contains an electrode to measure conductivity. The time at which the conductivity 

begins to increase rapidly is defined as the induction time.  

Acids produced during the oxidation process, passed into the water are 

measured by this accelerated increase. The volatile acids are mainly formic acid, but 

other acids like acetic acid are also observed. 
422
  

When rapeseed methyl ester is studied the conductivity usually remains 

unchanged or very low for 4.5 - 6 hours. At this point in time the conductivity of the 

water begins to increase rapidly because of oxidation of the biodiesel sample. 

Soybean oil has average conductive times of 1-4 hours. 
421
  

Iodine Number 

 

The iodide number is a measure of the amount of unsaturation in the FAAE. The 

measurement is given as a weight ratio of grams of iodine/100 grams of sample. The 
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iodine value is also used as a measure of how much the fuel has oxidised, if the iodine 

value of the original sample is known.  

 

The Acid Value 

 

This value is a measure for the content of free fatty acids left in the FAAE and 

influences the storage and ageing behaviour. It is an index for the oil’s ability to 

corrode the engine.  

 

Phosphor content 

 

The influence of this parameter is not yet completely known. On the one hand, 

phosphor compounds can cause deposits in the combustion chamber and injection 

nozzles. On the other hand, it can influence the conversion and durability of oxidation 

catalysts. Therefore it is necessary to reduce the phosphor content to the technically 

possible minimum.  

 

Ash content 

 

The ash content of oils is an indicator for abrasions. It reflects the insoluble 

ingredients, as well as salts and ions. A high ash content can be related to high particle 

emissions and a lower flash point. The ash content does not necessarily correlate with 

a high amount of total dirt  

Water content 

 

The amount of water in the biodiesel is important for the storage behaviour and 

corrosion values. If the water content is too high, the oil may become contaminated 

with microbiological organisms. These can block the filters, pumps and fuel piping as 

well as corroding metal alloys in the engine. 
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Emissions 

The Emission Profile of a Range of FAAE Derived from Oils and Fats 

 

The emissions from a range of biodiesel samples are presented below. All numbers 

are given as percentage increase (+) or decreases (-) in comparison to the diesel fuel 

tested under the same conditions. This table is meant as a guide only and to 

demonstrate the variance in values due to the molecular composition of the fuels and 

the different testing rigs.    

 

Fuel HC PM SOx NOx CO CO2 Ref 

Tall oil methyl ester     -15-

38.9 

 
423
 

Waste olive oil   -57.7 -37.5 (NO) 

+8.1 (NO2) 

-58.9 -8.6 
424
 

B20 (Boiler)  -15.7 -19.7 similar   
425
 

Waste methyl ester -30.8 -63.3  +5.0 -8.6 +2.6 
426
 

B100 Karanja 

methyl ester 

 -80   -94  
427
 

B20 Karanja methyl 

ester 

 -20  -26 -73  
427
 

Soybean methyl 

ester 

-21.1 -10.1  +20 -11  
428
 

 

Table 63. The percentage change in emissions for a range of biodiesel samples.  

 

The Influence of the Molecular Properties on the Emissions from Using Biodiesel 

 

The particulate matter (PM) and NOx emissions are heavily reliant on the structure 

and saturation of the FAAE. McCormick et al. (Colorado Institute for Fuels and 

Engine Research, Colarado, 80401-1887) investigated the effect of increasing iodine 

value and chain length on the emissions using a 1991 calibratin, Series 60 production 

model engine. This engine is a 6 cylinder, four stroke engine and is nominally rated as 
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345 bhp (257 kW) at 1800 rpm. It is electronically controlled (DDEC-II), direct 

injection, turbocharged and inter cooled. It is the engine model specified by the 

California code of regulations section 2282. 
429
 

 

Figure 49. NOx Emissions as a function of carbon chain length, for a range of FAAE 
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Figure 50 . PM emissions as a function of carbon chain length, for a range of FAAE 

 

 

Chain Length Alcohol Moiety  NOx (g/bhp-hr) PM (g/bhp-hr) 

Certified Fuel - 4.6 0.265 

C12 Methyl 4.6 0.05 

C16 Methyl 4.4 0.06 

Methyl 4.3 0.15 
C18 

Ethyl 4.3 0.06 

 

Table 64. Emissions as a function of carbon chain length, for a range of FAAE 
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Figure 51. NOx Emissions as a function of unsaturation, for a range of C18 FAME 
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Figure 52. PM emissions as a function of unsaturation, for a range of C18 FAME 

 

Level of 

Unsaturation (C18) 
NOx (g/bhp-hr) PM (g/bhp-hr) 

Certified Fuel 4.6 0.265 

0 4.3 0.15 

1 4.9 0.09 

2 5.4 0.46 

3 5.6 0.19 

 

Table 65. Emissions as a function of unsaturation, for a range of C18 FAME 

 

Surprisingly NOx emissions fall with an increase in the chain length for saturated 

FAAEs, the alcohol group seems to make little difference. Unsaturated esters produce 
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 Other physical properties can be used to predict emissions. Fuels with a high 

density and low cetane number will tend to have higher NOx emissions. There is no 

such simple relationship with particulate matter though. 
429
 

 

G. Knothe also tested the emission profiles of some specific FAME and compared 

them to diesel fuel. 
430
 The test engine used was a 2003 model year DDC (Detroit 

Diesel Corporation) Series 60 diesel engine with direct injection, six cylinders, 14 L 

displacement, turbocharging, intercooling, and electronic control. The fuel system of 

the engine incorporates high-pressure electronic unit injectors. The engine was 

equipped with a high-pressure loop EGR (exhaust gas recirculation) system 

incorporating an EGR cooler with engine jacket water as the cooling medium. Engine 

control input was achieved electronically via wiring the feedback output of the test 

cell servo controller directly to a connection point on the engine wiring harness. The 

engine employed an intake air humidity and temperature sensor which was installed 

into the test cell intake air system ducting upstream of the turbocharger compressor 

inlet. The results are shown below.  

 

Emission Species (g/hp hr) 
Fuel 

HC CO NOx PM CO2 

Petrodiesel 0.06 0.53 2.27 0.109 595.12 

Methyl soyate 0.04 0.40 2.55 0.024 595.70 

Methyl laurate (C12) 0.05 0.32 1.98 0.013 568.10 

Methyl palmitate (C16) 0.05 0.30 2.17 0.020 575.80 

Methyl oleate (C18(1) 
2
) 0.03 0.27 2.41 0.029 592.57 

 

Table 66. Emission species for a range of FAME fuels.  

 

                                                 
2
 The methyl oleate used was technical grade, which is made up of a range of FAME and ~77% methyl 

oleate 
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Figure 53. Percentage change in emissions when using a variety of FAME compared 

to diesel fuel.  
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Figure 54. Percentage change in emissions when using a variety of FAME compared 

to diesel fuel.  

 

Commercial biodiesel fuel as well as the constituent FAME esters significantly 

reduces PM. A similar trend in the NOx and PM was observed as above, with chain 

length not making a great difference in these factors. CO and HC emissions were also 

reduced heavily with the chain length being a more influencing factor.  
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Brake Specific Fuel Consumption  

 

Knothe et al. also tested the brake specific fuel consumption on the same engine as 

detailed above, the results are shown below.  

 

Fuel BSFC (g/hp hr) 

Petrodiesel 187.42 

Methyl soyate 210.54 

Methyl laurate (C12) 200.84 

Methyl palmitate (C16) 205.57 

Methyl oleate (C18(1) 
3
) 209.30 

 

Table 67. BSFC for a range of FAME, taken from Knothe et al. 
430
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Figure 55. BSFC percentage increases for a range of FAME 

 

BSFC increases with using biodiesel standards and a correlation with chain length, an 

increase with rising chain length, is observed.  

                                                 
3
 The methyl oleate used was technical grade, which is made up of a range of FAME and ~77% methyl 

oleate 
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Predictive Modelling 

  

A number of models have been investigated for predicting engine performance using 

a variety of easily measured physical properties as inputs. One simple technique is to 

use the data above for each individual FAAE and assume no intermolecular 

interactions affect these values. The ratio of FAAE could be determined by analysis 

and some engine performance properties can be estimated. Van Gerpen (Department 

of Mechanical Engineering, Iowa State University, Ames, Iowa.) reported the CN of 

methyl esters made from a Soybean feedstock to be between 45.0 and 67.0, with the 

median value being 51.2. 
431
 Using the distribution of fatty acid content found in 

soybean oil (reported in Section II) a predicted CN of 49 was calculated from the data 

presented above. Even though this method does not take into account the interactions 

of different molecules and how that affects the CN, this prediction is very close to the 

median literature value. This method is easily testable and merits further investigation, 

as a simple method of predicting physical properties.  

A more advanced method presented in the literature is to use an artificial neural 

network (ANN). ANN’s are computer statistical modelling tools able to capture non-

linear relationships between multiple predictor and outcome variables. It is made up 

of a series of nodes that cooperate and process information in parallel to one another 

to achieve an output. Canakci et al. (Kocaili University, Turkey) trained an artificial 

neural network to predict the brake specific fuel consumption, exhaust temperature 

and exhaust emissions when the molecular weight, net heat of combustion, density, 

kinematic viscosity, C/H ratio and cetane number of each fuel was entered. The 

network was able to predict these factors with less than a 5.5% error for the test data. 

432
 

 Another neural network was designed by Duran et al. to determine the amount 

of soluble and insoluble particulate matter created when the engine operating 

conditions and fuel composition were known. 
433
 

 Ramadhas et al. (Department of Mechanical Engineering, National Institute of 

Technology Calicut, Calicut-673 601, India) used a variety of statistical models 

including ANN to assess the predictability of cetane numbers from the molecular 

properties. Multi-layer feed forward, radial base, GRNN and recurrent networks were 
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all used for this goal. The multi layer feed forward network was the most accurate 

model with an accuracy of 96.6%. 
434 
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Abbreviations and Definitions  

 

Acetates – Complexes containing the deprotonated acetic acid molecule, CH3COO
-
 

Acid Value – Is the required amount of KOH (in mg) to neutralise any acid present.  

Adsorption – The attraction of a substance onto the surface of a material, this is 

physical (involving weak non-chemically specific bonds) or chemical (chemisorption, 

with the formation of chemical bonds) 

Aldehydes – Compound containing the HC=O grouping bound onto another carbon 

atom.  

Alkali earth metal – Group II metals comprising of beryllium (Be), magnesium 

(Mg), calcium (Ca), strontium (Sr), barium (Ba) and radium (Ra). 

Alkali metal – Group I metals comprising of lithium (Li), sodium (Na), potassium 

(K), caesium (Cs) and francium (Fr). 

Alkanes – Aliphatic hydrocarbons of the general formula CnH2n + 2, the main 

constituent of petrol fuel.  

Alkenes – Carbon chain of the general formula CnH2n, the compound contains one 

double bond.   

Alkoxide – Metal derivatives of alcohols i.e. sodium methoxide, NaOCH3. 

Alkyl – Hydrocarbon chain of unspecified length, with an unspecified number of   

double bonds, represented as R.  

Aluminia –Al2O3 

Amberlyst® - Polystyrene based sulphonic resins, a polymeric ion-exchange resin  

Amino acid – Naturally occurring compounds containing the acid group -COOH, and 

the amino group -NH2. They are the fundamental building blocks of proteins. All 

except glycine and β-alanine are chiral, and are the L-configuration. 

Amorphous – Substances that do not display an extended ordered arrangement of the 

constituent molecules or atoms, they are therefore not crystalline.  

Anionic – Negatively charged group 

Anthracene – Solid polycyclic aromatic hydrocarbon consisting of three fused 

benzene rings 

Antioxidants – Substances which slow the autoxidation process, they are generally 

used for the prtection of foods, fats and oils from degradation 
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Aquatic Species Program – A DOE study which spanned two decades looking into 

producing energy from algae 

Aromatic compounds – An organic molecule with a degree of aromaticity.   

Aromaticity – A conjugated ring of unsaturated bonds, which exhibit a very strong 

stabalization, usually by the cyclic delocalisation of electrons.   

Artificial Neural Network (ANN) – Statistical modelling tool capable of predicting 

outcome from multiple input variables which enjoy nonlinear relationships with the 

outcome(s).  

ASTM D6751 – Set of American legal specifications detailing the parameters for 

biodiesel  

Atmospheric Pressure Chemical Ionization Mass Spectrometry (APCI-MS) – 

Ionisation source found in MS where, where the sample is heated to high temperatures 

and sprayed with a flow of N2 to induce chemical ionisation.  

Autoxidation – An oxidation reaction which only proceeds when another oxidation 

reaction is occurring in the system.  

B20 – North American standard nomenclature to denote the percentage of biodiesel in 

a blend of alkyl ester and mineral diesel fuel, the number given is the percentage by 

volume of biodiesel present. 

Babassu – Palm tree native to the Amazonian rainforest.  

BHA – Butylated hydroxyanisole 

BHT – Butylated hydroxytoluene 

Bio-refinery - A facility that integrates biomass conversion processes to produce 

fuels, power, or value-added chemicals from biomass.   

Biphenyl – Two benzene rings joined by a single sigma bond otherwise known as 

Lemonene, C12H10 

Branched compounds – Oligomer and polymer formation which creates a nodal 

point with three or more monomers intersecting as opposed to two. 

Calcined – The heating of a substance to high temperatures, to remove the organic 

framework used to synthesise the substance or to further oxidise the inorganic 

substituents.  

Capacitance – The measure of how much electric charge is stored over any given 

electric potential  

Carbohydrate – Large class of organic molecules with the general approximate 

formula (CH2O)n, this includes sugars, starches and cellulose.  
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Carbon Nanotube – Allotrope of carbon, where a single atom thick sheet of graphite 

is rolled up into a seamless cylinder.   

Carbon Residue – Is a value pertaining to the carbonization of a fuel 

Carbonium ion – Positively charged trivalent carbon atom R3C+. 

Carboxylate – Complexes containing a deprotonated carboxylic acid, e.g. zinc 

acetate 

Carboxylic acids – Compound containing the acidic group O=COH. 

Cash crops - A crop produced solely to be sold on global markets and not for 

domestic use 

Catalyst – A substance that affects the rate of attainment of equilibrium in a system 

while not undergoing any permanent chemical change. It can theoretically be 

recovered at the end of a reaction, chemically unchanged, but not necessarily 

physically unchanged. 

Cation-exchange capacity – The total amount of positively charged ions that are 

present to completely neutralise an anionic resin.    

CCR – The Conradson value measurement  

Cellulose – Polysaccharide molecule which makes up the cell wall of most green 

plants, one of the most common biopolymers on earth. 

Centrifuge – A machine employed to assert a centrifugal force for use in the 

separation of two immiscible liquids or a solid and a liquid.    

Cetane – Saturated hydrocarbon with the formula, CH3(CH2)14CH3, also known as 

hexadecane 

Cetane Number – A measure of the compression ignition process by evaluating the 

delay in the fuels ignition and comparing that to the same value for Cetane.  

CFPP – Cold Filter Plugging Point, a measure of the low temperature properties by 

observing the lowest temperature at which 20 ml of oil safely passes through a filter 

within 60 s. 

Chemical Sensor – A sensor designed to detect the presence of a specific target 

molecule    

Chemoselective – Is the selective formation of one type of molecule in a reaction 

where more than one outcome is plausible.   

Chromatographic – A series of techniques which separate product mixtures via their 

interaction with a solid stationary phase.  
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Cis-fatty acids – Unsaturated fatty acids containing cis- double bonds. Double bonds 

have two possible isomers, depending on whether the two carbon chains are on 

adjacent sides of the bond, or opposite, cis- double bonds are adjacent. Almost all 

fatty acids found in nature are cis configuration.  

Cloud Point – The temperature at which solid crystalline waxes can be observed in a 

sample of oil or biodiesel.   

CO – Carbon monoxide 

CO2 – Carbon dioxide 

Co-generation plant – Is the use of a combustion process to produce both heat and 

electricity, also termed a Combined Heat and Power (CHP) plant. 

Cold Flow Properties – The properties of a liquids flow when the temperature is 

significantly reduced  

Colorimetry – The quantitative measurement of colour and colour change.  

Conductometry – The technique used in sensing a compounds presence via a change 

in the conducting properties of a substance.   

Continuous oscillatory flow reactor – A flow reactor where an oscillatory motion is 

exerted on the tube or pipe, generating far more efficient mixing. 

Copolymer - A complex polymer made from the polymerisation of more than one 

monomer.  

Copper strip corrosion value - Is a measure of the corrosive elements in a fuel. By 

soaking a strip of highly polished copper in the fuel this can be measured by 

determining the level of corrosion on the copper strip. 

Co-solvent – A substance which is a liquid at the reaction temperature, is not 

consumed in the reaction but aids the formation of the products usually via 

solubilising one or more of the reactants.   

Cryptand – Polycyclic compounds with donor atoms, S, O or N located in the 

bridges, can bind ions very strongly.   

CSTR – Continuous Stirred Tank-Reactor, in a CSTR one or more fluid reagents are 

stirred together and the effluent is removed. The reactants are added at the same rate 

that the products are removed, this reactor is usually run as a series and the effluent is 

a product enriched stream containing reactants, the stream becomes more enriched 

with products through every subsequent reaction until pure.  

DEHP - Diethyl hexyl phthalate 

Dehydration – A reaction where one of the products formed is water.  
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Deionized water – Pure water, free of any metal or organic ions.  

Density – Is the mass per unit volume 

Deuterated chloroform – CDCl3, chloroform molecule where the protons have been 

replaced by NMR inactive deuterium atoms.   

Dextrin – Intermediate product in the production of sugars from starch.  

Dielectric material – Is an electrical insulator, highly resistant to the flow of an 

electric current.  

Diethyl sebacate – Ethyl ester of sebacic acid, HOOC(CH2)8COOH  

Direct Injection Engine – An engine where the injection nozzle is placed inside the 

combustion chamber with the piston, this incorporates a depression where initial 

combustion takes place. Direct injection tends to be more efficient and cleaner than 

indirect injection. 

Divalent – A metal centre which has an oxidation state of 2, (carries a 2+ charge.) 

This is normally written as M(II), i.e. Ni
2+

 or Ni (II).   

DOP - Dioctyl phthalate 

Doped – The process of altering the properties of a substance by introducing small 

amounts of impurities in to the host lattice.  

Elastomers – Compounds with (or that can be added to another compound to give) 

rubbery (rapid recovery from high deformation) properties.   

Electrode – An electro- conducting body which when placed in an electrolyte 

exhibits a certain electrical potential. 

Electronegativity – The measured strength of an atom, in a stable chemical molecule, 

to attract electrons within a chemical bond.  

Ellipsometry - Transduction technique used to measure the change in polarization of 

a light source. 

Emulsion – A disperse system where both phases are liquids, usually an emulsifying 

agent is needed to stabilise the system and prevent separation.  

EN 14214 – European biodiesel legal specification 

EN 590 – European diesel legal specification 

Etherification – The chemical process of producing an ether via the reaction of two 

alcohols.  

Ethyl formate – Ethyl ester of formic acid, HOOCH 

ETS-10 – A zeolite, made up of titanium and silicon oxides.  

FAAE – Fatty Acid Alkyl Ester 
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Falling Film Evaporator – A highly energy efficient and thermally gentle process 

used to concentrate mixed solutions. The solution falls in a thin film down a tube 

which is surrounded by an outer-shell usually filled with steam, or some other heat 

exchanging material. One solution will evaporate and the other can be collected at the 

end of the tube.  

Fermentation – A controlled microbial reaction to yield useful biomolecules such as 

ethanol or most amino acids. 

FID – Flame Ionisation Detector, which works by passing the analyte through an air/ 

hydrogen flame that produces ions. The ions propagate as an electric current which is 

the signal output of the detector. The greater the concentration of component, the 

greater the current as the more ions are produced.  

Fisher-Tropsch – The catalytic production of gaseous, liquid and solid paraffin 

hydrocarbons by the reaction of CO and H2. CO can be recovered from the 

combustion of biomass.    

Fixed bed reactor – Reactor where the catalyst is a solid heterogeneous material 

anchored to the bed of a reactor. The reactants then flow over this bed and are 

converted to products. 

Flash Point – The lowest temperature that a substances vapour can be ignited by a 

flame.  

Fluorene – Polycyclic aromatic hydrocarbon comprised of two benzene rings and an 

aromatic five membered ring, these are all fused together.  

Fluorescence - Fluorescence is a luminescent phenomenon in compounds where the 

molecular absorption of a photon, triggers the release of a photon of a longer 

wavelength.  

Fractional Distillation – The process used to separate different compounds by using 

the differing volatilities of these compounds in a mixture.    

FT-IR – Fourier transform infra red spectroscopy 

GC – Gas Chromatography  

Glycerol – Liquid by-product of the biodiesel process used as a solvent and additive 

in the food industry, the anion is the backbone of the triglyceride molecule.   

Glyceryl tributyrate – Triglyceride molecule where the fatty acid arms are all C4H7, 

used as a model molecule for a naturally occurring triglyceride.  

GPC – Gel Permeation Chromatography  
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Gross heat of combustion – The gross energy released as heat when a substance 

undergoes combustion 

Guanidine – (H2N)2C=NH, strong organic base. 

Ha- hectare, 10 000 sq. m.   

HC – Hydrocarbon emission 

Heavy Metals – A loose definition of the elements between copper and bismuth 

which have metallic properties at room temperature, generally they are not found in 

biological systems, yet have varying degrees of toxicity.  

He-Ne laser – A type of gas laser, usual operation is in the red portion of the visible 

spectrum  

heptamethylnonane (HMN) – Highly branched alkane used as a reference with 

cetane for measuring the cetane number, also know as iso-cetane. 

Heterogeneous Catalysis – Is the catalysed reaction where the reactants are in a 

different phase to the catalyst, normally used to describe liquid or gaseous reactants 

over a solid catalyst.  

Homogeneous – A catalysed reaction where the reactants and catalyst are in the same 

phase.  

HPLC – High Performance Liquid Chromatography 

Hydrophilic – A physical property of a substance, giving it an affiliation to water and 

other polar solvents.  

Hydrophobic – A physical property of a substance, making the substance repel water 

and other polar solvents.   

Hydrotalcites – Class of naturally occurring mineral, also a term used for synthetic 

magnesium aluminium hydroxyl carbonates.  

Hydroxyl – The –OH grouping 

I – Quantum nuclear spin number  

Immobilisation – The process used to anchor lipases and enzymes to a solid 

insoluble structure  

Imprinting – A method of designing polymers to recognise specific molecules by 

copolymerisation with the target molecule present. 

Indene – Aromatic polycyclic hydrocarbon comprising of a benzene ring fused to a 

five membered ring, C9H8.  

Indirect Injection Engine – The fuel is delivered to a prechamber, where combustion 

begins and then spreads to the main chamber. This allows a complete mixing of the 
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atomized fuel with the heated air. The positive side to this is a reduction in audible 

noise, a lesser shock of combustion and lower engine stress, however these engines 

are less efficient that the direct injection system.  

Intermolecular interaction – An interaction between two separate molecules 

Iodine Value – The mass of iodine (grams) that is consumed by 100 grams of a 

chemical substance. It is used to measure the level of unsaturation in a molecule. 

Isomers – Compounds which contain the same atoms and are of the same molecular 

weight but have differing structures e.g. iso-propanol and n-propanol  

Isotope – Elements which have the same atomic number but different atomic weights, 

i.e. 
16

O and 
18

O. The physical and chemical properties can vary slightly.  

KBV – Kauri Butanol Value, a measure of a liquids solvating power.  

Ketones – Compound containing the moiety R2C=O 

Kinetic – The branch of chemistry which is concerned with the observable variations 

in a chemical reaction i.e. the rate of reaction as a function of temperature, 

concentration or pressure.  

Lambda probe – Oxygen sensor, designed for automobile use.  

Laureate – A complex involving the deprotonated lauric acid (dodecanoic acid).  

LCA – Life Cycle Analysis, the term 'life cycle' refers to the notion that for a fair 

environmental assessment the raw material production, manufacture, distribution, use 

and disposal including all intervening transportation steps need to be assessed for their 

impact.  

Leaching – The extraction of a soluble compound from an insoluble structure which 

it has either been chemically or physically bound to.  

Lewis Acid – Is a complex or compound which can accept electrons i.e. AlCl3 can 

accept electrons from the Cl
- 
anion to form AlCl4 

- 

Lewis Base – Is a complex or compound which can donate electrons, i.e. Cl
-
, in the 

case above 

Lignin – Along with cellulose is the polymeric compound that is the key constituent 

of wood.  

Lipase – A water soluble enzyme which can cause the total or partial acidification of 

triglycerides and FFA in the presence of water or the esterification / transesterification 

of triglycerides and FFA in the presence of an alcohol.   

Lipids – Hydrophobic bio-molecules insoluble in water but soluble in non polar 

solvents, triglycerides & fats are a subsection of this term.  
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Liquid chromatography – Chromatographic technique where the mobile phase is a 

liquid. 

LTFT - Low temperature flow test, similar to the CFPP except the volume of fuel 

used is greater. 

Mass Transfer – A term used to describe the net movement of atoms from one level 

of high concentration to an area of low concentration. The ease of this process, and 

therefore the time it will take to achieve a uniform substance, is reliant on many 

chemical and physical factors such as hydrophobicity. 

Membranes - A flexible enclosing or separating tissue forming a plane or film and 

separating two environments.  

Mesopourous - A mesoporous material is a material containing pores with diameters 

between 2 and 50 nm. 

Methoxide anion – The 
-
OCH3 species, this is the product of the reaction between the 

alkali metal catalyst and methanol in the biodiesel reaction.  

Methyl Soyate – The methyl ester made from soybean oil.   

Mobile phase – Phase used in chromatography to hold the analyte, can be a liquid or 

a gas.  

Molecular Imprinted Polymers (MIP) – Is a polymer that was formed in the 

presence of the target molecule which is then removed.   

MS – Mass Spectrometry, a technique which ionizes molecules and then accelerates 

the ions separating them according to their mass / charge ratio.  

Nafion – Perfluorinated polystyrene based sulphonic resin, a type of polymeric 

exchange resin 

Nanocrystalline - A material which is crystalline and which the dimensions are 

measured in nanometres.  

Napthalene – Polycyclic aromatic hydrocarbon consisting of two fused benzene 

rings, C10H8. 

Neutralisation – The reaction of an acid and a base to give a salt of pH 7 in solution.  

Newtonian fluid – A fluid which flows like water in that its stress/ rate of strain curve 

is linear. This means that the fluid will flow, regardless of the forces acting on it.  

NMR – Nuclear Magnetic Resonance.  

Normal Phase HPLC – HPLC technique where the mobile phase is non-polar and 

the stationary phase is polar. 

NOx – A mixture of various nitrogen oxides 
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Oligomers – A polymer composed of only a few monomeric building blocks, usually 

between 2 and 5 in the case of glycerol. 

On-line sampling – A process which can be used while the reaction takes place to 

determine the amount of product formed.  

Optical fibre – A fibre made of glass or plastic which guides light down the length, 

confining almost all the light with in the walls. 

OSI – Oxidative Stability Index, or Oil Stability Index, a relative index of oils and 

their resistance to oxidation. Used to predict the oil or fats potential shelf life, it is a 

measure of the time taken at 110 °C in air to overcome any barriers to oxidation.  

Oxidation – A process where the proportion of an electronegative element of a 

compound is increased by a chemical reaction.  

PAH – Polyaromatic hydrocarbons, carcinogenic particles formed by the incomplete 

combustion of fossil fuels, wood and waste products. PAHs are also present in diesel 

fuel prior to combustion.   

pDSC - Pressurized differential scanning calorimetry, a technique where the 

difference in the amount of heat required to increase the temperature of a sample is 

measured as a function of that temperature. 

Perfluorinated - An alkyl chain where all the protons have been exchanged for 

fluorine except on the functional group.  

Permittivity – Is a physical quantity which describes the interaction between an 

electric field and a dielectric material. Permittivity is therefore a measure of a 

materials ability to transmit an electric field.  

Perovskite Structure - A structure adopted by many ABX3 compounds (e.g. CaTiO3) 

where A and B are positive ions and X is negative. The structure has A at the corners 

of a cube and B in the body centre. X is located at the fade centre, many structures can 

show distortions from this framework. 

Peroxide Value – A measure of the hydrogen peroxide concentration (mg/g) formed 

during fuel oxidation, hydrogen peroxide is the common product of any gums and 

polymers made from the oxidation of biodiesel 

Peroxides – Compounds containing linked pairs of oxygen atoms i.e. hydrogen 

peroxide HO-OH and sodium peroxide NaO-ONa. 

pH – A logarithmic measure of the hydrogen ion content of a solution.  

Phenanthrene - Polycyclic aromatic hydrocarbon, made up of three fused benzene 

rings. 
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Phosphor – A substance that exhibits the phenomenon of phosphorescence 

Phosphorescence – Type of photoluminescence related to fluorescence, but the 

material will not necessarily immediately emit the radiation absorbed. 

Plasticizers – Materials incorporated into plastic resins to change the properties of the 

resin.  

Plug Flow Reactor – In a PFR reactor one or more fluid reagents are passed through 

a pipe or tube. At the head of the pipe the reaction rate will be high compared with 

downstream as there will be the highest ratio of reactants. The products can be 

removed by distillation or some other process at particular points along the reactor. 

PFR reactors tend to be more efficient than CSTR types. 

PM – Particulate matter  

Polycrystallite - A material that is made of many smaller and randomly oriented 

crystallites 

Pour Point – The temperature at which oil can no longer be poured.  

Ppb – Parts per billion 

Ppm – Parts per million  

PrG – Propyl Gallate  

Primary alcohol group – Is an alcohol group attached to a carbon atom which itself 

is attached to only one other carbon atom in the chain.  

Pro-oxidants – A substance, catalytic or otherwise, that increases the rate of the 

autoxidation reaction. 

Protein – The chief nitrogenous constituents of living organisms. They have very 

large molecular structures and are formed from a mixture of amino acids.  

PVC – Poly vinylchloride 

Qualitative – Analysis based on the identification of the constituents 

Quantitative – Analysis based on the estimation of the constituents. 

Quartz Crystal Microbalance (QCM) – A crystal which is used to detect a change 

in mass by the change in the frequency.  

Rancimat testing – European designed test to measure the level of oxidation in a 

sample using the conductivity.  

Reactor-separator - A reactor which has a duel function in separating the product 

out while the reaction takes place.  

Refraction – The change in direction of a wave when the wave passes through one 

medium into another.  
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Resin – High molecular weight materials which soften at high temperatures  

Retention time – The time taken for a constituent being analysed by a 

chromatographic technique to exit the column.  

Reversed phase HPLC – HPLC technique where the mobile phase is polar and the 

stationary phase is non-polar. 

Saturated – An alkyl chain completely saturated with hydrogen atoms, the atoms are 

linked by single bonds only.  

SCR Catalyst – Selective Catalytic Reduction catalyst 

SEM – Scanning electron microscopy. 

SH-SAW – Quartz Microbalance related measurement device 

Sn (II) - Tin metal with an overall charge of +2 

Sn (IV) – Tin metal with an overall charge of +4 

Sodium Methoxide – NaOCH3 

Sol-gel – A dispersion of an inorganic solid in a liquid which results in a gelatinous 

substance 

SOx – A mixture of different sulphur oxides 

Spectroscopic – Method of analysis dealing with the emission and absorption of 

energy 

Spinels – A group of mixed metal oxides, of the formula M
2+

M2
3+ 

O4. The crystals are 

normally cubic with closed packed oxygen atoms.  

Stannic – A complex involving the Sn (IV) metal ion  

Stannous - A complex containing the Sn (II) metal ion 

Starch – A complex carbohydrate similar to cellulose used to store glucose by the 

body. Insoluble in water, but will form fine dispersions if heated in aqueous solution.  

Stationary phase – The solid phase in chromatography which interacts with the 

analyte to aid in the separation of the components.  

Stearate – Complex involving the deprotonated stearic acid (octadecanoic acid). 

Styrene Co-polymer Esters – A plastic containing both vinyl benzene and ester 

blocks, reacted together to give a substance with a molecular weight of over 10 000 

g/mol.   

Sterol – Large organic ring systems containing an alcohol group. They are found in 

most animal and plant cells.  

Sulfosuccinic acid – HOOCCH2CH(SO3H)COOH 

Sulphonic resins – An insoluble resin containing the sulphonic acid group O2SOH.  
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Surface Acoustic Wave (SAW) – A wave which travels along the surface of a 

substance which has a degree of elasticity, they have measurable amplitudes which 

change dramatically if the surface is altered.   

Surface Plasmon Resonance (SPR) - The propagation of electromagnetic waves 

along a metal-dielectric interface.  

SVO – Straight Vegetable Oil 

Synthon – A structural unit of an organic molecule which is relevant to the synthesis 

of that molecule 

Tallow – Processed bovine fat 

Target molecule – A molecule which it is desirable to selectively quantify in a 

gaseous or liquid solution 

TBHQ – Tert-butylhydroquinone 

Tetralin – Hydrocarbon consisting of one aromatic benzene ring fused to a saturated 

cyclohexane ring. 

Thermal conductivity sensor – Sensor measuring the change in temperature of a 

sample when an electric current is passed through it. 

THF – Tetrahydrofuran, C4H8O. Colourless liquid with a boiling point of 66 °C  

Thiol – Sulphur containing compounds with the general formula R-SH 

Thionine – Polycyclic hydrocarbon containing nitrogen and sulphur.  

TLC – Thin Layer Chromatography  

TPA - Tungstophosphoric acid 

Trans- fatty acids – See Cis-fatty acids 

Transduction – A device which can convert one type of energy into another usually 

used for measurement of information transfer.  

Triacetin – Model triglyceride where all the fatty acid arms are acetates. 

Tubular reactor – Flow reactor made up of a series of tubes.  

Tungstophosphoric acid - 12 WO3 
.
 H3PO4 

.
 x H2O 

Ultrasonic – Sound with a frequency greater than the upper limit of human hearing, 

this limit being approximately 20,000 hertz. 

Vacuum Flash Process – Specialist equipment which removes water from a product 

by the application of a vacuum.  

Viscosity – The resistance that a liquid shows to flow. Water has a low viscosity 

whereas oils and treacle have a high viscosity. 
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Vitamin E – Vitamin E is found primarily in oils and seeds, is vital to reproduction 

and therefore is a vital part of all mammal diets. The chemical name for vitamin E is 

tocopherol and is a natural antioxidant.  

Wet-impregnated – Impregnation of a solid structure using ions dissolved in solution 

Wintron XC30 – Styrene ester co-polymer used as an additive to lower the cloud 

point of biodiesel.  

Wt % - Weight percentage 

WVO – Waste Vegetable Oil 

Zeolite – Aluminosilicates containing a framework of the general formula (Si, 

Al)nO2n. The framework has a negative charge which is counterbalanced by a cation 

(usually an alkali metal). Zeolites are made at high temperatures and have well 

defined cavities.  

Zirconia – Zirconium oxide, ZrO2 

π-π bond interaction – Interaction between two aromatic rings by Van der Waals 

interactions.   
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Directory 

Listings of Major Research Teams in the Area 

 

General Biodiesel Research 

 

Listed below are the research groups which work on many different aspects of the 

biodiesel problem. Most of these people were contributing authors in the Biodiesel 

Handbook.  
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Research Team Address 

G. Knothe National Center for Agricultural 

Utilization Research, Agricultural 

Research Service, U.S. Department of 

Agriculture, Peoria, Illinois 61604, and 

Engine and Vehicle Research Division, 

Southwest Research Institute, San 

Antonio, Texas 78288 

Contact: 

Phone: +1-309-681- 

6112. Fax: +1-309-681-6340.  

E-mail: knothegh@ncaur.usda.gov. 

J. Krahl Univ. Appl. Sci. Coburg, Postbox 1652, 

D-96406 Coburg, Germany 

Email: 

krahl@fh-coburg.de 

M. J. Haas USDA, ARS, 600 E Mermaid Lane 

Wyndmoor, PA, 19038, USA 

Email: 

mhaas@errc.ars.usda.gov 

J. V. Gerpen Dept. of Biological and Agricultural 

Engineering. University of Idaho. 

Moscow, ID 83844. (208) 885-7891 

Email:  

jonvg@uidaho.edu 

R. O. Dunn  USDA ARS, Natl. Ctr. Agr. Utilizat. Res., 

1815 N Univ. St, Peoria, IL 61604 USA 

Contact: 

Robert.Dunn@ars.usda.gov 

Phone: (309) 681-6101  

Fax: (309) 681-6340 
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Biodiesel Reviews 

 

A list of the research people who have compiled reviews in or around this area.  

 

Head of 

Research 

Team 

 

Latest 

Biodiesel 

Publication 

Topic / interest Address 

M. A. Hanna 1999 Production Review  Industrial Agricultural 

Products Centre, University of 

Nebraska, 211 L. W. Chase 

Hall, Lincoln, NE 68583-0730, 

USA 

A. Demirbas 2007 Recent 

Developments  

Sila Science, Trabzon, Turkey. 

 E-mail: 

 ayhandemirbas@ 

hotmail.com 

 

L. C. Meher  

M.G. Kulkarni 

A. K. Dahlai 

2007 Technical Aspects 

Catalysis 

Karanja Oil 

Catalysis and Chemical 

Reaction Engineering 

Laboratories, Department 

of Chemical Engineering, 

University of Saskatchewan, 

Saskatoon, SK, Canada S7N 

5C5.  

E-mail:  

ajay.dalai@usask.ca;  

Fax: +1 306-966-4777; 

Tel: +1 306-966-4771 

 

J. B. de 

Andrade  

2005 Biodiesel Review 

Organic Base 

Catalysis  

Univ. Fed. Bahia, Inst. Quim, 

Campus Ondina, BR-40170290 

Salvador, BA Brazil 
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Email:  

 jailsong@ufba.br 

D. E. De Vos 2004 Catalysis Review Centre for Surface Chemistry 

and Catalysis, Kasteelpark 

Arenberg 23, 3001 Leuven, 

Belgium 

Email: 

dirk.devos@agr.kuleuven.ac.be 

P. Bondioli 2006 Catalysis Review 

Feedstock Issues 

Lubricants 

Storage 

Spectroscopy 

Dept Technol, Stn 

Sperimentale Oli & Grassi, Via 

Giuseppe Colombo 79, I-20133 

Milan, Italy 

E-mail:  

bondioli@ssog.it  

 

U. Schuchardt 2007 Catalysis 

Epoxidation / 

oxidation 

Univ Estadual Campinas, Inst 

Quim, POB 6154, BR-

13083970 Campinas, SP Brazil 

Univ Estadual Campinas, Inst 

Quim, BR-13083970 

Campinas, SP Brazil 

Email :  

ulf@iqm.unicamp.br 

A. E. Landis 2007 LCA Univ. Illinois, Inst. Environm. 

Sci. & Policy, Chicago, IL 

60612 USA 

Email: 

 alandi1@uic.edu 

M. A. Dube 

D. D. McLean 

2006 Economics 

Production 

Waste Oils 

Univ. Ottawa, Dept Chem 

Engn, Ottawa, ON K1N 6N5 

Canada 

Email: 

dube@genie.uottawa.ca 
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A. Corma - General 

Biorefinery Review  

Univ Politecn Valencia, Inst 

Tecnol Quim, CSIC, Camino 

Vera S-N, Valencia 46022, 

Spain 

Email: 

acorma@itq.upv.es 

D. Mohan 2006 Biofuel via non-

transesterification 

routes 

Mississippi State Univ, Dept 

Chem, Mississippi State, MS 

39762 USA 

Email: 

dm_1967@hotmail.com 

S. Fernando 2006 Biorefineries 

Glycerol  

Mississippi State Univ, Dept 

Agr & Biol Engn, Mississippi 

State, MS 39762 USA 

Email: 

 sf99@abe.msstate.edu 

R. 

Montgomery  

2004 Value added 

biocrops 

Univ Iowa, Coll Med, Dept 

Biochem, Iowa City, IA 52242 

USA 

 

Industrial Synthesis 

 

 

Head of Research Team 

 

Latest Biodiesel 

Publication 
Address 

 

D. D. McLean 

 

2006 

 

See Biodiesel Reviews 
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General Properties of Biodiesel  

 

 

Head of Research 

Team 

 

Latest 

Biodiesel 

Publication 

Research Topic Address 

 

G. Knothe 

 

2006 

 

Viscosity 

Density 

Emissions 

 

See General Biodiesel 

Research 

K. C. Watts 2006 Density  

Viscosity 

Dalhousie University 

Department of Biological 

Engineering, 

POB 1000, Halifax, NS. B3J 

2X4, 

Canada 

Email: 

chris.watts@dal.ca 

R. O. Dunn 2006 Oxidation 

Low 

Temperature 

Behavior 

See General Biodiesel 

Research 

S. Fernando 2007 Emissions 

Novel Blends 

 

See Biodiesel Reviews 

R. L. McCormick 2006 Emissions Colorado Sch. Mines, 

Colorado Inst Fuel & 

Engine Res, Golden, CO 

80401, USA 

Email: 

robert_mccormick@nrel.gov 
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Catalysis, Engineering, FAME reactions & Glycerol Upgrading 

 

 
All contact details for all the researchers working in the field are given in the text 

(Section 1) 

 

 

Feedstock 

 

 

 

Head of 

Research Team 

 

Latest 

Biodiesel 

Publication 

Research Topic Address 

R. Prasad 2001 Karanja Harcourt Butler 

Technological Institute, 

Department of Chemical 

Engineering, Kanpur 

208002, India 

N. Kumar 2005 Jatropha Dehli College of 

Engineering, Bawana Road, 

Dehli, 110042, India 

Email:  

naveenkumardee@rediffmail 

M. Briggs 2005 Algae University of New 

Hampshire, UNH Biodiesel 

group, Durham, NH 03824, 

USA 

Email: 

msbriggs@unh.edu  

M. Guru 2007 FFA Gazi University, 

Engineering and 

Agricultural Facility, 

Ankara, Turkey 

Email: 

mguru@gazi.edu.tr 
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M. Mittelbach 2006 Waste Oils 

(Technical 

matters also in 

1990’s) 

Karl Franzens University, 

Institute of Chemistry, 

Heinrichstrasse 28A, A-8010 

Graz, Austria 

L. C. Meher  

M.G. Kulkarni 

A. K. Dahlai 

2006 Waste oils  See Biodiesel Reviews 

 

 

Sensors and Spectroscopy 

 

 

Head of 

Research 

Team 

 

Latest 

Biodiesel 

Publication 

Research Topic Address 

G. Knothe 2006 All spectroscopic 

and 

chromatographic 

techniques 

See General Biodiesel 

Research 

K. Haupt  MIPs University of Paris, 12, 

Facility of Science, Creteil, 

France 

B. Jakoby  Oil degradation 

Sensors 

Vienna University of 

Technology, Institute of 

Sensors & Actuators Syst., 

Gusshausstrasse 27-29-366, 

A-1040 Vienna, Austria 

Email: 

bernhard.jakoby@tuwien.ac.at 
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Predictive Modeling 

 

  
  

Head of Research Team 

 

Latest Biodiesel 

Publication 
Address 

 

A.S. Ramadhas 

 

2006 

 

Department of Mechanical 

Engineering, National 

Institute of Technology 

Calicut, Calicut-673 601, 

India 

Email: 

asramadhas@yahoo.com 
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Appendix I 

Comparative Production, Usage and Cost Values  

For the Major Sources of Vegetable Oil 
 

 

A proportion of the data presented in Section II has been summarised below for 

comparison. For more detailed studies see Section II. The percentage composition of 

the triglyceride molecules given are averages, as the composition varies depending on 

the cultivation. 
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Major Chemical Composition of Triglyceride Molecule  

 

Global 

Production 

‘000 t 

Oil in 

Crop 

Wt % 

Oil 

Collect 

Kg ha
-1
 

Av. Cost 

of Oil 

$ t
-1
 

16 (0) 16 (1) 18(0) 18(1) 18(2) 18(3) 

Soybean Oil 35,660 14-25 375 516 13.9 0.3 2.1 23.2 56.2 4.3 

Rapeseed Oil 17,880 40-54 1000 770 12.6 0.1 4.0 22.3 60.2 0.1 

Palm Oil 38,970 20-25 4900 416 42.6 0.3 4.4 40.5 10.1 0.2 

Sunflower Oil 10,794 32-49 800 635 6.4 0.1 2.9 17.7 72.9 0 

Cottonseed Oil 4,764 14-20 140-273 669 28.7 0 0.9 13.0 57.4 0 

Peanut Oil 4,852 42-50 1037 931 13.9 0.3 2.1 23.2 56.2 4.3 

Olive Oil 2,845 14-40 1019 2072 13.5 2.5 2.5 65.0 12.0 3.0 

Karanja Oil Potential    3.7-7.9 2.4-8.9 44.5-71.3 10.8-18.3 0 1.1-3.5 

Jatropha Oil Potential 
25-30

a
 

50-60
b
 

  4.2 0 6.9 43.1 34.3 1.4 

 

Table 68. Comparative values for a range of modern day feedstock suitable for biodiesel production.  

                                                 
a
 From the seeds 

b
 From the kernel  
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Appendix II 

Production Flow Charts for the  

Industrial Synthesis of Biodiesel 
 

In Section I the industrial synthesis of biodiesel is explained and discussed. McLean 

et al. (Department of Chemical Engineering, University of Ottawa, Ottawa, Ont., 

Canada K1N 6N5) wrote a detailed study on the continuous process flow charts for 

biodiesel production from vegetable oils, waste oils and under alkaline and acidic 

conditions. 
435, 436

 

The authors noted that almost all research is carried out on a laboratory scale and so 

set out to design a simulation for the entire continuous process to assess 1) the 

production feasibility of producing biodiesel from one of the four methods and 2) the 

economical feasibility of running these plants. 

 Process 1 (figure 56) shows a simulation of the alkali-catalyzed process using 

virgin vegetable oil. A 6:1 molar ratio of methanol to oil, with 1 mol% NaOH catalyst 

at 60 °C and 400 kPa is assumed.  A methanol recovery step, water washing, FAME 

purification and alkali removal are all included in the simulation as is a glycerol 

purification step and waste treatment step. The process is also investigated using 

waste oil as the starting material (figure 57). A similar set up was used to Process 1, 

however a pre-treatment step involving the esterification with H2SO4 of the FFA 

content prior to transesterification was added. The glycerol washing and methanol 

recovery were also changed due to the different contaminants present.  

 Two acid catalysed processes were also examined for the conversion of waste 

oils. Process 3 (figure 58) examines the reaction using a 50:1 molar ratio of methanol 

to oil and a 130 mol% sulphuric acid catalyst. The reaction conditions used were 80 

°C and 400 kPa. Because of the large amounts of methanol in the process, a methanol 

recovery step was included as was an acid removal using CaO. Process IV (figure 59) 

focussed on converting waste oils to FAME using H2SO4 with a hexane extraction 

step. This has an affect on the glycerol recovery and FAME extraction steps. All 

processes were set up with the view of producing 8000 tonnes y
-1

.  

 From a technical point of view all these processes proved to be feasible for 

producing a high quality biodiesel product which met the legal specifications. Each 
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process has positive factors and also limitations. For example process 1 relies on a 

pre-purified expensive starting material but has the least amount of steps and process 

equipment. The waste oil conversion process negates the high cost of the starting 

material but at the same time involves a longer process with a large amount of capital 

investment needed. One way of reducing the steps is to use an acid catalyst to convert 

both FFA and waste oil at the same time large amounts of methanol and corrosive 

H2SO4 are needed. 

 The researchers also published an economical review of the four processes and 

their conclusions are summarised below:  

 

1. The alkali catalyzed process for converting virgin oils has the lowest capital 

investment but the highest manufacturing costs due to the cost of the starting 

material.  

2. The cost of the pre-treatment step in the alkali catalysed completely negates 

the low cost of the starting material, making Process 2 economically 

unfeasible. 

3. The acid catalyzed processes have lower total manufacturing costs than 

Process 1 and after an initial higher outlay are competitive with the alkali 

catalysed process. 

4. Sensitivity analyses of different processes for biodiesel production showed 

that plant capacity, the price of waste cooking oil and the price of biodiesel 

were the major factors governing the economic feasibility.  
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Figure 56. Flow chart for the industrial synthesis of FAME from virgin vegetable oil, process 1, taken from Zhang et al 436 
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Figure 57. Flow chart for the pre-treatment of waste oils prior to the alkali catalyzed process, process 2, taken from Zhang et al 436 
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Figure 58. Flow chart for the acid catalyzed production of FAME from waste oils, Process 3,  taken from Zhang et al 

436
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Figure 59. The alternative  acid catalyzed production of FAME from waste oil synthesis, Process 4,  taken from Zhang et al 

436
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Appendix III 

Suitability of Specific FAAE for Biodiesel Use in the EU 
 

 

A range of physical, legal and molecular properties are presented in Section IV. 

Shown below is a summary of the physical properties known to be influenced by the 

molecular composition of the biodiesel for each of the separate fatty acid methyl and 

ethyl esters. Numbers highlighted in red do not fall within the EU legal specifications, 

numbers in black fall within the required EN standards.  
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Chain 

Length 

Alcohol 

Moiety 
Name 

Density 

(g cm
-3
) 

K.Viscosity 

(mm
2
s
-1
) 

Crys. Temp. 

(ºC) 

Cetane 

Number 

NOx 

(g/bhp-hr) 

PM 

(g/bhp-hr) 

C10 Methyl Capric 0.871 1.72  47.2   

 Ethyl  0.862 1.87  51.2   

C12 Methyl Lauric 0.870 2.43 -4.0 61.4 4.6 0.05 

 Ethyl  0.860 2.63     

C14 Methyl Myristic 0.855 3.30  66.2   

 Ethyl  0.860 3.52  66.9   

C16 Methyl Palmitic SOLID 4.38 23.2 74.5 4.4 0.06 

 Ethyl  0.857 4.57  93.1   

C16 (1) Methyl Palmitoleic 0.875      

 Ethyl        

C18 Methyl Stearic SOLID 5.85 31.6 86.9 4.3 0.15 

 Ethyl  SOLID 5.92  87.3 4.3 0.06 

C18 (1) Methyl Oleic 0.874 4.51 -19.8 57.2 4.9 0.09 

 Ethyl  0.870 4.78  60.8   

C18 (2) Methyl Linoleic 0.889 3.65 -30 40.2 5.4 0.46 

 Ethyl   4.25  38.4   

C18 (3) Methyl α-Linolenic 0.895 3.14 <-30 22.7 5.6 0.19 

 Ethyl   3.42  26.7   

Table 69. Comparative analysis of the physical properties for a range of FAAE 
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Appendix IV 

Chemical Composition of Diesel Fuel 
 

Shown below is the chemical composition of diesel fuels #1 and #2, all values shown 

are given as volume percentages. 
437

   

 

Volume % 
Hydrocarbon Type 

# 1 Diesel #2 Diesel 

Paraffins 52.4 41.3   

Monocycloparaffins 21.3 22.1   

Bicycloparaffins 5.1 9.6   

tricycloparaffins 0.8 2.3   

Total Saturated Hydrocarbons 79.7 75.3   

Olefins No data No Data   

Alkylbenzenes 13.5 5.9   

Indans / tetralins 3.3 4.1   

Dinaphthenobenzenes / Indenes 0.9 1.8   

Naphthalene 2.8 8.2   

Biphenyls / Acenaphthenes 0.4 2.6   

Fluroenes / Acenaphthylenes No data 1.4   

Phenanthrenes No data 0.7   

Total Aromatic Hydrocarbons 23.6 24.7 

 

Table 70. The chemical composition of various diesel fuel oils, taken from the US 

Department of Health. 
437
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