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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES  

Chemistry 

Thesis for the degree of Doctor of Philosophy 

APPLICATION OF SEPARATION SCIENCE AND MASS SPECTROMETRY TO 

THE ANALYSIS OF FUELS  

Waraporn Ratsameepakai 

Abstract:  Biodiesel has been used as alternative energy because of the 

shortage of petroleum fuel resources. Biodiesel is a mixture of fatty acid 

methyl esters (FAMEs) having different molecular structures with varying 

chain lengths, and levels of unsaturation. Electrochemistry-mass 

spectrometry (EC-MS) was used for investigation and monitoring oxidation 

products of FAMEs. Through direct coupling of this device to the 

electrospray ion source of the mass spectrometer typical oxidation 

products were observed in minutes compared to months/years for the 

auto-oxidation process. The efficiency of glassy carbon (GC) and magic 

diamond (MD) working electrodes was compared. Oxygenated species for 

methyl oleate (C18:1), methyl linoleate (C18:2) and methyl linolenate 

(C18:3) with up to +2(O), + 6(O), and + 9(O), (2.5 V, GC electrode) and 

+6(O), +8(O), and + 12(O) (3.0 V, MD electrode) respectively were observed. 

The potentials of oxidation increased in the order methyl esters of C18:3 < 



 

 

 

C18:2 < C18:1 for both MD and GC electrodes. The primary oxidation 

products, hydroperoxides-FAME, in the auto-oxidation of unsaturated 

FAMEs (C18:1, C18:2, C18:3) can undergo further oxidation to produces a 

numerous of volatile and non-volatile secondary oxidation products. The 

volatile oxidation products, e.g. 2,4-decadienal and methyl 9-oxo-

nonanoate were observed in the gas chromatography-electron ionisation 

mass spectrometry (GC-EI MS) analyses whereas the less volatile species 

require electrospray ionisation (ESI) and chromatographic introduction of 

the samples. 

High performance liquid chromatography-electrospray ionisation 

mass spectrometry (HPLC-ESI MS), ultra-high performance liquid 

chromatography-electrospray ionisation mass spectrometry (UHPLC-ESI MS) 

and ultra-high performance supercritical fluid chromatography-

electrospray ionisation mass spectrometry (UHPSFC-ESI MS) can be used for 

the separation of non-volatile species of the oxidation products. The 

elemental formula for these oxidised FAMEs were determined by ultra-high 

performance liquid chromatography-quadrupole-time of flight mass 

spectrometry (UHPLC-Q-TOF MS) and infusion Fourier transform-ion 

cyclotron resonance mass spectrometry (FT-ICR MS). The presence of 

oxygenated species up to 6 oxygen atoms of the ion at m/z 411.1999 

[C
19

H
32

O
8

 + Na]
+

 with a 2.6 ppm error observed in positive ion ESI-FT-ICR 

MS. It expected as the hydroperoxy bis-cyclic peroxides from auto-oxidised 

methyl linolenate. 



 

 

 Revision of the Energy Institute IP/585 reference method for 

quantitation of rapeseed methyl esters (RME) by GC-MS was required to 

afford quantitation of the short chain FAMEs in aviation turbine fuel 

(AVTUR) now appearing in certain geographic regions of the world. The 

revised method has delivered showed partial success and an improvement 

in qualitatively detecting and a positive move towards quantitation of the 

major components of coconut methyl ester (CME). HPLC and UHPLC 

coupled to MS offer alternative orthogonal approaches for analysis of these 

materials. The selective ionisation afforded by ESI affords ready detection 

of the FAMEs though the reversed-phase chromatography does not fully 

separate the FAME from the AVTUR fuel matrix, this would lead to matrix 

effects and ion suppression issues which could compromise any 

quantitative analysis. UHPSFC-MS provides a solution where the coconut 

methyl ester (CME) and rapeseed methyl ester (RME) are completely 

separated from the AVTUR whilst still delivering the benefits of the 

selective ionisation provided by the electrospray interface. Further 

supercritical fluid carbon dioxide (scCO
2

) is readily compatible with direct 

injection of the AVTUR fuel with the analytical benefits of supercritical fluid 

chromatography delivering base-line resolved peaks for all the FAMEs of 

interest in under 3 min.  
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Chapter 1: Introduction 

The world has been facing an energy crisis since the 1970s, and oil 

prices increased to a record high in recent years. However, global energy 

consumption remains reliant on energy from fossil fuels, and they are used 

as the primary source of electricity and transportation fuels. Since the 

1970s energy crisis, with increasing awareness of the limitations of fossil 

fuel resources and environmental issues, renewable energy resources 

(solar, wind, geothermal and biofuels) have become more attractive for the 

production of alternatives fuels. Biodiesel is now an area of great interest 

since it has a similar chemical structure and energy content to 

conventional diesel fuel.
[1]

 

1.1 Background of biodiesel 

The first concept of the direct use of vegetable oils as diesel fuel 

occurred before the energy crisis. Rudolf Diesel used neat vegetable oil 

(peanut oil) as diesel fuel for his diesel engines at the Paris Exposition in 

1900.
[2][3]

 Crude vegetable oils continued in use until the 1920s before 

fossil-based diesel completely replaced vegetable oils in the market 

because of their cheaper price and higher availability. Diesel engines had 

been also developed to operate on petrodiesel fuel, thus modern diesel 

engines are not compatible with the direct introduction of high viscosity 

and low volatility neat vegetable oils. With the high viscosity and 

introduction of crude vegetable oils issues such as deposit formation in 

the injection system began to occur.
[4]

 At that time, the availability of fossil 
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fuel resources was not seen as a problem, hence research and 

development of vegetable oils as a source of diesel fuel was not taken 

seriously.
[1]

 

1.2 What is biodiesel? 

According to the American Society for Testing and Materials (ASTM) 

D675, “biodiesel” is defined as mono-alkyl esters of long chain fatty acids 

derived from vegetable oils and animal fats, designated as “B100”.
[2]

 

Biodiesel is produced from triglycerides from vegetable oils or animal fats 

via transesterification with alcohols, in the presence of a base catalyst, to 

produce fatty acid alkyl esters as the main product and glycerol as a by-

product. 

1.3 Feedstocks for biodiesel production 

Various feedstocks for biodiesel production include edible oils, non-

edible oils, animal fats, waste cooking oils and microalgae. Feedstocks for 

biodiesel production can be divided into three types
[5][6]

: first generation 

feedstocks which include edible vegetable oils such as rapeseed, soybean, 

peanut, sunflower, palm and coconut oils; second generation feedstocks 

which include non-edible vegetable oil
[7][8][9][10][11]

 (Jatropha, castor oil, 

rubber seed), animal fats
[12]

 and waste cooking oils,
[13][14]

 and alternatively, 

microalgae (unicellular micro-organisms) are considered as third 

generation feedstocks for biodiesel.
[7][15][[16]

 Table 1-1 shows some 

feedstocks used for biodiesel production. 
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Table 1-1 Biodiesel feedstocks
[4][5][7][17][18]

 

First generation Second generation Third generation 

Edible oils 

Soybean 

Rapeseed 

Canola 

Peanut 

Coconut 

Palm 

 

Non-edible oils 

Jatropha 

Cotton seed 

Neem 

Rubber seed tree 

Animal fats 

Pork lard 

Beef tallow 

Poultry Fat 

Fish oil 

Chicken fat 

Algae (cyanobacteria) 

Fungi 

Bacteria 

Fungi 

Microalgae 

 

 

 However, the selection criteria of feedstocks to produce biodiesel are 

highly dependent upon the region, climate, soil condition and geography, 

availability, cost and oil composition. Therefore, different regions are 

focusing on different types of feedstock for biodiesel production, for 

example, rapeseed oil is the dominant feedstock for biodiesel production 

in Europe, soybean oil in the United States of America and palm oil in 

tropical countries such as Malaysia.
[19][20]

 Coconut oil is another feedstock 

used for biodiesel production in the Pacific Rim region such as Malaysia 

and Indonesia.
[21][22][23][24]

 Table 1-2 shows some potential feedstocks used 

for biodiesel production worldwide. 
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Table 1-2 Examples of some feedstocks used for biodiesel 

production worldwide
[4][18][24]

 

Feedstock Countries 

Edible oils 

Coconut 

Palm  

Rapeseed 

Soybean  

Non-edible oils 

Jatropha  

Animal fats/waste cooking oils 

 

Indonesia; Philippines, Thailand 

Brazil, Indonesia, Malaysia 

China, France, Germany, Sweden, UK 

Argentina, Brazil, Canada, Russia, USA 

 

India, Indonesia, Philippines 

Australia, Finland, Mexico,                 

New Zealand, USA 

 

The physical and chemical properties of biodiesel depend on the fatty 

acid compositions of the feedstocks used in the production. The 

composition of fatty acid from coconut, soybean and rapeseed oils used in 

biodiesel production are shown in Table 1-3. The structures, molecular 

formula and respective relative molecular weights of fatty acids are shown 

in Table 1-4. 
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Table 1-3 Fatty acid composition of some feedstocks used as 

biodiesel
[25]

 

Fatty acid composition 

(wt %) 

Oil 

Coconut Rapeseed Soybean 

Octanoic acid (C8:0) 4.6-9.5 - - 

Decanoic acid (C10:0) 4.5-9.7 - - 

Dodecanoic acid (C12:0) 44-51 - - 

Tetradecanoic acid (C14:0) 13-20.6 0-1.5 - 

Hexadecanoic acid (C16:0) 7.5-10.5 1-6 2.3-13.3 

Octadecanoic acid (C18:0) 1-3.5 0.5-3.5 2.4-6 

(9Z)-9-Octadecenoic acid 

(C18:1) 
5-8.2 60 17.7-30.8 

(9Z, 12Z)-9,12 

Octadecadienoic acid 

(C18:2) 

1.0-2.6 9.5-23 49-57.1 

(9Z, 12Z, 15Z)-9,12,15 

Octadecatrienoic acid 

(C18:3) 

0-0.2 1-13 2-10.5 

Note: CX: Y where the X is the number of carbon atoms in the fatty acid chain and Y is the 

number of double bonds. 
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Table 1-4 Structures, formulae and relative molecular masses of 

fatty acids 

Structure Details 

 

(C8:0) 

Systematic name: Octanoic acid 

Common name: Caprylic acid  

Molecular formula: C
8

H
16

O
2

  

Monoisotopic mass: 144.1150 Da 

 

(C10:0) 

Systematic name: Decanoic acid 

Common name: Capric acid 

Molecular formula: C
10

H
20

O
2

 

Monoisotopic mass: 172.1463 Da 

 

(C12:0) 

Systematic name: Dodecanoic acid 

Common name: Lauric acid 

Molecular formula: C
12

H
24

O
2

 

Monoisotopic mass: 200.1776 Da 

 

(C14:0) 

Systematic name: Tetradecanoic 

acid 

Common name: Myristic acid 

Molecular formula: C
14

H
28

O
2

 

Monoisotopic mass: 228.2089 Da 

 

(C16:0) 

Systematic name: Hexadecanoic 

acid 

Common name: Palmitic acid 

Molecular formula: C
16

H
32

O
2

 

Monoisotopic mass: 256.2402 Da 
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Table 1-4 (continued) Structures, formulae and relative molecular 

masses of fatty acids 

Structure Details 

 

(C18:0) 

Systematic name: Octadecanoic acid 

Common name: Stearic acid 

Molecular formula: C
18

H
36

O
2

 

Monoisotopic mass: 284.2715 Da 

 

(C18:1) 

Systematic name: (9Z)-Octadec-9- 

enoic acid 

Common name: Oleic acid 

Molecular formula: C
18

H
34

O
2

 

Monoisotopic mass: 282.2559 Da 

 

(C18:2) 

Systematic name: (9Z, 12Z)-9,12-

Octadecadienoic acid 

Common name: Linoleic acid 

Molecular formula: C
18

H
32

O
2

 

Monoisotopic mass: 280.2402 Da 

 

(C18:3) 

Systematic name: (9Z, 12Z, 15Z)-

9,12,15 Octadecatrienoic acid 

Common name: Linoleic acid 

Molecular formula: C
18

H
30

O
2

 

Monoisotopic mass: 278.22462 Da 
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1.4 Biodiesel production 

The viscosity of vegetable oils (30–200 centistokes (cSt)) is higher 

than that of diesel fuel (4 cSt) at 40 C.
[26]

 The direct use of vegetable oils 

in diesel engines leads to various problems, such as poor atomisation of 

fuel, incomplete combustion with heavy smoke emission, carbon 

deposition, sticking of oil rings, injector coking
[24]

, and gelling of the 

engine lubricant oil.
[27]

 Four primary methods have been used to reduce 

the viscosity of neat vegetable oils including blending with diesel
[28]

, 

thermal cracking or pyrolysis
[29]

, micro-emulsification
[30]

 and 

transesterification.
[31][32][33]

 Transesterification is the most commonly used 

method to reduce the final viscosity of vegetable oils to produce biodiesel. 

1.4.1 Transesterification for biodiesel production 

Transesterification is a process of reacting a triglyceride with an 

alcohol, usually methanol in the presence of a base catalyst sodium 

hydroxide (NaOH) or potassium hydroxide (KOH) to produce the fatty acid 

methyl esters (FAMEs) as the main product and glycerol as a by-product. 

This reaction involves three sequential and reversible reactions. A mole of 

triglyceride initially reacts with three moles of methanol to produce a mole 

of glycerol and three moles of fatty acid alkyl esters. A triglyceride is 

transformed to diglyceride, monoglyceride, and finally monoalkyl ester, 

glycerol, as shown in Figure 1-1. Transesterification is the equilibrium 

reaction. It is necessary to use a more excess of the alcohol in order to the 

shift the equilibrium to the right.
[34]
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Figure 1-1 Transesterification of triglycerides with methanol for 

biodiesel production. R
1

, R
2

, R
3

 are represented as a mixture of 

various fatty acid chains. 

 

Various alcohols such as methanol, ethanol, propanol, butanol, 

hexanol, octanol and decanol have been used in the transesterification 

process for biodiesel production.
[35]

 Methanol and ethanol are most 

commonly used, especially methanol in commercial biodiesel production in 

Europe due to its low cost
[1][36]

, it being polar and shortest chain alcohol.
[37]

 

Some researchers state that ethanol is the preferred alcohol
[38]

 because 

ethanol is produced from agricultural products, is renewable
[39]

 and is 

biologically friendly.
[40][41]
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1.5 Properties of biodiesel 

Biodiesel derived from different feedstocks has different 

physiochemical characteristics and chemical compositions. The physical 

and chemical fuel properties of biodiesel basically depend on feedstock 

and their fatty acids composition. Then, the several parameters affecting 

the fuel properties of the biodiesel must be considered. Each country 

established and developed standard specifications for biodiesel such as 

Germany (DIN 51606), Austria (ON) and the Czech Republic (CSN).
[18]

 Due 

to the climate-related requirements for biodiesel in different countries, 

standards for different regions are slightly modified. However, the most 

popular established standards for biodiesel are the European standard EN 

14214 in Europe and the American Society for Testing and Materials 

(ASTM) D6751 in the USA.
[42]

 The following sections discuss some 

properties of biodiesel. 

1.5.1 Density 

In general, densities of biodiesel fuels are slightly higher than those 

of diesel. The density of biodiesel is strongly affected by the degree of 

unsaturation, with higher unsaturation leading to increased density. Table 

1-5 shows soy methyl ester (SME) has the highest density (880.0-885.0 

kg/m
3

) because polyunsaturated FAMEs likely C18:2 is rich in SME. 

Coconut methyl ester (CME) has the lowest density ranging from 849.2–

870.0 kg/m
3

. Diesel has a density range of 816.0-843.5 kg/m
3

. High 

density biodiesel will lead to poor vaporisation, possible blockage of the 

injector nozzle and incomplete combustion of the injected fuel.
[1]
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1.5.2 Kinematic viscosity 

Viscosity is the most important property of any fuel as it indicates the 

ability of a fuel to flow. The kinematic viscosity of biodiesel is higher than 

that of diesel. The viscosity of biodiesel increases with an increase in the 

carbon chain length, the degree of saturation of the fatty acid and its 

ester
[43]

 and the presence of free fatty acids and oxidation products. 

Viscosity of CME has lower when compared with RME and SME due to 

the shorter chain length (C8–C14) of the fatty acid components. High 

viscosity causes poor flow of fuel in the engine combustion chamber 

during the intake stroke and takes longer to mix with the air, resulting in 

delayed combustion. Moreover, cis/trans configuration of FAMEs can affect 

oxidative stability at high temperature. A trans-monoene is more stable 

than a cis-monoene, whereas a trans-conjugated diene is more susceptible 

to oxidation than neighbouring cis-conjugated diene.
[44]

 Figure 1-2 shows 

the order stability of alkene isomers. Then, the isomerisation of the double 

bonds, usually cis to trans, along with the formation of high molecular 

weight products leads to high viscosity. 

 

Figure 1-2 Stability order of alkene isomers. 
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Viscosity is therefore a useful measurement for the oxidation 

progression of biodiesel. The polymeric secondary oxidation products of 

biodiesel can cause the formation of soluble gums and insoluble materials 

and will result in a further increase in viscosity.
[42]

 The formation of 

insoluble compounds occurring in oxidised biodiesel has been investigated 

by several researches. Fang and McCormick
[45]

 proposed the pathway 

leading to the formation of insoluble materials, oligomers, from biodiesel 

oxidation products. Peroxides formed in the initial step of oxidation can 

decompose to form aldehydes, ketones, and acids. These compounds 

undergo aldol condensation to form oligomeric and polymeric compounds, 

see Figure 1-3. The physical property of the oligomer and polymer can be 

devastating fuel system.
[46]

 

 

Figure 1-3 Aldol-condensation to form oligomeric compounds.
[47]

 

 

 Additionally, dimers and polymers are formed during the autoxidation 

of methyl linoleate and linoleate hydroperoxides under room temperature 

(25-40 C) by cross linkage either peroxide or ether linkages and contained 

hydroperoxy, hydroxy and oxo groups.
[48][49]

 Example of dimeric 

compounds from auto-oxidised FAMEs is shown in Figure 1-4. 
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Figure 1-4 Dimeric compounds from autoxidised methyl linolenate 

at 40 C.
[48]

 

 

 Waynick
[50]

 proposed the vinyl polymerisation for the pathway of the 

formation of insoluble material in biodiesel. In the vinyl polymerisation, an 

allyl radical (R

) is added directly to a double bond to form a C-C and 

another free radical. This free radical reacts another molecule to create of 

the oligomer, see Figure 1-5. 

 

Figure 1-5 Vinyl polymerisation mechanism to form oligomeric and 

polymeric compounds.
[47][50]
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 Thus, the increase in viscosity of biodiesel is a result of the formation 

of dimeric, oligomeric and polymeric compounds. Also, deposits in the fuel 

system form when the polarity and molecular weight of these compounds 

is high enough.
[45]

 

1.5.3 Flash point  

The flash point of a fuel is the temperature at which it will ignite when 

exposed to a flame or a spark.
[51]

 The flash point of biodiesel is higher 

than that of diesel, improving its suitability for transport, handling and 

storage purposes when compared with petrodiesel.
[18]

 The flash point is 

influenced by the chemical compositions of the biodiesel, including the 

number of double bonds and the number of carbon atoms. Each biodiesel 

has its own flash point, and Table 1-5 shows biodiesel has a higher flash 

point than diesel. Biodiesel (a mixture of CME, RME, and SME) has a flash 

point of more than 100 C, while diesel has a flash point of 50-98 C.  

1.5.4 Cetane number (CN) 

The cetane number (CN) is a commonly used indicator for the 

determination of the ignition quality of a diesel fuel. A long straight-chain 

hydrocarbon, hexadecane (C
16

H
34

) is the high quality standard on the CN 

with an assigned CN of 100. A highly branched compound, 2,2,4,4,6,8,8,-

heptamethylnonane (C
16

H
34

), a compound with poor ignition quality, is the 

low-quality standard and has an assigned CN of 15. The two reference 

compounds on the CN scale indicate that CN decreases with decreasing 

chain length and increasing branching.
[43][52]
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1.5.5 Cold flow properties 

The cold flow properties are considered the most important 

determination of a fuel when it uses in low temperatures because it 

influences the operation of the fuel directly in the engines at lower 

temperatures. Three low temperature properties must be considered, 

consisting of cold filter plugging point (CFPP), cloud point (CP) and pour 

point (PP). 

1.5.5.1 Cold filter plugging point (CFPP) 

The CFPP is defined as the lowest temperature at which fuel 

completely passes through a standardised filtration device in a specified 

time when cooled under certain conditions.
[18]

 This is important as in cold 

temperate countries, a high cold filter plugging point will clog engines 

more easily. Biodiesel rich in saturated FAMEs will result in a lower CFPP 

whilst a higher proportion of unsaturated FAMEs will result in a higher 

CFPP. CME rich in saturated FAME like methyl laurate (C12:0) shows one of 

the lowest CFPP compared with RME and SME (see, Table 1-5). 

1.5.5.2 Cloud point (CP) 

The cloud point (CP) is defined as the temperature at which a cloud of 

wax crystals first appears when the fuel is cooled.
[51]

 Therefore, cloud 

point indicates the tendency of the oil to plug filters or small orifices at 

cold operating temperatures.
[53]

 Biodiesel produced from feedstocks such 

as rapeseed and soybean oils have a cloud point close to or below 0 C 

because of the presence of saturated FAMEs like methyl palmitate (C16:0) 

and methyl stearate (C18:0). 



Chapter 1: Introduction 

16 

1.5.5.3 Pour point (PP) 

The pour point (PP) is the temperature at which the amount of wax 

that has come out of solution is sufficient to gel the fuel, thus it is the 

lowest temperature at which the fuel can flow; in other words it is a 

measure of the fuel gelling point. The pour point is always lower than the 

cloud point. 
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Table 1-5 Comparison of diesel and biodiesel properties from 

some biodiesel feedstocks
[4,11,12,22,26,54–60,61,62]

 

Property Types of biodiesel 

Diesel CME RME SME 

CN (min) 45-55 42.0-59.3 52.6 -53.7 45.0-57.6 

CFPP (C) -7 -5 to -4 -16 to -12 -5 to -3 

CP (C) -10 to -3 0 to -3 -4 to -3 -2 to 3 

PP (C) -20 to -25 -9 to -3 -12 to -10 -4 to -3 

FP (C) 55-98 96.0-120.5 155 to 170 69 to 178 

Density 

(kg/m
3

) 

816.0-843.5 849.2–870.0 882.0-883.0 880.0-885.0 

Kinematic

viscosity 

at 40 C 

(mm
2

/s) 

2.0–5.7 2.0-4.5 4.43 to 4.83 4.08-4.70 

 

The blending of biodiesel with diesel is the most widely used method of 

improving the low temperature properties of biodiesel. The blending of 

biodiesel with diesel fuel improves the cloud point, the cold filter plugging 

point (CFPP) and the pour point.
[63]

 

  



Chapter 1: Introduction 

18 

1.5.6 Advantages of biodiesel 

The advantages of biodiesel as diesel fuel are its liquid nature 

portability, ready availability, renewability, higher combustion efficiency, 

lower sulphur and aromatic content, higher cetane number and higher 

biodegradability.
[7][36][64][65]

  

1.5.7 Disadvantages of biodiesel 

The major disadvantages of biodiesel as diesel fuel are its higher 

viscosity, lower energy content, higher cloud point and pour point, higher 

nitrogen oxide (NOx) emissions, lower engine speed and power, injector 

coking, engine compatibility, and high price.
[1][27][66]

 There are two main 

problems associated with the use of biodiesel as an alternative of diesel: 

these are poor cold flow properties and stability. 

1.6 Oxidation stability 

Oxidation stability is one of the most important parameters to be 

considered for biodiesel and fuel. The stability of biodiesel is lower than 

that of petrodiesel. The number of unsaturated fatty acids found in 

biodiesel depends upon the parent feedstock used for biodiesel 

production. Most of the unsaturated fatty acids derived from vegetable 

oils, including rapeseed oil and soybean oil, have chemical structures with 

a methylene-interrupted configuration, whilst a conjugated configuration 

occurs very rarely in seed oils.
[67]

 Figure 1-6 (A) shows the methylene-

interrupted configuration for (9Z, 12Z)-9, 12-octadecadienoic acid (C18:2). 

This structure is different from an isomer having a conjugated 
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configuration (Figure 1 6 (B)). A conjugated configuration is more stable 

because of delocalisation of the pi () electrons, whereas in contrast, the 

methylene-interrupted configuration is least stable.
[50]

 

 

Figure 1-6 Chemical structures of octadecadienoic acid (C18:2). (A) 

methyl-interrupted configuration; (B) conjugated 

configuration. 

 

 Most cis-configured fatty acids are naturally occurring rather than 

commercially produced. Both (9Z, 12Z)-octadeca-9, 12-dienoic acid (linoleic 

acid) and (9E, 12E)-octadeca-9, 12-dienoic acid (linolelaidic acid) (see, 

Figure 1-7) are 18-carbon fatty acids with two double bonds. (9Z, 12Z)-

octadeca-9,12-dienoic acid has a cis-double bond (hydrogen atoms are on 

the same side of the bond), which causes a bend in the fatty acid chain, 

whereas (9E,12E)-octadeca-9,12-dienoic acid has a trans-double bond, 

which straightens the fatty acid chain.
[68]

 

(A) Methyl-interrupted linoleic acid 

(B) Conjugated linoleic acid 
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Figure 1-7 Chemical structures of cis and trans configurations of 

C18:2. (A) cis, cis-9,12-octadecadienoic acid (linoleic acid); (B) 

trans, trans-9,12-octadecadienoic acid (linolelaidic acid). 

 

 The structure is shown in Figure 1-8, for example, methyl linoleate 

(Figure 1-8 (A)) has double bonds at C-9 and C-12 that result in one bis-

allylic position at C-11, whereas methyl linolenate (Figure 1-8 (B)) has 

double bonds at C-9, C-12 and C-15. This configuration has two bis-allylic 

positions at the C-11 carbon and C-14.
[43][69]

 The bis-allylic positions are 

more reactive to autoxidation than allylic. The relative rate of oxidation for 

the methyl esters of oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) 

acids is 1:41:98.
[43]

 

  

(A) cis, cis-9, 12-octadecadienoic acid 

(B) trans, trans-9,12-octadecadienoic acid 
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Figure 1-8 Structure of methyl linoleate (C18:2) has one bis-allylic 

position (A) and methyl linolenate (C18:3) has two bis–allylic 

positions (B). 

 

 Oxidation of biodiesel can be promoted by several factors such as 

accelerated temperature and contact with ambient air or light. The 

degradation of biodiesel can occur by one of the three following 

mechanisms
[70]

: (1) auto-oxidation or natural oxidation, (2) thermal 

oxidation, and (3) storage oxidation. 

 Auto-oxidation of biodiesel can occur from the biodiesel contact with 

oxygen at ambient temperature. This mechanism occurs before biodiesel 

combustion in an engine. Many factors affect this process including the 

nature of the biodiesel feedstocks, the method of biodiesel production, 

additives and impurities of biodiesel, as well as conditions of storage and 

allylic  

bis-allylic  

allylic  

bis-allylic  

(A) One bis-allylic 

(B) Two bis-allylic 
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handling. The scheme of auto-oxidation of biodiesel is shown in               

Figure 1-9. 

 Thermal oxidation refers to the biodiesel degradation due to 

accelerated temperature. This mechanism is relevant to biodiesel usage 

because high fuel temperatures may occur in the diesel engine injection 

system, while uncombusted biodiesel is re-circulated through the injection 

fuel system and back to the fuel tank.
[70]

  

 Storage stability is the stability of the biodiesel over a long period of 

time. It might also involve issues of water contamination and microbial 

growth. Water can promote microbial growth, lead to tank corrosion and 

participate in the formation of emulsions, as well as cause hydrolysis or 

hydrolytic oxidation.
[70]

 

 Biodiesel is a mixture of fatty acid mono alkyl esters with relatively 

significant amounts of long-chain monounsaturated and polyunsaturated 

compounds, for example methyl oleate, methyl linoleate and methyl 

linolenate for RME. Oxidation reactions of fatty acids lead to the formation 

of free radicals, cis/trans isomerisation and free fatty acid production.  

Figure 1-9 shows the three steps of oxidation reaction consist of initiation, 

propagation and termination.
[50][69]

 In the initiation step, a hydrogen atom 

adjacent to the double bond in the unsaturated fatty acid (RH) is 

abstracted by initiator (I) to produce an unsaturated fatty acid free radical 

(R). In the propagation step, the unsaturated fatty acid free radical (R) 

reacts with oxygen (O
2

) to form a peroxy radical (ROO). The peroxy radical 
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(ROO) is sufficiently reactive to rapidly abstract a hydrogen atom from 

another unsaturated fatty acid (RH) to form a hydroperoxide (ROOH) and a 

new unsaturated fatty acid free radical (R), propagating the oxidation 

process. 

 The ROOH concentration in the initial stages rises slowly until an 

interval of time has elapsed. This time is known that the “Induction Period” 

and is analysed by the oxidation stability of the fatty oil or fatty acid 

methyl ester under accelerated conditions. After the initial period the 

concentration of ROOH increases quickly.
[70]

 The terminal step is the end of 

reaction when two free radicals react to form a non-radical products.

 

Figure 1-9 Auto-oxidation reaction. 

  

Initiation 

Propagation 

Termination 

ROO  R + O
2

    

ROO + RH   ROOH + R   

R + R  

ROO + R  

ROO + ROO  

RR  

ROOR  

ROOR + O
2

 

RH + I R+ HI 

Non-radical products 
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The mechanism for the auto-oxidation is shown in Figure 1-10, using 

the example of the hydroperoxide formation during the auto-oxidative 

degradation of linoleic acid. 

 

Figure 1-10 Mechanism for the auto-oxidation of linoleic acid (C18:2) 

leading to the formation of its hydroperoxides.
[42]

 

 

1.6.1 Oxidation products 

1.6.1.1 Primary oxidation compounds 

 Hydroperoxides are the primary products in auto-oxidation of 

unsaturated fatty acids. They can undergo further oxidation into a variety 

of volatile and non-volatile secondary products. The peroxide value (PV) is 

most commonly used as an indicator of oxidation progression. It is a 

chemical method, based on an iodimetric titration. The method measured 
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in milliequivalents of peroxide per kg of sample indicates the content of 

primary products of oxidation; hydroperoxides. Low peroxide value (PV) 

means high oxidation stability in biodiesel.
[70]

 The existing analytical 

method is time consuming,
[71]

 costly, and require large amounts of 

hazardous reagents.
[72]

 

Normal phase high-performance liquid chromatography (NP-HPLC) 

coupled with an evaporative light-scattering detector (ELSD) has been used 

to separate the hydroperoxides formed during auto-oxidation of FAME. 

[73][74]

 NP-HPLC with ultraviolet (UV) absorbance detection at 234 nanometre 

(nm) has been analysed for primary oxidation products of linoleic acid and 

triacylglycerols and has been confirmed by fast atom bombardment (FAB)-

mass spectrometry (MS) and/or nuclear magnetic resonance (NMR) 

spectroscopy.
[75]

 MS and NMR spectroscopy have also been used for the 

analysis of hydroperoxides during auto-oxidation of methyl oleate 

(C18:1).
[76]

  

1.6.1.2 Secondary oxidation compounds 

 Volatile organic compounds are produced during the secondary step 

of FAME oxidation. Once the FAME hydroperoxides are formed, they 

decompose to form aldehydes such as, heptanal, hexenal, heptenal, 

propanal, hexanal, further heptane, octane, pentane, and 2,4-heptadienal 

have also been detected. Figure 1-11 shows the chemical structures of 

some volatile compounds detected during the secondary oxidation stage. 

Gas chromatography-mass spectrometry (GC-MS) has also been used for 
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analysis of volatile organic compounds to detect and identify oxidation 

products of FAME.
[77][78][79]

 

 

Figure 1-11 Chemical structures of oxidation products detected in 

biodiesel.
[42]

 

 

 FAME hydroperoxide decomposition and oxidative polymerisation of 

fatty acid chains can occur and can form high molecular weight polymers. 

For the isomerisation process, one of the conjugated diene groups in the 

chain can react with the olefinic group from the nearby fatty acid chain and 

can form a substituted cyclohexene ring from the Diels-Alder reaction, see 

Figure 1-12.
[42]

 For example, thermal dimerisation occurs for the FAME due 

to the Diels-Alder reaction and forms the dimer. Figure 1-13 shows the 

cyclohexene ring formed from methyl linoleate (C18:2) via the Diels-Alder 

reaction. 

Nonanal 

(2E,4E)-Hepta-2,4-dienal 

(E)-4-hydroperoxynon-2-

Pentane 

Nonanoic acid 

7-oxoheptanoic acid 

(E)-4-hydroxynon-2-

Formic acid Acetic acid 
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Figure 1-12 Diels-Alder reaction.
[80]

  

 

Figure 1-13 Typical structure of dimer linoleic acid formed via            

Diels-Alder reaction.
[81]

  

 

Reversed phase–high performance liquid chromatography (RP-HPLC) 

coupled with UV detection was used for the analysis of secondary 

(A) Conjugated linoleic acids 

(B) Cyclohexene derivative 

heat Diels-Alder reaction 



Chapter 1: Introduction 

28 

oxidation products, for example epoxyoctadecanoate, epoxy- and 

epoxyhydrooctadecennoates in methyl oleate (C18:1) and methyl linoleate 

(C18:2).
[82][83]

 Easy ambient sonic-spray ionisation mass spectrometry (EASI-

MS) is able to analyse the oxidation products from FAMEs.
[84]

 Capillary gas 

chromatography–ion-trap mass spectrometry (GC–IT/MS) has also been 

used for analysis of epoxides and dimers produced from methyl oleate 

(C18:1 cis 9) and methyl elaidate (C18:1 trans 9).
[85]

  

1.7 Antioxidants 

 Oxidation products of biodiesel may cause engine and fuel injector 

problems. The presence of high molecular polymerisation species can lead 

to deposit formation and an increase in fuel viscosity which may affect the 

fuel spray characteristics. Additionally, the formation of organic acids 

increases the total acidity of the fuel with increased risk of corrosion in 

vehicles' fuel distribution handling systems. 

Antioxidants significantly slow down the biodiesel degradation 

process. Two types of antioxidants are generally known: chain breakers 

and hydroperoxide decomposers. The two most common types of chain 

breaking antioxidants are phenolic and amine-types.
[86]

 Normally 

antioxidants act to inhibit the oxidation process and are well established 

for the use of controlling oxidation of biodiesel. For example, an 

antioxidant (AH) inhibits the peroxide radical (ROO) in order to prevent it 

from creating another radical by the autoxidation mechanism. The related 

mechanism is shown in Figure 1-14. 
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Figure 1-14 Antioxidant mechanism.
[87]

 

 

 Various types of chemicals or additives are used to improve the 

stability properties and enhance the performance characteristics of fuels. 

There are four groups of chemical stability additives: stabilisers, 

dispersants, chelating agents, and antioxidants. The use of antioxidant 

additives can inhibit or prevent the oxidation process by protecting fuels 

from oxidative degradation whilst also allowing the fuel to properly fulfil 

the requirements demanded by the industry. Fuel oxidation is initiated by 

free radicals, which are obtained either from combustion or from 

decomposition of primary oxidation products such as hydroperoxides 

ROOH. In the absence of antioxidants, peroxy radicals further react with 

additional fuel to form hydroperoxides (ROOH) and alkyl radicals (R

). 

Several types of antioxidants, derived both from natural and synthetic 

sources, are widely used to increase oxidative stability in fuels such as 

tocopherols, N, N-di-sec-butyl-p-phenylenediamine, butylated 

hydroxyanisole (BHA), butylated hydroxytoluene (BHT), tert-

butylhydroquinone (TBHQ), or 4,4′ -methylenebis (2,6-di-tert-butylphenol) 

(MBP). Table 1-6 shows the structures, formulae and relative molecular 

masses of antioxidants. 

AH + ROO 

A + ROO 

ROOH + A 

ROOA 

AH = Antioxidant 
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Table 1-6 Structures, formulae and relative molecular masses of 

antioxidants 

Name Chemical structure molecular formula and 

monoisotopic mass 

2,6-di-tert-butyl-4-

methylphenol 

 

C
15

H
24

O, monoisotopic mass: 220.1827 Da 

N,N-diisopropyl-p-

phenylenediamine 

 

C
12

H
20

N
2

, monoisotopic mass: 192.1626 Da
 

N,N-di-sec-butyl-p-

phenylendiamine 

 

C
14

H
24

N
2

,monoisotopic mass: 220.1939 Da 

N-(1,4-dimethylpentyl)-

N'-phenyl-1,4-

benzenediamine 

 

C
19

H
26

N
2

 monoisotopic mass:282.2096 Da 

N,N'-bis(1-methylheptyl)-

p-phenylendiamine 

 

C
22

H
40

N
2

, monoisotopic mass:332.3191 Da 

Tocopherols 

 

 

C
28

H
48

O
2

, monoisotopic mass: 416.3654 Da 

Several analytical methods have been reported for the investigation of 

antioxidants in fuels. These included spectrophotometry, liquid 

chromatography (LC), infrared spectroscopy and gas chromatography (GC). 

LC with electrochemical detection has been undertaken for monitoring 
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phenolic antioxidant compounds in JP 5 aviation fuels.
[88]

 Aromatic amine 

antioxidants were characterised by positive-ion electrospray ionisation 

mass spectrometry whereas sterically hindered phenols were analysed by 

negative-ion electrospray ionisation mass spectrometry.  

Headspace-programmed temperature vaporisation–gas 

chromatography–mass spectrometry (HS–PTV–GC–MS) was proposed for 

the detection of antioxidants (2-, 3-, and 4-tert-butylphenol, 2,6-di-tert-

butylphenol, 3-tert-butyl-4-hydroxyanisol, 2,6-di-tert-butyl-4-methylphenol, 

1-naphthol, and diphenylamine) in lubricants.
[89]

 An ion trap–time-of-flight 

mass spectrometer (IT–TOF) interfaced with an atmospheric pressure 

chemical ionisation (APCI) source has also been used for determination of 

antioxidant tert-butylhydroquinone (TBHQ) doped biodiesel.
[90]

 

The use of electrochemical oxidation has been investigated to 

determine whether this approach can be used to probe the role of the 

antioxidants BHA, BHT and TBHQ, by using a gold nanoparticle modified 

glassy carbon electrode (AuNPs/GCE) as the working electrode.
[91]

 BHT 

content in transformer oil was investigated by both differential pulse 

voltammetry and linear sweep voltammetry with a glassy carbon electrode 

as the working electrode,
[92]

 other samples also analysed were for BHA and 

TBHA in biodiesel,
[93]

TBHQ in biodiesel
[94]

, and BHT in vegetable oils.
[95]
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1.8 Fatty acid methyl esters (FAMEs) contamination 

in aviation turbine fuel (AVTUR) 

 Biodiesel must meet the requirements of fuel standards such as ASTM 

D6751 or EN 14214 before it can be blended with petrodiesel. Presently, 

B5 (5% vol. biodiesel in petrodiesel) and B7 are allowed in ASTM D975 and 

EN 590, the U.S. and European diesel fuel standards, respectively.
[96]

 The 

introduction of biodiesel into the fuel infrastructure has also given rise to 

unforeseen problems where these materials can cross-contaminate other 

fuel types. In the case of aviation turbine fuel (AVTUR) this is a significant 

issue since the international jet fuel specifications (DEF STAN 91-91) limit 

FAME content to less than 5 mg/kg (5 ppm w/w).
[97]

 The polar nature of 

the FAMEs means that they tend to adsorb onto the metal surfaces of 

pipelines or containers and these materials can then be released by the 

AVTUR from these shared common pipelines. For example, the presence of 

FAME at high concentration in AVTUR or jet fuel can significantly impact 

the thermal stability of the fuel resulting in coking and can affect the 

freezing point of jet fuel leading to gelling. To avoid such issues the 

AVTUR must be B0, i.e. no biodiesel content, which is defined as less than 

5 mg/kg (5 ppm) biodiesel content. 

IP585/10 is the current ASTM reference method for the determination 

of rapeseed methyl ester (RME) in jet fuel.
[98]

 This GC-MS method uses a 60 

m polar GC capillary column to separate the FAME species (C16:0-C18:3) 

from the non-polar hydrocarbon matrix of the jet fuel. The total GC-MS 

analysis time is approximately 1 h. However, it cannot detect and quantify 
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all the short chain FAMEs (C8-C14), e.g. from coconut oil (from FAME 

production in the Pacific Rim region) due to co-elution of these species 

with the fuel matrix. Comprehensive two-dimensional gas chromatography 

(GC × GC) has recently been developed for analysis of trace levels of FAME 

in petroleum-based fuel.
[99]

 This method can be used for the identification 

and determination of the individual FAME component and total FAME 

content; however, this specialised instrumentation is not routinely 

accessible. Normal phase high performance liquid chromatography (NP-

HPLC) has also been used for the determination of FAME in diesel.
[100]

 

Whilst all the FAME species eluted as a single peak in the chromatogram 

method, this can still determine the total FAME content in diesel fuel faster 

than the GC method. An adapted version of IP585/10 and a novel 

orthogonal ultra-high performance supercritical fluid chromatography 

mass spectrometry (UHPSFC-MS) method have been developed and are 

discussed in Chapter 5. 

1.9 Summary 

Following of the review of literatures summarised that:  

 Vegetable oils and animal fats commonly used to produce fatty acid 

methyl esters (FAMEs). 

 Transesterification is commonly used for biodiesel production 

 Biodiesel produced from a variety of feed stocks having different 

carbon chain length and degree of unsaturation.  

 The compositional fatty acid profiles of common vegetable oils, e.g 

soy and rapeseed oils, are dominated by five fatty acid species. 
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consisting of palmitic acid (16:0), stearic acid (18:0), oleic acid 

(18:1), linoleic acid (18:2), and linolenic acid (18:3). Coconut oil is 

significantly different, containing large amount of lighter fatty acid 

species–especially lauric acid (12:0) and myristic acid (14:0). 

 The physical and chemical properties of a biodiesel depend on fatty 

acid composition: the fatty acid chain and the fatty the degree of 

unsaturation. 

 Some properties of biodiesel such as density, viscosity, cetane 

number, old filter plugging point (CFPP), cloud point (CP) and pour 

point (PP), related to the chemical composition of biodiesel.  

 Instability of biodiesel is one of the major issues for the use of 

biodiesel as an alternate fuel to petrodiesel. 

 Biodiesel oxidation is affected by fatty acid composition, and degree 

of unsaturation within the fatty acid chain. 

 Hydroperoxides are the primary products in auto-oxidation of 

unsaturated fatty acids. They can undergo further oxidation into a 

variety of volatile and non-volatile secondary products. 

 Decomposition of FAME hydroperoxide and oxidative polymerisation 

of fatty acid chains can occur and can form high molecular weight 

polymers leaded to the formation of insoluble compounds caused by 

the accumulation of gum deposits on engine system. 

 Antioxidants use for improving the oxidation stability in biodiesel 

and fuels. 

 The introduction of biodiesel as an alternate fuel to petrodiesel has 

also given rise to unforeseen problems where these materials can 

cross-contaminate other fuel types. 
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 A wide range of techniques can be used for analysis of oxidation 

products in biodiesel (see, section 1.6) and determination of 

biodiesel contamination in aviation turbine fuels (see, section 1.8).
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Chapter 2: Instrumentation 

Analysis of complex samples is typically achieved using a combination 

of separation science and mass spectrometry. This research is focused on 

the use of various types of chromatography including gas chromatography 

(GC), high performance liquid chromatography (HPLC) and supercritical 

fluid chromatography (SFC) coupled to mass spectrometry for the analysis 

of fatty acid methyl esters (FAMEs), FAME oxidation, and FAMEs in a 

complex fuel matrix. Chromatography is the technique of separating 

components within a mixture. It is based on distribution of an analyte 

between the stationary phase and the mobile phase. The stationary phase 

is a solid or liquid supported on a solid, whereas the mobile phase may be 

gas, liquid or supercritical fluid. 

Mass spectrometry is used to produce gas phase ions of compounds 

by a variety of ionisation techniques, such as electron ionisation (EI) and 

electrospray ionisation (ESI), and to separate these ions according to their 

mass-to-charge ratio (m/z). The separation of the gas phase ions in a mass 

spectrometer is achieved by using electric or/and magnetic fields. A mass 

spectrometer consists of an ion source, a mass analyser and detector. The 

mass analyser and detector are operated under high vacuum. 

 The first section of this chapter deals with the basic principles of the 

separation techniques including GC, HPLC, and SFC used for separation of 

FAMEs. Electrochemistry (EC) was used as a surrogated system for FAME 

oxidation. Two types of ionisation, EI and ESI, are described in detail. The 

combination of the separation techniques to mass spectrometry with 
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different types of mass analysers including single-quadrupole, hybrid 

quadrupole-time of flight (Q-TOF) and Fourier transform ion cyclotron 

resonance (FT-ICR) instruments are also described in order to understand 

their basic principles of operations.  

2.1 Chromatography 

Chromatography was originally developed by the Russian botanist, 

M.S.Tswett, who discovered liquid–solid adsorption chromatography in 

1903 for the separation of plant pigments.
[101]

 Tswett is generally 

considered as the “father of chromatography”.
[102]

 Chromatography is 

composed of two Greek roots, chroma (colour) and graphein (to write), and 

its verbatim translation means “colour writing” which refers to visualising 

the separated multi-coloured rings on the column.
[101]

 Chromatography is a 

technique that separates the components of a mixture based on certain 

physical properties. All chromatography (GC, LC and SFC) requires a 

stationary phase and a mobile phase. Chromatography separation is based 

upon one of the following mechanisms: adsorption, partition, ion 

exchange, or size exclusion. 

2.1.1 Gas chromatography (GC) 

This technique was developed by A.T. James and A.J.P. Martin in 

1952, from initial work describing liquid-phase partitioning by A.J.P. Martin 

and R.L.M. Synge in 1941.
[103]

 GC uses a gas as the mobile phase, and the 

stationary phase is either a solid or a liquid. Two types of the stationary 

phases are gas solid chromatography (GSC) and gas liquid chromatography 
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(GLC) of which GLC is the most commonly used method. The mechanism 

of GC separation is based on a series of partition events between a carrier 

gas and a stationary phase. A gas chromatograph system consists of a 

carrier gas, an injector port, an oven, a GC column and a detector: see 

Figure 2-1. 

A sample is injected into a heated injection port where it is volatilised, 

and it is carried into the column by a carrier gas. Typically, carrier gases 

are hydrogen (H
2

), nitrogen (N
2

), or helium (He). Helium is usually used as 

the carrier gas when the GC is coupled to a mass spectrometer. The carrier 

gas neither interacts with the analytes nor with the column packing 

material, and the column is maintained in a temperature-controlled oven. 

After the separation of the analytes in the GC column, components are 

eluted from the column and pass to a detector. 

 

Figure 2-1 Schematic diagram of a gas chromatograph-mass 

spectrometer. 
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There are two primary columns used in GC. Originally the column was 

a tube packed with a solid support coated with the stationary liquid but 

most applications today use a capillary column. The capillary column is a 

small diameter (0.25-0.53 mm i.d.) open tube with the liquid separation 

phase coated on the inside of the capillary wall (typically 0.1 to 0.5 µm film 

thickness). The inside layer of a capillary column is the stationary phase 

where separation occurs.  

Figure 2-2 shows a cross-section of a column containing a three-

component sample (the coloured circles). When a vaporised component is 

transferred to the column, the analyte distributes itself between the 

stationary phase and the carrier gas. Analytes are separated based on 

solubility in the stationary phase and their boiling point. The analyte (blue 

circle) that shows a higher affinity for the stationary phase will move 

through the column more slowly than the other two (red and green circle) 

that have a lower affinity. 

 

Figure 2-2 A cross section of a column showing analyte separation. 

 

Capillary GC columns are available with a wide variety of stationary 

phases, e.g. non-polar and polar stationary phases. The selection of an 

appropriate GC stationary phase can be based on “like dissolved like”. This 

means that a polar stationary phase column (e.g. polyethylene glycol) is 

used to separate polar analytes (e.g. alcohols) and a non-polar stationary 
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phase column (e.g. polydimethyl siloxane) is used for non-polar analytes 

(e.g. hydrocarbons), see Figure 2-3. 

 

Figure 2-3 (A) Polar analyte interacting with a polar stationary 

phase. (B) Non-polar analyte interacting with a non-polar 

stationary phase. 

 

For non-polar stationary phases, analytes are separated by boiling 

point, while polar stationary phase analytes are separation by polar 

interactions with the stationary phase. However, analytes amenable to 

analysis by GC must be volatile and thermally stable at the temperatures 

used to achieve separation. 

  

 polar analyte 

polyethylene glycol 

(A) Polar analyte interacting with a polar stationary phase 

(B) Non-polar analyte interacting with a non-polar stationary phase 

 non-polar analyte 

  polydimethyl siloxane 
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2.1.2 High performance liquid chromatography (HPLC) 

HPLC was developed in the late 1960s and early 1970s.
[104] 

 HPLC is a 

separation technique for thermally labile compounds not amenable to 

separation by GC. HPLC uses a liquid mobile phase to carry the sample 

through the HPLC column. HPLC has four main separation methods 

including reversed-phase chromatography, normal-phase chromatography, 

ion exchange chromatography and size exclusion chromatography. The 

principle of reversed-phase high performance liquid chromatography (RP-

HPLC) is based upon the partitioning of analytes between the mobile phase 

and the stationary phase. RP-HPLC is characterised by a condition in which 

the mobile phase used is more polar than the stationary phase.  

Figure 2-4 shows the HPLC system consists of a mobile phase 

reservoir, a high pressure pump is used to generate the flow of the mobile 

phase. A sample manager or autosampler is used to introduce the sample 

solution into the continuous flow of mobile phase stream that transfers the 

sample solution into the HPLC column. A range of possible stationary 

phase chemistries can be used, with the most common being C18. The 

components in a sample mixture are separated by the column before 

passing through to a detector. The most commonly used stationary phases 

in RP-HPLC are presented in Table 2-1. 
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Table 2-1 The most commonly used stationary phases in RP-

HPLC
[81]

 

Name Structure 

Octadecylsilane 

(C18)  

Octylsilane 

(C8) 
 

Butylsilane 

(C4) 
 

Cyano 
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Figure 2-4 Schematic diagram of a basic HPLC system. 

 

Two basic elution modes consisting of isocratic elution and gradient 

elution are used in HPLC. In isocratic elution, the composition of the 

mobile phase is constant during the separation of the analytes, while in 

gradient elution, the composition of mobile phase changes during 

analysis. Gradient elution is useful for the separation of analytes with a 

wide range of polarities. The main advantages of HPLC over GC are that 

the analytes are not required to have high volatility, but must be dissolved 

in the mobile phase. It can separate analytes over a wide range of polarity, 

and large molecules such as proteins, oligonucleotides and polymers are 

suitable for HPLC analysis. 

The recent advances in technology have allowed for the development 

of smaller stationary phase particle size. This in turn allowed for 

improvements in column performance and separation efficiency through 

the use of higher flow rates and pressures than HPLC. The principles of 

this development are based on the van Deemter equation (see Equation 2-

1), which is an empirical formula that defines the relationship between 
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linear velocity (flow rate) and the height equivalent to a theoretical plate 

(HETP). 

 H = A +  B  ⁄ + C ×   
Equation 2-1 

 The van Deemter equation relates three terms: (A) eddy diffusion, (B) 

longitudinal diffusion, and (C) mass transfer. Figure 2-5 presents the effect 

of these terms. The first term, eddy diffusion (A) relates to a component of 

the sample which can travel by one of many paths through the column. 

These many paths arise because of inhomogeneity and variation in the 

particle size of packing material in the column. The effect of multiple 

paths causes the broadening of the analyte band as it moves through the 

column. Laminar and non-laminar flow profiles in the column also tends to 

produce a broader band of analyte molecules. The second term, 

longitudinal diffusion (B) depends on mobile phase velocity. Diffusion 

along the length of the column leads to peak broadening. Normally, 

molecules diffuse from regions of high concentration to regions of low 

concentration. Longitudinal diffusion has a large effect at low mobile 

phase flow whereas high mobile phase velocity will decrease the effect of 

peak broadening. Mass transfer (C) is the movement of an analyte between 

the mobile and stationary phases. This effect may be decreased by 

reducing the particle size of the column packing material.  
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Figure 2-5 Van Deemter plot showing the effect of eddy diffusion, 

longitudinal diffusion and mass transfer. 

 

In recent years, the development of sub-2 µm particles presented a 

significant advance. Reducing the stationary-phase particle size to less 

than 2 µm, not only improved efficiency but the efficiency does not 

diminish at increased eluent flow rates or linear velocities, see Figure 2-6. 

 

 

Figure 2-6 Van Deemter plot showing the development of particle 

sizes over the last three decades. 
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In 2004, Waters introduced ultra-high performance liquid chromatography 

UHPLC which they termed UPLC®.
[106]

 UHPLC operates at high pressures, up 

to 1030 bar (15,000 psi), for delivering mobile phase which increases 

throughput, and improves resolution whilst decreasing analysis time. 

Conventional HPLC methods can readily be transferred to UHPLC methods. 

2.1.3 Supercritical fluid chromatography (SFC) 

 In 1962, the first introduction of SFC was proposed by Klesper et 

al.
[107]

 SFC can be considered as an intermediate technique between gas 

and liquid chromatography. SFC is an analytical technique which uses 

supercritical fluids as the primary mobile phase. A supercritical fluid 

occurs when the temperature and pressure of a substance are increased 

above its critical temperature and pressure.
[108]

 At the region above the 

critical temperature and pressure, a substance cannot be classified as 

either a gas or a liquid because it has properties of both; therefore a 

substance is called a supercritical fluid.  

 Consequently, a supercritical fluid has a greater diffusion coefficient 

and lower viscosity and surface tension than a liquid solvent, which leads 

to a more favourable mass transfer. A comparison of the properties of gas, 

liquid and supercritical fluid is shown in Table 2-2. The advantage of 

supercritical fluids over liquid phases rest with improved mass transfer 

process because of lower fluid viscosities and higher diffusivities. 
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Table 2-2 Comparison of the properties of liquids, gases and 

supercritical fluid
[109]

 

State of 

substance 

Density 

(g cm
-3

) 

Diffusion 

(cm
2

 s
-1

) 

Viscosity 

(g cm
-1

 s
-1

) 

Gas 10
-3

 10
-1

 10
-4

 

Supercritical fluid 0.1-1.0 10
-4

-10
-3

 10
-4

-10
-3

 

Liquid 1 <10
-5

 10
-2

 

 

 Supercritical fluid CO
2

 (scCO
2

) is the most widely used as mobile 

phase in SFC because CO
2

 is low critical pressure and temperature
[110]

, non-

toxic, non-flammable, easy to handle, chemical inert, and 

inexpensive.
[110][111]

 The critical pressure and critical temperature of scCO
2

 

are 31 C and 73 bar, respectively.
[112][113]

 The supercritical fluid region for 

carbon dioxide is illustrated in the phase diagram in Figure 2-7. 

 

Figure 2-7 Schematic diagram of p-T phase diagram of CO
2

. 

  

 

°C 

73 bar 



Chapter 2: Instrumentation 

49 

 In 2012, a new generation of SFC instrumentation, ultra-performance 

convergence chromatography (UPC
2

) was developed by Waters to enable 

the use of sub-2 µm particle size stationary phases. The schematic 

diagram of the UPC
2

-MS system is shown in Figure 2-8. UPC
2

 has be shown 

to be a rapid, reliable, and cost-effective chromatographic separation 

method, and can be regarded as the surrogate of normal phase HPLC and 

is complementary to reversed phase HPLC.
[114]

 Coupling of UPC
2

 to a mass 

spectrometer via an atmospheric pressure ionisation source affords a 

highly sensitive and selective detector that is effective for compound 

identification and quantification. 

 

Figure 2-8 Schematic diagram of the UPC
2

-MS. 

 

2.1.4 Basic chromatography properties 

 Chromatographic development methods refer to the selection of 

conditions which provide an acceptable parameters of given analytes. 

Some basic chromatography parameters are considered, such as resolution 
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(R
s

), peak tailing and peak symmetry. Resolution (R
s

) is a measure of how 

well two peaks are separated from each other. It is calculated as the 

difference in retention time of two eluting peaks divided by the average 

width of the two peaks at the baseline. The most common formula 

(Equation 2-2) for measuring resolution (R
s

) uses the half-height method: 

 

 𝑅𝑠 = 2(𝑡2 − 𝑡1)/1.7(𝑤0.5,   1 − 𝑤0.5,   2) 

 

Equation 2-2 

Where t
1

 and t
2

 are the retention times of the two peaks of interest, and 

w
0.5,1

 and w
0.5,2

 are the peak widths measured at half height.
[115][116]

 

 Peak tailing and asymmetry factors were considered in order to 

choose optimum conditions for chromatography. A peak is decided as 

tailing if its asymmetry is greater than an acceptable value of 1.2-1.5.
[115]

 

Figure 2-9 and Figure 2-10 are shown calculation of peak tailing and peak 

asymmetry factors. 

 

Figure 2-9 Calculation of tailing factor. 

  

h

Injection

T = (a + b)/2a

a b

1/20h
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Where T is tailing factor (measured at 5% of peak height), b is distance 

from the point at peak midpoint to the trailing edge, and a is distance 

from the leading edge of the peak to the midpoint. 

 

 

Figure 2-10 Calculation of asymmetry factor. 

 

Where A
s

 is peak asymmetry factor, b is distance from the point at peak 

midpoint to the trailing edge (measured at 10% of peak height), a is 

distance from the leading edge of peak to the midpoint (measured at 10% 

of peak height). 

2.2 Electrochemistry (EC) 

 In 1971, the first report of the use of a coupling of electrochemistry 

with mass spectrometry was developed by Bruckenstein and Gadde.
[117]

 An 

electrochemical reaction is based on applying a potential between a 

working electrode and an auxiliary electrode. The µ-PrepCell operates in a 

three-electrode configuration, see Figure 2-11. The working potential is set 

between the working electrode and the auxiliary electrode (AUX). The 

auxiliary electrode is kept at a precisely defined reference electrode 

h

Injection

A
s

= b/a

a b

1/10h
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potential by means of the so-called voltage clamp. This is an electronic 

feedback circuit that compensates for polarisation effects at the 

electrodes. At the working electrode, which is kept at virtual ground, the 

electrochemical reaction takes place, i.e. electrons are transferred at the 

working electrode. This results in an electrical current to the current-to-

voltage (I/E). 

 

Figure 2-11 Schematic drawing of an electrochemical cell showing a 

three-electrode configuration showing electrochemical 

reaction take place on the electrochemical cell. 
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 Electrode potential facilitates electrochemical reactions. At low 

potential there is no reaction, while higher potential oxidation occurs 

(Figure 2-12). 

 

Figure 2-12 Role of electrode potential. 

 

The µ-PrepCell™ combined with the ROXY™ Potentiostat (Antec) can be 

used to generate metabolites of drugs, similar to those generated during 

in vivo metabolic processes, in a shorter time (seconds vs. days or weeks) 

without separation of the components.
[118]

 

2.3 Mass spectrometry 

The mass spectrometer is designed to separate gas phase ions 

according to their mass-to-charge ratio (m/z). The separation of gas phase 

ions occurs in the mass analyser under high vacuum conditions and is 

based on the interaction of the ions with electric and/or magnetic fields, 

detected and this signal is transferred to the data system. Generally, the 

mass spectrometer consists of the following components; sample 

introduction, ion source, mass analyser, ion detection system and data 

C
u
r
r
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n
t
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I
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µ
A

)
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oxidation product (s)
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processing unit. Figure 2-13 shows the basic components of a mass 

spectrometer, an interface is required to remove the solvent and produce 

gas phase ions. For atmospheric pressure ionisation (API) solvent 

elimination and ionisation occur in the source at atmospheric pressure as 

is shown in Figure 2-13 (A). In electron ionisation (EI) though, the solvent 

elimination and ionisation steps are separated (see Figure 2-13 (B)). 

 

Figure 2-13 Block diagrams for mass spectrometer. (A) Atmospheric 

pressure ionisation (API); (B) electron ionisation (EI). 

 

2.3.1 Ionisation 

 A variety of ionisation techniques are used for mass spectrometry. 

The selection of the most suitable ionisation technique depends on the 

nature of a sample. 

Sample 

introduction

Ion 

source

Interface 

to 

vacuum

Mass 

analyser
Detector

Data 

System

High vacuum

High vacuum

Sample 

introduction

Ion 

source

Interface 

to 

vacuum

Mass 

analyser
Detector

Data 

System

(A) Atmospheric pressure ionisation (API) 

(B) Electron ionisation (EI) 
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2.3.1.1 Electron ionisation (EI) 

Electron ionisation (EI) is widely used to ionise and fragment analyte 

molecules before being directed towards the mass analyser. A typically EI 

source consists of an ionisation volume, filament, collector, magnetic field, 

repeller, accelerating potential, and a focusing lens is shown Figure 2-14.  

The EI process occurs under a high vacuum (10
-4

-10
-6

 mbar).
[119]

The 

gaseous analyte molecules enter the ionisation volume where they interact 

with a beam of highly energetic electrons (usually 70 eV) that have been 

accelerated by a potential difference of 50-70 volts.
[119]

 The electron beam 

emitted is produce by a heated filament which is typically made from 

rhenium or tungsten.
[120]

 A magnetic field is produced by a set of small 

permanent magnets and helps to focus the electron beam.
[119][121]

 In order 

to eliminate the possibility of ion loss due to collision and subsequent 

neutralisation with the walls of the ion source, the ions are pushed out 

after production by applying a positive potential to the repeller 

electrode/plate. The positive ions formed are expelled from the ionisation 

volume pass through a series of electrostatic lenses that focus the ions 

into a tight beam and direct them towards the mass analyser. 
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Figure 2-14 Schematic drawing of an EI ion source adapted from 

http://www.chromacademy.com/Electron_Ionization_for_GC-

MS.
[121]

 

 

 In the EI process, if the electron interacts with the gaseous molecules 

of the analyte, the energy transferred usually exceeds the ionisation 

energy (IE) of the molecule.
[120]

 Ionisation takes place by ejection of a 

valence electron to produce a molecular ion (M
+

), positive radical ion is 

shown in Equation 2-3. The electrons do not “impact” molecules and hence 

the term electron impact ionisation is deprecated.
[122]

 

 M
(g)

 + e
-

 → M
(g)


 + 2e

-

 
Equation 2-3 

Removal of a valence electron from a molecule can occur at a 𝜎 bond, 

a 𝜋 bond, or at a lone electron pair.
[120]

 The order of ease with which 

electrons are lost under electron ionisation conditions is lone pair > 𝜋-

bonded pair > 𝜎-bonded pair.
[123]

 Research in the field reported that most 
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organic compounds will have an ionisation energy approximately 5-20 eV 

[120][122][124]

 ; however, EI spectra are almost always acquired at 70 eV.  

 Figure 2-15 shows electron energy versus ion production at low 

energies; 10 eV to approximately 15 eV. This is the threshold region (A 

region) in which the EI process for most organic compounds happens. As 

the electron energy increases, the production of fragment ions becomes 

important (B region). The plateau of the curve at ~70 eV indicates that 

small variations in the electron energy have negligible effects on ion 

production or the pattern of the spectrum (C region). Under the mass 

spectrometer conditions at 70 eV, for every 1,000 molecules entering the 

ionisation volume, only one ion is produced.
[122][124]

 Reproducibility of 

fragmentation patterns is achieved and allows comparison of mass spectra 

obtained from different mass spectrometers or from mass spectral 

databases.
[120][124]
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Figure 2-15 Relationship between ion production and energy 

(electron volts) of ionising electrons: A, threshold region, 

principally molecular ions produced; B, production of 

fragment ions becomes important; C, routine operation, 

mostly fragment ions. Reproduced with permission. 

Copyright John Wiley and Sons.
[124]

 

 

 Moreover, the 70 eV EI is referred to as a “hard” ionisation because it 

usually produces extensive fragmentation of the analyte.
[125]

 The EI 

fragmentation pattern is very useful  since it provides structural 

information for elucidation of known and unknown compounds.
[126][127]

 

This ionisation technique is gas-phase ionisation. It is used for analysing 

non-to medium-polarity, non-ionic compounds with a molecular weight up 

to 1,000 Da.
[120]

 However, the EI process is limited to analytes that are 

sufficiently volatile and thermally stable.  
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2.3.1.2 Electrospray ionisation (ESI) 

ESI is one type of atmospheric pressure ionisation (API) and widely 

used for the analysis of large molecules (e.g. proteins, peptides, 

oligonucleotides) and small polar organic molecules. It is highly 

compatible with non-volatile compounds, thermally labile analytes found in 

the liquid or aqueous phase, making it ideal for coupling to separation 

techniques such as LC. Fenn and co-workers
[128]

 were the first to 

successfully couple the ESI source to a mass spectrometer based on the 

theory originally described by Dole et al. in 1968.
[129]

 

The basic principle of the electrospray process is the transfer of 

analyte ions, found in the condensed phase (solution), into the gaseous 

phase 
[128]

 before they are subjected to mass analysis. The production of 

gas phase ions in ESI can be divided into three major steps
[128][129][130]

: (1) 

production of charged droplets at the electrospray capillary tip; (2) 

shrinkage of the charged droplets; (3) production of gas phase ions from 

these droplets. 

A sample solution flows through a capillary tip towards the mass 

spectrometer inlet, which is held at a potential difference to the capillary 

tip. For positive ion electrospray, the capillary tip is the positive electrode 

(anode) and the sampling cone is the negative electrode (cathode) (Figure 

2-16). Under these conditions, the electrospray system can be considered 

as an electrochemical cell. The oxidation reaction occurs at the capillary tip 

and a reduction reaction occurs at the sampling cone.
[131]

 The applied high 

electric field at the capillary tip causes charge separation because the 
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electric field penetrates the solution.
[129][130]

 The electric field will be 

strongest near the edges of the capillary tip. The polarisation of the 

solution near the meniscus of the solution leads to accumulation of 

positive ions near the surface of the meniscus and negative ions drift away 

from the liquid surface towards the capillary. The polarisation causes a 

distortion of the meniscus into a cone shape which is called “Taylor 

cone”.
[128]

 

 

Figure 2-16  Schematic of electrochemical process of ESI. 

 

At a specific electric field strength, the cone is not stable and a fine 

jet is emitted from the Taylor cone tip. The repulsion between the charges 

on the jet leads to the formation of charged solvent droplets. They are 

sprayed into the desolvation space towards the sampling cone of the mass 

spectrometer. The droplets shrink by solvent evaporation and leads to 

decrease of the droplet radius but their total charge amount remains 

constant. Solvent evaporation is achieved by increasing the temperature of 

ambient air within the ionisation chamber and using a desolvation gas 
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which is introduced coaxially to the flow of the aqueous phase. The 

decrease in the droplet radius leads to an increase in the surface charge 

density.  

This, in turn, leads to an increase in the repulsion between the 

charges at the surface, until the electrostatic repulsion force becomes 

equal to the surface tension of the liquid. This condition is expressed by 

Rayleigh’s stability limit where the charged droplet is unstable and 

undergoes fission into smaller droplets. The process is known as 

“Coulombic fission or Coulombic explosion”.
[131]

 

Two different models, the charge residue model (CRM) and the ion 

evaporation model (IEM), have been proposed for the production of gas 

phase ion from small charged droplets with a radius of around 10 nm. The 

first model is the CRM has been described by Dole and co-workers.
[129–133]

 

The CRM proposes that the gas phase ions produce from the evaporation 

of solvent from small droplets which contain only one ion.
[131][133][134]

  

Thomson and Iribarne proposed a different model, the IEM. The 

model predicts that when solvent evaporation and Coulombic fission have 

reduced the size of the charged droplets to around 10 nm in diameter, 

direct emission of ions to the gas phase will occur (as shown in Figure 2-

17).
[129][130][133]

 The ion evaporation model replaces Coulomb fission by 

removing charge. In general, the IEM is considered in the process of gas 

phase ion production for high analytes, whereas the CRM is considered for 

high weight analytes such as proteins. 
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Figure 2-17 Schematic of the two models for gas-phase ion 

production by ESI: the charge residue model (CRM) and the 

ion evaporation model (IEM). 

 

2.4 Mass analyser 

After the gas-phase ions are produced, they are accelerated into the 

mass analyser which is the heart of the mass spectrometer. The mass 

analyser separates these ions according to their mass-to-charge ratio 

(m/z). Mass analysers use electric and/or magnetic field(s) to exert a force 

on the ions. The relationship between force, mass, and the applied fields 

can be described by Newton's second law (Equation 2-4) and Lorentz force 

law (Equation 2-5) which are a fundamental basis for mass analysers.  

 F = ma 
Equation 2-4 

 F =  e (E +  v ×  B) 
Equation 2-5 

Where F is the force applied to the ion, m is the mass of the ion, a is 

the acceleration, E is the electric field, B is the magnetic field, v is velocity, 

and q is electric charge. 
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From Newton's second law, the force causes ions to accelerate 

depending on the mass of the ion, and the Lorentz force law dictates that 

the applied force is also dependent on the ionic charge. These two basic 

principles help to understand that mass spectrometers separate ions 

according to their m/z rather than by their mass alone. There are many 

types of mass analysers, including quadrupole (Q), time-of-flight (TOF), 

Fourier transform ion cyclotron resonance (FT-ICR), quadrupole time-of-

flight (Q-TOF). They all operate on the same basic principles. Some 

characteristics for measuring the performance of a mass analyser are mass 

range, mass accuracy and mass resolution. Mass range is the difference 

between the highest and lowest m/z which a mass analyser can measure. 

Mass accuracy is the accuracy of m/z measured by the mass analyser. It is 

the difference between the theoretical m/z (exact mass) and the measured 

m/z (accurate mass), see Equation 2-6. Mass accuracy can be given as 

absolute mass accuracy and expressed in milli m/z units (mDa): 

 𝑚/𝑧 = 𝑚/𝑧 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) – 𝑚/𝑧 (𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙) 
Equation 2-6 

However, it is often given as relative mass accuracy and expressed in part 

per million (ppm), (see Equation 2-7). 

 𝑚 𝑧 (measured)⁄ − 𝑚 𝑧⁄  (theorectical)

𝑚 𝑧⁄ (theorectical)
 × 106

 
Equation 2-7 

 

Resolving power in mass spectrometry is defined as the ability of an 

instrument or measurement procedure to distinguish between two 

peaks.
[135]

 



Chapter 2: Instrumentation 

64 

2.4.1.1 Quadrupole (Q) mass analyser 

 The principle of the quadrupole mass analyser was first described by 

Paul and Steinwedel in the 1950s.
[122][136]

 The quadrupole consists of a set 

of four parallel electrodes, ideally of hyperbolic cross section (Figure 2-

18(A) or circular cross section (Figure 2-18 (B)). 

 

Figure 2-18 Schematic of quadrupole mass filter with a hyperbolic 

cross section (A) and a circular cross section (B), showing the 

potential applied to the two pairs of electrically connected 

rods; the rods space is 2r
0

 at the closest. 

 

For commercial instruments circular cross section quadrupoles are 

preferred due to the simplicity of construction and cost.
[137][138]

 However, if 

circular cross section rods are used an approximate quadrupole field 

2r
0Y

X

Z


0

= U – Vcos (t)

Y

X

Z

Detector

Ion source

U + Vcos(t)

-U + Vcos(t)

(A) Quadrupole with hyperbolic cross section 

(B) Quadrupole with circular cross section 
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similar to the ideal hyperbolic field can be obtained if the radius (𝑟) of the 

circular electrodes is related to the quadrupole field radius (𝑟0) by the 

following Equation 2-8.
[137]

 

 𝑟 =  1.148𝑟0 
Equation 2-8 

 In the quadrupole mass analyser, the two pairs of opposite rods are 

connected electrically. Two voltages, a direct current (DC) and an 

alternating current (RF), are applied to each pair of rods. For a positive ion, 

the 𝑥 direction corresponds to the positive electrode and the 𝑦 direction 

corresponds to the negative electrode (see, Figure 2-18). The quadrupole 

mass analyser uses electric fields to separate ions according to their m/z 

ratios as they travel along the central 𝑧 axis of the four parallel rods. The 

electric potential of the quadrupole is given by Equation 2-9: 

 (𝑥, 𝑦) = [(U + Vcos(t)]
(𝑥2 − 𝑦2)

𝑟0
2  

Equation 2-9 

where  is the potential applied to the rods, 𝑥 and 𝑦 are the distances 

along the given coordinate axes, 𝑟0 is the distance from the centre axis to 

the surface of any electrode, so-called, “field radius”;
[139]

  is the angular 

frequency (2𝜋𝑓) of the applied AC waveform, U is DC potential and V is the 

magnitude (zero-to-peak amplitude) of the RF voltage. 

 The potential is zero at the centre of the quadrupole and increases 

quadratically away from the centre-line. The ions accelerated along the 𝑧 

axis enter the space between the quadrupole rods and keep their velocity 

along the 𝑧 axis. The motion of an ion with mass m and charge e within 

the quadrupole can be described by Newton’s second law, F = ma.  



Chapter 2: Instrumentation 

66 

 An ion having an amplitude greater than 𝑟0, is considered to have an 

unstable trajectory through the mass analyser. This will cause it to collide 

with the rods and be neutralised and not detected. Conversely, an ion 

trajectory is considered “stable” if the amplitude is less than 𝑟0. The ion will 

pass through the quadrupole and eventually reach the detector.
[138][140]

 

Stable and unstable trajectories of ions in a quadrupole mass analyser are 

shown in Figure 2-19. 

 

 

Figure 2-19 Schematic diagram of a quadrupole mass analyser 

showing ions with a stable and unstable trajectory. 

 

Mathieu provided the equations of motion for an ion of mass 𝑚 and charge 

𝑒 in the electric field of a quadrupole (see, Equation 2-10 to Equation 2-

13). Two factors, 𝑎 and 𝑞, are of importance to describe the stable 

trajectory of the ion. 

 

𝑑2𝑢

𝑑2 + (𝑎𝑢 − 2𝑞𝑢𝑐𝑜𝑠2)𝑢 = 0 Equation 2-10 

 

 ξ =  𝑡/2 Equation 2-11 

 

 𝑎𝑢 =
8𝑒𝑈

𝑚𝑟𝑜
2𝜔2

 Equation 2-12 
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 𝑞𝑢 =  
4𝑒𝑉

𝑚𝑟𝑜
2𝜔2

 
Equation 2-13 

where 𝑢 is displacement (𝑥 or 𝑦), ξ is a dimensionless modified time 

parameter, 𝑒 is the charge on the electron and m is the mass of the ion, 

𝑟0 is the distance from the centre axis to the surface of any electrode.  is 

the angular frequency (2𝜋𝑓) of the applied ac waveform. U is direct 

potential and 𝑉 is the magnitude (zero-to-peak amplitude) of the RF 

voltage. 

Considering the Equations 2-11 and Equation 2-12, the 𝑎 term has related 

to the DC voltage (U) and the 𝑞 terms has related to the RF voltage (V). 

Combination of the stability for ion motion in the 𝑥 and 𝑦 directions are 

given by the following equation (see, Equation 2-14). 

 𝑎𝑢 =  𝑎𝑥  =  −𝑎𝑦 𝑎𝑛𝑑 𝑞𝑢 = 𝑞𝑥 = − 𝑞𝑦 
Equation 2-14 

Figure 2-20 shows the stability diagram for the 𝑥 and 𝑦 motions in a linear 

quadrupole.
[138]

 The shaded area in all of the regions that correspond to a 

stable trajectory. 
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Figure 2-20 Regions of stability for the 𝒙 and 𝒚 motions in a linear 

quadrupole, expressed in terms of 𝒂𝒙 and 𝒒𝒙. Reproduced 

from Douglas (2009)
[138]

 with permission. Copyright John 

Wiley and Sons. 

 

 Most commercial instruments generally operate in the first 

region
[138][140][141]

 labelled as I (red circle) in the Mathieu diagram. In 

practice, the mass filtering of the quadrupole is typically controlled by the 

DC (U) and RF (V) voltages. The expanded view of the first stability region 

is presented in Figure 2-21, which shows substitutions for the Mathieu 

parameters 𝑎 and 𝑞 to convert as a function of U-V values for three 

different m/z (m
1

 
 

< m
2

 < m
3

). Ions of different m/z have parameters that 

appear on the same “operating or scan line” defined by the 2U/V ratio or 

equivalently the a/q ratio. The operating line can be located just below the 

tip of the first stability region. The U and V voltages are then changed 

together, keeping a constant ratio, ions of increasing mass will reach the 
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tip of the stability region in order of their mass and will be transmitted 

sequentially to produce a mass spectrum. 

 The mass resolution of a quadrupole can be altered by changing the 

ratio of DC (U) to RF voltage (V) to change the slope of the scan line. 

Decreasing the slope of the mass scan line reduces its resolution. If a 

quadrupole is operated with a constant ratio U/V the resolution will be 

constant across a mass scan. It is more common to operate a quadrupole 

so that the peak width is constant across a spectrum. 

 

Figure 2-21  Stability regions as a function of U and V for ions 

with different masses (m
1

 < m
2

 < m
3

). Changing U linearly as a 

function of V obtain a straight operating line. Reproduced 

with permission. Copyright John Wiley and Sons. 

 

Quadrupole mass analysers are now widely used for combined GC-MS and 

LC-MS instruments. However, quadrupole instruments are generally limited 

to unit mass resolution and have a low mass range in the order of up to 

m/z 4000.
[120]
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2.4.1.2 Time of flight (TOF) mass analyser 

 The first concept of TOF mass analyser was described by Stephens in 

1946.
[142]

 In 1955, a linear TOF was designed by Wiley and McLaren and 

became the first commercial instrument.
[143]

 The principle of linear TOF 

analysers involves measuring the time required for an ion to travel from an 

ion source to a detector. The TOF analyser separates ions according to 

their velocities when they move in a free-field region that is called a flight 

tube.
[143]

  

 Figure 2-22 shows the schematic representation of a linear TOF mass 

analyser. Ions having different masses produced at the same time in an ion 

source and then the ions are accelerated along towards the flight tube by 

electric field. The ions obtain the same kinetic energy, but they have 

different masses.  

 

Figure 2-22  Schematic of a linear TOF mass analyser, where the 

blue red and green circles represent ions of different masses, 

each with a single charge. While ions travelling along the 

field-free path (d), they are dispersed in time. Smaller ions 

arrive the detector first. 
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When the ions leave from the acceleration region, they enter a field-

free region where they are separated according to their velocities, before 

arriving at the detector. In linear TOF mass analyser, an ion with mass 𝑚 

and total charge 𝑞 = 𝑧𝑒 is accelerated by a potential 𝑉𝑠. It electric potential 

energy 𝐸𝑒𝑙 is converted into kinetic energy 𝐸𝑘, see Equation 2-15. 

 𝐸𝑘 =  
𝑚𝑣2

2
=  𝑞𝑉𝑠 =  𝑧𝑒𝑉𝑠 =  𝐸𝑒𝑙 

Equation 2-15 

The velocity of the ion leaving the source is given by rearranging the 

Equation 2-16 as: 

 𝑣 = (
2𝑧𝑒𝑉𝑠

𝑚
)

1/2

 
Equation 2-16 

 

The ion travels in a straight line at constant velocity to the detector. 

The time 𝑡 needed to cover the distance L before reaching the detector is 

given by the following equations:
[122][124]

  

 𝑡 =  
𝐿

𝑣
 = 𝐿 (

𝑚

2𝑧𝑒𝑉𝑠
)

1/2

 
 

  𝑡2 =  
𝑚

𝑧
(

𝐿2

2𝑒𝑉𝑠
) 

Equation 2-17 

The Equation 2-17 shows that the lower the mass of an ion, the faster it 

will reach the detector. The advantage of a TOF analyser is that 

theoretically there is no limit to the upper m/z value that can be 

detected.
[122][124]

 The resolution in TOF is derived from the relationship 

between m/z and flight time. Therefore, the resolution is given by 

Equation 2-18. 
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 𝑅 =  
𝑚

∆𝑚
=  

𝑡

2∆𝑡
  

Equation 2-18 

Where 𝑚 and 𝑡 are the mass and flight time of the ion. ∆ 𝑚 and ∆𝑡 are 

the peak widths measured at the the 50% on the mass and time scale, 

respectively. 𝐿 is the flight tube length. 

The disadvantage of a linear TOF analyser is low mass resolution and, 

subsequently, poor mass accuracy. Since the resolution in a TOF is related 

to the flight time and the flight tube, one solution to improve resolution 

and sensitivity is to use a long flight tube with a length of 1-2 m and an 

acceleration voltage of at least 20 kV.
[122]

 Resolution in a TOF can be 

improved using, delayed extraction, orthogonal acceleration, and a 

reflectron.
[143]

 In this section, the reflectron is discussed in detail.  

The reflector TOF was proposed for the first time by Mamyrin et al. in 

1973.
[144]

 The reflectron acts as an ion mirror by deflecting the ions and 

then sending them back through the flight tube. It consists of a grid 

electrodes or ring electrodes which are located behind the free-field drift 

tube opposite the ion source.  

Figure 2-23 shows a reflectron-TOF mass analyser. Two ions of the 

same m/z that have different kinetic energies. The ion with more kinetic 

energy and more velocity and the ion with lower kinetic energy enter into 

the reflectron and continue reducing velocity until their kinetic energy 

reaches zero. At this point, the ions are pushed from the reflectron in the 

opposite direction by the electric field. The ion with more kinetic energy 

and more velocity will enter faster and deeper into the reflectron that 
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spend more time within the reflectron than the less energetic ion. Then, 

the faster ion will reach the detector at the same time as the initially slower 

ion with the same m/z. The reflectron compensates for the kinetic energy 

distribution by correction in time of flight. In this way, the reflectron 

increases the flight path without increasing the dimension of the mass 

spectrometer. The reflectron then improves mass resolution compared to a 

linear TOF. 

 

Figure 2-23 Scheme of a reflector TOF-mass analyser showing two 

ions with the same m/z but different kinetic energies. Higher 

kinetic energy (red circle) and lower kinetic energy (green 

circle) ions. The ions reach the detector at the same time 

because of the correction time they spend in the reflectron. 

 

2.4.1.3 Fourier transform-ion cyclotron resonance mass analyser        

(FT-ICR MS) 

The theory of cyclotron resonance was first described by Lawrence in 

the 1930s.
[145]

 In 1978, Comisarow and Marshall developed FT-ICR and 

constructed the first FT-ICR MS instrument. All FT-ICR MS instruments 

consist of four common main components: a superconductive magnet, an 

analyser cell, an ultrahigh vacuum system and a data acquiring 

system.
[146][145]

 The first component is a magnet, which can be either a 
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permanent magnet, an electromagnet or a superconducting magnet. The 

superconducting magnets usually used for FT-ICR MS have field strengths 

ranging from 3 to 9.4 Tesla (T).
[145]

 Currently (2015), a 21 T magnet is the 

largest magnet that has been used for FT-ICR MS experiments.
[147]

 The 

performance of the FT-ICR MS improves as the magnetic field strength 

increases. The second component is a ICR analyser cell, where ions are 

trapped, exposed to the magnetic field, forced into their cyclotron motion, 

analysed, and detected.
[145][146]

 Various ICR analyser cell with different 

geometries were designed.
[148]

 The simplest analyser cells (cubic and 

cylindrical) are shown in Figure 2-24. The cell consists of six plate 

electrodes, two perpendicular to the magnetic field and the other four 

arranged in such a way as to form a closed cube or cylinder. Ions enter the 

cell through an opening in one of the perpendicular trapping plates. 

 

Figure 2-24 Schematic diagram of a cubic analyser cell (A); a closed 

cylindrical analyser cell (B). 
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(B) Closed cylindrical analyser cell 
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Ions are trapped and stored in the cell by applying a small voltage 

(typically +/- 1–2 V, depending on the polarity of the ions)
[149]

 to the 

trapping plates. The ions in the analyser cell are exposed to the strong 

magnetic field and undergo motion in a plane perpendicularly to the 

magnetic field, named “cyclotron motion”. In a magnetic field (𝐵), ions of 

charge (𝑞) and velocity (𝑣) experience the Lorentz force 𝐹 which is given by 

Equation 2-19. The Lorentz force is a “centripetal” force and is 

counterbalanced by the “centrifugal” force (𝐹), (see, Equation 2-20) and 

defined by the ion mass 𝑚, the ions velocity (𝑣𝑥𝑦) in the 𝑥-𝑦-plane and the 

orbital radius (𝑟).[122][150]

  

 

 𝐹 = 𝑞 𝑣 𝐵 
Equation 2-19 

 𝐹 =  
𝑚𝑣2

𝑟
 

Equation 2-20 

 

 Movement of ions parallel to the magnetic field is not influenced by 

this field. Each ion rotates with its frequency in respect to its (m/q), the so-

called “cyclotron frequency”. Thus positive-charged ions rotate counter 

clockwise and negative ions rotate clockwise, (see Figure 2-25). 
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Figure 2-25 Ion cyclotron. Magnetic force acting on a positive ion (A) 

and negative ion (B), each with velocity, v, subjected to a 

magnetic field, B, direct in plane of the paper. The path of an 

ion moving in the plane of the paper is bent into a circle by 

the inward-directed Lorentz magnetic force produced by a 

magnetic field directed perpendicular to the plane of the 

paper. Note that positive and negative ions orbit in opposite 

senses.
[150][151]

 

 

The ion stabilises on the trajectory resulting from the balance of 

Equation 2-19 and Equation 2-20, as shown in Equation 2-21. 

 qvB =  
mv2

r
 qB =  

𝑚𝑣

r
 

Equation 2-21 

The ion completes a circular trajectory of 2𝜋𝑟 with a specific frequency, 

thus the angular velocity 𝜔 is given by Equation 2-22. 

 𝜔 = 2𝜋𝑣 =  
𝑞

𝑚
𝐵 

Equation 2-22 

The cyclotron frequency is related to the m/z of the ion and is given by 

Equation 2-23.  

 𝜔 =  2𝜋𝑣𝑐  =  
𝑣

 𝑟
=  

𝑞

𝑚
𝐵 

Equation 2-23 

 Then, ions with different m/z can be analysed, detected, and 

separated by way of their different cyclotron frequencies. Ions with the 

(A) Magnetic force acting on  

a positive ion 

(B) Magnetic force acting on  

a negative ion 
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same m/z have the same cyclotron frequency but different energies and 

then different velocities in their orbits and different radii. The potential 

change between the detection plates can be measured as a function of 

time and it is from here that the raw data comes, known as a ‘‘transient’’ 

or ‘‘time-domain’’ data. It should be noted that the ions repeatedly pass by 

the detector plates for the duration of the acquisition time, as non-

destructive detection is employed. It is therefore necessary to extract data 

about the different ion packets. This is done through usage of the 

mathematical procedure known as a ‘‘Fourier transform’’ (FT) where 

frequency information is obtained from time-domain data.  

 When ions are trapped in the analyser cell the radius of the cyclotron 

orbits is too small to be detectable, hence the ions must be excited into 

coherent motion by applying a radio frequency (RF) potential to two 

excitation plates. As a result, the ion spirals outward when its cyclotron 

frequency is in resonance with the frequency of the applied RF 

potential.
[145]

 

The third component is the ultrahigh vacuum system, and a pressure 

of 10
−9

 to 10
−10

 mbar is required in FTICR-mass spectrometry. This high 

vacuum is provided by turbo molecular pumps or cryogenic pumps.
[145]

 

The last component is a data system including a frequency synthesiser, 

which is used to process and analyse the data. Following excitation, ions of 

the same mass-to-charge ratio go through cyclotron motion as an “ion 

packet”. When the ion packet passes by the detection plates, “image 

current”
[149]

 is induced in the two plates by attraction (positive ion 
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detection) or repulsion (negative ion detection). Detection of the ions occur 

as the ion packets travel past two detection plates because the potential 

change between the detection plates can be measured as a function of 

time, known as a “transient” or “time-domain”. The signal is then converted 

from the time-domain to the frequency-domain by Fourier transform (FT). 

The frequency spectrum is converted into a mass spectrum, which is later 

calibrated by applying a calibration formula derived from the cyclotron 

equation.
[145]

 Figure 2-26 shows a basic FT-ICR MS with a cubic cell. 

Presently, FT-ICR MS is the most powerful commercially available 

instrument in terms of mass accuracy and resolution.
[152]

 

 

Figure 2-26 Schematic drawing of a FT-ICR MS showing in a cubic 

cell. 
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2.4.1.4 Tandem mass spectrometry 

Tandem mass spectrometry, mass spectrometry/mass spectrometry, 

requires to combine at least two stages of mass analysers often referred to 

as MS1 and MS2, respectively. MS/MS (Figure 2-27) consists of several 

sequential processes: ionisation of sample molecules, mass selection of 

parent ions, collision induced dissociation (CID) of the parent ions with 

neutral gas (e.g. N
2

, Ar) molecules to produce ions, mass analysis and 

detection of these product ion.
[153]

 Basically, there are two types for 

MS/MS: MS/MS in space and MS/MS in time. For MS/MS in space, uses two 

mass analysers combined in tandem. These processes occur sequentially 

in separate regions
[153][154]

, for example, QqQ, TOF-TOF and QTOF.
[120]

 

 

 

Figure 2-27 Schematic diagram of triple quadrupole mass analyser. 

 

2.4.1.5 Quadrupole-Time of flight mass analyser 

 The Q-TOF tandem mass spectrometer can be explained in the 

simplest way as a triple quadrupole with the last quadrupole section 

replaced by a TOF analyser. The development and commercialisation of the 

hybrid quadrupole-TOF (QTOF) mass spectrometer used a similar approach 

to oa-TOF. A schematic representation of a Q-TOF is shown in Figure 2-28. 
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Figure 2-28 Schematic representative of Q-TOF. 

 

2.5 Summary 

 In this project, the main aspect was the application of 

chromatography, electrochemistry, and mass spectrometry to the analysis 

of fuels. The objectives of this chapter were: 

 To understand the basic concepts of separation sciences techniques 

(GC, HPLC, SFC and EC), the principles of EI and ESI and also various 

mass analysers including quadrupole (Q), TOF-MS, FT-ICR MS and 

MS/MS. 

 To know how hyphenation in mass spectrometry, GC–MS, HPLC–MS, 

UHPLC–MS, UHPSFC–MS and EC–MS, works and what it can do as a 

powerful tool for the research. 

The summary of the key points of this chapter are: 

 GC is suitable for volatile analytes and thermal stability, whilst HPLC 

is amenable for non-volatile or thermally labile analytes. 
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 SFC uses supercritical fluid CO
2

 (scCO
2

) as mobile phase which the 

properties of scCO
2 

have liquid like diffusivity and gas like viscosity. 

 SFC is an intermediate between GC and HPLC that uses for analytes 

cannot resolve by either GC and HPLC. 

 The introduction of UHPLC and UHPSFC utilise sub-2 particle size 

stationary phases for improving the analytical tool both separation 

resolution and speed. 

 EC coupling to MS has been used for monitoring and investigating 

oxidation process in a shorter time (seconds vs. days or weeks). 

 Electron ionisation is gas-phase ionisation which it is used for 

analysing non-to medium-polarity, non-ionic compounds with a 

molecular weight up to 1,000 Da. However, the EI process is limited 

to analytes that are sufficiently volatile and thermally stable. 

 ESI is one type of atmospheric pressure ionisation (API) and widely 

used for the analysis of large molecules. It is highly compatible with 

non-volatile compounds, thermally labile analytes. 

 Coupling of chromatography to mass spectrometry to allow 

compound identification. 
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Chapter 3: Experimental details 

3.1 Chemicals 

 Methyl oleate (C18:1), methyl linoleate (C18:2), methyl linolenate 

(C18:3), methyl heptadecanoate (C17:0), 2,6-di-tert-butyl-4-methylphenol 

(BHT) and sodium formate were purchased from Sigma-Aldrich (Gillingham, 

UK). Methanol (MeOH), acetonitrile (ACN), isopropanol (IPA), water (LC-MS 

grade), hexane (HPLC grade) and dodecane (99% pure) were purchased 

from ThermoFisher Scientific (Loughborough, UK). Food grade carbon 

dioxide was purchased from BOC Special Gases (Manchester, UK). Formic 

acid was purchased from Riedel-de Haën (Seelze, Germany). Internal 

standard (methyl heptadecanoate, d
33

), rapeseed methyl ester (RME), soy 

methyl ester (SME), coconut methyl ester (CME) and fresh and aged fuel 

samples were supplied by BP (Pangbourne, UK). Aviation fuel was obtained 

from Air BP UK Ltd and the Energy Institute. 

3.2 Experimental details for Chapter 4 

3.2.1 Electrochemistry-mass spectrometry (EC-MS) 

 The EC system was the ROXY potentiostat (Antec, Zoeterwoude, ARC 

Sciences, Hampshire, UK) equipped with the µ-PrepCell™. In the µ-

PrepCell™ a three-electrode configuration is used, i.e. a working electrode, 

a HyREF palladium-hydrogen (Pd/H
2

) reference, and titanium an auxiliary 

electrode. Glassy carbon (GC) and magic diamond (MD) working electrodes 

were compared. The MD electrode consisted of an ultra-thin film of doped 
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diamond material deposited on a Si wafer. A working standard solution of 

individual FAMEs (1 µg/mL) passed through the electrochemical cell at a 

flow rate of 10 µL/min using a Harvard syringe pump (ARC Sciences, 

Hampshire, UK). The working electrode size was 30 × 12 mm with the 

effective spacer thickness of approximately 50 µm corresponding to a cell 

volume of 11 µL. The working electrode potential was applied in the range 

0 to 2.5 or 3 V (depending on the working electrode used) to determine 

optimal conditions for generation of oxidation products. The EC system 

was controlled by Antec Dialogue software. The instrumental set-up of the 

ROXY EC system is shown in Figure 3-1. 

 

Figure 3-1 Schematic drawing of the µ-PrepCell in a ROXY EC 

system. 

 

 The outlet of the EC cell was directly coupled to a quadrupole-time of 

flight-mass spectrometer (maXis Q-TOF MS) (Bruker Daltonics). Positive ion 

ESI mass spectra were recorded using the following parameters: capillary 

voltage, -4000 V; nebuliser pressure, 1.0 bar; drying gas flow rate, 4.0 

L/min; drying gas temperature, 200 C; funnel RF, 200 Vpp; ISCID energy, 

30 eV; quadrupole ion energy, 4.0 eV; mass range m/z 50-1200. 
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Acquisition and analysis of data were controlled by Compass 

DataAnalysis™ software version 4.0. 

3.2.2 High performance liquid chromatography-mass 

spectrometry (HPLC-MS) 

The HPLC-MS analysis was performed using an Agilent 1050 Series 

HPLC coupled to a VG platform LCZ quadrupole mass spectrometer and 

positive ion ESI data were acquired. The chromatographic separation was 

performed using an XBridge C18 column (2.1 × 50 mm, 5 µm) at column 

temperature of 40 C. Mobile phase A consisted of water with 0.1% formic 

acid (v/v), and mobile phase B consisted of methanol with 0.1% formic acid 

(v/v). The HPLC gradient conditions are shown in Table 3-1. The injection 

volume was 2 µL and the UV was set at a wavelength of 254 nm.  

Positive ion ESI mass spectra were recorded using the following 

parameters: capillary voltage, 3.5 kV; cone voltage, 30 V; extractor, 3 V; 

source block temperature, 80 C; desolvation temperature, 120 C; 

desolvation gas flow, 3.6 L/h; mass range m/z 120–600; scan duration,     

1 s. Samples were analysed and data processed using Masslynx v 3.5 

(Waters). 
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Table 3-1 HPLC gradient conditions for separation of FAMEs and 

their oxidation products 

Time     

(min) 

Mobile phase A %  Mobile phase B %  Flow rate 

(mL/min) 

0.00 80 20 0.5 

2.00 80 20 0.5 

12.00 0 100 0.5 

16.00 0 100 0.5 

16.01 80 20 0.5 

20.00 80 20 0.5 

 

3.2.3 Ultra high performance liquid chromatography-mass 

spectrometry (UHPLC-MS) 

 UHPLC–MS analysis was performed using an ACQUITY UPLC™ H-Class 

(Waters, Wilmslow, UK) consisting of ACQUITY UPLC™ binary solvent 

manager and ACQUITY UPLC™ sample manager. An Acquity UPLC® BEH 

C18 column (2.1 mm × 50 mm, 1.7 µm) (Waters, Hertfordshire, UK) was 

used for separation. The column temperature was 40 C. Mobile phase A 

consisted of water with 0.1% formic acid (v/v), and mobile phase B 

consisted of methanol with 0.1% formic acid (v/v). The UHPLC gradient 

conditions are shown in Table 3-2. The injection volume was 2 µL and the 

UV was set at a wavelength of 254 nm. The UHPLC system was coupled to 

a Xevo TQD tandem quadrupole mass spectrometer (Waters) equipped with 

an orthogonal Z-spray™ electrospray ionisation (ESI) source was used for 

detection of oxidation products of FAMEs. Positive ion ESI mass spectra 

were recorded using the following parameters: capillary voltage, 3.3 kV; 

cone voltage, 25 V; source temperature, 150 C; desolvation temperature, 
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350 C; desolvation gas flow, 700 L/h; mass range m/z 150–1000; scan 

duration, 0.1 s. 

Table 3-2 UHPLC gradient conditions for separation of FAMEs and 

their oxidation products 

Time     

(min) 

Mobile phase A %  Mobile phase B %  Flow rate 

(mL/min) 

0.00 80 20 0.6 

1.00 80 20 0.6 

4.00 0 100 0.6 

5.30 0 100 0.6 

7.00 80 20 0.6 

 

3.2.4 Ultra high performance supercritical fluid 

chromatography-mass spectrometry (UHPSFC-MS) 

The UHPSFC-MS system used was an Acquity ultra-performance 

convergence chromatograph (UPC
2

), (Waters, Wilmslow, UK) consisting of a 

binary solvent pump, an autosampler, a column oven and a backpressure 

regulator. The separations were performed using an Acquity UPC
2

 BEH 

column (2.1 mm × 100 mm, 1.7 µm). The mobile phase consisted of (A) 

supercritical fluid CO
2

 (scCO
2

) and (B) methanol as organic modifier at a 

flow rate of 1.5 mL/min The gradient conditions are shown in Table 3-3. 

The column temperature and backpressure regulator (BPR) were set at 45 

C and 105 bar, respectively. The injection volume was 2 µL and methanol 

with 1% formic acid (v/v) used as make-up flow at a flow rate of 0.45 

mL/min. The UHPSFC system was coupled to a single quadrupole mass 

spectrometer (SQD2) (Waters, Wilmslow, UK), and positive ion ESI mass 
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spectra were recorded using the following parameters: capillary voltage, 

3.6 kV; cone voltage, 30 V; extractor voltage, 3 V; source temperature, 150 

C; desolvation temperature, 600 C; desolvation gas flow, 1000 L/h; mass 

range m/z 110–600; scan duration, 0.1 s. Acquisition and data processing 

achieved using MassLynx™ version 4.1. 

Table 3-3 UHPSFC gradient conditions for separation of FAMEs and 

their oxidation products 

Time (min) Mobile phase 

A %  

Mobile phase 

B %  

Flow rate 

(mL/min) 

0.00 100 0 1.5 

2.00 99 1 1.5 

3.00 90 10 1.5 

5.30 100 0 1.5 

 

3.2.5 Gas chromatography-mass spectrometry (GC-MS) 

 70eV electron ionisation (EI) mass spectra were recorded using a 

Trace GC-MS (Thermo Finnigan, Manchester, UK) equipped with an 

Innowax capillary column (J & W Scientific, Berkshire, UK), 60 m × 0.25 mm 

i.d., 0.50 µm film thickness or HP Innowax capillary column, 30 m × 0.25 

mm inner diameter, 0.25 µm film thickness. The stationary phase used 

was 100% polyethylene glycol (PEG). One µL samples were introduced via a 

splitless injector at a temperature of 240 C. The oven temperature 

programme used was 40 C for 4 min, ramped at a rate of 5 C /min up to 

240 C for 16 min. Helium (He) was used as carrier gas at a constant flow 

rate of 1 mL/min The detector voltage was applied at 350 V. Positive ion EI 

mass spectra were recorded using the following parameters: mass range 
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m/z 20-510; scan rate, 2 scans/s. Each FAME component and their 

oxidation products was identified by comparison of the EI mass spectrum 

with a NIST Mass Spectral Library. Xcalibur
TM

 software was used for control 

of the GC–MS and data acquisition. 

3.2.6 Infusion Fourier transform ion-cyclotron resonance 

mass spectrometry (infusion FT-ICR MS) 

 Infusion FT-ICR MS measurements were performed using a 4.7 Tesla 

(T) Solarix mass spectrometer (Bruker Daltonics, UK). ESI infusion was 

performed using a syringe pump (Hamilton, UK) with the samples solution 

in methanol at a concentration of 1 mg/mL. The instrument was calibrated 

using a standard solution of diphenhydramine (monoisotopic mass: 

255.1623 Da), oxybutynin (monoisotopic mass: 357.2304 Da), terfenadine 

(monoisotopic mass: 471.3137 Da), reserpine (monoisotopic mass: 

608.2734 Da), erythromycin (monoisotopic mass: 733.4612 Da) and 

gramicidin_S (monoisotopic mass: 1140.7059 Da) mixed at a 

concentration of 1 µg/mL per component. 

 Positive ion ESI mass spectra were recorded using the following 

parameters: capillary voltage, -4 kV; drying gas flow rate, 4.0 L/min; drying 

gas temperature, 200 C; mass range m/z 150–1500. Instrument control, 

data acquisition and handling were performed with Compass solariX 

control (Bruker Daltonics). For tandem mass spectrometry, the instrument 

was calibrated using a 1 µg/mL solution of reserpine (monoisotopic mass: 

608.2734 Da). The collision energy was adjusted between 15-25 eV. 
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3.3 Analysis of antioxidant in fuels 

 2,6-Di-tert-butyl-4-methylphenol (BHT), (10 mg) was dissolved in 

methanol (10 mL) to give a stock solution of 1 mg/mL and then diluted to 

10 µg/mL in methanol with 10% water (v/v) that was used as a standard 

solution. 

3.3.1 Sample preparation 

 The aged samples were heated to 120 C for 16 h. Each sample was 

diluted in methanol with 10% water (v/v) to give a final concentration of 1 

µg/mL and analysed by EC-MS. 

3.4 Experimental details for Chapter 5 

3.4.1 Coconut methyl ester (CME) and rapeseed methyl 

ester (RME) stock solution preparation 

 Preparation of the stock solutions followed the defined protocol of 

IP585/10. Coconut and rapeseed FAME were used (covering a range of 

C8:0 to C18:3). 0.0100 g ± 0.0001 g of CME and RME respectively were 

dissolved in hexane to give a total mass of 10 g ± 0.05 g, i.e. standard 

solutions of 1000 mg/kg. These solutions were then diluted by a factor of 

two to give the nominal working solutions (500 mg/kg). 

3.4.2 Calibration solution preparation 

 Calibration standards were prepared containing nominally 2, 4, 6, 8, 

10, 20, 40, 60, 80 and 100 mg/kg of each FAME using volumetric dilution 
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of the working solution (500 mg/kg) in hexane and included a 10 µL 

aliquot of an internal standard solution (1,000 mg/L). 

3.4.3 Internal standard solution preparation 

 Methyl heptadecanoate, C17:0 or methyl heptadecanoate, d
33

 (0.0100 

g ± 0.0001g) was dissolved in hexane or dodecane (10 mL) to give a 1000 

mg/L solution. 

3.4.4 Sample preparation 

 AF-1 is a kerosene grade aviation fuel and this was used as a 

surrogate matrix for the standard solutions. A nominal 1000 mg/kg stock 

solution of CME and RME respectively was prepared by mixing each FAME 

(0.0100 g ± 0.0005 g) with AF-1 to give a total mass of 10 g ± 0.05 g. The 

samples were further diluted with AF-1 to give final solutions of 5 mg/kg 

CME or RME respectively. Commercially doped samples of AVTUR with 

FAME were supplied by the Energy Institute, and these samples were used 

neat and analysed by UHPSFC-MS and GC-MS respectively. 

 

3.4.5 Gas chromatography-mass spectrometer (GC-MS) 

Electron ionisation mass spectra (70 eV) were recorded using a TRACE 

GC-MS (Thermo Finnigan, Manchester, U.K.) equipped with an Innowax 

capillary column (J & W Scientific, Berkshire, U.K.), 60 m × 0.25 mm inner 

diameter, 0.50 µm film thickness, as demanded by IP585/10, the 

international reference method. One µL injections were made via a 
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splitless injector at a temperature of 260 C. The oven temperature 

programme used was 150 C for 5 min, ramped at a rate of 12 C/min to 

200 C for 17 min, then ramped at a rate of 3 C/min to 252 C, and held 

at the final temperature for 6.5 min. Helium was used as the carrier gas at 

a constant flow rate of 1 mL/min. Mass spectra were acquired between 

m/z 20 and 510 at a scan rate of 2 scans/s. Each FAME component was 

identified by comparison of the EI mass spectrum with a National Institute 

of Standards and Technology (NIST) Mass Spectral Library. Xcalibur, 

version 1.1, was used for control of the GC-MS and data acquisition. 

3.4.6 High performance liquid chromatography-mass 

spectrometry (HPLC-MS) 

 The HPLC-MS system was described in 3.2.2. The mobile phase A 

consisted of water with 0.1% formic acid (v/v), and mobile phase B 

consisted of methanol with 0.1% formic acid (v/v). The HPLC gradient 

conditions for analysis of FAMEs in AVTUR are shown in Table 3-4. 
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Table 3-4 The HPLC gradient conditions for analysis of FAMEs in 

AVTUR 

Time     

(min) 

Mobile phase A %  Mobile phase B %  Flow rate 

(mL/min) 

0.00 30 70 0.3 

10.00 0 100 0.3 

16.00 0 100 0.3 

16.01 30 70 0.5 

20.00 30 70 0.5 

 

3.4.7 Ultra high performance liquid chromatography-mass 

spectrometry (UHPLC-MS) 

 The UHPLC-MS system was described in section 3.2.3.The mobile 

phase A consisted of water with 0.1% formic acid (v/v), and mobile phase B 

consisted of methanol with 0.1% formic acid (v/v). The UHPLC gradient 

conditions for analysis of FAMEs in AVTUR are shown in Table 3-5. 

Methanol 10 mM sodium formate (HCOONa) was used as additive solvent 

at a flow rate of 50 µL/min. 
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Table 3-5 The UHPLC gradient conditions for analysis of FAMEs in 

AVTUR 

Time     

(min) 

Mobile phase A %  Mobile phase B %  Flow rate 

(mL/min) 

0.00 30 70 0.6 

2.50 0 100 0.6 

3.00 0 100 0.6 

4.00 30 70 0.6 

5.00 30 70 0.6 

 

3.4.8 Ultra high performance supercritical fluid 

chromatography-mass spectrometer (UHPSFC-MS) 

Chromatography was performed using an Acquity ultra-performance 

convergence chromatograph (UPC
2

) (Waters, Wilmslow, UK) with CO
2

 as the 

supercritical fluid. Different sub-2 µm particle size 3 mm × 100 mm 

packed columns (including BEH, HSS C18 SB, BEH-amide and HSS cyano) 

were investigated with a variety of organic modifiers (including methanol, 

acetonitrile, isopropanol and methanol with 25 mM ammonium acetate). 

The injection volume was 2 µL and samples were eluted at a flow rate of 

1.5 mL/min. The column temperature was optimised in the range of 35-50 

C. The scCO
2

 back pressure of the system was optimised and set to 105 

bar. Methanol with 1% formic acid (v/v) was used as make-up flow at a flow 

rate of 0.45 mL/min.  

Positive ion ESI mass spectra were recorded using a single quadrupole 

mass spectrometer (SQD2) (Waters, Manchester, UK) with the following 

conditions: capillary voltage 3.6 kV; cone voltage 30 V; extractor 3.0 V; 
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source temperature 150 C; desolvation temperature 600 C; desolvation 

gas flow 1000 L/h; mass range of m/z 110–600; scan duration time of 

0.1s providing 37.38 data points per peak and acquisition and data 

processing achieved using MassLynx™ version 4.1. 

3.4.8.1 Stationary phase  

 Four different UPC
2

 stationary phase columns: Acquity BEH, Acquity 

BEH-amide (100 mm × 3.0 mm, 1.7 µm), Acquity HSS cyano, Acquity HSS 

C18 SB (100 mm × 3.0 mm, 1.8 µm) were obtained from Waters (Elstree, 

UK). The chemical structure of all columns is represented in Figure 3-2. 

 

 

Figure 3-2 Chemical structure of the stationary phases used. 

 

Ethylene bridged hybrid (BEH) 

BEH-amide 

High strength silica C18 selectivity for bases 

HSS cyano 
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3.4.9 High performance liquid chromatography (HPLC)-

Microsaic miniaturised mass spectrometer 

 The miniaturised MS system used was a HPLC (Agilent 1100 Series) 

coupled to a Microsaic miniaturised MS (Microsaic 4000 MiD®) (Microsaic 

Systems plc, Surrey, UK). The HPLC gradient conditions are shown in Table 

3-6. The injection volume was 5 µL. 

Table 3-6 The HPLC gradient conditions for analysis of FAMEs in 

AVTUR 

Time     

(min) 

Mobile phase A %  Mobile phase B %  Flow rate 

(mL/min) 

0.00 30 70 1.0 

10.00 0 100 1.0 

16.00 0 100 1.0 

16.01 30 70 1.0 

20.00 30 70 1.0 

 

 Positive ion ESI mass spectra were recorded using the following 

parameters: capillary voltage, 850 V; vacuum interface voltage, 50 V; tube 

lens voltage, 10 V; plate lens voltage, 5 V; ion guide voltage, 1 V; mass 

range m/z 50–800. Samples were analysed and processed using 

Masscape® software. 
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Chapter 4: Analysis of FAMEs oxidation 

Biodiesel is a mixture of fatty acid methyl esters having different 

molecular structures with varying chain lengths, and levels of unsaturation. 

It is generally recognised that the following chemical aspects can have an 

impact on the oxidation stability of biodiesel. The oxidation process 

changes the physical chemistry properties of the fuel, and also forms the 

undesirable compounds. The primary compounds formed during the 

oxidation process are hydroperoxides.  

For soy methyl ester (SME) and rapeseed methyl ester (RME), methyl 

oleate (C18:1), methyl linoleate (C18:2), and methyl linolenate (C18:3) are 

the three main unsaturated fatty acids undergoing degradation.  

For example, methyl oleate (C18:1), initial hydrogen abstraction in the 

initiation reaction of auto-oxidation occurs at the allylic carbon-8 and 

carbon-11 to give two delocalised three-carbon allylic radicals (see, Figure . 

The further reaction with oxygen (O
2

) forms a mixture of four allylic 

hydroperoxides containing the hydroperoxy groups on carbons 8, 9, 10 

and 11.
[155]
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Figure 4-1 Mechanism of hydroperoxides formation in auto-

oxidation of methyl oleate (C18:1).
[155]

 

 

 For methyl linoleate (C18:2) with two double bounds separated by a 

methylene group, hydrogen abstraction is more favoured because there is 

a methylene group that is doubly activated by two adjacent double bonds. 

Hydrogen abstraction takes place at the carbon-11 position, giving rise to 

a hybrid pentadienyl radical effectively stabilised by resonance, which 

reacts with oxygen at the carbon-9 and carbon-13 positions to produce a 

mixture of two major conjugated diene 9- and 13-hydroperoxides, see 

Figure 4-2 and Figure 4-3 for methyl linoleate (C18:2) methyl linolenate 

(C18:3), respectively. 
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Figure 4-2 Mechanism of hydroperoxides formation in auto-

oxidation of methyl linoleate (C18:2).
[155]

 

 

 

Figure 4-3 Mechanism of hydroperoxides formation in auto-

oxidation of methyl linolenate (C18:3).
[155]

 

 

The isomeric structures of hydroperoxides formed in the auto-

oxidation of methyl oleate (C18:1), methyl linoleate (C18:2), and methyl 

linolenate (C18:3) are shown in Table 4-1. Methyl oleate (C18:1) and 
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methyl linolenate (C18:3) give four hydroperoxides by auto-oxidation, only 

two hydroperoxides from methyl linoleate (C18:2).
[78][156]

  

Table 4-1 Hydroperoxides positional isomers of methyl oleate 

(C18:1), methyl linoleate (C18:2) and methyl linolenate (C18:3) 

by auto-oxidation
[78][156]

 

Fatty acid methyl ester 

 

Hydroperoxides 

positional isomers of 

FAMEs 

Systematic name:  

Methyl (9Z)-9 octadecenoate  

Common name: Methyl oleate (C18:1) 

8-OOH, 9-OOH, 

10-OOH, 11-OOH 

Systematic name:  

Methyl (9Z,12Z)-9,12-octadecadienoate 

Common name: Methyl linoleate (C18:2) 

9-OOH, 13-OOH 

Systematic name:  

Methyl (9Z,12Z,15Z)-9,12,15-octadecatrienoate 

Common name: Methyl linolenate (C18:3) 

9-OOH, 13-OOH, 

12-OOH, 16-OOH 

 

Hydroperoxides usually decompose and crosslink to form various 

secondary oxidation products including aldehydes, ketones, epoxides, 

hydroxy compounds, oligomers and polymers. The oxidation products 

formed may cause damage to engines, such as corrosion of the metal 

parts of the systems, degradation of the physical properties of the 

elastomers, and blockage in the fuel injection nozzles and filters. The 

decomposition pathway of hydroperoxides is a homolytic cleavage 

between oxygen and the oxygen bond to give an alkoxy and hydroxyl 

radicals.
[157,158]

 The alkoxy radical then undergoes homolytic -scission of 
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the carbon-carbon bond and formed oxo-compounds and saturated or 

unsaturated alkyl radicals.
[157,158]

 This mechanism leads to the formation of 

a major of the volatile compounds.  

 Currently, the standard reference method EN 14112 is the Rancimat 

method which is an accelerated oxidation test that directly measures 

oxidation stability of FAMEs.
[159]

 This method measures the induction 

period (IP), which is determined when a rapid increase in the volatile 

secondary oxidation products is seen and can produce chemicals such as 

formic acid. In advanced steps of the oxidation process, both volatile and 

non-volatile compounds can be formed. However, this method does not 

provide detailed information about the oxidation products. The evaluation 

of the oxidation products formed from biodiesel usually requires the 

application of more than one analytical method. 

 GC-MS has been successfully used to identify volatile oxidation 

products during biodiesel storage.
[160–163]

Due to the limited thermal 

stability of non-volatile compounds, GC-MS is not an appropriate technique 

for the analysis of the non-volatile products formed in biodiesel. 

Alternatively, HPLC can be used to separate these oxidation products. 

Normal phase HPLC-UV methods have been used to detect the conjugated 

diene structure of the oxidation products of linoleic acid (C18:2).
[75][164]

 

Due to the absence of conjugated double bonds, oxidation compounds of 

oleic acid (C18:1) cannot be detected in the NP-HPLC-UV analysis.
[74]

 

 NP-HPLC coupled to two detectors in series, UV and evaporative light 

scattering detector (ELSD) has been used for successful analysis of 
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oxidation products of FAME.
[73,74]

 Moreover, non-volatile oxidation 

products can be detected by mass spectrometry which is a universal 

detector and provides very sensitive detection. In fuel samples, the 

oxidation products may be present at low concentrations which can be 

detected by MS. In addition, MS detection has the advantage that it can 

provide structural information and determine the elemental composition of 

the analytes detected.  

 NP-HPLC-MS using positive ion ESI source has also been used for 

analysis of non-volatile oxidation products of lipid.
[165]

 Additionally, RP-

HPLC thermospray-mass spectrometry (RP-HPLC–TSP-MS) has been used for 

detection of oxidation products of polyunsaturated-fatty acids.
[166]

 HPLC–

tandem mass spectrometry (HPLC-QqQ-MS) was used to identify and 

quantify the nonpolar aldehydes/ketones in oxidised oil samples.
[167]

 Easy 

ambient sonic-spray ionisation mass spectrometry (EASI-MS) has been also 

used for monitoring oxidation of biodiesel.
[84][168][169]

 

 The objectives of this project are to separate and identify the 

oxidation products formed during the oxidation process of rapeseed 

methyl ester (RME) and soy methyl ester (SME) samples under auto-

oxidation conditions compared to accelerated oxidation using 

electrochemistry-mass spectrometry (EC-MS). The aim is to develop 

methods including EC-MS, infusion electrospray ionisation-mass 

spectrometry (ESI-MS), ultra high performance supercritical fluid 

chromatography-mass spectrometry (UHPSFC-MS), high performance liquid 

chromatography-mass spectrometry (HPLC-MS), ultra high performance 
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liquid chromatography-mass spectrometry (UHPLC-MS), ultra high 

performance liquid chromatography-high resolution mass spectrometry 

(UHPLC-HR MS) methods with different mass spectrometers such as single 

quadrupole (SQ), quadrupole-time of flight (Q-TOF) and Fourier transform-

ion cyclotron resonance (FT-ICR) for the separation and the identification 

of the oxidation species. 

4.1 Oxidised FAMEs using the electrochemical cell 

Here the performance of magic diamond (MD) and glassy carbon (GC) 

electrodes were investigated. The effect of different electrode potentials on 

the oxidation of FAMEs was also studied. The oxidation products occurring 

at the electrode surfaces were monitored by ESI-QTOF MS. 

4.1.1 The performance of magic diamond (MD) and glassy 

carbon (GC) working electrodes 

The same selected potential of 2.5 V was applied to the MD and GC 

electrodes to generate oxidation products of C18:1, C18:2 and C18:3 

FAME. An example of extracted ion current chromatogram (EICC) of m/z 

317 corresponding to the sodiated methyl linoleate (C18:2) is shown in 

Figure 4-4 (A). The signal intensity of the ion at m/z 317 from the GC 

electrode falls to 50% of its initial value while the MD electrode falls to 0% 

of its initial value. The range of oxidation products formed on the GC and 

MD electrodes at EC cell potential off and EC potential on is presented in 

Figure 4-4 (B) to Figure 4-4 (E).  
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Figure 4-4 (A) EICCs of C18:2 (m/z 317) at EC cell on potential of 2.5 

V applied on the GC and MD electrodes. (B) to (E) showing ESI 

mass spectra corresponding to the blue area from (A).  
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The presence of products with a mass increase of 16 Da compared to 

[C18:2 + Na]
+

 indicates the formation of oxygenated compounds via 

addition of an oxygen (O) atom to the structure of the FAME, but at an 

unknown location within the molecule, though expected to initially be at a 

site of unsaturation. 

 The same potential (2.5 V) was applied to both electrodes for 

generation of oxidation products of C18:1 and C18:3. Figure4-5 compares 

the number of oxidised C18:1, C18:2 and C18:3 compounds formed on 

the MD and GC electrodes. The results indicated that the gross amount of 

the oxidation products formed using the MD electrode was much higher 

than when the GC electrode was used.  

 

Figure 4-5 Comparison of number of additional oxygen atoms for 

C18:1, C18:2 and C18:3 from the GC and MD working 

electrodes at the EC cell potential of 2.5 V. 
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4.1.2 The effect of working electrode potential on FAMEs 

oxidation 

Different EC cell potentials between 0.5-2.5 V and 0.5-3.0 V were 

applied to the GC and the MD working electrodes, respectively. C18:2 was 

used to determine the optimal potential for maximal conversion. The EICCs 

of the sodiated C18:2 molecule (m/z 317) were compared under varying 

potentials applied to the MD working electrode as shown in Figure 4-6. The 

signal intensity of C18:2 reduced with higher potentials, a significant drop 

in response is observed after 2.0 V. A potential increase in the 

electrochemical cell leads to oxidised C18:2 and results in a decrease in 

signal of the ion corresponding to the parent compound (m/z 317). The 

maximal conversion of C18:2 occurred at 3.0 V for the MD working 

electrode and led to a gradual decrease of sodiated C18:2 signal to zero. 

Oxidation potentials of 3.0 V and 2.5 V were the optimal potentials for the 

MD and GC working electrodes, respectively and so were used to generate 

the oxidation products of C18:1, C18:2 and C18:3. 

 

Figure 4-6 EICCs of sodiated C18:2 (m/z 317) at different potentials 

applied using the MD working electrode, EC cell 0.5 V 

(purple), EC cell 1.0 V (blue), EC cell 1.5 V (pink), EC cell 2.0 V 

(red), EC cell 2.5 V (green), and EC cell 3.0 V (light blue). 
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Examples of mass spectra of sodiated C18:2 at different potentials of 

0, 1.0, 2.0 and 3.0 V for MD working electrode are presented in Figure 4-7. 

Oxidation products of C18:2 were not observed if the EC cell potential was 

off (Figure 4-7 (A)). The drop of response of the parent compound C18:2 

(sodiated C18:2; m/z 317) in Figure 4-7 is attributed to the oxidation of 

C18:2 in the EC cell as indicated by the presence of oxidation products in 

the respective mass spectra with a mass increase of 16 Da in series, for 

instance, m/z 333, 349 and 365.  

When potentials greater than 2.0 V were applied, a progressive 

decrease of the parent compound signal with a related increase of the 

[C18:2 + Na + n16]
+

 products was observed (see Figure 4-7 (D)). 
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Figure 4-7 ESI mass spectra of C18:2 and its oxidation products 

obtained (in the red line boxes) at the different potentials 

applied to the MD working electrode. 
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In all cases, the products formed in the EC cell showed an increase in 

mass by 16 Da indicating that the addition of an oxygen atom occurs 

somewhere in the FAMEs. The examples of EICCs and mass spectra of 

sodiated C18:1, C18:2 and C18:3, together with their oxidation products 

formed during the electrochemical process are shown in Figure 4-8 to 

Figure 4-10. The number of oxidation products increased in the order 

C18:1 < C18:2 < C18:3 for both MD and GC electrodes. 

 

Figure 4-8 (A) EICCs of sodiated C18:1 (m/z 319) and its oxidation 

product (m/z 349) using the MD working electrode, EC cell 

potential of 3.0 V. (B) positive ion ESI mass spectra 

corresponding to the blue area (A) showing the ion values (in 

the red line box) occurred in the EC cell on. 
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Figure 4-9 (A) EICCs of sodiated C18:2 (m/z 317) and its oxidation 

product (m/z 379) using the MD working electrode, at the EC 

cell potential of 3.0 V. (B) positive ion ESI mass spectra 

corresponding to the blue area (A) showing the ion values (in 

the red line box) occurred in the EC cell on. 
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Figure 4-10 (A) EICCs of sodiated C18:3 (m/z 315) and its oxidation 

product (m/z 393) using the MD working electrode, the EC 

cell potential of 3.0 V. (B) Positive ion ESI mass spectra 

corresponding to the blue area (A) showing the ion values (in 

the red line box) occurred in the EC cell on. 
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potential applied to the GC and MD electrodes. The mass spectra of RME 

and SME with the EC cell potential off shows the major ions of m/z 315 

[C18:3 + Na]
+

, 317 [C18:2 + Na]
+

 and 319 [C18:1 + Na]
+

 which are identical 

to the ESI-MS profiles of RME and SME. The ions of m/z 331/333/335/, 

m/z 347/349/351, m/z 361/363/365, m/z 379 etc., with low intensity 

were also observed when the EC was cell off (see, Figure 4-11 (A), Figure 4-

12 (A), Figure 4-13 (A) and Figure 4-14 (A)). This occurred as a result of 

oxidation of RME and SME under auto-oxidation, due to the RME and SME 

samples being kept for over one year prior to this analysis.  

 Figure 4-11 (B), Figure 4-12 (B), Figure 4-13 (B), and Figure 4-14 (B) 

show the results obtained when the following potentials were applied to 

the EC cell 2.5 V (GC working electrode) and 3.0 V (MD working electrode) 

for the RME and SME samples. The same ions of m/z 331/333/335/, m/z 

347/349/351, m/z 361/363/365, m/z 379, etc., and new m/z values were 

also observed (m/z 377/379, m/z 391/393/395, m/z 407/409, m/z 

423/425/427, m/z 437/439/441, m/z 453/455, m/z 469, m/z 483,485, 

m/z 499, 501, and m/z 515 compared to the EC cell off. 
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Figure 4-11 Positive ion ESI mass spectra of rapeseed methyl ester 

(RME) and its oxidation products (in the red line boxes) using 

the GC working electrode. (A) EC cell potential off, (B) EC cell 

potential of 2.5 V. 
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Figure 4-12 Positive ion ESI mass spectra of rapeseed methyl ester 

(RME) and its oxidation products (in the red line boxes) using 

the magic diamond (MD) working electrode. (A) at the EC cell 

potential off, (B) at the EC cell potential of 3.0 V. 
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Figure 4-13 Positive ion ESI mass spectra of soy methyl ester (SME) 

and its oxidation products (in the red line boxes) using the 

glassy carbon (GC) working electrode. (A) At the EC potential 

off, (B) at the EC cell potential of 2.5 V. 
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Figure 4-14 Positive ion ESI mass spectra of soy methyl ester (SME) 

and its oxidation products (in the red line boxes) using the 

MD (A) at the EC cell potential off, (B) at the EC potential of 

2.5 V. 
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spectrometry.
[168][169]

 The ions of m/z 361, 363 and 365 that probably 

correspond to [FAME + 3 (O) + Na]
+

. The ion of m/z 379 expected as [FAME 

+ 4(O) + Na]
+

 that the ion may be hydroperoxy-cyclic peroxides of FAME
[83]

 

or dihydroperoxides FAME.
[168]

 These compounds have been reported from 

autoxidised methyl linoleate (C18:2).
[83]

 Other ions of m/z 391/393/395, 

m/z 407/409, m/z 423/425/427, m/z 437/439/441, m/z 453/455, m/z 

469, m/z 483/485, m/z 499/501, and m/z 515 were also observed in EC 

cell for RME and SME samples. 

In summary, the electrochemical oxidation has been applied for the 

investigation and monitoring of FAME oxidation in a very short time period 

(~10 min) compared to storage stability (over one year).
[172]

 The magic 

diamond (MD) working electrode was investigated as the working electrode 

in comparison to the glassy carbon (GC) working electrode. The ions at 

m/z 331, 333 and 335 estimated as epoxide-FAME or hydroxyl-FAME or 

keto-FAME. The ions of m/z 347, 349, 351 correspond to [FAME + 2(O) + 

Na]
+

, they were expected as hydroperoxides of FAMEs, which are primary 

oxidation products of methyl linolenate (C18:3), methyl linoleate (C18:2) 

and methyl oleate (C18:1), respectively. The ions of m/z 361, 363 and 365 

that probably correspond to [FAME + 3 (O) + Na]
+

. The ions of m/z 379 

may correspond to bis-hydroperoxides. Increasing the oxidation potential 

of the GC working electrode up to 2.5 V generated oxidation products of 

C18:1, C18:2 and C18:3 with addition of oxygen (O) atom up to +2(O), 

+6(O), and +9(O) atoms respectively, while the maximum number of 

additional oxygen atoms for C18:1, C18:2 and C18:3 was +8(O), +10(O), 
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and +14(O) respectively, from the MD working electrode at 3.0 V. For all 

experiments, the intensity of parent compounds (C18:1, C18:2, C18:3) was 

clearly reduced upon EC oxidation, whereas the m/z of oxidation products, 

for example m/z 331/333/335/, m/z 347/349/351, m/z 361/363/365, 

m/z 379, etc., increased with increased EC potential. Both the working 

electrodes were well suited for generating FAME oxidation products with 

the MD working electrode affording higher oxidation products cf. the GC 

working electrode. The oxidation potentials increased in the order methyl 

esters of C18:3 < C18:2 < C18:1 for both MD and GC working electrodes. 

 

4.2 Analysis of FAMEs oxidation using UHPSFC-MS 

The aim of the this work was to develop and optimise UHPSFC-MS for 

separation of the different groups of oxidation products formed during 

FAMEs oxidation. Positive ion ESI source coupled to a single quadrupole 

mass spectrometry was used to identify the different groups of oxidation 

products present. FAMEs and their oxidation products were separated 

using an Acquity UPC
2

 BEH column (2.1 mm × 100 mm, 1.7 µm) with a 

gradient elution of organic modifier (0-10% methanol) within 5 min  

Figure 4-15 shows the separation of non-oxidised FAMEs, eluted 

between retention times of 0.95–1.25 min, whereas expected oxidised 

FAME species eluted between retention times of 2.28-3.32 min. The elution 

order of unsaturated FAMEs on a polar column depends on the chain 

lengths and the number of double bonds in the fatty acid chain. The 

retention times (t
R

) of methyl oleate (C18:1) (t
R

 = 0.95), methyl linoleate 
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(C18:2) (t
R

 = 1.08) and methyl linolenate (C18:3) (t
R

 = 1.25), increased with 

increasing number of double bonds. These results suggest a strong 

interaction between the unsaturated groups and silanols on the surface of 

the stationary phase.
[173]

 The positive ion ESI mass spectra of methyl oleate 

(C18:1), methyl linoleate (C18:2) and methyl linolenate (C18:3) were 

detected as protonated molecules [M + H]
+

 at m/z 297, 295, and 293 and 

sodiated molecules [M + Na]
+

 at m/z 319, 317, and 315 for C18:1, C18:2, 

and C18:3, respectively. 

 

Figure 4-15 Base peak ion current chromatograms (BPICCs) of 

rapeseed methyl ester (RME) and the oxidation products 

using UHPSFC-MS analysed using the BEH column 1.7 µm 3 

mm × 100 mm. Chromatographic conditions: scCO
2

 pressure 

105 bar; column temp 45 C; gradient 0-10% MeOH in CO
2

 at 

1.5 mL/min in 5 min. 
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 As expected, the oxidation products are oxygenated compounds by 

the addition of oxygen atoms to FAME molecules as [FAME + nO]. The 

sequential elution order of oxidation products from a silica column are 

according to polarity, the more polar oxidation products were strongly 

retained on the silica column. The addition of one oxygen atom to FAME 

[FAME + 1(O) + Na]
+

 such as epoxy, keto and hydroxyl-FAMES are eluted 

earlier than an increasing number of oxygen atoms such as [FAME +2(O) + 

Na]
+

 such as hydroperoxides. These show the oxidation products of FAMEs 

functionalised with one, two, three and four oxygen atoms (see, Figure 4-

16). 

 

Figure 4-16 Chemical structures of some oxidation products of 

FAMEs, showing the addition of one oxygen atom to FAME, 

and (D) two oxygen atoms to FAME. 
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Reconstructed ion current chromatograms of m/z 335 (FAME + 1(O) + Na]
+

, 

m/z 349 [FAME + 2(O) + Na]
+

, m/z 365 [FAME + 3(O) + Na]
+

 and m/z 379 

[FAME+ 4(O) + Na]
+

 are shown in Figure 4-17. A single quadrupole mass 

spectrometry cannot distinguish between the same molecules that have 

the same molecular mass (isobaric compounds). 

 

Figure 4-17 RICCs of m/z 335 (FAME + 1(O) + Na]
+ 

(A); m/z 349 [FAME 

+ 2(O) + Na]
+

 (B); m/z 365 [FAME + 3(O) + Na]
+

 (C) and m/z 379 

[FAME + 4(O) + Na]
+

 (D). 

 

 Figure 4-18 (A) shows the chromatograms of isobaric compounds, 

which have different retention time (t
R

) of 2.96, 3.01, 3.10 and 3.18 min 

respectively. Focusing on Figure 4-18 (B)-(E) which show the RICCs of the 

ion at m/z 349 show the presence of four peaks each showing similar 

mass spectra. 

(A) m/z 335 

 (B) m/z 349 

 (C) m/z 365 

 (D) m/z 379 
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Figure 4-18 Continued overleaf 
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Figure 4-18 UHPLC-MS of FAMEs and oxidation products, showing (A) 

RICC of m/z 349 of four isobaric compounds; (B) ESI mass 

spectrum at t
R

 2.96 min; (C) ESI mass spectrum at t
R

 3.01 min; 

(D) ESI mass spectrum at t
R

 3.10 min; (E) ESI mass spectrum at 

t
R 

 3.18 min. 

 

 This UHPSFC-MS method can clearly separate oxidation products from 

parent molecules. The oxidised FAMEs species that contain one or more 

oxygen atoms can be easily detected. However, the limitation of the single 

quadrupole mass spectrometer is that it is a low resolution instrument and 

(D) t
R

 = 3.10 min 

(E) t
R

 = 3.18 min 
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cannot identify oxidation products that have the same nominal mass. 

However, high resolution mass spectrometers with high mass accuracy are 

required in order to positively distinguish between the compounds with 

the same nominal mass but different exact masses, for example, m/z 349 

[C
19

H
32

O
4

 + Na]
+

 and m/z 349 [C
21

H
41

O
2

+ Na]
+

. 

4.3 Analysis of FAMEs oxidation using HPLC-MS and 

UHPLC-MS 

The aim of this work was to develop a RP-HPLC-MS method and 

transfer the developed method to UHPLC-MS for separation of the different 

groups of oxidations formed during FAMEs oxidation. Positive ion ESI 

source coupled to a single quadrupole mass spectrometry was used to 

identify the different groups of products present. Initially, a RP-HPLC-MS 

method was optimised to allow separation of the different groups of 

oxidation products formed in biodiesel samples. The optimised HPLC 

conditions for the gradient elution separation of FAMEs and their oxidation 

products were initially achieved using a XBridge C18 column (2.1 × 50 mm, 

5 µm) with a 20-100% linear gradient of methanol 0.1% v/v formic acid, 

and the total analysis time was 20 min. The developed HPLC method 

transferred to UHPLC-MS by using an Acquity UPLC® BEH C18 column (2.1 

mm × 50 mm, 1.7 µm).  

The gradient elution can be separate the group of non-oxidised 

FAMEs and oxidised FAMEs. Three major peaks in the chromatograms at t
R

 

13.63, 13.89, and 14.20 min, respectively were detected as [C18:3 + Na]
+ 

 

ion at m/z 315, [C18:2 + Na]
+

 ions at m/z 317 and [C18:1 + Na]
+

 
 

ion at 
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m/z 319
 

, respectively, (see, Figure 4-19 (A)). These compounds 

correspond to non-oxidised FAMEs. FAME with a greater degree of 

unsaturation eluted earlier than less unsaturated ones with the same 

carbon length. Peaks in the retention time region of 12.33-13.19 min and 

14.58–14.95 min obtained from HPLC-MS (see, Figure 4-19 (A)) and 4.23–

4.67 min, and 5.08 – 5.45 min obtained from UHPLC-MS (see, Figure 4-19 

(B)) are oxidation products of FAMEs. The major peaks of oxidation 

product at t
R

 12.64 min (Figure 4-19 (A)) and at t
R

 4.34 min (Figure 4-19 

(B)) were detected as ion of m/z 349 which correlated to [FAME + 2(O) + 

Na]
+

. 
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Figure 4-19 TICCs of RME and oxidation products using (A) HPLC-MS 

and (B) UHPLC-MS.  

 

 Similarly the elution of FAMEs and oxidation products were obtained 

by the HPLC and UHPLC methods. In this application, significant 

improvement in resolution, sensitivity, and analysis time were achieved by 

using UHPLC for separation of non-oxidised FAMEs and various groups of 

oxidation products. Figure 4-20 shows RICCs of m/z 335 (FAME + 1(O) + 

Na]
+

, m/z 349 [FAME + 2(O) + Na]
+

, m/z365 [FAME + 3(O) + Na]
+

 and m/z 

379 [FAME+ 4(O) + Na]
+ using HPLC-MS (traces A) and UHPLC–MS (traces B). 
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Figure 4-20 Comparison of RICCs of oxidation products of auto-

oxidised RME using HPLC-MS (traces A) and UHPLC–MS (traces 

B). m/z 335 (FAME + 1(O) + Na]
+

 (light blue), m/z 349 [FAME + 

2(O) + Na]
+

 (purple), m/z 365 [FAME + 3(O) + Na]
+

 (blue) and 

m/z 379 [FAME + 4(O) + Na]
+

 (red). 
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(B) UHPLC-MS 
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4.3.1 Comparison of UHPSFC-MS and UHPLC-MS 

Figure 4-21 compares the separation of FAMEs and oxidation 

products from the auto-oxidised RME sample. In UHPLC-MS, the groups of 

oxidised FAME species eluted before the groups of non-oxidised ones, 

obviously due to their higher polarities contrast to UHPSFC-MS. The 

UHPSFC-ESI/MS method is suitable for the separation of non-volatile 

oxidation products of FAMEs from parent molecules.  

Table 4-2 presents the oxidation produces detected in auto-oxidised 

RME using the three different methods (HPLC-MS, UHPL-MS and UHPSFC-

MS). Similar results the oxidised FAMEs species that contain one or more 

oxygen atoms can be easily detected by using both techniques. For HPLC-

MS, UHPSFC-MS and UHPLC-MS provided a total analysis time of 22.34 min, 

6.11 min and 8.32 min, respectively including equilibration time. 

  



Chapter 4: Analysis of FAME oxidation 

129 

 

 

Figure 4-21 Comparison of BPICCs of the RME sample obtained from 

(A) UHPLC-MS using the BEH C18 column (2.1 mm × 50 mm, 

1.7 µm), and (B) UHPSFC-MS using the BEH column (2.1 mm × 

100 mm, 1.7 µm). 
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Table 4-2 Comparison of HPLC-MS, UHPLC-MS and UHPLC-MS for 

the analysis of auto-oxidised RME sample  

HPLC-MS  UHPLC-MS  UHPSFC-MS  

t
R

 (min) m/z t
R

 (min) m/z t
R

 (min) m/z 

12.33 347.2 4.23 347.1   

12.62 349.2 4.34 349.1 2.48 331.5 

12.91 351.2 4.44 351.2 2.52 335.5 

13.19 377.2 4.54 377.2 2.80 363.5 

13.61 315.2 4.67 379.2 2.87 351.5 

13.90 317.2 4.72 315.2 2.96 349.5 

14.18 319.2 4.82 317.2 3.01 349.5 

14.58 347.2 4.92 319.2 3.10 349.5 

14.95 375.3 5.08 347.2 3.31 379.5 

  5.25 375.2   

 

 The UHPSFC-MS method can clearly separate oxidation products from 

non-oxidised FAMEs. This method provided faster analysis time with lower 

organic solvent consumption when compared to the HPLC-MS and UHPLC-

MS methods. The UHPSFC-MS can be considered as a suitable technique to 

overcome the separation of non-oxidised FAMEs and oxidised FAMEs with 

similar chemical structures when it cannot be separated with HPLC-MS or 

UHPLC-MS methods. However, the limitation of the single quadrupole mass 

spectrometer is that it is a low resolution instrument and cannot identify 

compounds that have the same nominal mass. For example, RICC at m/z 

349 showed more than one peak by using single quadrupole MS (UHPLC-

MS and UHPSFC-MS). 
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4.4 Analysis of FAMEs oxidation using               

UHPLC-HR MS 

Accurate mass measurement for the determination of elemental 

formula of oxidation products of RME and SME was determined by 

coupling of ultra-high-performance liquid chromatography (UHPLC) with a 

quadrupole-time of flight mass spectrometry (Q-TOF). The mass accuracy 

can be used to identify unknown compounds and differentiate isobaric 

compounds (different compounds with the same nominal mass but 

different elemental composition, and thus, different exact masses).  

Figure 4-22 and Figure 4-23 show the BPICCs of RME and SME 

samples, respectively which are oxidised to different extents due to length 

of storage. The elution order and profiles of oxidised and non-oxidised 

FAMEs are similar to those in HPLC-MS and UHPLC-MS. Peaks at retention 

times of 5.0-5.2 min showed non-oxidised FAMEs, which correspond to 

C18:3, C18:2, and C18:1, respectively. The chromatograms show 

similarities in the eluting peak profiles; however, there are some 

differences in peaks at t
R

 4.8 min in the chromatograms of 5.5-year-old 

biodiesels, RME (Figure 4-22 (B)) and SME (Figure 4-23 (B)).  

The peaks at t
R

 4.8 min of the chromatograms Figure 4-22 (B) and 

Figure 4-23 (B) presents at a higher intensity than that of the 

chromatogram of 1.5-year-old biodiesels, RME (Figure 4-22 (A)) and SME 

(Figure 4-23 (A)).  
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Figure 4-22  BPICCs of non-oxidised and oxidised rapeseed 

methyl ester (RME) at different time storage. (A) 1.5-year-old 

RME, (B) 5.5-year old RME. 

  

(A) 1.5-year-old RME 

s
o
d
i
u
m

 
f
o
r
m

a
t
e

 
s
o
d
i
u
m

 
f
o
r
m

a
t
e

 

(B) 5.5-year-old RME 



Chapter 4: Analysis of FAME oxidation 

133 

The peak at t
R

 4.8 min in all chromatograms (Figure 4-22 and Figure 4-23) 

was detected as ion of m/z 349.2347 [C
19

H
34

O
4

Na]
+ 

with a 0.9 ppm error 

that is corresponds to methyl linoleate (C18:2) with the addition of two 

oxygen atoms, [C18:2 + 2(O) + Na]
+

, this is the same species observed in 

the HPLC-MS, UHPLC-MS and UHPSFC-MS experiments. RICCs of m/z 347 

(FAME + 2(O) + Na]
+

, m/z 349 [FAME + 2(O) + Na]
+

, m/z 351 [FAME + 2(O) + 

Na]
+

 are shown in Figure 4-24.  

 

 

Figure 4-23  BPICCs of non-oxidised and oxidised soy methyl 

ester (SME) at different time storage. (A) 1.5-year-old SME, (B) 

5.5-year-old SME. 
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Figure 4-24 RICCs of m/z 347 (A), m/z 349 (B), and m/z 351 (C) of 

5.5-year-old rapeseed methyl ester (RME). 

 

 The mass spectra are shown Figure 4-25 which related to RICCs of the 

compounds with the same nominal mass. Peak at t
R

 4.7 min was detected 

as ion of m/z 347.2187 [C
19

H
32

O
4

 + Na]
+

 whilst peak at t
R

 5.4 min was 

detected as ion of m/z 347.2917 [C
21

H
40

O
2

 + Na]
+

. 
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Figure 4-25 Positive ion ESI mass spectra corresponding to the 

chromatograms (Figure 4-24 (A) m/z 347, peak at t
R

 4.7 min 

(A), peak at t
R

 5.4 min. 
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Figure 4-26 Positive ion ESI mass spectra corresponding to the 

chromatograms (Figure 4-24 (B)), peak at t
R

 4.6 min (A), peak 

at t
R

 4.8 min (B), and peak at t
R

 5.5 min (C). 

The use of accurate mass measurement is shown to be essential for 

distinguishing the mass spectra of the oxidised FAMEs. UHPLC-QTOF MS, 

the accurate mass data are shown in Table 4-3.  
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Table 4-3 Accurate mass measurement results for compounds 

found in rapeseed methyl ester (RME) and soy methyl ester 

(SME) samples  

Peak 

t
R

 (min) 

Measured 

mass 

Theoretical 

mass 

Error 

(ppm) 

Elemental 

composition 

4.2 379.2088 

363.2131 

317.2442 

379.2091 

363.2131 

317.2442 

0.7 

2.9 

2.7 

C
19

H
32

NaO
6 

C
19

H
32

NaO
5 

C
19

H
34

NaO
2

 

4.6 379.2087 

365.2300 

349.2348 

301.1406 

275.1612 

261.1453 

379.2091 

365.2298 

349.2349 

301.1410 

275.1618 

261.1461 

1.1 

0.3 

0.3 

1.3 

2.0 

3.1 

C
19

H
32

NaO
6

 

C
19

H
34

NaO
5

 

C
19

H
34

NaO
4

 

C
16

H
22

NaO
4

 

C
15

H
24

NaO
3 

C
14

H
22

NaO
3

 

4.8 349.2351 

333.2399 

331.2245 

309.2422 

293.2473 

277.2160 

261.1457 

349.2349 

333.2400 

331.2244 

309.2428 

293.2475 

277.2162 

261.1461 

0.5 

0.4 

0.2 

0.8 

0.7 

0.7 

1.5 

C
19

H
34

NaO
4

 

C
19

H
34

NaO
3

 

C
19

H
32

NaO
3

 

C
19

H
33

O
3

 

C
19

H
33

O
2

 

C
18

H
29

O
2

 

C
14

H
22

NaO
3

 

5.0 315.2287 

293.2466 

261.2199 

243.2097 

315.2292 

293.2475 

261.2189 

243.2107 

2.3 

2.9 

3.7 

4.3 

C
19

H
32

NaO
2

 

C
19

H
33

O
2

 

C
16

H
30

NaO
2 

C
18

H
27

 

5.2 319.2610 

297.2788 

265.2523 

247.2416 

319.2608 

297.2788 

265.2526 

247.2420 

0.9 

0.1 

1.2 

1.6 

C
19

H
36

NaO
2 

C
19

H
37

O
2 

C
18

H
33

O
 

C
18

H
31
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Table 4-3 (Continued) accurate mass measurement results for 

compounds found in RME and SME samples  

Peak 

t
R

 (min) 

Measured 

mass 

Theoretical 

mass 

Error 

(ppm) 

Elemental 

composition 

5.4 347.2923 

325.2103 

321.2773 

299.2944 

293.2835 

347.2923 

325.3101 

321.2764 

299.2945 

293.2839 

1.0 

0.7 

0.6 

0.2 

1.2 

C
21

H
40

NaO
2

 

C
21

H
41

O
2

 

C
19

H
38

NaO
2 

C
19

H
39

O
2 

C
20

H
37

O
2

 

5.6 375.3234 

353.3414 

349.3074 

327.3253 

375.3234 

353.3414 

349.3077 

327.3258 

0.1 

0.0 

0.8 

1.3 

C
23

H
44

NaO
2 

C
23

H
45

O
2 

C
21

H
42

NaO
2 

C
21

H
43

O
2

 

5.8 609.4845 

441.2970 

403.3547 

381.3728 

377.3389 

355.3568 

319.2603 

317.2443 

315.2287 

609.4853 

441.2975 

403.3547 

381.3727 

377.3390 

355.3571 

319.2608 

317.2451 

315.2295 

1.4 

1.1 

0.2 

0.3 

0.4 

0.8 

1.4 

2.4 

2.3 

C
38

H
66

NaO
4

 

C
26

H
42

NaO
4 

C
25

H
48

NaO
2 

C
25

H
49

O
2 

C
23

H
46

NaO
2

 

C
23

H
47

O
2

 

C
19

H
36

NaO
2 

C
19

H
34

NaO
2 

C
19

H
32

NaO
2
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4.5 Analysis of FAMEs oxidation using infusion       

FT-ICR MS 

Ultra-high resolution and accuracy mass spectrometry, Fourier 

transform ion cyclotron resonance mass spectrometry (FT-ICR MS), allows 

for the identification of complex organic mixtures without the need for any 

prior extraction or separation steps. Infusion FT-ICR MS was applied for 

monitoring auto-oxidised RME, auto-oxidised-SME and their oxidation 

products. Oxidation products of [M + nO + Na]
+

 at m/z 333, 349, 365, 379 

and 381 (n=1, 2, 3 and 4, respectively were observed in the period of time 

between sample monitoring, it can be seen that the signal intensity of 

oxidation products, for example m/z 349 [C
19

H
34

O
4

 + Na]
+

 and m/z 379, 

[C
19

H
32

O
6

 + Na]
+

 significantly increased for the both biodiesels (5.5 year old 

RME and SME) as represented in Figure 4-26 (B) and (D).  
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Figure 4-27  Representative of positive ion ESI mass spectra of 

non-oxidised and oxidised FAMEs at different time storage. 

(A) 1.5 year old RME, (B) 5.5 year old RME, (C) 1.5 year old 

SME, and (D) 5.5 year old SME. Inserts show expansion of m/z 

region of the analyte ions. 
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 The elemental formula for these oxidised FAMEs were determined by 

infusion FT-ICR MS, example data are shown in Figure 4-28 below, though 

it must be noted that direct introduction of the sample does not afford any 

information for structural isomers. 

 

 

Figure 4-28  Example of positive ion ESI mass spectra using 

infusion FT-ICR MS/MS.  
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This shotgun analysis approach shows the presence of oxygenated species 

up to O (6 oxygen atoms) of the ion at m/z 411.1999 [C
19

H
32

O
8

 + Na]
+ 

 with 

a 2.6 ppm error. The other oxygenated species formed in auto-oxidised 

RME and auto-oxidised SME sample analysed using infusion FT-ICR MS are 

shown in Table 4-4. 

Table 4-4 FAMEs auto-oxidation series detected in RME and SME 

samples using positive ion ESI-FT-ICR MS 

Measured mass Error 

(ppm) 

Elemental 

composition 

331.2244 1.3 C
19

H
32

O
3

Na 

333.2400 0.9 C
19

H
34

O
3

Na 

347.2193 2.2 C
19

H
32

O
4

Na 

349.2349 2.7 C
19

H
34

O
4

Na 

353.2662 3.2 C
19

H
38

O
4

Na 

361.1985 4.9 C
19

H
30

O
5

Na 

379.2091 3.7 C
19

H
32

O
6

Na 

381.2248 3.7 C
19

H
34

O
6

Na 

411.1990 2.6 C
19

H
32

O
8

Na 
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4.6 Comparison of oxidised FAMEs in EC cell and 

auto-oxidised FAMEs 

 A comparison of the oxidation products of FAMEs (RME and SME) 

formed in EC cell and auto-oxidation shows in Figure 4-29 and Figure 4-30. 

On-line EC-ESI MS data show similarity with auto-oxidation. As examples, 

the ions of m/z 331/333/335 correlating to [FAME + 1(O) + Na]
+

, m/z 349 

correlating to [FAME + 2(O) + Na]
+

, m/z 363/365 correlating to [FAME + 

3(O) + Na]
+

, and m/z 379 correlating to [FAME + 4(O) + Na]
+

 observed in EC 

cell and auto-oxidation conditions. EC cell produced higher quantities of 

oxidation species than auto-oxidation. The use of EC cell is very beneficial 

tool in the rapid investigation of the oxidation products. The EC system 

could be coupled to HPLC for separation of oxidation product before MS 

analysis or collection and injection into tandem MS. 
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Figure 4-29 Comparison of oxidation product of rapeseed methyl 

ester (RME) formed in the on-line EC-ESI MS using the magic 

diamond working electrode at EC potential 2.0 V (A); auto-

oxidation of RME analysed using infusion FT-ICR MS. 
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Figure 4-30 Comparison of oxidation product of soy methyl ester 

(SME) formed in the on-line EC-ESI MS using the magic 

diamond working electrode at EC potential 2.0 V (A); auto-

oxidation of SME analysed using infusion FT-ICR MS. 
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system was only available for a three-month evaluation study. 
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4.7 Structural suggestion of oxidation products of 

FAMEs 

 Auto-oxidised of fatty acid methyl esters (FAMEs) provides a complex 

mixture of oxidation products. HPLC-MS, UHPLC-MS, UHPSFC-MS, UHPLC-

HR MS and high-resolution and high-accuracy FT-ICR-MS were applied to 

analyse and identify oxidation products of auto-oxidised rapeseed methyl 

ester (RME) and soy methyl ester (SME) samples. In this section, the related 

results from HPLC-MS, UHPLC-MS, UHPSFC-MS, UHPLC-HR MS and high-

resolution and high-accuracy FT-ICR-MS linked with the literatures to 

propose and suggest chemical structures of auto-oxidation products of 

FAMEs. 

 The ion of m/z 331 was identified by high resolution and FT-ICR MS 

that it corresponds to C
19

H
32

O
3

Na [FAME + 1(O) + Na]
+

. It could be methyl 

9,10-epoxyoctadecenoate and other epoxy monoenes including: 8,9-

epoxy, 10,11-epoxy and 11,12-epoxyepoxyoctadecenoate.
[82]

 These 

oxidation products have been identified by HPLC of auto-oxidised methyl 

linoleate.
[82]

 The chemical structure of oxidation products corresponding 

the ion of m/z 331.2244 [C
19

H
32

O
3

Na]
+

 is shown in Table 4-5. 
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Table 4-5 Expected chemical structure of oxidation product FAMEs 

corresponding to m/z 331.2244 [C
19

H
32

O
3

Na]
+ 

FT-ICR MS data: m/z 331.2244 

Formula: C
19

H
32

O
3

Na 

Expected chemical structure: 

 

Systematic name: Methyl 9,10-epoxy-12Z,15Z-octadecadienoate 

Formula: C
19

H
32

O
3

 

Exact mass: 308.2351 Da 

 

 The ions of m/z 347.2193 [C
19

H
32

O
4

Na]
+

 and 349.2349 [C
19

H
34

O
4

Na]
+

 

were identified by FI-ICR MS and UHPLC-HR MS. They correspond to [FAME 

+ 2 (O) + Na]
+

 that expected as epoxyhydroxy-FAMEs. These compounds 

have been reported as secondary oxidation products from auto-oxidised 

methyl linolenate (C18:2) and analysed by HPLC.
[83]

 Chemical structures of 

oxidation products corresponding to m/z 347.2193 [C
19

H
32

O
4

Na]
+

 and 

349.2349 [C
19

H
34

O
4

Na]
+

 are shown in Table 4-6 and Table 4-7. 
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Table 4-6 Expected chemical structures of oxidation product 

FAMEs corresponding to m/z 347.2193[C
19

H
32

O
4

Na]
+ 

FT-ICR MS data: m/z 347.2193 

Formula: C
19

H
32

O
4

Na 

Expected chemical structure: 

 

Systematic name: Methyl 9-epidioxy-16-hydroperoxy-9,11-

octadecadienoate 

Formula: C
19

H
32

O
4

 

Exact mass: 324.2301 Da 

 

Table 4-7 Expected chemical structures of oxidation product 

FAMEs corresponding to m/z 349.2349 [C
19

H
34

O
4

Na]
+ 

FT-ICR MS data: m/z 349.2349 

Formula: C
19

H
34

O
4

Na 

Expected chemical structure: 

 

Systematic name:  Methyl 9-hydroxy-12,13-epoxy-10-octadecenoate 

Formula: C
19

H
34

O
4

 

Exact mass: 326.2457 Da 
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The ion of m/z 379 was detected for the autoxidised rapeseed methyl 

ester (RME) and soy methyl ester (SME) samples by UHPLC-HR MS and FT-

ICR MS. The ion of m/z 379.2091 [C
19

H
32

O
6

Na]
+

 corresponds to [FAME + 

4(O) + Na]
+

. It could be hydroperoxy-cyclic peroxides-FAME or 

dihydroperoxides-FAME. These compounds have been identified as major 

secondary products in autoxidised methyl linolenate (C18:3) and 

dihydroperoxides as minor products.
[83]

 Then, high-resolution and high-

accuracy FT-ICR-MS data supported the previous results obtained by 

UHPLC-MS, UHPSFC-MS and EC-MS. Table 4-8 to Table 4-12 show structures 

of oxidation products and some isomers corresponding to m/z 379.2091 

[C
19

H
32

O
6

Na]
+

. 

Table 4-8 Expected chemical structures of oxidation product 

FAMEs corresponding to m/z 379.2091 [C
19

H
32

O
6

Na]
+ 

FT-ICR MS data: m/z 379.2091 

Formula: C
19

H
32

O
6

Na 

Expected chemical structure 

 

Systematic name: methyl 9-hydroperoxy-10,12-epidioxy-13,15-

octadecadienoate 

Formula: C
19

H
32

O
6

 

Exact mass: 356.2199 Da 
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Table 4-9 Expected chemical structures of oxidation product 

FAMEs corresponding to m/z 379.2091 [C
19

H
32

O
6

Na]
+ 

FT-ICR MS data: m/z 379.2091 

Formula: C
19

H
32

O
6

Na 

Expected chemical structure: 

 

Systematic name:  Methyl 13,15-epidioxy-16-hydroperoxy-9,11-

octadecadienoate 

Formula: C
19

H
32

O
6

 

Exact mass: 356.2199 Da 

 

Table 4-10 Expected chemical structures of oxidation product 

FAMEs corresponding to m/z 379.2091 [C
19

H
32

O
6

Na]
+ 

 

FT-ICR MS data: m/z 379.2091 

Formula: C
19

H
32

O
6

Na 

Expected chemical structure: 

 

Systematic name:  Methyl 9,16-dihydroperoxy-10E, 12Z, 14E-

octadecadienoate 

Formula: C
19

H
32

O
6

 

Exact mass: 356.2199 Da 
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Table 4-11 Expected chemical structures of oxidation product 

FAMEs corresponding to m/z 379.2091 [C
19

H
32

O
6

Na]
+ 

FT-ICR MS data: m/z 379.2091 

Formula: C
19

H
32

O
6

Na 

Expected chemical structure: 

 

Systematic name:  Methyl 10,16-dihydroperoxy-8E,12Z,14E-

octadecatrienoate 

Formula: C
19

H
32

O
6

 

Exact mass: 356.2199 Da 

 

Table 4-12 Expected chemical structures of oxidation product 

FAMEs corresponding to m/z 379.2091 [C
19

H
32

O
6

Na]
+

 

FT-ICR MS data: m/z 379.2091 

Formula: C
19

H
32

O
6

Na 

Expected chemical structure: 

 

Systematic name: Methyl 10,12-dihydroperoxy-8E,13E,15Z-

octadecatrienoate 

Formula: C
19

H
32

O
6

 

Exact mass: 356.2199 Da 
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High-resolution and high-accuracy FT-ICR-MS data for the ion of m/z 411 

indicated that it corresponds to C
19

H
32

O
8

Na. It could probably be 

hydroperoxy cyclic peroxides and its isomer. This compounds have been 

reported as secondary oxidation product from methyl linolenate.
[174]

 The 

structures of m/z 411.1990 [C
19

H
32

O
8

Na]
+

 are shown in Table 4-13 and 

Table 4-14. 

Table 4-13 Suggestion structures of m/z 411.1990 [C
19

H
32

O
8

Na]
+ 

FT-ICR MS data: m/z 411.1990 

Formula: C
19

H
32

O
8

Na 

Expected chemical structure: 

 

Systematic name: Methyl-10,12,13,15-bisepidioxy-9-hydroperoxy-16-

octadecenoic acid 

Formula: C
19

H
32

O
8

 

Exact mass: 388.2097 Da 
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Table 4-14 Suggestion structures of m/z 411.1990 [C
19

H
32

O
8

Na]
+

 

FT-ICR MS data: m/z 411.1990 

Formula: C
19

H
32

O
8

Na 

Expected chemical structure: 

 

Systematic name: Methyl-10,12,13,15-bisepidioxy-16-hydroperoxy-8-

octadecenoic acid 

Formula: C
19

H
32

O
8

 

Exact mass: 388.2097 Da 

  

The structures shown for the ions measured are postulated from 

literatures. Further research in this area and undertaking tandem MS and 

HPLC-MS/MS studies would help confirm these suggested assignments but 

this was beyond the time constraints of this project. 

4.8 Analysis of FAMEs and oxidation products of 

FAMEs using GC-MS 

GC-EI MS was used for monitoring RME and SME profiles under auto-

oxidation. The C18 series consists of C18:1, C18:2 and C18:3 that are 

specific for monitoring because they contain the different numbers of 

double bonds which are sensitive to oxidation. Figure 4-31 shows TICC of 

RME and SME profiles. 
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Figure 4-31 GC-MS of RME (A) and SME (B). Column: HP Innowax 

capillary column, 30 m × 0.25 mm inner diameter, 0.25 µm 

film thickness. Oven temp.: initial temp. of 40 C, hold for 4 

min, ramp at 5 C/min until 240 C, and hold for 16 min. 

 

Figure 4-32 shows two volatile oxidation products, 2,4-decadienal and 

methyl 9-oxononanoate which were detected in both auto-oxidised RME 

and auto-oxidised SME using GC-MS. 2,4-Decadienal was present in higher 

intensity in the auto-oxidised SME samples than that in the auto-oxidised 

RME samples. The oxidation product, 2,4-decadienal, was suggested that 

and used as an indicator to determine the degree of the oxidation of 

oils.
[158]
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Figure 4-32  70 eV EI mass spectra of the volatile oxidation 

compounds detected in the auto-oxidised RME sample. (A) 

2,4-decadienal and (B) methyl 9-oxononanoate. 

 

 Major peaks identified in both the auto-oxidised RME and SME 

samples correspond to 2,4-decadienal formed by decomposition of 9-

hydroperoxides of methyl linoleate, whereas methyl 9-oxononanoate 

decomposed from a mixture of hydroperoxides of C18:1, C18:2 and 

C18:3.
[78]

  

(A) 2,4-Decadienal 

(B) Methyl 9-oxononanoate 
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4.9 Analysis of antioxidants in fuels using 

electrochemistry-mass spectrometry (EC-MS) 

Presently, the investigations for analysing fuel oxidative stability 

requires long timeframes (days) due to the inherent stability of most 

gasoline fuels. This poses challenges for timely and cost effective methods 

for screening fuel anti-oxidants. The present study aims to develop the EC 

as screening test and mass spectrometry (MS) as screening test method for 

anti-oxidants used in a fuel, and to identify components that can 

potentially lead to other potential issues by using mass spectrometry. 

 Electrochemical (EC) oxidation has been also used as a surrogate 

system for investigation of anti-oxidation degradation in hydrocarbon 

matrices. The use of anti-oxidant can inhibit or prevent the oxidation 

process by protecting fuels from oxidative degradation that lead to gum 

formation. The effect of anti-oxidant present in the electrochemical cell 

was performed by using the GC electrode as working electrode. Figure 4-

33 shows electrochemical reaction of BHT. Initial experiments were 

undertaken to follow the oxidation of the anti-oxidants. 

 

Figure 4-33 Electrochemical reaction mechanisms of BHT.
[91]

 

  



Chapter 4: Analysis of FAME oxidation 

157 

Various potentials at 1.0, 1.5, 2.0 and 2.5 V were applied to the 

glassy carbon (GC) working electrode. Positive and negative ion ESI mass 

spectra were acquired with the EC cell at potential off (no voltage applied) 

and the EC cell at potential on (voltage applied). 2,6-Di-tert-butyl-4-

methylphenol (BHT) was chosen as the test compound. BHT contains a 

phenolic group, which is preferential formed [M - H]
-

 ion. The deprotonated 

molecule [M - H]
- 

of BHT (m/z 219) was observed.  

 The extracted ion current chromatograms (EICCs) of m/z 219 [M - H]
-

, 

235 [M + O - H]
-

 and 251 [M + 2(O) - H]
-

 obtained from the EC cell off and 

EC cell on at 1.0 V shown in Figure 4-34 and mass spectra of BHT without 

a voltage applied and with a voltage applied at 1.0 V and 2.0 V for GC are 

presented in Figure 4-35. The major signals observed were [M - H]
-

 (m/z 

219) which is the starting compound, ions of m/z 235 and 251which are 

expected oxidation products [M + nO - H]- where n=1 and 2. The maximum 

number of additional oxygen atoms produced by increasing the potential 

in the glassy carbon (GC) working electrode to generate oxidation products 

of BHT was 2(O). The developed screening method was applied for the 

analysis of the antioxidant in gasoline samples.  

 Reference gasoline composition consists of linear paraffins                        

(n-pentane, n-heptane), branched paraffins (isopentane, isooctane, cyclic 

paraffins (cyclopentane, cyclohexane), aromatics (benzene, toluene), 

olefins (2-methyl-2-butene, cyclopentene) oxygenated (ethanol, MTBE).
[175]
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Figure 4-34  EICCs of m/z 219 (blue line), 235 (Byzantium line), 

and 251 (green line) obtained from the glassy carbon (GC) 

working electrode at EC cell the potential of 1.0 V. 
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Figure 4-35 Negative ion ESI Mass spectra of 2,6-di-tert-butyl-4-

methylphenol (BHT) BHT at different EC potentials applied to 

the glassy carbon (GC) working electrode. (A) EC cell the 

potential off, (B) EC cell the potential of 1.0 V and (C) EC cell 

the potential of 2.5 V. 

 

 Antioxidant in the fuel samples were determined by electrochemical 

(EC) using the glassy carbon (GC) working electrode, example data are 

shown in Figure 4-36 and Figure 4-37 below. 
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Figure 4-36 Positive ion ESI-MS of N-(1,4-dimethylpentyl)-N-phenyl-

1,4-benzenediamine in the fuel. (A) EC cell the potential off; 

(B) EC cell the potential of 2.5 V. 

 

 

Figure 4-37 Positive ion ESI-MS of N,N'-di (2-octanyl)-1,4-

benzenediamine in the fuel. (A) EC cell the potential off; (B) 

EC cell the potential of 2.5 V. 

 

4.10 Summary 

 The objectives of this project were to separate and identify the 

oxidation products formed during the oxidation process of RME and SME 

samples under auto-oxidation conditions compared to accelerated 

oxidation using on-line EC-ESI MS.  

The summarised of this chapter were the following as: 

 Coupling of electrochemistry to the electrospray ion source of 

the mass spectrometer typical oxidation products were observed 

in minutes compared to months/years for the auto-oxidation 

process. 
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 The efficiency of GC and MD working electrodes was compared. 

Oxygenated species for C18:1, C18:2 and C18:3 with up to 

+2(O), +6(O), and +9(O), (2.5 V, GC) and +6(O), +8(O), and +12(O) 

(3.0 V, MD) respectively were observed. 

 The potentials of oxidation increased in the order methyl esters 

of C18:3 < C18:2 < C18:1 for both MD and GC electrodes. The 

primary oxidation products, hydroperoxides, in the auto-

oxidation of unsaturated fatty acid methyl ester (C18:1, C18:2, 

C18:3) can undergo further oxidation to produce numerous 

volatile and non-volatile secondary oxidation products. 

 The volatile oxidation products, e.g. 2,4-decadienal and methyl 

9-oxo-nonanoate were observed in auto-oxidation of RME and 

SME samples analysed by GC-MS. 

 HPLC-ESI MS, UHPLC-ESI MS and UHPSFC-ESI MS can be used for 

the separation of non-volatile of the oxidation products.  

 UHPSFC-ESI MS method is better than HPLC-ESI MS and UHPLC-ESI 

MS methods, can clearly separate oxidation products from parent 

molecules. 

 The elemental formula for these auto-oxidised FAMEs were 

determined by UHPLC-Q-TOF MS and infusion FT-ICR MS. The 

presence of oxygenated species up to O (6 oxygen atoms) for the 

ion at m/z 411.1999 [C
19

H
32

O
8

 + Na]
+

 with a 2.6 ppm error was 

observed. It expected as the hydroperoxy bis-cyclic peroxides 

from auto-oxidised methyl linolenate. The structures shown (see, 

section 4.7) for the ion measured are postulated from literatures. 
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 On-line EC-ESI MS data show similarity with auto-oxidation, 

however, EC cell produced higher quantities of oxidation species 

than auto-oxidation. 

 Online-EC-ESI MS shows a great promise for accelerated oxidation 

studies but further work structural identify of these species will 

be required. 
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Chapter 5: Analysis of FAMEs in AVTUR 

Presently, biodiesel has already been utilised successfully in 

worldwide as alternative fuel to fossil diesel fuel. The distribution of the 

individual FAMEs in pure biodiesel (B100) depends on the original 

feedstock. B100 can be used directly or blended with diesel at different 

ratios (i.e. B5 and B20) as a transportation fuel. Biodiesel is usually 

commercially blended with petrodiesel, e.g., EN590 in the U.K., where 

petrodiesel incorporates 5% biodiesel.
[176]

 The presence of FAMEs, in 

AVTUR is increasing concern. FAME can adhere onto surfaces of 

transmission pipelines and storage tanks. Use of these shared pipelines 

can lead to FAMEs contamination of AVTUR. At high concentrations FAMEs 

impact on the thermal stability and freezing point of AVTUR which can lead 

to engine operational problems. Freezing point of jet A 1 is -47 C
[177]

 while 

freezing point of biodiesel is -5 C.
[178]

 

Despite the rapidity and simplicity of spectroscopic and direct 

injection ESI-MS methods, chromatographic methods are required to 

separate FAMEs from a complex mixture of hydrocarbons in AVTUR. NP-

HPLC with two detectors connected in series: ultraviolet-diode array 

detector (UV-DAD) followed by reflective index detector (RID) can be used 

for the determination of FAME in diesel fuels. This method can separate all 

the FAME components as a single peak obtained using NH
2

 HPLC 

column.
[179] GC-MS methods are mostly used for the determination of FAME 

content in diesel fuels. The single column GC often involves a complex 

sample preparation procedure, such as extraction and derivatisation, to 
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eliminate the interference of some blend components. The analysis is time-

consuming and tedious, especially when applied to determine the FAME 

content in diesel fuel.  

The existing ASTM GC-MS reference method (IP585/10) quantifies 

rapeseed methyl ester (RME, mainly C16 and C18 species)
[98]

, but not low 

carbon number FAMEs from coconut oil (C8-C14), a feedstock used in the 

Pacific region. However, determining low levels of FAMES with gas 

chromatography is difficult due to the thousands of hydrocarbons found in 

AVTUR.
[99]

 Comprehensive two-dimensional gas chromatography (GC×GC) 

has been shown to be an effective approach for the characterisation of 

petroleum-based fuels such as gasoline and diesel.
[180][181]

 Comprehensive 

Two-dimensional gas chromatography (GC x GC) offers a powerful way to 

determine ppm level FAME content in the presence of bulk hydrocarbon 

material 

The objective of this project was to quantify all of the RME (C16:0-

C18:3) and the short-chain chain FAMEs (C8-C14), e.g., from coconut oil 

FAMEs in AVTUR at the 5 mg/kg (5 ppm, w/w) level. The aim was to 

develop methods including GC-MS, HPLC-MS, UHPLC-MS and UHPSFC-MS 

methods and to compare them to the existing reference GC-MS method for 

the determination of low-carbon-number FAMEs. 
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5.1 Analysis of FAMEs in AVTUR using GC-MS 

 For these initial experiments, compositional profiles of FAMEs from 

two different feedstock types were analysed using a 30 m polar column 

using the GC-MS conditions that were developed in our laboratory and the 

results are shown in Figure 5-1. The major components of rapeseed methyl 

ester (RME) are unsaturated methyl esters, consisting of a series of C18 

compounds with C18:1 > C18:2 > C18:3 > C18:0. Coconut methyl esters 

(CME) contains mostly saturated fatty acid methyl esters and the dominant 

component is C12:0. 

 

Figure 5-1 TICCs of RME (A) and CME (B) using HP Innowax capillary 

column, 30 m × 0.25 mm i.d. 0.25 µm film thickness. Oven 

temp: Initial temp 40 ºC and hold 4 min, ramp at 5 ºC/min 

until 240 ºC hold for 16 min. 
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Initially CME was analysed using the 60 m column, the GC-MS 

conditions which were set following the IP 585/10 method, see experiment 

section 3.3.5. The initial column temperature was set to 150 C with 

constant carrier gas flow rate of 0.6 mL/min, and a 20 min solvent delay 

time. A reconstructed ion current chromatogram (RICC), m/z 74, is shown 

in Figure 5-2. The limitation of this method is that it cannot detect all the 

short chain FAMEs (C8-C12), which are the major components of CME. The 

GC-MS conditions were proposed in the IP 585/10 method which was 

developed by the Energy Institute for the determination rapeseed methyl 

esters (RME) (C16:0 to C18:3) in AVTUR, IP585/10.  

 

Figure 5-2 RICC of m/z 74 of CME at 100 ppm in n-dodecane using 

an Innowax 60 m × 0.25 mm 0.5 µm film, carrier gas flow rate 

0.6 mL/min and initial temp. at 150 C for 5 min, ramped at a 

rate of 12 C/ min up to 200 C for 17 min, then ramped 3 

C/min up to 252 C and hold for 6.5 min, solvent delay time: 

20 min. 

In this work a GC-MS method was required for separation, detection 

and quantification of short chain FAMEs, for example, C12:0 and C14:0 

from coconut methyl ester (CME) that adhered to the method described in 

IP585/10 where these species are present in AVTUR. 
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5.1.1 Revised IP 585/10, the reference GC-MS method 

The requirements of the EI were that any new method for the analysis 

of the short chain methyl esters (CME) should be closely related to the 

existing reference method (IP/585/10). One microliter of samples were 

introduced via a splitless injector at a temperature of 260 C. The oven 

temperature programme used was 150 C for 5 min, ramped at a rate of 

12 C/min up to 200 C for 17 min, then ramped at a rate of 3 C/min up 

to 252 C and held at the final temperature for 6.5 min, column flow rate 

was 1.0 mL/min and a 10 min solvent delay time. Figure 5-3 shows RICCs 

of m/z 74, 87 of CME. 

 

Figure 5-3 RICCs of m/z 74, 87 of CME at 100 ppm in n-dodecane 

using an Innowax 60 m × 0.25 mm 0.5 µm film, constant 

carrier gas flow rate 1.0 mL/min and initial column 

temperature at 150 C for 5 min, ramped at a rate of 12 C/ 

min up to 200 C for 17 min, then ramped at a rate of 3 

C/min up to 252 C and held at the final temperature for 6.5 

min, solvent delay time 10 min. 
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identify saturated and unsaturated FAMEs. The base peaks in mass spectra 

of straight-chain methyl esters in the C
6

-C
26

 range arise from -cleavage 

with transfer of a -hydrogen atom, resulting in the formation of an ion 

m/z 74 (see, Figure 5.4). This process is named as the McLafferty 

rearrangement.
[182]

 

 

Figure 5-4 Formation of m/z via McLafferty rearrangement. 

 

Saturated FAMEs are dominated by the ion at m/z 74 

[CH
2

C(OH)OCH
3

]
+•

 (Figure 5-5 (A)) from the McLafferty rearrangement. 

Losses of aliphatic radicals produces a series of ions, [(CH
2

)
n

CO
2

CH
3

]
+

, 

where m/z 87 is the maximum intensity. The significant ions in monoenes 

of FAME are a series of ions, [C
n

H
2n

-1]
+

 and the base peak is m/z 55 [C
4

H
7

]
+

 

(Figure 5-5 (B)). FAME or methylene-interrupted obtain a series of [C
n

H
2n-3

]
+

, 

m/z 67 is usually the base peak (Figure 5-5 (C)). In addition, in spectra of 

with trienes the series with molecular formula [C
n

H
2n-5

]
+

 are dominant, m/z 

79 [C
6

H
7

]
+

 (Figure 5-5 (D)) is usually the base peak. 

  

m/z 74 
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Figure 5-5 Continued overleaf 

 

2012Aug02 CME 50 ppm_IT150C_F1_DT10min_N19 #478 RT: 14.00 AV: 1 SB: 919 10.01-13.48 , 14.65-18.86 NL: 4.63E5
T: {0,0}  + c EI det=350.00 Full ms [20.00-510.00]
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(A) C12:0 

Exact mass = 214.1932 Da 

2012Aug02 CME 50 ppm_IT150C_F1_DT10min_N19 #1135 RT: 19.51 AV: 1 SB: 1135 20.54-25.89 , 14.76-18.90 NL: 3.06E5
T: {0,0}  + c EI det=350.00 Full ms [20.00-510.00]
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(B) C14:0 

Exact mass = 242.22 Da 

2012Aug02 CME 50 ppm_IT150C_F1_DT10min_N19 #2259 RT: 28.92 AV: 1 SB: 977 23.65-28.13 , 29.53-33.21 NL: 1.54E5
T: {0,0}  + c EI det=350.00 Full ms [20.00-510.00]
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(C) C16:0 

Exact mass = 270.26 Da 
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Figure 5-5 Continued overleaf 

 

2012Aug02 CME 50 ppm_IT150C_F1_DT10min_N19 #2844 RT: 33.81 AV: 1 SB: 85 34.30-34.69 , 33.23-33.53 NL: 4.99E5
T: {0,0}  + c EI det=350.00 Full ms [20.00-510.00]
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(D) C17:0 

Exact mass = 284.27 Da 

2013May15N24 #5218 RT: 49.90 AV: 1 SB: 450 50.20-51.63 , 48.15-49.71 NL: 2.11E5
T: {0,0}  + c EI det=350.00 Full ms [20.00-420.00]
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2012Aug03 RME 100 ppm_IT150C_F1_DT10min_N22 #3372 RT: 38.11 AV: 1 SB: 160 36.97-37.66 , 38.39-39.01 NL: 6.20E4
T: {0,0}  + c EI det=350.00 Full ms [20.00-510.00]
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(F) C18:0 

Exact mass = 298.29  Da 
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Figure 5-5 70eV EI-MS of each FAMEs: (A) C12:0, (B) C14:0, (C) C16:0, 

(D) C17:0, (E) C17:0 d
33

, (F) C18:0, (G) C18:1, (H) C18:2 and (I) 

C18:3. 

  

M
+

 

2012Aug03 RME 100 ppm_IT150C_F1_DT10min_N22 #3493 RT: 39.12 AV: 1 SB: 86 39.64-39.91 , 38.50-38.93 NL: 8.34E5
T: {0,0}  + c EI det=350.00 Full ms [20.00-510.00]
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(H) C18:2 

Exact mass = 294.26 Da 

2012Aug03 RME 100 ppm_IT150C_F1_DT10min_N22 #4010 RT: 43.43 AV: 1 SB: 192 43.75-44.50 , 42.45-43.29 NL: 1.72E5
T: {0,0}  + c EI det=350.00 Full ms [20.00-510.00]

50 100 150 200 250 300 350 400

m/z

0

10

20

30

40

50

60

70

80

90

100

R
e
la

tiv
e

 A
b

u
n

d
a

n
ce

79.10

95.13
67.10

108.14

41.14

121.13

135.15

163.16 236.21 292.27191.17 261.26
313.15 351.20 369.34

M
+

 

(I) C18:3 

Exact mass = 292.24 Da 
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Due to natural background of high end naphtha components present in 

the fuel, complete separation of the FAMEs from these materials is 

difficult. Selected-ion monitoring (SIM) and reconstructed ion current 

chromatograms (RICCs) from scan data were considered. Factors 

considered when selecting which ions to monitor using SIM were (i) the 

ions at high mass are usually molecular ions (ii) the quantitative ion is 

generally the most abundant ion (iii) the qualifier is the second most 

abundant ions which show uniqueness.
[183][184]

  

Figure 5-6 to Figure 5-12 show a linear dynamic range for RME and 

CME in n-dodecane. The detection of individual FAME and total FAMEs for 

0−150 mg/kg. A 10 ppm of methyl heptadecanoate (C17:0) was used as 

the internal standard. Peak areas, relative to the internal standard, of the 

RICCs of selected ions of each FAME species were plotted versus the FAME 

concentration. The ions to be used for quantification of FAME species are 

shown in Table 5-1 to Table 5-2. Excellent linearity was achieved in all 

cases with a linear correlation (R
2

) higher than the required value for FAMEs 

in AVTUR, IP585/10 (R
2

 = 0.9850).
[98]
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Figure 5-6 Internal calibration curve of RME in n-dodecane by using 

base peak ions, m/z 74 for C16:0, C18:0 and m/z 55, 67, 79 

for C18:1, C18:2 and C18:3, respectively. Number of replicate 

measurements = 3. 

 

Figure 5-7 Internal calibration curve of RME in n-dodecane by using 

RICCs followed the IP 585/10 method.
[91]

 RICCs m/z 227, 239, 

270, 27 for C16:0, m/z 255, 267, 298 for C18:0, m/z 264, 265, 

296 for C18:1, m/z 262, 263, 264, 294, 295 for C18:2, m/z 

236, 263, 292, 293 for C18:3. Number of replicate 

measurements = 3. 
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Figure 5-8 Internal calibration curve of RME in n-dodecane by using 

RICCs m/z 74, 87, 227, 239, 270, 27 for C16:0, m/z 74, 87, 

255, 267, 298 for C18:0, m/z 55, 264, 265, 296 for C18:1, m/z 

67, 262, 263, 264, 294, 295 for C18:2, m/z 79, 236, 263, 292, 

293 for C18:3. Number of replicate measurements = 3. 

 

 

Figure 5-9 Internal calibration curve of RME in n-dodecane by using 

SIM ions m/z 74, 79, 81, 87, 227, 239, 270, 271 for C16:0, m/z 

74, 79, 81, 87, 255, 267, 298 for C18:0, m/z 55, 74, 79, 81, 87, 

264, 265, 296 for C18:1, m/z 67, 74, 79, 81, 87, 262, 263, 264, 

294, 295 for C18:2 and m/z 74, 79, 81, 87, 236, 263, 292, 293 

for C18:3. Number of replicate measurements = 3. 
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Table 5-1 Summarised R
2

 of RME acquisition in RICCs and SIM data  

RME Selected ions Calibration equation 

(y = mx + b) 

R
2

 

C16:0 m/z 74 y = 0.0034x - 0.0014 0.9999 

m/z 227, 239, 270, 271 y = 0.0034x + 0.0020 1.000 

m/z 74, 87, 227, 239, 

270, 271 

y = 0.0034x + 0.0019 1.000 

SIM ions: m/z 74, 79, 81, 

87, 227, 239, 270, 271 

y = 0.0031x + 0.0057 0.9992 

C18:0 m/z 74 y = 0.0012x + 0.0005 1.000 

m/z 255, 267, 298 y = 0.0013x + 0.0009 0.9999 

m/z 74, 87, 255, 267, 298 y = 0.0013x - 0.0005 0.9999 

SIM ions: m/z 74, 79, 81, 

87, 255, 267, 298 

y = 0.0011x + 0.0022 0.9991 

C18:1 m/z 55 y = 0.0122x + 0.0071 0.9999 

m/z 264, 265, 296 y = 0.0241x + 0.0011 1.000 

m/z 55, 264, 265, 296 y = 0.0156x + 0.0279 0.9999 

SIM ions: m/z 55, 74, 79, 

81, 87, 264, 265, 296 

y = 0.0156x + 0.0279 0.9990 

C18:2 m/z 67 y = 0.0048x – 0.0024 0.9999 

m/z 262, 263, 264, 294, 

295 

y = 0.0054x - 0.0014 1.000 

m/z 67, 262, 263, 264, 

294, 295 

y = 0.0030x + 0.0022 0.9995 

SIM ions: m/z 67, 74, 79, 

81, 87, 262, 263, 264, 

294, 295 

y = 0.0030x + 0.0022 0.9995 
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Table 5-1 (continued) Summarised R
2

 of RME acquisition in RICCs 

and SIM data 

RME Selected ions Calibration equation  

(y = mx + b) 

R
2

 

C18:3 m/z 79 y = 0.0024x - 0.0007 0.9999 

m/z 236, 263, 292, 

293 

y = 0.0008x - 0.0006 0.9994 

m/z 79, 236, 263, 

292, 293 

y = 0.0015x + 0.0012 0.9995 

SIM ions: m/z 74, 79, 

81, 87, 236, 263, 292, 

293 

y = 0.0015x + 0.0012 0.9995 

Total 

FAMEs 

a  

b 

c 

c 

y = 0.0241x + 0.0034 

y = 0.0350x + 0.0019 

y = 0.0174x + 0.0054 

y = 0.0242x + 0.0391 

1.000 

1.000 

1.000 

0.9992 

Note: a = total FAMEs from summed area of RICCs using base peak ion of each FAME 

component (m/z 74 for C16:0, C18:0, m/z 55 for C18:1, m/z 67 C18:2 and m/z 79 for 

C18:3).  

b = total FAMEs from summed area of RICCs using selected ions following IP585/10
[98]

 SIM 

ions for each FAME components  

c = total FAMEs from summed area of RICCs using selected ions following IP585/10
[98]

 and 

m/z 74 for C16:0, C18:0, m/z 55 for C18:1, m/z 67 C18:2 and m/z 79 for C18:3) 

d = total FAMEs from summed area of SIM ions 
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Figure 5-10 Internal calibration curve of CME in n-dodecane by using 

base peak ions, m/z 74 for C12:0, C14:0, C16:0, C18:0 and 

m/z 55 and 67 for C18:1 and C18:2, respectively. Number of 

replicate measurements = 3. 

 

Figure 5-11 Internal calibration curve of CME in n-dodecane by using 

RICCs m/z 74, 87, 214 for C12:0, m/z 74, 87, 242 for C14:0, 

m/z 74, 87, 270 for C16:0, m/z 74, 87, 298 for C18:0, m/z 55, 

74, 87, 296 for C18:1. Number of replicate measurements = 3. 
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Figure 5-12 Internal calibration curve of CME in n-dodecane by using 

SIM ions m/z 74, 79, 81, 87, 171, 183, 214 for C12:0, m/z 74, 

79, 81, 87, 199, 211, 242 for C14:0, m/z 74, 79, 81, 87, 227, 

239, 270, 271 for C16:0, m/z 74, 79, 81, 87, 255, 267, 298 for 

C18:0, m/z 55, 74, 79, 81, 87, 264, 265, 296 for C18:1. Number 

of replicate measurements = 3. 

 

Table 5-2 (continued) Summarised R
2

 of CME acquisition in RICCs 

and SIM data 

FAMEs 

from CME 

Selected ions Calibration equation (y 

= mx+b) 

R
2

 

C12:0 m/z 74 y = 0.0326x + 0.0338 0.9997 

m/z 74,87, 214 y = 0.0297x + 0.0336 0.9997 

SIM ions: m/z 74, 79, 

81, 87, 171, 183, 

214 

y= 0.0345x - 0.0273 0.9997 

C14:0 m/z 74 y = 0.0130x + 0.0093 0.9998 

m/z 74,87, 242 y = 0.0124x + 0.0155 0.9997 

SIM ions: m/z 74, 79, 

81, 87, 199, 211, 

242 

y = 0.0137x - 0.0137 0.9996 

C16:0 m/z 74 y = 0.0066x + 0.0027 0.9999 

m/z 74,87, 270 y = 0.0065x + 0.0069 0.9998 
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Table 5-2 (continued) Summarised R
2

 of CME acquisition in RICCs 

and SIM data 

FAMEs 

from CME 

Selected ions Calibration equation (y 

= mx+b) 

R
2

 

 SIM ions: m/z 74, 79, 

81, 87, 227, 239, 

270, 271 

y = 0.0066x + 0.0060 0.9996 

C18:0 m/z 74 y = 0.0018x + 0.0015 0.9998 

m/z 74, 87, 298 y = 0.0019x + 0.0010 0.9999 

SIM ions: m/z 74, 79, 

81, 87, 255, 267, 

298 

y = 0.0018x + 0.0046 0.9994 

C18:1 m/z 55 y = 0.0013x + 0.0029 0.9994 

m/z 55, 74, 87, 296 y = 0.0010x - 0.0006 1.000 

SIM ions: m/z 55, 74, 

79, 81, 87, 264, 265, 

296 

y = 0.0019x + 0.0067 0.9988 

Total 

FAMEs 

a 

b 

c 

y = 0.0553x + 0.0501 

y = 0.0514x + 0.0564 

y = 0.0585x - 0.0237 

0.9998 

0.9997 

0.9997 

Note: a = total FAMEs from summed area of RICCs using base peak ion of each FAME 

component (m/z 74 for C12:0, C14:0, C16:0, C18:0 and m/z 55 for C18:1).  

b = total FAMEs from summed area of RICCs 74, 87, base peak ions and M
+
c = total 

FAMEs from summed area of SIM ions 

 

The revised the IP585/10 provided satisfied to achieve a satisfactory 

separation of the all FAME components in n-dodecane. However, when 

FAME in a spiked AVTUR sample is directly injected on the GC column then 

the matrix of the fuel can impact on the FAME peaks, causing some of 

them to have slightly longer retention times, as presented in Figure 5-13. 
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The retention time of earlier eluted peaks have a slightly longer shift when 

the matrix effect was present. The retention times of C14:0 and C16:0 in 

AVTUR are estimated 0.16 and 0.08 minutes longer when compared to the 

retention time in n-dodecane, but the retention shifted. Especially, the 

peaks of C12:0 and C14:0 in the chromatograms Figure 5-13 (B) co-eluted 

with the fuel matrix. Retention times of C17:0, C18:0 and C18:1 were not 

significantly shifted.  

 

 

Figure 5-13 Comparison of the retention times obtained by injection 

coconut methyl ester (CME) in n-dodecane (A) and spiked CME 

in AVTUR. 
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 Matrix effects were studied by comparing the response from FAMEs in 

AVTUR with FAMEs in n-dodecane. The sensitivity difference between 

solvent (n-dodecane) calibration and the fuel matrix calibration is shown in 

Figure 5-14. The plots of CME, i.e. C12:0 in n-dodecane and spiked CME in 

AVTUR. The response of C12:0 in AVTUR was higher than that in n-

dodecane as a result of matrix-induced enhancement. Whereas the 

response of C14:0 in the AVTUR was lower than that in the fuel matrix as a 

result of matrix-induced diminishment. 
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Figure 5-14 Comparison of calibration curve of C12:0 (A) and C14:0 

(B) in n-dodecane (red) and CME in AVTUR (blue) lines, in the 

range of 5-50 mg/kg. 
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quantitative analysis. To achieve a satisfactory separation of C12:0 and 

C14:0 from the fuel matrix the GC-MS conditions required adaptation. 

5.1.2 New GC-MS method 

 The oven temperature programme used was 130 C for 5 min, 

ramped at a rate of 2 C/min to 240 C for 5 min. The GC-MS conditions 

were applied to analyse C12:0 surrogate CME 100 mg/kg in AVTUR. Figure 

5-15 shows the peak of C12:0 is completely separated from the fuel matrix 

background (see, Figure 5-15 (B)). Whereas, the peak of C12:0 in the 

chromatograms (A) co-eluted with naphthalene, the fuel matrix obtained 

from the GC-MS conditions which revised IP/585 method. 
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Figure 5-15 Comparison of RICCs m/z 74, 87 and 214 of 100 mg/kg 

of CME in AVTUR analysed using HP-Innowax 60 m × 0.25 mm 

id × 0.5 µm film thickness with two different GC-MS methods. 

(A) Revised IP 585/10, initial temp. 150 C hold for 5 min, 12 

C/min to 200 C for 17 min, 3 C/min to 252 C for 6.5 min; 

(B) New GC-MS method, initial temp. 130 C hold for 5 min, 2 

C/min to 240 C for 5 min. 

  

RT: 0.00 - 65.00

0 10 20 30 40 50 60

Time (min)

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

NL:
3.69E6

m/z= 
73.50-74.50+
86.50-87.50+
213.50-
214.50  MS 
IPN89

C12:0 
RT: 10.00 - 20.00

10 11 12 13 14 15 16 17 18 19 20

Time (min)

0

10

20

30

40

50

60

70

80

90

100

Re
lat

ive
 A

bu
nd

an
ce

NL:
3.69E6

m/z= 
73.50-74.50+
86.50-87.50+
213.50-
214.50  MS 
IPN89

Naphthalene 

(A) Revised IP 585/10 method 

RT: 0.00 - 64.97

0 10 20 30 40 50 60

Time (min)

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

NL:
2.65E6

m/z= 
73.50-74.50+
86.50-87.50+
213.50-
214.50  MS 
ei32

(B) New GC-MS method  

C12:0 



Chapter 5: Analysis of FAMEs in AVTUR 

185 

Figure 5 16 shows mass spectra corresponding to the peak of C12:0 which 

was obtained from two different GC-MS methods. The mass spectrum of 

the peak of C12:0 obtained from the revised IP 585/10 methods which 

interfered with the mass spectrum of naphthalene (m/z 128) (see Figure 5-

16), while the mass spectrum of the peak C12:0 obtained from the 

adapted GC-MS method which shows no interference of m/z 128 (see, 

Figure 5-17). 

 

Figure 5-16 EI mass spectra of C12:0 corresponding to Figure 5-15. 

(A) mass spectrum of the peak of C12:0 obtained from the 

revised IP 585/10 method. 
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Figure 5-17 EI mass spectra of C12:0 corresponding to Figure 5-15. 

(B) mass spectrum of the peak of C12:0 obtained from from 

the new GC-MS method showing no interfering ions from 

naphthalene. 
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265, 296), C18:2 (m/z 67, 74, 87, 262, 263, 264, 294, 295) and C18:3 

(m/z 79, 87, 236, 263, 292, 293). 

 

 

Figure 5-18 Internal calibration curve of RME (A) and CME (B) in n-

dodecane by using ions less than m/z 100. 227, 239, 270, 271. 

GC-MS conditions analysed using HP-Innowax 60 m × 0.25 

mm id × 0.5 µm film thickness initial temp. 150 C hold for 5 

min, 12 C/min to 200 C for 17 min, 3 C/min to 252 C for 

6.5 min. 
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Figure 5-19  Internal calibration curve of RME (A) and CME (B) in 

n-dodecane by using ions less than m/z 100. GC-MS 

conditions analysed using HP-Innowax 60 m × 0.25 mm i.d. × 

0.5 µm film thickness, initial temp. 130 C hold for 5 min, 2 

C/min to 240 C for 5 min. 

Table 5-3 and Table 5-4 show the results of commercially doped samples 

of AVTUR with using the revised IP 585/10 method and the new GC-MS 

method. 
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Table 5-3 The results of analysis of commercially doped samples 

of AVTUR with using the revised IP 585/10 method 

No. Sample name 

Result (mg/kg) 

Incl. ions 

< m/z 100 

Excl. ions 

< m/z 100 

1 AF1 SDA 5mg/L 0.0 0.0 

2 AF5 Mixed FAME 5mg/kg 18.9 14.3 

3 AF1 CME 5mg/kg 0.0 0.0 

4 AF1 Mixed FAME 5mg/kg 6.8 5.2 

5 AF1 MDA 5.7mg/L 0.0 0.0 

6 AF1 FS11 0.15% vol 0.0 0.0 

7 AF1 DF LI Ester 10mg/kg 0.0 0.0 

8 AF1 DF LI Acid 10mg/kg 0.0 0.0 

9 AF1 Jet LI 23mg/L 0.0 0.0 

10 AF1 A0 24mg/L 0.0 0.0 

11 AF3 Mixed FAME 30mg/kg 30.1 21.0 

12 AF4 Mixed FAME 30mg/kg 38.0 26.4 

13 AF3 Mixed FAME 100mg/kg 137.2 100.3 

14 AF1 Mixed FAME 100mg/kg 161.4 114.4 

15 AF4 Mixed FAME 100mg/kg 116.4 84.6 

16 AF1 CME 100mg/kg 92.0 70.0 

17 AF5 Mixed FAME 100mg/kg 108.1 81.3 

18 AF1 CNI 125mg/kg 0.0 0.0 

19 AF5 Mixed FAME 150mg/kg 141.0 97.8 

20 AF1 Mixed FAME 150mg/kg 205.5 148.9 
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Table 5-4 The results of analysis of commercially doped samples 

of AVTUR with using the new GC-MS method 

No. Sample name 

Result (mg/kg) 

a

Incl. ions 

< m/z 100 

b

Excl. ions 

< m/z 100 

1 AF1 SDA 5mg/L 0.0 0.0 

2 AF5 Mixed FAME 5mg/kg 18.5 13.9 

3 AF1 CME 5mg/kg 3.8 2.3 

4 AF1 Mixed FAME 5mg/kg 5.8 4.8 

5 AF1 MDA 5.7mg/L 0.0 0.0 

6 AF1 FS11 0.15% vol 0.0 0.0 

7 AF1 DF LI Ester 10mg/kg 0.0 0.0 

8 AF1 DF LI Acid 10mg/kg 0.0 0.0 

9 AF1 Jet LI 23mg/L 0.0 0.0 

10 AF1 A0 24mg/L 0.0 0.0 

11 AF3 Mixed FAME 30mg/kg 26.5 20.8 

12 AF4 Mixed FAME 30mg/kg 31.8 24.0 

13 AF3 Mixed FAME 100mg/kg 101.7 74.5 

14 AF1 Mixed FAME 100mg/kg 149.9 103.2 

15 AF4 Mixed FAME 100mg/kg 129.5 87.4 

16 AF1 CME 100mg/kg 99.8 105.9 

17 AF5 Mixed FAME 100mg/kg 113.9 78.5 

18 AF1 CNI 125mg/kg 0.0 0.0 

19 AF5 Mixed FAME 150mg/kg 123.8 86.8 

20 AF1 Mixed FAME 150mg/kg 186.5 131.9 

Note: The results obtained from using the new developed GC-MS method with the following 

conditions: 60 m × 0.25 mm inner diameter, 0.50 μm film thickness; the oven temperature program 

used was 130 °C for 5 min, ramped at a rate of 2 °C/min to 240 °C, and held at the final temperature 

for 5 min
a

 = the selected ions to be used for detected quantification. 
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Neither of the revised IP585/10 and the new GC-MS methods appears to 

give good quantitative results, particularly when short chain FAME is 

present. The revised IP585/10 method is being tested for robustness by 

the Energy Institute with the aim of undergoing a full round-robin study 

later in 2015. Given the difficulties outlined above with the GC-MS 

methods alternative approaches were explored. 

5.2 Analysis of FAMEs in AVTUR using HPLC-MS 

Gradient elution reversed-phase HPLC was coupled with ESI-MS for the 

separation of FAMEs. The different proportions of mobile phases were 

studied. Increasing the proportion methanol 0.1% formic acid in the mobile 

phase has an effect on unsaturated C18 FAMEs retention because of the 

change in the mobile phase polarity. The elution order of FAMEs on a C18 

stationary phase column depends on the extent of unsaturation C18:3. 

Containing more double bonds than C18:2 and C18:1 eluted sooner. Peak 

asymmetry factors were considered in order to choose optimum conditions 

for HPLC.  

A peak is considered as tailing if its asymmetry is greater than a value 

of 1.2-1.5. The unsaturated FAMEs were eluted from the C18 column with 

acceptable peak symmetry (A
s

 of 1.43 - 1.55) and baseline separation 

using a high proportion of organic mobile phase (70% mobile phase B), see 

Table 5-5 and Figure 5-20. Starting at a high % organic modifier to save 

analysis time as all FAME components were eluted very quickly.  
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Table 5-5 The results of peak asymmetry at different ratios of 

mobile phases 

Peak asymmetry 

Mobile phase 

composition 
C18:1 C18:2 C18:3 

80% A 20% B 1.91 (24.75) 2.10 (7.87) 2.38 (6.99) 

70% A 30% B 1.83 (15.75) 1.93 (6.66) 2.02 (26.49) 

60% A 40% B 1.71 (4.22) 2.86 (19.39) 1.94 (21.57) 

50% A 50% B 1.79 (10.66) 1.67 (8.66) 1.56 (10.82) 

40% A 60% B 1.80 (25.94) 1.58 (15.86) 1.61 (6.67) 

30% A 70% B 1.55 (13.47) 1.46 (4.95) 1.43 (4.64) 

20% A 80% B 1.75 (14.29) 1.36 (11.09) 1.44 (15.15) 

Note: A= 0.1% (v/v) formic acid in water and B = 0.1% (v/v) formic acid in methanol. The 

value in a bracket () is standard deviation (SD) from number of replicate measurements = 

3. 
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Figure 5-20 RICCs of standard C18:1(m/z 319), C18:2 (m/z 317) and 

C18:3 (m/z 315) in methanol showing the separation of 

C18:1, C18:2 and C18:3 using HPLC-MS at the different mobile 

phase ratios. (Continued overleaf) 

 

(A) 80% water, 20% methanol 

(B) 70% water, 30% methanol 

(C) 60% water, 40% methanol  
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Figure 5-20  RICCs of standard C18:1(m/z 319), C18:2 (m/z 317) 

and C18:3 (m/z 315) in methanol showing the separation of 

C18:1, C18:2 and C18:3 using HPLC-MS at the different mobile 

phase ratios. (continued overleaf) 

 

(D) 50% water, 50% methanol 

(E) 40% water, 60% methanol 

(F) 30% water, 70% methanol 
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Figure 5-20  RICCs of standard C18:1(m/z 319), C18:2 (m/z 317) 

and C18:3 (m/z 315) in methanol showing the separation of 

C18:1, C18:2 and C18:3 using HPLC-MS at the different mobile 

phase ratios. 

  

5.3 Analysis of FAMEs in AVTUR using ultra high 

performance liquid chromatography-mass 

spectrometry (UHPLC-MS) 

In this study, HPLC-MS conditions were transferred to the UHPLC 

method. Figure 5-21 shows the typical chromatograms of unsaturated C18 

FAMEs originally obtained using an XBridge C18 column 5 µm, 2.1 × 50 

mm and further transferred to UHPLC with an ACQUITY UPLC® BEH C18 

column 1.7 µm, 1.7 × 50 mm. The HPLC separation was performed in 20 

minutes and efficiency transferred to UHPLC in 5 min. Comparison of this 

UHPLC method with the HPLC method for FAME in AVTUR shows a 4 fold 

improvement in analysis time. 

(G) 20% water, 80% methanol 
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Figure 5-21 Comparison of the separation of standard FAMEs (C18:1, 

C18:2 and C18:3) in MeOH using (A) HPLC-MS using an 

XBridge C18 column (2.1 × 50 mm, 5 µm) and (B) UHPLC-MS 

using a BEH C18 column (2.1 × 50 mm, 1.7 µm), showing 

RICCs of m/z 319 [C18:1 + Na]
+

, m/z 317 [C18:2 + Na]
+

, m/z 

[C18:3 + Na]
+

 and m/z 307 [C17:0 + Na]
+

. Insert shows 

expansion of the chromatograms of the analytes. 

 The developed UHPLC-MS method was applied for the separation the 

shorter chain methyl esters e.g. coconut methyl ester (CME) in methanol, 

see Figure 5-22. The UHPLC-MS method can clearly separate the C8-C18 

FAMEs from CME in methanol. When introduction CME into the fuel matrix, 

the short chain methyl esters (C8:0 to C14:0) eluted in the same 

chromatographic space as the fuel matrix, see Figure 5-23. However, the 

developed UHPLC-MS can be used for the separation of RME (C16:0 to 

C18:3) at the 5 mg/kg level in AVTUR, see Figure 5-24. 

(A) HPLC-MS 

XBridge C18 column  

(2.1 × 50 mm, 5 µm) 

(B) UHPLC-MS 

 
BEH C18 column  

(2.1 × 50 mm, 1.7 µm) 
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Figure 5-22  RICCs of CME in methanol using the UHPLC-MS 

method showing RICCs of m/z 159 [C8:0 + H]
+

, m/z 187 

[C10:0 + H]
+

, m/z 215 [C12:0 + H]
+

, m/z 243 [C14:0 + H]
+

, m/z 

271 [C16:0 + H]
+

, m/z 299 [C18:0 + H]
+

, m/z 319 [C18:0 + Na]
+

 

and m/z 317 [C18:1 + Na]
+

. Insert shows expansion of the 

chromatograms of C8:0 and C10:0. 

 

Figure 5-23 Chromatograms of AVTUR from UV trace (green line) and 

standard CME in methanol showing the shorter chain methyl 

esters (C8:0 to C10:0) eluted in the same chromatographic 

space as the fuel matrix, C12:0 and C14: 0 are still co-eluting 

with the fuel matrix. 
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Figure 5-24  Comparison of (A) UV trace, (B) TICC, and (C) RICCs 

m/z 74 and 87 of 5 mg/kg of RME in AF-1 analysed using 

UHPLC-MS. m/z 271 [C16:0 + H]
+

, m/z 299 [C18:0 + H]
+

, m/z 

319 [C18:0 + Na]
+

 and m/z 317 [C18:1 + Na]
+

. 

 

5.3.1 Force electrospray ionisation  

 Generally, a protonated molecule in positive ionisation or 

deprotonated molecule in negative ionisation is observed in electrospray 

ionisation. However, several types of adduct ions may be formed 

depending on the compound, solvent and ESI parameters. The most 

common adduct ions, sodium and ammonium, are also formed in positive 

electrospray ionisation. Compounds that have carboxyl, carbonyl, ether or 

esters functional groups are believed to be responsible for bonding with 

alkali metal ions. Where adduct ion formation is uncontrolled it is difficult 

to get a quantitative measurement and so several approaches have been 

investigated. The first approach is to measure only the adduct ion with the 

highest response and disregard the other adduct ion forms, but a relative 

standard deviation (RSD) is unacceptable. This indicates that adduct 

formation provide the large variation and unreliable results when the 

(C) RICC  

(B) TICC 

(A) UV trace 
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process is uncontrolled. Also the summation complicates experiments. The 

second approach is to exclude sodium from the ionisation process by 

adding alkali metal complexation products, such as crown ethers. This is 

difficult due to the abundant presence of sodium, often originating from 

the glassware, or as an impurity in chemicals and solvents.  

 The aim of this study was to use the sodium adduct for quantitative 

analysis by adding sodium formate solution to the eluent for replacing all 

adducts by one single desired adduct. The addition of sodium formate is 

crucial because this forces one ionisation event, i.e., produces only the 

sodiated molecules. Without the addition of the sodium ions, then an 

uncontrolled mixture of protonated molecules, ammoniated molecules, 

sodiated molecules, and potassiated molecules can be produced.
[185]

           

A comparison of uncontrolled and forced ESI of C18:3 is shown in              

Figure 5-25. 
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Figure 5-25 Positive ESI mass spectra of uncontrolled and forced ESI 

of C18:3. 

 

5.4 Analysis of FAMEs in AVTUR using UHPSFC-MS 

5.4.1 UHPSFC column screening 

 The UHPSFC-MS method was developed based on the state-of-art 

instrumentation (UPC
2

-MS) and column technologies (sub 2 µm particles), 

with the aim to detect and quantify of low-carbon-number fatty acid methyl 

esters (FAMEs), e.g. C8–C14 from coconut oil, and to obtain high 

throughput analysis. Identical eluent and co-solvent (methanol) 

composition and gradient were used to ensure that any differences 

observed in retention behaviour could be directly related to the stationary 

phase. Figure 5-26 and Figure 5-27 show the elution of FAME species on 

the four selected stationary phases. The HSS-cyano stationary phase did 

[C18:3 + Na]
+

 

[C18:3 + H]
+

 

[C18:3 + NH
4

]
+

 

(A) Uncontrolled ESI of C18:3 

[C18:3 + Na]
+

 (B) Forced ESI of C18:3  
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not separate the C18:1, C18:2 and C18:3, as shown in Figure 5-26 (A). The 

resolution (R
s

) of all peaks is zero. The elution of the FAMEs on the BEH 

and BEH-amide columns was improved peak resolution, the R
s

 for the 

C18:1 and C18:2 (2.82) and C18:2 and C18:3 (3.53) obtained from the 

BEH-amide column whilst the unsaturated FAMEs showed peak tailing, with 

unacceptable peak asymmetry factors (As) for C18:1 (2.67), C18:2 (3.67) 

and C18:3 (3.25), see Figure 5-26 (C). While the best peak symmetry with 

A
s

 values of 1.0-1.33 acceptable for all FAME species using the BEH 

column, see Figure 5-26 (D). The BEH column baseline separated a range 

of methyl esters of saturated FAMEs and the unsaturated C18 species, 

(C8:0-C18:3, covering the combined CME and RME composition), see 

Figure 5-27. The FAMEs eluted according to increasing carbon number, 

similarly the unsaturated FAMEs, within the same carbon number, eluted 

according to increasing number of double bonds, see Figure 5-27 (D). The 

BEH column was subsequently used to investigate the influence of other 

parameters. 
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Figure 5-26 Continued overleaf 

(A) RME on HSS cyano column 

(B) RME on HSS C18 SB column 

(C) RME on BEH-amide column  
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Figure 5-26 Comparison of RICCs for RME separation using different 

stationary phases. (A) HSS cyano; (B) HSS C18 SB; (C) BEH-

amide; and (D) BEH. Chromatographic conditions: CO
2

 

pressure 105 bar; gradient 0-1% MeOH in CO
2 

at 1.5 mL/min 

in 5 min. 

  

(D) RME on Ethylene bridged hybrid (BEH) 
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Figure 5-27  Comparison of RICCs for CME separation using 

different stationary phases. (A) HSS cyano, (B) HSS C18 SB, (C) 

BEH-amide, and (D) BEH. Chromatographic conditions: CO
2

 

pressure 105 bar; gradient 0-1% MeOH in CO
2 

at 1.5 mL/min 

in 5 min. (continued overleaf) 

 

(A) CME on HSS cyano column  

(B) CME on HSS C18 SB column 
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Figure 5-27  Comparison of RICCs for CME separation using 

different stationary phases. (A) HSS cyano; (B) HSS C18 SB; (C) 

BEH-amide; (D) BEH. Chromatographic conditions: CO
2

 

pressure 105 bar; gradient 0-1% MeOH in CO
2 

at 1.5 mL/min 

in 5 min. 

 

5.4.2 Effect of sample solvents on FAME separation 

HPLC protocols recommend a sample should be prepared and diluted 

in the mobile phase composition used at the start of the analysis, or 

prepared in a weaker elution strength solvent which is miscible with the 

mobile phase in order to minimise band spreading.
[186][187]

 A sample 

(C) CME on BEH-amide column  

(D) CME on Ethylene bridged hybrid (BEH) 



Chapter 5: Analysis of FAMEs in AVTUR 

206 

solvent effect was noted when the standard FAME solutions were prepared 

in different solvents. When methanol was used, poorer peak resolution (R
s

 

= zero) was observed for the FAME when compared to FAME in AVTUR, and 

subsequently FAME in hexane, giving the R
s

 for the C18:1 and C18:2 (4.03) 

and C18:2 and C18:3 (3.53). This loss of chromatographic resolution is 

thought to be due to residual trace levels of the polar sample solvent from 

the injection. This issue is only observed when analysis requires very low 

percentage or no polar co-solvent. Hexane with no H-bond donor 

capability
[188]

 provided acceptable peak resolution of unsaturated FAME, is 

a surrogate for AVTUR and was subsequently used for the preparation of 

all standard solutions, see above. Figure 5-28 and Figure 29 show the 

BPICC of RME and CME prepared in methanol and hexane analysed using 

the BEH column. The effect of the presence of trace levels of methanol can 

be seen in (A) where the C18:1, C18:2 and C18:3 co-elute. 
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Figure 5-28 RICCs of RME prepared in methanol (A) and hexane (B) 

analysed using the BEH column 1.7 µm 3 mm × 100 mm. 

Conditions: CO
2

 pressure 105 bar; gradient 0-1% MeOH in CO
2

 

at 1.5 mL/min in 5 min. 

  

(A) RME in methanol 

(B) RME in hexane 
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Figure 5-29  RICCs of CME prepared in methanol (A) and hexane 

(B) analysed using the BEH column 1.7 µm 3 mm × 100 mm. 

Chromatographic conditions: CO
2

 pressure 105 bar; gradient 

0-1% MeOH in CO
2

 at 1.5 mL/min in 5 min. 

  

(A) CME in methanol 

(B) CME in hexane 
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5.4.3 Effect of modifier on FAME separation 

The addition of a polar organic modifier to supercritical fluid CO
2

 with 

the aim to change the mobile phase polarity and enhance the solubility of 

polar solutes in the mobile phase.
[189]

 The effects of modifiers are; (i) 

covering the active sites of the stationary phase (silanol group)
[190]

, (ii) 

swelling or modifying the stationary phase
[187]

, (iii) increased mobile phase 

density
[191]

, and (iv) increased solvent strength of mobile phase.
[189][190]

  

Four organic modifiers were evaluated in this study (methanol, 

acetonitrile, isopropanol, methanol 25 mM ammonium acetate) together 

with no modifier (100% CO
2

)
, 

the RICCs for RME (see, Figure 5-30) and CME 

(see, Figure 5-31). The saturated and unsaturated FAMEs were eluted from 

the BEH column with acceptable peak symmetry (A
s

 of 0.94-1.51 for 

unsaturated FAMEs, 0.94-1.51 for saturated FAMEs) and baseline 

separation using 100% CO
2

 as the mobile phase. All subsequent analyses 

were undertaken using the latter conditions. 
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Figure 5-30 Continued overleaf 

(A) RME, MeOH as modifier 

(B) RME,  ACN as modifier 

(C) RME, IPA as modifier 

C16:0 

C18:0 

C18:1 

C18:2 

C18:3 
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Figure 5-30 RICCs of RME at m/z 271 [C16:0 + H]
+

, 299 [C18:0 + H]
+

, 

319 [C18:1 + Na]
+

, 317 [C18:2 + Na]
+

 and 315 [C18:3 + Na]
+

 

separation using different organic modifiers. (A) methanol; 

(B) acetonitrile; (C) isopropanol; (D) methanol 25mM 

ammonium acetate and; (E) 100% scCO2. Conditions: scCO
2 

pressure 105 bar; gradient 0-1% modifier in scCO2 at 1.5 

mL/min in 5 min. 

  

(D) RME, MeOH 25 mM ammonium acetate 

(E) RME, 100%  scCO
2

 as modifier 
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Figure 5-31 Continued overleaf 

(A) CME, MeOH as modifier 

(B) CME, ACN as modifier 

(C) CME, IPA as modifier 
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Figure 5-31 RICCs of CME at RICCs of m/z 159 [C8:0 + H]
+

, m/z 187 

[C10:0 + H]
+

, m/z 215 [C12:0 + H]
+

, m/z 243 [C14:0 + H]
+

, m/z 

271 [C16:0 + H]
+

, m/z 299 [C18:0 + H]
+

, m/z 319 [C18:0 + Na]
+

 

and m/z 317 [C18:1 + Na]
+

. Separation using different organic 

modifiers. (A) methanol (MeOH); (B) acetonitrile (ACN); (C) 

isopropanol (IPA); (D) methanol 25 mM ammonium acetate 

and; (E) 100% scCO
2

. Conditions: scCO
2

 pressure 105 bar; 

gradient 0-1% modifier in scCO
2

 at 1.5 mL/min in 5 min. 

 

 

(D) CME, MeOH 25 mM ammonium acetate as modifier 

(E) CME, 100% scCO
2

 as modifier 
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5.4.4 Effect of column temperature FAME separation 

 This was optimised over the range of 35-50 C. When using HPLC, an 

increase in column temperature will cause a decrease in retention factor 

(k), but this is not straightforward in SFC, here the retention factor of the 

FAMEs increases with increased column temperature. The density of 

supercritical fluid decreases as column temperature increases, hence the 

diffusion rates increase leading to a decrease in fluid elution strength. 

Therefore, elevated column temperatures increase the retention factor (k) 

in SFC.
[192][193]

  

The effect of column temperature on FAME separation is presented in 

Figure 5-32 and Figure 5-33 showing an improvement of the separation 

when using the BEH column whilst increasing the column temperature 

from 35 C to 50 C. At a column temperature of 50 C, C16:0 and C18:0 

are better resolved whilst the resolution of C18:2 and C18:3 is degraded, 

e.g., a broader peak profile for the C18:3 FAME was observed, see Figure 

5-32 (D) and Table 5-6 to Table 5-8. 
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Figure 5-32 Continued overleaf 

(A) RME, column temp. 35 C 

(B) RME, column temp. 40 C 

(C) RME, column temp. 45 C 
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Figure 5-32  RICCs of ions at m/z 271 [C16:0 + H]
+

, 299 [C18:0 + 

H]
+

, 319 [C18:1 + Na]
+

, 317 [C18:2 + Na]
+

 and 315 [C18:3 + Na]
+

 

showing RME separation at different column temperatures 

(A) 35 C; (B) 40 C; (C) 45 C and (D) 50 C. Chromatographic 

conditions: scCO
2

 back pressure of 105 bar using 100% scCO
2

 

as the mobile phase at a flow rate of 1.5 mL/min. 

 

Figure 5-33 Continued overleaf 

 

(D) RME, column temp. 50 C 

(A) CME, column temp. 35 C 
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Figure 5-33 Continued overleaf 

 

  

(B) CME, column temp. 40 C 

(C) CME, column temp. 45 C 
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Figure 5-33  RICCs of ions at m/z 159 [C8 + H]
+

, 187 [C10 + H]
+

, 

215 [C12:0 + H]
+

, 243 [C14:0 + H]
+

, 271 [C16:0 + H]
+

, 299 [C18:0 

+ H]
+

, 319 [C18:1 + Na]
+

 and 317 [C18:2 + Na]
+

 showing CME 

separation at different column temperature. (A) 35 C; (B) 40 

C; (C) 45 C and (D) 50 C. Conditions: scCO
2

 back pressure of 

105 bar using 100% scCO
2

 as the mobile phase at a flow rate 

of 1.5 mL/min. 

  

(D) CME, column temp. 50C 
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Table 5-6 The results of resolution (R
s

) obtained at different 

Acquity BEH column temperatures 

FAMEs 

 

Column temperature 

35 C 40 C 45 C 50 C 

R
S

 R
S

 R
S

 R
S

 

C16:0 

 

C18:0 

 

C18:1 

 

C18:2 

 

C18:3 

0.81
a

 

(0.14) 

1.01
 a

 

(0.15) 

1.31
 a

 

(0.14) 

1.69
 a

 

(0.17) 

3.31
b 

(0.12)
 

3.43
 b

 

(0.24) 

3.26
 b

 

(0.17) 

3.46
 b

 

(0.12) 

3.23
c 

(0.04) 

3.10
 c

 

(0.08) 

3.09
 c

 

(0.18) 

3.07
 c

 

(0.07) 

3.93
d

 

(0.10) 

3.75
 d

 

(0.13) 

3.84
 d

 

(0.14) 

1.98
 d

 

(0.00) 

Note: The values of resolution (R
s

) were calculated from two peaks of interest. 
a

 is the first 

pair of peaks, C16:0 & C18:0, 
b

 is the second pair of peaks C18:0 & C18:1, 
b

 is the third 

pair of peak C18:1 & C18:2 and 
d

 is the fourth pair of peakC18:2 & C18:3. The resolution 

was calculated using the half-height method. 
[115][116][194]

 The values in a bracket () are 

standard deviation (SD) from number of replicate measurements = 3. 
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Table 5-7 The results of peak asymmetry (As) obtained at different 

Acquity BEH column temperatures 

FAMEs 

component 

Column temperature 

35 C 40 C 45 C 50 C 

A
S

 A
S

 A
S

 A
S

 

C16:0 

 

1.11 

(0.52) 

1.26 

(0.53) 

0.97 

(0.37) 

0.89 

(0.03) 

C18:0 

 

0.98 

(0.24) 

1.12 

(0.45) 

0.95 

(0.04) 

1.30 

(0.47) 

C18:1 

 

1.13 

(0.21) 

1.22 

(0.53) 

1.07 

(0.29) 

1.02 

(0.08) 

C18:2 1.12 

(0.07) 

1.15 

(0.17) 

1.34 

(0.45) 

1.26 

(0.17) 

C18:3 0.96 

(0.14) 

0.96 

(0.22) 

1.45 

(0.35) 

1.28 

(0.17) 

Note: The values in a bracket () are standard deviation (SD) from number of replicate 

measurements = 3. 
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Table 5-8 The results of peak width at half height (w
0.5

) obtained at 

different Acquity BEH column temperatures 

FAMEs 

component 

Column temperature 

35 C 40 C 45 C 50 C 

w
0.5

 w
0.5

 w
0.5

 w
0.5

 

C16:0 0.02 

(0.00) 

0.03 

(0.00) 

0.03 

(0.00) 

0.89 

(0.03) 

C18:0 0.02 

(0.00) 

0.03 

(0.00) 

0.03 

(0.00) 

1.30 

(0.47) 

C18:1 0.04 

(0.00) 

0.04 

(0.00) 

0.04 

(0.00) 

1.02 

0.08) 

C18:2 0.04 

(0.00) 

0.04 

(0.00) 

0.04 

(0.00) 

1.26 

(0.17) 

C18:3 0.04 

(0.00) 

0.04 

(0.00) 

0.04 

(0.00) 

1.28 

(0.17) 

Note: The values in a bracket () are standard deviation (SD) from number of replicate 

measurements = 3. 

 

5.4.5 Effect of scCO
2

 back pressure on FAMEs separation 

 The influence of scCO
2

 back pressure (105-200 bar) on the isocratic 

elution method (100% scCO
2

) was investigated (see Figure 5-34). As the 

pressure of the scCO
2

 was increased the peaks of C16:0 and C18:0 

partially co-eluted and at 200 bar totally co-eluted. At the scCO
2

 back 

pressure of 105 bar was selected as the optimum scCO
2

 pressure, giving 

the best baseline separation of all species, and, subsequently, was shown 

to allow retention of the FAMEs away from the fuel matrix. 
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Figure 5-34 Continued overleaf 

(A) RME, scCO
2

 pressure 105 bar 

(B) RME, scCO
2

 pressure 120 bar  

(C) RME, scCO
2

 pressure 150 bar 
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Figure 5-34 RICCs of ions at m/z 271 [C16:0 + H]
+

, 299 [C18:0 + H]
+

, 

319 [C18:1 + Na]
+

, 317 [C18:2 + Na]
+

 and 315 [C18:3 + Na]
+

 

showing RME separation at different scCO
2

 back pressures. 

(A) 105 bar; (B) 120 bar; (C) 150 bar; (D) 180 bar; (E) 200 bar. 

Chromatographic condition: scCO
2

 back pressure of 105 bar 

using 100% scCO
2

 as the mobile phase at a flow rate of 1.5 

mL/min, at column temperature of 45 C. 

  

(D) RME, scCO
2

 pressure 180 bar 

(E) RME, scCO
2

 pressure 200 bar 
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5.4.6 Effect of cone voltage on ESI-MS 

‘In-source’collisional-induced dissociation (CID) is a feature of 

atmospheric pressure ionisation techniques where ions are fragmented 

within the source of the mass spectrometer by applying of a voltage 

between the ‘nozzle’ and the ‘skimmer’, e.g. a cone voltage. A change in 

the cone voltage is made to influence the extent of fragmentation and the 

relative intensities of the fragment ions. Ion fragmentation can be 

produced by increasing the cone voltage in the electrospray interface 

region, where the desolvated ions are transferred into the mass analyser. 

The potential different between the sample cone and the extraction cone is 

used to control the internal energy of the ions. Hence, a cone voltage or 

fragmentor voltage is an important tuning parameter. 

To study the effect of cone voltage on ESI-MS, the cone voltage values 

were adjusted in the range 20–50 V by step of 5 V. Figure 5-35 shows the 

intensities of ions of FAMEs as a function of cone voltages. Several major 

ions were observed for FAME, i.e., [M + H]
+ 

, [M + NH
4

]
+

 and [M + Na]
+

. As 

the cone voltage was increased from 20 V to 30 V the intensity of [M + Na]
+

 

increased and then decreased at the cone voltage 35-50 V, with the 

highest signal intensity at the cone voltage 30 V for all FAME components. 

In case of [M + NH
4

]
+

 the maximum response was observed at the cone 

voltage 20 V, when the cone voltage was increased to 50 V no response 

was observed for [M + NH
4

]
+

.  
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Figure 5-35  Effect of cone voltages on the ESI signal intensities 

of [C18:3 + H]
+

, [C18:3 + NH
4

]
+

 and [C18:3 + Na]
+

 ions. 

 

Representative of positive ESI mass spectra of methyl linolenate 

(C18:3) are shown in Figure 5-36. The relative intensity of the ion at m/z 

310 [C18:3 + NH
4

]
+

 obtained at cone voltage of 20 V was higher than the 

relative intensity of the ion at m/z 293 [M + H]
+

. When the cone voltage 

was increased, the relative intensity of the ion at m/z 310 [M + NH
4

]
+

 

showed a decreased response. No response for [M + NH
4

]
+

 was observed at 

cone voltage of 50 V.  

This indicated that the ammonium adduct ion, [M + NH
4

]
+

 is not stable 

at high cone voltage. The ion [M + NH
4

]
+

 can be fragmented to [M + H]
+ 

+ 

NH
3

.
[195]

 This reaction occurs if M is less basic than ammonia. Then, the 

relative intensity of the ion at m/z 293 [M + H]
+

 increased up to 30% when 

cone voltage was increased from 30 V to 50 V. When several adduct ions 

are formed for a molecule (M), the relative intensities of a particular adduct 

ion of M depends on is the stability of this adduct ion relative to other 
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competing adduct ions. The order of stability of the adduct ion of FAMEs is 

[M + Na]
+

 > [M + H]
+

 > [M + NH
4

]
+

. 

 

 

 

Figure 5-36 Continued overleaf 

(A) Cone voltage 20 V 

[C18:3 + H]
+ 

[C18:3 + NH
4

]
+

 
[C18:3 + Na]

+

 

(B) Cone voltage 30 V   

[C18:3 + H]
+

 

[C18:3 + NH
4

]
+

 

[C18:3 + Na]
+

 

(C) Cone voltage 40 V 

[C18:3 + H]
+

 

[C18:3 + Na]
+
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Figure 5-36  Representative of positive ESI mass spectra of C18:3 

with different cone voltages (A) 20 V; (B) 30 V; (C) 40 V and 

(D) 50 V. 

 

5.5 Limit of detection  

 Limit of detection (LOD) is a key factor for performance characteristics 

in method validation. The LOD is the lowest concentration of an analyte in 

a sample that can be detected, but not necessarily quantified, under the 

operation conditions. Several methods for the estimation of the LOD are: 

calculation from the signal-to-noise ratio (S/N), calculation from the 

standard deviation of the blank and the calibration line at low 

concentrations. 

 In this work, the estimation of LOD was calculated by using the signal-

to-noise method and performed to display peak-to-peak, see Figure 5-37. 

This method only can be applied in analytical systems that present noise 

for the baseline. Calculation of signal to noise can be achieved to display 

peak-to-peak, or the root mean square value (RMS). Peak-to-Peak is the 

maximum height of the signal range above the mean noise value divided 

(D) Cone voltage 50 V 

[C18:3 + H]
+

 

[C18:3 + Na]
+
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by the variance. RMS is the maximum height of the signal above the mean 

noise divided by the root mean square deviation from the mean of the 

noise. Generally, a signal-to-noise ratio of 3:1. 

 

Figure 5-37  Signal-to-noise ratio calculated. 

 

5.6 Linearity 

It is expected that the response of the instrument is linearly related to 

the standard concentration for a limited range of concentration. To study 

linear dynamic range in the UHPLC-ESI-MS and UHPSFC-MS the standard 

solutions of FAME were prepared in the range 0.5-150 mg/kg. The peak 

area obtained from reconstructed ion current chromatograms (RICC) of the 

sodiated ion [M + Na]
+

 of each FAME component were plotted versus FAME 

concentration, see Figure 5-38. 
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Figure 5-38 Linear plot of measured ESI response (peak area) versus 

FAME concentration. 

 

The linearity of the UHPSFC-MS was lost at FAME concentration of 20-

150 mg/kg. Several reasons have been proposed for why ESI response is 

limited at upper concentrations. Kebarle and Tang proposed a limitation of 

linearity in ESI at high concentrations to be a result of an upper limit in the 

amount of an analyte that can be charged in the ESI process.
[196][197]

 This 

might be due to a limited amount of excess charge available on ESI 

droplets or to saturation of the ESI droplets with analytes at their surface 

at upper concentrations, therefore, obstructing ejection of ions trapped 

inside the droplets.
[198]

  

As described in the Experimental detail (Chapter 3), following the 

protocol defined by the international reference method IP585/10. The 

calibration curves of UHPLC-ESI-MS and UHPSFC-ESI-MS methods was 

determined by analysis of methanol solutions (UHPLC-ESI-MS) and hexane 
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solutions (UHPSFC-ESI-MS) of standard FAME species. A total of 10 ppm of 

methyl heptadecanoate (C17:0) was used as the internal standard. Peak 

areas, relative to the internal standard, of the RICCs of the sodiated 

molecules [M + Na]
+

 of each FAME species were plotted versus the FAME 

concentration. Figure 5-39 presents the calibration curves of total FAMEs 

for 2-10 mg/kg (R
2

 = 0.9958) obtained from the UHPLC-ESI-MS method.  

 

Figure 5-39 Calibration curves of total FAMEs for standard FAMEs 

(C18:1, C18:2 and C18:3) from the summed RICCs of the 

sodiated molecules. Number of replicate measurements = 3. 

 

Figure 5-40 presents calibration curves of total FAMEs for 2-10 mg/kg 

(R
2

 = 0.9983) and 10-100 mg/kg (R
2

 = 0.9909). Excellent linearity was 

achieved in all cases with a linear correlation (R
2

) greater than the required 

value for FAMEs in AVTUR, IP585/10 method (R
2

 = 0.9850).
[98]
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Figure 5-40  Calibration curves of total FAMEs for RME from the 

summed RICCs of the sodiated molecules. Number of 

replicate mea- surements = 3. 

 

These calibration curves were then applied to determine the levels of 

FAME in spiked AVTUR samples compared to the expected values for 

FAME-spiked AVTUR samples. 

(A) RME concentration 2-10 mg/kg 

(B) RME concentration 10-100 mg/kg 
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5.7 Comparison of the GC-EI-MS, UHPLC-ESI-MS, and 

UHPSFC-ESI-MS methods for the analysis of 

FAMEs in AVTUR 

Comparison of the three different methods shows that UHPSFC-MS is 

most suitable for analysing a wide range of analytes, and could serve as an 

alternative or complementary method for UHPLC. Comparison of this new 

method with the revised GC-MS reference method for FAME in AVTUR 

shows not only improvement in run time but is also more amenable to the 

analysis of lower chain length methyl esters, e.g., CME. (see, Figure 5-41). 

 

 

Figure 5-41 Comparison of biodiesel FAME retention times (RICCs) 

for (A) the revised GC-EIMS, IP 585/10 method, (B) UHPLC-ESI 

MS, and (D) UHPSFC−ESI-MS. Reproduced by permission of 

American Chemistry Society.
[185]

 

  

(A) Revised GC- EI MS 

(B) UHPLC-ESI MS 

   IP 585/10 

(C) UHPSFC-ESI MS 
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Figure 5-42 shows the comparison of the revised GC-MS, UHPLC-MS, 

and UHPSFC-MS for C12:0 as a surrogate for 100 mg/kg of CME in aviation 

fuel A-2. UHPLC-MS and UHPSFC-MS also show an ultraviolet (UV) 

photodiode array (PDA) trace (210-400 nm).  

 

 

 

Figure 5-42 Comparison of C12:0 surrogate CME 100 mg/kg in A-2. 

(A) the revised GC-EI MS, IP 585/10 method; (B) UHPLC-ESI MS; 

(D) UHPSFC-ESI-MS. Reproduced by permission of American 

Chemistry Society.
[185]

 

  

(C) UHPSFC-ESI MS 

(B) UHPLC-ESI MS 

(A) Revised GC-EI-MS 

IP585/10 method 
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 A comparison of each method for analysis of FAMEs in AVTUR is 

shown in Table 5-9. 

Table 5-9 Comparison GC-EI/MS, UHPLC-ESI/MS, and UHPSFC-

ESI/MS 

Method 

Analysis 

time 

(min) 

LOD of 

total FAMEs 

(mg/kg) 

Linear 

correlation 

(R
2)

 

Duty cycle 

(min) 

GC-EI/MS 

(full scan) 

50 0.10 > 0.99 95 

UHPLC-ESI/MS 

(full scan) 

5 0.10 > 0.99 6 

UHPSFC-ESI/MS 

(full scan) 

3 0.50 > 0.99 5.30 

 

The developed UHPSFC-ESI-MS method allows sub 5 ppm detection of 

total FAMEs in hexane and also in AVTUR. It provides a linear dynamic 

range for the detection of total FAME content, 2-10 and 10-100 ppm, with 

good linear correlations (R
2

 > 0.99). This method is approximately twenty 

times quicker than the existing GC-MS reference method and a revised GC-

MS method that attempts to quantify the short chain methyl esters 

UHPSFC-MS delivers a method that is free from the FAMEs/fuel matrix 

co-elution problems inherent with GC-MS and UHPLC-MS methods. Further 

scCO
2

 is readily compatible with direct injection of jet fuel into the 

chromatographic eluent to deliver an effective method for separation and 

detection of low level FAMEs (sub 5 ppm) in AVTUR. Analysis of short chain 

FAMEs (C8-C14) with GC-MS is difficult due to them co-eluting with 

hydrocarbons in AVTUR.  
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5.8 Analysis of FAMEs in AVTUR using a miniature 

mass spectrometer (Microsaic system 4000 

MiD) 

Presently significant development has been on going in the area of 

miniaturisation of mass spectrometers in order to make transportable 

mass spectrometers. The Microsaic System was developed and 

commercialised at the Optical and Semiconductor Devices Group at 

Imperial College London since 2001.
[199]

 The 4000 MiD is a design that 

brings together mass spectrometry and silicon micro-electrochemical 

systems (MEMS) engineering to transform chemical detection. The 

Microsaic 4000 MiD is a small in size detector system that uses micro-

engineering and micro-electrospray ionisation. The 4000 MiD chip-based 

mass spectrometer was launched by Microsaic System at Pittcon 2013 in 

Philadelphia, PA, USA.
[200]

  

 The spraychip is a microspray device compared to traditional 

electrospray ion sources. Micro-electrospray ion sources increase 

ionisation efficiency because it uses lower flow rates, and lower voltages 

(0.7 and 1.5 kV)
[201]

 are required to provide efficient electrospray. The vac-

chip interface is used for transportation of ions from the micro-

electrospray ion source into the vacuum system of the 4000 MiD. At the 

back of the vac-chip, there is a tube lens, an exit lens, an ion guide and an 

inter-quadrupole lens. Ions produced from the spraychip enter the vac-chip 

and are focused into the ionchip by using the ion optics. The ionchip is a 

micro-engineered quadrupole mass analyser based on Microsaic systems 
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plc patent technology. The functions of the ionchip is similar a 

conventional quadrupole mass analyser, acting as mass filter, separating 

ions according to mass-to-charge (m/z) ratios.  

The vacuum system of miniaturised mass spectrometer consists of a 

vacuum chamber coupled to turbo molecular pumps, which are backed by 

small diagram pump. All vacuum pumps are combined within the 4000 

MiD, there are no external pumps making it different from conventional 

mass spectrometers. The vacuum system includes of three main parts; the 

vac-chip interface, the ion guide chamber and the analytical chamber. The 

pressure in the chambers are monitored by using pirani gauges which also 

act as high-voltage interlocks. The system was controlled by Masscape 

software and all experiment runs using this built-in computer. MiDas™ is 

designed to connect the 4000 MiD® with a range of high concentration and 

high flow rate applications. MiDas™ incorporates a make-up pump which 

dispenses from an external reservoir which is filled with ESI compatible 

solvent. Here, methanol 0.1% formic acid was used as make-up solvent. 

MiDas™ automates sampling via the run sequence table. In this section, 

loop method has been produced. The composition of a fixed volume of 

solution injected into MiDas™ by using syringe port. The sample solution 

is driven into MiDas™ (Figure 5-43 (A)) by an external pump, where it is 

diluted and analysed automatically. Figure 5-43 (B) shows a schematic of 

direct sampling. MiDas™ has an integrated two position six port valves 

intended for direct injection of sample solution. When triggered the 

following sequence is initiated. The make-up, attenuator and acquisition 

are started automatically. 
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Figure 5-43  (A) MiDas interface module; (B) A schematic of 

MiDas interface. 

 

A commercially doped sample of AVTUR, AF1 containing 150 mg/kg 

of FAME was directly injected to MiDas™ by setting desired attenuation to 

obtained final concentration of 4.5 and 6.0 mg/kg of FAMEs. Figure 5-44 

shows the positive ion ESI mass spectra of 5 mg/kg FAMEs in methanol, 

4.5 mg/kg and 6.0 mg/kg FAMEs in AVTUR.  

  

(A)  MiDas interface 

(B) A schematic of MiDas interface 
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Figure 5-44 ESI mass spectra of (A) 5 mg/kg FAMEs in methanol; (B) 

4.5 mg/kg FAMEs in AF1; (C) 6 mg/kg of FAMEs in AF1 

analysed using direct from Microsaic 4000 MiD.  
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Direct dilution of the sample solution to 4000 MiD can qualitatively 

detect FAMEs in AVTUR at 5 mg/kg. The method can be used as screening 

test but it is not a suitable for a quantitative analysis because the S/N ratio 

is below the limit of quantitative (LOQ). Due to natural background of high 

end naphtha components present in a sample, the spraychip and vac-chip 

parts are easy blocked. Then, a clean-up sample steps is required to 

remove interference in the fuel matrix before injecting a sample into a 

miniature mass spectrometer. 

Hence, a chromatographic methods is required to separate FAMEs 

from a complex mixture of hydrocarbons in AVTUR involves a complex 

sample preparation procedure, such as to eliminate the interference of 

some AVTUR components. This was achieved using a HPLC (Agilent 1100 

series) coupled to the Microsaic 4000 MiD® (Figure 5-45) using a split flow 

interface (SFI) with a 1:1000 split ratio. 

 

Figure 5-45 HPLC-miniature mass spectrometer (Microsaic System 

4000 MiD). 
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The developed HPLC conditions afforded detection of FAME in 

methanol at the 5 mg/kg level, (see Figure 5-46). 

 

Figure 5-46  RICCs m/z 319, 317, 315 of 5 mg/kg of standard 

FAMEs (C18:1, C18:2, and C18:3) in methanol analysed using 

HPLC-Microsaic 4000 MiD. 

 

5.9 Summary 

 The objective of this project is to quantify all of the RME (C16:0-

C18:3) and the short-chain chain FAMEs (C8-C14), e.g. from coconut oil 

FAMEs in AVTUR at the 5 mg/kg (5 ppm, w/w) level. The aim was to 

develop methods including GC-MS, HPLC-MS, UHPLC-MS and UHPSFC-MS 

methods and to compare them to the existing reference GC-MS method for 

the determination of low-carbon-number FAMEs. 

The summary of this chapter were the following as: 

 Revision of IP/585 showed partial success and an improvement in 

qualitative detection and a positive move towards the quantitation 

of the short chain FAMEs in AVTUR.  
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 HPLC and UHPLC coupled to MS offer alternative orthogonal 

approaches for this analysis.  

 The selective ionisation afforded by ESI affords ready detection of 

the FAMEs though the reversed-phase chromatography does not 

fully separate the FAME from the AVTUR, this would lead to matrix 

effect and ion suppression issue which would compromise any 

quantitative assay.  

 UHPSFC-MS provides a solution where the FAMEs (CME and RME) 

are completely separated from the AVTUR whilst still delivering the 

benefits of the selective ionisation provided by the electrospray 

interface. 

 Further scCO
2

 is readily compatible with direct injection of the 

AVTUR with the analytical benefits of supercritical fluid 

chromatography delivering base-line resolved peaks for all the 

FAMEs of interest in 3 min. 

 Direct dilution of the commercially doped sample of AVTUR to 

(Microsaic system 4000 MiD) can qualitatively detect FAMEs in 

AVTUR at 5 mg/kg. The method can be used as screening test but 

it is not a suitable for a quantitative analysis because the S/N ratio 

is below the limit of quantitative (LOQ). 

 A miniature mass spectrometer coupled to HPLC afforded 

detection of FAME in methanol at the 5 mg/kg level but further 

work for the quantitative analysis of FAME in AVTUR will be 

required. This could not be undertake due to limited the available 

of Microsaic system 4000 MiD). 
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Chapter 6: Conclusions and Future work 

6.1 Conclusions 

 Biodiesel has been used as alternative energy because of the shortage 

of petroleum fuel resources. Biodiesel is a mixture of fatty acid methyl 

esters (FAMEs) having different molecular structures with varying chain 

lengths, and levels of unsaturation. It is generally recognised that the 

following chemical aspects can have an impact on the oxidation stability of 

biodiesel. The oxidation stability of biodiesel is lower than fossil fuel and 

is a significant problem for the use of biodiesel. The oxidation process 

changes the physical chemistry properties of the fuel, and also forms 

undesirable compounds. Oxidation products can be formed such as 

hydroperoxides are the primary products in auto-oxidation of unsaturated 

fatty acids. They can undergo further oxidation into a variety of volatile 

and non-volatile secondary products. The introduction of biodiesel into the 

fuel infrastructure has also given rise to unforeseen problems where these 

materials can cross-contaminate other fuel types. In the case of aviation 

turbine fuel (AVTUR) this is a significant issue since the international jet 

fuel specifications (DEF STAN 91-91) limit FAME content to less than 5 

mg/kg (5 ppm w/w). The polar nature of the FAMEs means that they tend 

to adsorb onto the metal surfaces of pipelines or containers and these 

materials can then be released by the AVTUR from these shared common 

pipelines. 
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Following of review literature, the issue of oxidation stability of biodiesel 

that is the one of the major issues for the use of biodiesel as an alternate 

fuel to petrodiesel and cross-contamination of biodiesel to AVTUR. Two 

main objectives of this project were researched.  

The first objective was the investigation of the oxidation products of 

FAME occurring in the on-line EC-ESI MS and autoxidation conditions, and 

the use of GC–MS, HPLC–MS, UHPLC–MS, UHPSFC–MS, accurate mass 

measurement, FT-ICR MS to analyse and identify the oxidation product of 

FAMEs. (see, Chapter 4). The conclusions of this project were the following 

as: 

 Electrochemical (EC) oxidation has been applied as a surrogate system 

for monitoring FAME oxidation. The oxidation species of oxidised 

RME and oxidised SME samples with m/z 377/379, m/z 

391/393/395, m/z 407/409, m/z 423/425/427, m/z 

437/439/441etc were observed in the EC cell. 

 EC-MS been applied for screening method for the analysis of the 

antioxidant in gasoline samples. EC-MS has proved to be an excellent 

technique for monitoring of oxidation of FAME and antioxidant 

oxidation within 10 min. 

 Hyphenation of chromatography and MS has also applied to the 

analysis auto-oxidised of rapeseed methyl ester (RME) and soybean 

methyl ester (SME). Gas chromatography-mass spectrometry (GC-MS) 

has provided information of volatile compounds such as 2,4-

decadienal and methyl 9-oxo-nonanoate were observed in auto-

oxidation of RME and SME samples. 
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 UHPSFC-MS, HPLC-MS, UHPLC-MS and UHPSFC-MS methods with the 

preferential ionisation property of positive-ion electrospray ionisation 

(ESI) has used for the presence of highly oxygenated oxidation 

products observed in RME and SME. 

 UHPSFC-MS method developed can clearly separate oxidation products 

of FAMEs from parent molecules compared to HPLC-MS and UHPLC-

MS. 

 Accurate mass measurement using QTOF-MS and FT-ICR MS was a 

powerful tool for the determination of elemental formula of oxidation 

products in auto-oxidised FAMEs. 

 The elemental formula for these auto-oxidised FAMEs were 

determined by UHPLC-Q-TOF MS and infusion FT-ICR MS. The presence 

of oxygenated species up to O (6 oxygen atoms) for the ion at m/z 

411.1999 [C
19

H
32

O
8

 + Na]
+

 with a 2.6 ppm error was observed. It 

expected as the hydroperoxy bis-cyclic peroxides from auto-oxidised 

methyl linolenate. The structures shown (see, section 4.7) for the ion 

measured are postulated from literatures. 

 On-line EC-ESI MS data show similarity with auto-oxidation, however, 

EC cell produced higher quantities of oxidation species than auto-

oxidation. This method shows a great promise for accelerated 

oxidation studies but further work structural identify of these species 

will be required. 
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 The second objective was the development and optimisation of GC–

MS, HPLC–MS, UHPLC–MS, UHPSFC–MS and a miniature MS couple to HPLPC 

as alternative approaches for analysis of FAMEs contamination in AVTUR 

(see, Chapter 5). The conclusions of this objective were the following as: 

 Revision of IP/585 showed partial success and an improvement in 

qualitative detection and a positive move towards the quantitation of 

the short chain FAMEs (e.g. C8-C14) in AVTUR.  

 The adaption of the new developed GC-MS method improved for the 

FAME separation. The fuel matrix also limits the application of this 

approach in relation to the detection and quantification of low-carbon-

number fatty acid methyl esters (FAMEs), e.g. C8-C14 from coconut 

oil, a feedstock for FAME production in the Pacific Rim region. 

 HPLC and UHPLC coupled to MS offer alternative orthogonal 

approaches for this analysis.  

 A 3 min UHPSFC-MS method has been developed for the analysis of 

RME and CME. This is compared to the existing reference method and 

an adapted form of the 60 min reference GC-MS method for the 

detection of low-carbon-number FAMEs. 

 UHPSFC-MS provides a solution where the FAMEs (CME and RME) are 

completely separated from the AVTUR whilst still delivering the 

benefits of the selective ionisation provided by the electrospray 

interface. 

  



Chapter 6: Conclusions and Future work 

247 

 Further scCO
2

 is readily compatible with direct injection of the AVTUR 

with the analytical benefits of supercritical fluid chromatography 

delivering base-line resolved peaks for all the FAMEs of interest in          

3 min. 

 The selective ionisation afforded by ESI affords ready detection of the 

FAMEs though the reversed-phase chromatography does not fully 

separate the FAME from the AVTUR, this would lead to matrix effect 

and ion suppression issue which would compromise any quantitative 

assay.  

 UHPSFC-MS method is approximately 20 times faster than the ASTM 

reference method, affords a comparable linear dynamic range for the 

detection of total FAME content up to 100 ppm with a linear 

correlation (R
2

 > 0.99 for RME), and is more suitable for the detection 

and quantification of lower chain length methyl esters. 

 Direct dilution of the commercially doped sample of AVTUR to 

(Microsaic system 4000 MiD) can qualitatively detect FAMEs in AVTUR 

at 5 mg/kg. The method can be used as screening test but it is not a 

suitable for a quantitative analysis because the S/N ratio is below the 

limit of quantitative (LOQ). 

 A miniature MS coupled to HPLC afforded detection of FAME in 

methanol at the 5 mg/kg level but further work for the quantitative 

analysis of FAME in AVTUR will be required. This could not be 

undertake due to limited the available of Microsaic system 4000 MiD. 
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6.2 Future work 

 Oxidation of fatty acid methyl ester (FAME) in the electrochemical 

cell in preparative mode and subsequent analysis of the products 

by HPLC-MS, UHPSFC-MS. Accurate mass measurement and 

MS/MS will be used for identification and elucidation of chemical 

structures of FAME oxidation products. 

 The developed HPLC coupled with a miniature MS (Microsaic 

System 4000 MiD) method afforded detection of FAMEs in 

methanol at the 5 mg/kg level. Future work will apply this 

method to the analysis of commercially doped samples of 

aviation turbine fuel (AVTUR) with FAME. 
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Appendices 

Appendix A: Flow diagram of EC-MS method for analysis 

of FAME oxidation used in Chapter 4 

Oxidised FAMEs (RME and SME samples) in EC cell 

EC cell 

 Glassy carbon working electrode (0-2.5 V) 

 Magic diamond working  electrode (0-3.0 V) 

 HyREF palladium-hydrogen (Pd/H
2

) reference 

 Titanium as an auxiliary electrode 

 Flow rate of 10 µL/min 

 Samples dissolved in methanol:water  (9:1v/v) 

ESI-QTOF MS 

 Positive ion 

 Analysis time 10 min 

 

The ions were observed 

 m/z 331, 333 and 335 correspond to [FAME + (O) + Na]
+

, 

estimated as epoxide-FAME or hydroxyl-FAME or keto-FAME 

 m/z 347, 349, 351 correspond to [FAME + 2(O) + Na]
+

, expected 

as hydroperoxides of FAMEs 

 m/z 379 may correspond to bis-hydroperoxides 
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Appendix B: Flow diagram of UHPSFC-MS method for 

analysis of FAME oxidation used in Chapter 4 

 

Autoxidised FAMEs (RME and SME samples) 

Samples dissolved in methanol  

UHPSFC - MS method 

- BEH column (2.1 mm × 100 mm, 1.7 µm) 

- Mobile phase A: scCO
2

 

- Mobile phase B: MeOH  

- Gradient elution, see Table 3-3 

- Column temp.: 45 C 

- scCO
2

 pressure: 105 bar 

- Positive ion ESI 

Results 

- The elution order:  

Non-oxidised FAMEs (C18:1, C18:2, C18:3), oxidised FAMEs 

- m/z 335 [FAME + 1(O) + Na]
+

, m/z 349 [FAME + 2(O) + Na]
+

                     

- m/z 363 [FAME + 3(O) + Na]
+

, m/z 379 [FAME + 4(O) + Na]
+

 

- More details see section 4.2 
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Appendix C: Flow diagram of HPLC–MS and UHPLC-MS 

methods for analysis of FAME oxidation used in Chapter 4 

 

Autoxidised FAMEs (RME and SME samples) 

Samples dissolved in methanol  

HPLC-MS method UHPLC-MS method 

- Mobile phase A: water 0.1% formic acid (v/v) 

- Mobile phase B: MeOH 0.1% formic acid (v/v) 

- Column temp. 40 C 

- Positive ion ESI 

- XBridge C18 column 

(2.1mm × 50 mm, 5 µm) 

- Gradient elution, see Table 3-1 

- Flow rate 0.5 mL/min 

Analysis time 20 min 

- BEH C18 column 

(2.1mm × 100 mm, 1.7 µm) 

- Gradient elution, see Table 3-2 

- Flow rate 0.6 mL/min 

Results 

- The elution order:  

Oxidised-FAMEs, non-oxidised FAMEs (C18:3, C18:2, C18:1) 

- m/z 335 [FAME + 1(O) + Na]
+

, m/z 349 [FAME + 2(O) + Na]
+

                     

- m/z 365 [FAME + 3(O) + Na]
+

, m/z 379 [FAME + 4(O) + Na]
+

 

  
UHPLC-HR MS 

Formula of oxidation products from autoxidised          

FAMEs identified using UHPLC-HR MS, see Table 4-3  
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Appendix D: Flow diagram of FT-ICR MS method for 

analysis of FAME oxidation used in Chapter 4

 

 

Autoxidised FAMEs (RME and SME samples) 

Samples dissolved in methanol  

Infusion FT-ICR MS method 

- Positive ion ESI 

Results 

- Formula of oxidation products from autoxidised          

  FAMEs identified using FT-ICR MS,  

  e.g. m/z 411.1999 [C
19

H
32

O
8

 + Na]
+

   

- More details see section 4.5 
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Appendix E: Flow diagram of GC-MS method for analysis 

of FAME oxidation used in Chapter 4 

  

 

Autoxidised FAMEs (RME and SME samples) 

Samples dissolved in methanol  

GC - MS method 

- Innowax capillary column 

  60 m × 0.25 mm i.d., 0.50 µm film thickness 

- Ionisation: 70 eV EI 

Results 

- Volatile oxidation products:  

  2,4-decadienal and methyl 9-oxononanoate  

- More details see section 4.7 
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Appendix F: Flow diagram of GC-MS method for analysis 

of FAME in AVTUR used in Chapter 5 

Analysis of FAMEs (RME and CME samples) in AVTUR 

Samples dissolved in n-dodecane  

Revised IP585/10 GC - MS method New GC – MS method 

- Innowax capillary column 

  60 m × 0.25 mm i.d., 0.50 µm film thickness 

- Internal standard: Methyl heptadecanoate (C17:0) 

  or methyl heptadecanoate (d
33

) 

- Ionisation: 70 eV EI 

- Oven temp.: 150 C (5 min) 

12 C/ min to 200 C (17 min) 

3 C/min to 252 C (6.5 min) 

- Flow rate 1.0 mL/min 

- Analysis time 50 min 

  

Results 

- Linearity 0 - 150 mg/kg, R
2  

> 0.99 

- More details see section 5.1.1 and 5.1.2 

  

- Oven temp.: 130 C (5 min) 

2 C/ min to 240 C (5 min) 

- Flow rate 1.0 mL/min 

- Analysis time 65 min 
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Appendix G: Flow diagram of HPLC-MS and UHPLC–MS 

methods for analysis of FAME in AVTUR used in Chapter 5 

 

- Mobile phase A: water 0.1% formic acid (v/v) 

- Mobile phase B: MeOH 0.1% formic acid (v/v) 

- Column temp. 40 C 

- Positive ion ESI 

Samples dissolved in methanol  

HPLC-MS method UHPLC-MS method 

  

- BEH C18 column 

(2.1mm × 100 mm, 1.7 µm) 

- Gradient elution: 

 start with 30%A, 70%B and 

  see details in section 3.4.7 

- Flow rate 0.6 mL/min 

- Analysis time 5 min 

  

- XBridge C18 column 

(2.1mm × 50 mm, 5 µm) 

- Gradient elution: 

  start with 30%A, 70%B and 

  see details in section 3.4.6 

- Flow rate 0.3 mL/min 

- Analysis time 20 min 

  

Analysis of FAMEs (RME and CME samples) in AVTUR 

Results 

- Linearity 2 - 100 mg/kg, R
2  

> 0.99 

- More details see section 5.2 and 5.3 
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Appendix H: Flow diagram of UHPSFC-MS method for 

analysis of FAME in AVTUR used in Chapter 5 

UHPSFC - MS method 

 HSS cyano   HSS C18 SB  BEH amide  BEH 

Column screening 

Sample solvent 

 Methanol  Hexane 

 MeOH   ACN  IPA  scCO
2

 MeOH 25 mM  

ammonium acetate 

Modifier 

Column temp. 

 35 C  40 C  45 C  50 C 

 105 bar   120 bar   150 bar   180 bar   200 bar  

scCO
2

 back pressure 

Analysis of FAMEs (RME and CME samples) in AVTUR 

Results 

- Linearity:  2 - 100 mg/kg, R
2  

> 0.99 

- Analysis time: 3 min 

- More details see section 5.4 
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Appendix I: Flow diagram of a miniature mass 

spectrometer (Microsaic system 4000 MiD) for analysis of 

FAME in AVTUR used in Chapter 5 

Samples dissolved in methanol  

Infusion – Microsaic 4000 MiD HPLC- Microsaic 4000 MiD  

-  XBridge C18 column 

(2.1mm × 50 mm, 5 µm) 

- Mobile phase A:  

   water 0.1% formic acid (v/v) 

- Mobile phase B:  

  MeOH 0.1% formic acid (v/v) 

- Column temp. 40 C 

- Positive ion ESI 

- Analysis time 20 min 

See more details in section 3.4.9 

Analysis of FAMEs in AVTUR 

Results 

- Qualitatively detect standard FAMEs  

   (C18:1, C18:2, C18:3) in  

   methanol at the 5 mg/kg 

- More details see section 5.8 

  

Results 

- Qualitatively detect 

 FAMEs in AVTUR at 5 mg/kg 

- More details see section 5.8 
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Appendix J: The work has been published 

 

Evaluation of Ultrahigh Performance Supercritical Fluid Chromatography – 

Mass Spectrometry as an Alternative Approach for the Analysis of Fatty 

Acid Methyl Esters in Aviation Turbine Fuel. Energy & Fuels 2015, 29, 

2485−2492, http://dx.doi.org/10.1021/acs.energyfuels.5b00103 

Reproduced by permission of American Chemistry Society

http://dx.doi.org/10.1021/acs.energyfuels.5b00103
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Appendix K: Conferences and seminar attended 

1. Warwick Mass Spectrometry 80/60 Conference, Warwick, UK. 10
th

 - 

11
th

 December 2012. Poster presentation: “Hyphenation of On-line EC-

ESI-TOF-MS”. 

2. The 34
th

 British Mass Spectrometry Society (BMSS) Annual Meeting, 

Eastbourne, UK. 9
th

 - 11
th

 September 2013. Poster presentation: 

“Hyphenation of on-line EC/ESI-Q-TOF/MS for the Generation and 

Identification of FAME Oxidation Products”.  

3. 13
th

 International Symposium on Hyphenated Techniques in 

Chromatography and Separation Technology (HTC-13), Bruges, 

Belgium. 29
th

-3
st

 January 2014. Poster presentation: “Ultra Performance 

Convergence Chromatography-Electrospray Ionisation/Mass 

Spectrometry (UPC2-ESI/MS) for Analysis of Trace Fatty Acid Methyl 

Esters (FAMEs) in Aviation Fuels”.  

4. Meeting the Petrochemical Challenge with Separation Science and 

Mass Spectrometry, Burlington House, London, UK. 14
th

 November 

2014. Oral presentation: “Fatty Acid Methyl Esters (FAMEs) Issues and 

Hyphenated Mass Spectrometry Solutions”. 

5. 63
rd

 American Society for Mass Spectrometry (ASMS) Conference on 

Mass Spectrometry and Allied Topics. America's Centre, St. Louis, 

Missouri, USA. 31
st

 May - 4
th

 June 2015. Poster presentation: “Analysis 

of biodiesel contamination in jet fuel using supercritical fluid 

chromatography-electrospray ionisation mass spectrometry (SFC-ESI-

MS)”. 
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