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I. Abstract 
 

The analysis of chemical compounds such as fatty acids (FAs), triacylglycerols (TAGs), 

volatile organic compounds (VOCs), etc. in food oil samples are important for characterisation, 

authentication and traceability of the oil samples. In food analysis the quantification and 

characterisation of the molecular species of FAs and TAGs are important for authentication of 

particular oil or fat products, for nutritional profiling, as well as food quality control. For instance, 

TAG analysis is used to detect adulteration of extra virgin olive oil which may arise through addition 

of seed oils. The analysis of FAs and VOCs in extra virgin olive oil (EVOO) also has a particular role 

in the authentication as well as differentiation of varieties of oil samples. 

TAGs are the main constituents of natural oils and fats, the number of which is a function of 

the number of FAs present in the TAG components, and the specificity of the enzymes involved in 

their synthesis. The number of TAGs that can be uniquely detected in a given lipid sample depends 

on the degree of separation achieved for the chromatographic stage, and the mode of detection and/or 

identification used. TAGs separation and identification in natural oil or fat samples are complicated 

by the fact that a large number of them have similar chemical and physical properties, or more 

correctly, have insufficient differences in their properties to allow for adequate separation selectivity. 

TAGs separation is often carried out using high temperature gas chromatography (HTGC). Their 

separation usually is based primarily on their carbon number (CN) and then their degree of 

unsaturation, analysed on mid-polar or polar columns. However, separation of TAGs with the same 

CN and similar degree of unsaturation is incomplete and hence they often co-elute. Peak identification 

is based on elution data of individual standard TAG compounds, or interpretation of mass spectra, 

using GC‒MS. In many cases, both standard TAGs and mass spectrum library information are not 

available. In these instances, identification can be performed based on diagnostic fragment ions in the 

mass spectrum, generated through loss of, or from, fatty acid residue(s) comprising the TAG 

molecules. 
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Based on these comments, this thesis will address various approaches to improved resolution 

for analysis of TAGs, supported by FA analysis. Results and experimental development are described 

in 4 Chapters.  

In Chapter 3, the analysis of a plant oil, sapucainha oil, that comprises of cyclic and straight 

chain FAs and their TAGs, using HTGC‒EIMS was investigated as an introduction to HTGC 

methodology and MS interpretation, against which future higher dimensionality methods can be 

assessed. Overlapping TAGs were deconvoluted based on mass fingerprint data. FAs and TAGs were 

identified based on characteristic fragment ions, in the absence of standard FAs and TAGs as well as 

mass spectral library. In subsequent Chapter 4, TAGs separation in olive oil samples was investigated 

and improved using a multidimensional gas chromatographic (MDGC) approach, with FID detection. 

Using a ‘heart-cut’ (H/C) MDGC method overlapped regions of TAGs in a first dimension (1D) 

column were H/C sampled and transferred to a second dimension (2D) column for further separation, 

which revealed substantially more TAG components present in the oil sample by separating each H/C 

zones of 1D into multiple TAG peaks on the 2D. This provided confirmation of the relevance of the 

MDGC approach, and subsequently prompted further evaluation of the individual TAGs thus revealed 

in the samples. Chapter 5 provided the evidence of molecular speciation by further study of MDGC 

but now using MS as detection mode, making possible the identification of separated TAGs based on 

characteristic mass fragment ions. The knowledge provided by MS interpretation in Chapter 3 aided 

classification of individual TAG. Finally, Chapter 6 examined the differentiation of EVOO varieties 

based on the analysis of both VOCs and FAs compositions. Principal component analysis was used 

to display and interpret data for original single variety EVOO, some signature EVOO mixtures 

produced by a commercial EVOO supplier on the basis of sensory analysis to generate reproducible 

year-to-year profiles, and a suite of lab-mixtures of single EVOO varieties to simulate the signature 

mixtures. It was found that determination of FAs composition in mixed EVOO varieties was used as 

a reliable tool to reveal the proportion of single varieties in the mixed EVOO varieties, whereas VOC 

was not so rugged an approach.   
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Overall, a first account on the analysis of TAGs derived from mixed straight chain and cyclic 

FAs using GC‒EIMS based on peak deconvolution was demonstrated. The use of a tandem column 

strategy for the analysis of TAGs was able to resolve more components than the usual single column. 

Future studies that may include different types of columns and configurations may even result in 

better separations of TAGs. The application can also be expanded to different types of lipid matrices. 

Extending the MDGC approach to comprehensive two-dimensional gas chromatography (GC×GC) 

would be a desirable study. 
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1.1. Fatty acids, triacylglycerols and olive oil   

1.1.1. Fatty acids (FAs) 

Fatty acids originating from plant, animal and microbes, usually present as glycerol 

derivatives, generally vary in chain length and contain an even number of carbon atoms with a 

terminal carboxyl functional group and may contain double bonds of the cis configuration in 

specific positions in relation to this. This is due to the biosynthetic pathway that passes through 

acetyl-CoA [1]. Odd numbered and branched chain FAs can be synthesised by bacteria and 

other organisms, with 15 or 17 carbon atom FAs found in ruminants’ milk being produced by 

bacteria in rumen [2]. Cyclic FAs occur in plants, especially certain seed oils, and 

microorganisms. They rarely occur in animal tissue. During food processing they can be 

formed from conventional unsaturated FAs as artefacts [3].  

Most natural lipids contain an abundant amount of straight chain FAs, with those FAs 

of 14, 16 and 18 carbon number being the most abundant. They are composed of saturated FAs 

(SFAs), and monounsaturated FAs (MUFAs) and polyunsaturated FAs (PUFAs) with cis- 

configuration [4]. The double bonds in PUFA are separated by a single methylene group. 

Figure 1.1 shows the general formulas and examples for straight chain SFAs, MUFAs, and 

PUFAs. FAs are named systematically based on the respective hydrocarbon nomenclature with 

the same number of carbon atoms, omitting the ‘e’ and appending ‘oic’ for SFAs and 

‘enoic’/’dienoic’/’trienoic’ for unsaturated FAs. FAs are designated in shorthand nomenclature 

as A:B(n-x), where A is the number of carbon atoms, B is the number of double bonds, n is the 

chain length of the FA and x is the position of the first double bond counted from the methyl 

end of the fatty acid chain. Thus, 18:2(n-6) indicates an 18 carbon FA with 2 double bonds and 

6 carbons from the methylene end to the first double bond. They are also often referred by their 

trivial names usually for known sources of the oil (e.g. palmitic, oleic, linoleic and α-linolenic 

are for 16:0, 18:1(n-9), 18:2(n-6) and 18:3(n-3) respectively) (Table 1.1). The two most 
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recognised families of PUFAs are called n-6 (ω6) and n-3 (ω3). PUFAs are derived 

biosynthetically from 18:2(n-6) and 18:3(n-3) (in some literature, these are also expressed as 

18:2ω6 and 18:3ω3) respectively [4].   

 

Figure 1.1. General formulas and examples for straight chain saturated, monounsaturated, 

polyunsaturated FAs and cis/trans isomers, and examples for cyclopentenyl FAs.  

Naturally occurring cyclic FAs belong to two families. The first family of cyclic FAs 

comprises the cyclopentenyl FAs. The major cyclopentenyl FAs are hydnocarpic (C16:1cyc), 

chaulmoogric (C18:1cyc) and gorlic (C18:2cyc) acids, structures shown in Figure 1.1. They 

are found in seed oils of Hydnocarpus species and other genera of the Flacourtiacea family 

[5]. One example is sapucainha oil (Carpotroche brasiliensis Endl.) which was used for the 

treatment of leprosy until the development of sulpha drugs. In addition to gorlic, chaulmoogric 

and hydnocarpic FAs, sapucainha oil contains also straight chain FAs such as palmitic and 
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oleic acids [6]. Cyclopropane and cyclopropene FAs are another family of cyclic FAs that are 

found in a number of seed oils. Cyclopropane FA has been found in a wide range of bacterial 

species [5]. 

Table 1.1. Nomenclature and designations of some of the more common fatty acids. 

Systematic Name  Trivial Name Shorthand 

Designation 

Letter 

abbreviations 

Dodecanoic Lauric 12:0 La 

Tetradecanoic Myristic 14:0 M 

Hexadecanoic Palmitic 16:0 P 

9-Hexadecenoic Palmitoleic 16:1(n-7) Po 

Heptadecanoic Margaric 17:0 Mg 

Octadecanoic Stearic 18:0 S 

9-Octadecenoic Oleic 18:1(n-9) O 

9,12-Octadecadienoic Linoleic 18:2(n–6) L 

9,12,15-Octadecatrienoic α-Linolenic 18:3(n–3) Ln 

6,9,12-Octadecatrienoic γ-Linolenic 18:3(n–6) G 

Eicosanoic Arachidic 20:0 A 

5,8,11,14,17-Eicosapentaenoic EPA 20:5(n-3) - 

Docosanoic Behenic 22:0 Be 

4,7,10,13,16,19-

Docosahexaenoic 

DHA 22:6(n-3) - 

Tetracosanoic Lignoceric 24:0 Lg 

 

1.1.2. Triacylglycerols (TAGs) (synonyms – triglycerides, triacylglycerides) 

Triacylglycerols are compounds that are formed when all the three hydroxyl positions 

of glycerol are esterified with FAs (Figure 1.2), such as straight chain and cyclic FAs. They 

are main components of oils and fats of plant and animal origin. Based on the number of FAs 

present and the specificity of the enzyme involved in the synthesis of the particular fat or oil, 
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the number of different TAGs that can be found is both relatively large, and variable in 

abundance [1].   

 

Figure 1.2. (a) sn-1-Palmitoyl-2-stearoyl-3-oleoyl-sn-glycerol/1-hexadecanoyl-2-

octadecanoyl-3-(9Z-octadecenoyl)-sn-glycerol (b) triacyl-sn-glycerol 

When FA substituents on the glycerol at position 1 and 3 are different a chiral carbon 

is created at position 2. Stereospecific numbering (sn) system is employed in order to 

differentiate between the two terminal carbons [7]. Then the TAG is specified as triacyl-sn-

glycerol, for example, sn-1-palmitoyl-2-stearoyl-3-oleoyl-sn-glycerol has palmitic acid at 

position 1, stearic acid at position 2 and oleic acid at position 3 (Figure 1.2). TAGs are often 

described by a combination of three letters representing the FAs from which they are composed. 

For instance, OOO, POL and OLLn represents TAGs composed of various arrangements of 

oleic (O), palmitic (P), linoleic (L) and linolenic (Ln) acids. The common letter abbreviations 

for FAs is shown in Table 1.1.    

1.1.3. Olive oil 

Olive oil is a vegetable oil obtained from the fruit of the olive tree which was formerly 

confined almost entirely to the Mediterranean countries (Spain, Italy, Greece, Tunisia, 

Morocco, Syria and Turkey). Moreover, new olive plantations are being developed worldwide, 

including in Australia and California. For Mediterranean communities, being historically the 

main producers and consumers of olive oil, evidence suggests they are less prone to various 
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chronic diseases such as coronary heart disease. Several constituents of olive oil including FAs 

have been demonstrated to have a protective effect towards these chronic diseases [8, 9]. Newly 

pressed extra virgin olive oil was reported to contain a compound called oleocanthal which has 

anti-inflammatory activity with a potency and profile similar to ibuprofen [10]. 

The chemical composition of olive oil can be divided into two fractions. The first 

fraction containing major compounds (98 - 99% of total weight) include free FAs or esterified 

FAs with glycerol to form TAGs, diacylglycerols (DAGs) and monoacylglycerols (MAGs).  

The second fraction containing minor compounds (1 - 2%), formed by micro-components 

include sterols, waxes, fat soluble vitamins, aliphatic alcohols, carotenoids, chlorophylls, 

hydrocarbons, etc [11-13]. The minor components are responsible for the unique flavour and 

oxidative stability of olive oil. Both fractions have important roles in the characterisation, 

authentication and traceability [12, 14-17], and as well as determination of the quality and 

purity of olive oil [18, 19].  The chemical composition of olive oil varies based on many factors 

including the stage of ripening of the olives, variety, environmental and processing factors. 

Unrefined olive oil is composed of many different FAs, which are mainly present in the 

form of TAGs. Olive oil is characterised by high levels of palmitic acid, oleic acid and linoleic 

acid, with oleic acid being present in the highest amount. Olive oil also contains trace amounts 

of myristic, palmitoleic, margaric, heptadecenoic, linolenic, arachidic, benhenic, and lignoceric 

acid [12]. Oleic acid content increases with ripening of the olives whereas palmitic and linoleic 

acids tend to decrease as fruit ripening progresses. Ripening of olives is reported to result in an 

increase of the amount of MUFAs and a decrease of total PUFAs [20]. There is also a variation 

in FA profile of olive oils, i.e. the ratio of unsaturated versus saturated FAs composition based 

on the source (cultivars) of the olives [12, 21, 22]. FA composition may also vary based on the 

type of processing (extraction) technique that is used to prepare the olive oil from its fruit [22]. 

The variations in TAG content of olive oil, which is related to the variations in FA content, 
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based on ripening of olives and its varieties was also reported.  Kosma et al. [17] reported that 

the most affected TAGs and FAs by ripening were triolein (OOO), 1,2-linoleoyl-3-oleoyl-

glycerol (OLL), 1,2-dioleoyl-3-linoleoyl-glycerol (LOO), and 1,2-dioleoyl-3-palmitoyl-

glycerol (POO) TAGs and 18:1(n-9), 18:2(n-6), and 16:0 FAs. Their amounts were varied 

based on the maturity index of the olives and its varieties.   

Volatile organic compounds (VOCs) in olive oil are responsible for its unique and 

delicate flavour. The VOCs in olive oil were identified as aldehydes, alcohols, ketones, esters, 

hydrocarbons, furans and others. The compounds are related to the sensory quality of olive oil 

[23]. The typical fruity and green aroma of the high-quality extra virgin olive oil (EVOO) is 

related to the six carbon (C6) and five carbon (C5) compounds, which are the main fractions 

of the VOCs, with the C6 linear unsaturated and saturated aldehydes representing the most 

important fractions. Hexanal, trans-2-hexenal, hexan-1-ol and 3-methylbutan-1-ol are among 

the major compounds found in most virgin olive oils [23, 24]. The VOCs are produced through 

enzymatic process. The C6 and C5 compounds are produced through the lipoxygenase (LOX) 

pathway from PUFAs, linoleic and linolenic acids, during olive fruit milling and paste 

malaxation steps and their concentration depends on the level and activities of enzymes 

involved [23, 24]. The C6 aldehydes reduce to C6 alcohols by alcohol dehydrogenase, and 

transform to C6 esters by alcohol acyl transferase. The LOX cascade produces also compounds 

from other chemical classes, such as hydrocarbons, terpenes, benzenoids, etc. [24].  

The VOCs concentration in olive oil depends on several factors such as varietal origin, 

geographical location and growing conditions, harvest date, processing technology as well as 

finalisation and storage conditions [24-27]. It is important to note that a volatile compound 

with high concentration is not necessarily a major contributor to odour [28]. Post-harvest 

handling of the olive fruits and storage conditions of oils until it reaches consumers result in 

different volatile profiles [24].  
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Therefore, the authenticity or quality of olive oil depends upon its chemical 

composition which should be monitored using appropriate analytical methods. Moreover, one 

can assume that there are commercial fraudulent activities involving substitution of 

substandard olive oil or non-olive oils for the authentic product. Thus, the European Union 

regulates olive oil quality and authenticity through different regulations. The physical, 

chemical and organoleptic characteristics of olive oil are regulated by Commission Regulation 

(EEC) No 2568 /91. The European Union also recognises and supports differentiation of 

quality products of olive oil on a regional basis through specific regulation (EU Regulations 

2081/1992 and 510/2006). Conte et al. [29] reviewed the current EU legislation, standards, 

relevant methods of analyses and their drawbacks, and proposed possible solutions to safeguard 

the consumer and protect the olive oil market.  

Most often olive oil analysis follows International Olive Council (IOC) adopted testing 

methods. The methods are categorised as chemical analysis of olive oil and olive-pomace oils, 

methods for oil mixtures determination, and organoleptic assessment methods. Among 

chemical analysis tests listed by the council, the analysis of sterols, triterpenes, waxes, fatty 

acid methyl esters (FAMEs), TAGs and stigmastadienes in olive oil are carried out by capillary 

gas chromatography (GC). The determination of the content of waxes, chlorophyll, FAMEs 

and FA ethyl esters are used to distinguish between olive oil and olive-pomace oil, and as a 

quality parameter for extra virgin olive oils. This makes possible the detection of fraudulent 

mixtures of extra virgin olive oils with lower quality oils.  The determination of stigmastadienes 

is important to detect the presence of refined vegetable oils (olive, olive-pomace, sunflower, 

soybean, palm, etc.) in virgin olive oil since refined oils contain stigmastadienes and virgin oils 

do not [30]. In Australia the Australian Olive Oil Association (AOOA) is the responsible body 

in assisting IOC in monitoring and regular random testing of major brands of olive oil sold in 

Australia and is the primary source of information relating to the quality standards.  
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In Australia the biggest olive farmer and extra virgin olive oil producer is located in 

Victoria, owned by Boundary Bend Limited Company. Boundary Bend owns Australia’s two 

leading locally grown-olive oil brands. Its first brand, Cobram Estate came to market in 2007 

and later Boundary Bend bought the second brand Red Island in 2012, which together make 

them the biggest producers of olive oil in Australia (produced 13.6 million litres in 2013). 

Boundary Bend also owns Modern Olives, which provides a laboratory service for testing olive 

oils, but is also responsible for ensuring the quality of the Boundary Bend produced oils, 

maintains testing procedures set by the International Olive Council, and instructs the blending 

of various oils produced by Boundary Bend to ensure reproducible quality of their premium 

products. The company is also a manufacturer of olive harvesters, owners of Australia’s largest 

olive tree nursery and olive oil bottling and storage facility. Under the brand Cobram Estate, 

they produce extra virgin olive oil categorised under: limited edition (includes first harvest, 

reserve Hojblanca and reserve Picual), superior (Première) and infused (includes chilli, lemon, 

garlic, roasted onion or mixed herb infused). The company bought 9 acre of industrial property 

in Woodland, California in 2014 for construction of a facility for oil milling, bottling facility, 

olive oil laboratory and an administrative office [31]. Following a visit to this organisation and 

laboratory at Lara, Victoria, and general discussion on their testing methods, and growing 

olives, processing and product authentication, samples of olive oil used in this project were 

kindly provided.  

1.2. Literature review  

1.2.1. Gas chromatographic analysis of FAs 

FAs derived from oil samples are mainly determined by using gas chromatography (GC) 

following their conversion to volatile derivatives, mainly to the fatty acid methyl ester (FAME). 

There are various methods of FA esterification methods with their own pros and cons. Acid 
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catalysed esterification and transesterification and the base catalysed transesterification are 

widely applicable methods of derivatisation for FAMEs [32].  

In acid catalysed esterification and transesterification free FAs are esterified and lipid-

bound FAs, such as FA residues in TAGs, are transesterified by heating them in the presence 

of acidic catalyst with excess of anhydrous methanol. The commonly used reagents for acid-

catalysed transesterification are hydrochloric (HCl) or sulfuric (H2SO4) acid in methanol, and 

boron trifluoride (BF3) in methanol. Both acid-catalysed and BF3-catalysed reactions require 

heating. In HCl catalysed derivatisation complete transesterification with 5% methanolic HCl 

occur by heating the sample with the reagent under reflux for about 2 h. H2SO4 is also used in 

the same way for transesterification of lipid samples. Since H2SO4 is a strong oxidising agent 

it is not recommended for the analysis of PUFAs. BF3 in methanol (12–14%, w/v), a Lewis 

acid, has been widely used for transesterification of all types of lipids and esterification of free 

FAs. The reagent has limited stability and the use of old or concentrated solution results in 

production of artefacts and loss of PUFAs by addition of methanol across the double bonds. In 

the presence of basic catalyst, lipid-bound FAs are transesterified rapidly in anhydrous 

methanol. Sodium or potassium methoxide, and potassium hydroxide in anhydrous methanol 

were used for basic transesterification. Base-catalysed transesterification has the advantages of 

simplicity, no double bond isomerisation, and short derivatisation time. Using basic 

transesterification free FAs are not esterified but complete transesterification can be achieved 

for glycerolipids in a few minutes at room temperature. The basic transesterification has also 

less risk of decomposition of PUFAs. Both acid and base catalysed transesterifications require 

the use of additional solvent such as toluene to effect solution of non-polar lipids such as 

cholesterol esters or TAGs [32-34].    

From early in the development of GC, this technique has been used as a preferred 

method to analyse FAs, first by packed GC, and  now using various commercially available 
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fused-silica capillary columns [32]. Traditionally GC‒FID is a commonly employed technique 

used to analyse FAs in various samples. The cis- and trans- FA composition of refined olive 

oil and other seed oils have been previously determined by using GC‒FID. The identification 

of FAs was based on the comparison of their retention times versus pure standards analysed 

under the same condition [35]. FAMEs are often studied also using GC‒MS, which is a 

powerful technique for separation, identification and quantification of FAs [36]. A typical 

study reported determination of olive oil FA profile using GC‒MS where both retention time 

data and mass spectra were used to identify the FAs [37]. One-dimensional GC (1D GC) 

analysis of FAMEs from complex samples leads to co-elution of isomers. The cis- and trans- 

isomers of FAs are often eluted as overlapped components [38]. In accordance with the above 

statement, several studies performed on olive oil FA profiling reported their result either as the 

sum or percentage value of the total amount of FAME of a given carbon numbers regardless 

of the type of isomers it constitutes [12, 20, 35, 39].  The study of olive oil FA composition is 

most commonly done using 1D GC following mainly EU regulations.  

In GC the degree of separation of FAs in complex samples depend on the type/polarity 

of the column being used. In general, polar stationary phases were used for separation of FAs 

in complex mixtures [40]. On polar columns FAs separates based on their degree of 

unsaturation and position of the double bonds, with greater degree of unsaturation eluting later. 

The separation of cis- and trans- isomers found in complex lipid matrices may require polar 

stationary phase columns with longer lengths [41].  

The introduction of capillary columns with various polarity such as ionic liquid 

columns increased the capability of GC in separation of FA mixture [42]. The most polar ionic 

liquid column, SLB-IL111, provided enhanced separation as well as alternative separation 

patterns of FAs in most complex lipid mixtures as compared to the commonly employed 

cyanopropylsiloxane column or polyethyleneglycol [43]. High speed GC analysis was 
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achieved using micro-bore capillary columns [44]. Mondello et al. [45] developed a fast GC 

method for the analysis of FAs in complex lipid matrices.  

Confirmation of FA identity requires exclusion of matrix compounds, employing 

several elution conditions, using suitable authentic standards and stable retention times for each 

set of conditions. Retention time can be used to a first approximation to determine FAME by 

using the retention time related to reference standards known as the retention index. A variation 

on the FAMEs retention index system is expressed as equivalent chain length (ECL), which is 

calculated based on a homologous series of saturated straight chain FAMEs. Using MS as a 

detector, there is a possibility to support ‘tentative’ identity of FAs based on their ion fragments. 

Nonetheless, many FA isomers of a given carbon number are known to give similar or identical 

mass spectra. In addition, target sample might constitute matrix, where other target FAs due to 

peak overlap cause interference with a FA whose identification is sought, leading to poor 

identification of the mass spectrometry ions attributed to FA of interest. Thus, in the analysis 

of FAs in complex lipid samples the exclusion of matrix interferences, and/or an increased 

separation to the individual FAs is indispensable.  

 Recently a GC coupled to vacuum ultraviolet spectroscopy (GC‒VUV) technique was 

developed and used in FA analysis. Characterised as a universal detector VUV (in the range of 

120-240 nm) can differentiate molecular structure of analytes such as degree of unsaturation 

and presence of conjugation. It has high sensitivity, specificity and fast data acquisition rate, 

and overlapped signals can be deconvoluted using software [46-48]. The difference in gas 

phase molecular absorption profiles between unsaturated FAMEs and saturated FAMEs as well 

as cis-/trans- isomers was demonstrated using GC‒VUV [47]. The analysis of bacterial FAMEs 

using GC‒VUV resulted in a unique FAMEs profiles for each bacteria investigated mainly 

composed of hydroxy, cyclopropane, branched, saturated, and unsaturated FAMEs [49]. 
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Additional resolution was obtained for mixtures containing cis-/trans- isomers of FAs using IL 

columns with VUV detection [50].  

1.2.2. Gas chromatographic analysis of TAGs 

The analytical techniques mainly employed in the analysis of TAGs in vegetable oils 

are high performance liquid chromatography (HPLC), high temperature gas chromatography 

(HTGC), supercritical fluid chromatography (SFC) and thin layer chromatography (TLC) [51]. 

Given their automation and coupling with different detection and identification techniques such 

as mass spectrometry (MS), HPLC and GC are the commonly employed techniques for analysis 

of TAGs.  

Since its inception GC has played a leading role in the analysis of oil and fat samples. 

The use of GC to study TAGs spans from the earliest time when glass or stainless-steel packed 

columns were used, to the recent times of capillary column technology [52]. The advantages 

of capillary columns include shorter analysis time, better separation efficiency, greater peak 

capacity and reproducibility of retention data over a packed column. Being a universal detector 

with linear response FID can be considered as a preferable technique for TAGs analysis while 

HTGC‒MS is often used to generate MS fingerprint fragments and molecular ions of TAGs 

for identification purpose [53].  

Capillary columns with stationary phases based on polysiloxane with methyl, phenyl 

and cyanopropyl groups were employed for TAG analysis. The polarity of the columns used 

may vary from non-polar (100% dimethyl polysiloxane phase) to the moderately polar phase 

(65% diphenyl dimethyl polysiloxane) [54]. On non-polar columns TAGs elute based on their 

increasing carbon number (CN) or molecular mass whereas on the commonly employed 

medium polarity and polar stationary phases elution occurs according to both molecular mass 

and degree of unsaturation in the fatty acyl groups on the TAG molecules. On medium polarity 
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and polar columns, retention times of TAGs with the same CN but different degree of 

unsaturation increase with increasing number of double bonds [55].  

Structurally, TAGs differ based on chemical variations on the acyl group (such as 

degree of unsaturation, presence of cyclic structure or branched chain), variation of the acyl 

group position on the glycerol backbone and its total CN. Depending on the efficiency of the 

chromatographic step TAGs with the same CN often co-elute and their separation can be quit 

challenging. In capillary GC, TAG separation is even more challenging due to the availability 

of limited number of columns with high temperature limit phases compared to the high elution 

temperature of TAGs (mostly >300 °C).  

Given the little differences between many TAG species present in oil samples no single 

technique has the ability to offer complete TAG profiling. Andrikopoulos et al. [51] reviewed 

chromatographic and spectroscopic methods of TAGs detection, identification and 

quantification in edible vegetable oils and revealed that most of the studies reported different 

number and species of TAGs present in a given oil sample analysed using CGC or HPLC 

techniques, with most reported peaks detected in the analysis to contain a combination of co-

eluted TAGs. A study using CGC‒FID to analyse virgin olive oil reported 16 TAG species 

detected compared to a total sum of 39 TAG species reported by different studies [51, 56]. 

Another study that used HTGC‒MS to analyse olive oil was able to detect and identify only 8 

TAG species due to poor resolution [57]. Thus, there is a need for a more advanced technique 

that may improve the separation of TAG components in lipid samples. The application of 

advanced multidimensional techniques presents an opportunity for TAGs separation, since it 

is relatively little studied, but the value of these approaches for analysis of FA is a signpost to 

future developments.  

The analysis of intact TAGs may be considered preferred over their FA derivatives due 

to uncertainty as to which original TAGs they are derived from [58]. Also authentication of 
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different fats and oils is often based on the analysis of TAG composition [56]. Oils from 

different sources differ in their TAG composition attributed to the specificity of enzymes 

involved in their synthesis [59]. The blending of olive oil with other edible oils was identified 

and quantified using HTGC‒MS and chemometric tools through fingerprinting of TAG 

components [18]. The degree of separation and identification of TAG components greatly 

determines the use of TAG composition as a tool for determination of the origin, authenticity, 

or to detect adulteration or fraud. In this regard 1D GC has a demonstrated application for this 

separation. The use of HTGC over a period of 10 years to analyse various vegetable and food 

samples was reviewed elsewhere [54].  

1.2.3. Gas chromatography‒mass spectrometric analysis of TAGs 

The role of GC is to separate TAG molecules as much as possible into individual TAG 

components. The MS provides mass spectrum information that helps in identifying the TAG 

components. The usefulness of the information obtained from the MS is highly dependent on 

the degree of separation achieved by GC. It could be very difficult to interpret MS information 

obtained from unresolved TAG components due to the similarity of mass fragments generated 

from different fatty acyl groups. Deconvolution methods for GC‒MS techniques offers some 

measure of improved identification of overlapping compounds. 

Mass spectrometry generates ions which provide information on molecular mass, the 

composition and structure of fatty acyl residues and some measure of stereospecificity (FAs 

sn-1/3 or sn-2 positions on the glycerol molecule) [60]. The MS enables the identification of 

TAG structures based on information about molecular mass and characteristic fragment ions, 

without the use of standards. Note that standards of TAG can be difficult to obtain.  

GC‒MS that utilises electron ionisation (EI) is the most widely used technique to 

analyse TAGs. Electron energy of 70 eV is used to generate standard EI mass spectra. The EI 

mass spectra of TAGs contains fragment ions, which are important for their structural 
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elucidation, such as [M–RCO2]+, [M–RCO2H]+, [M–RCO2CH2]+, [RCO+128]+, [RCO+74]+ 

and RCO+, where R = aliphatic hydrocarbon chain [60, 61]. These fragments are also useful 

for identification of molecular species of the TAGs [62]. The abundance of the fragment ions 

can be affected by chain length of the fatty acid residues, position of the fatty acids on the TAG 

molecule and unsaturation [63]. The abundance of [M-RCO2CH2]+ was used to discriminate 

between FAs at position sn-1/3 and position sn-2 [64]. The drawback for using EI mass spectra 

is the low abundance of M+ or [M-18]+, which provide molecular weight information.  Ruiz-

Samblás et al. [57] developed HTGC‒EIMS method, in a selected ion monitoring (SIM) mode, 

to analyse triacylglycerol composition of olive oil. Peak assignment was carried out based on 

locating the characteristic fragment ions having the same retention time on SIM profile such 

as [M–RCO2]+, [RCO+128]+ and [RCO+74]+. It has a disadvantage of difficulty in peak 

assignment since most fatty acyl residues have common fragment ions in their MS spectra.  

1.2.4. High-performance liquid chromatographic analysis of TAGs 

In HPLC separation occurs as a result of selective interaction of solutes, in this case 

TAGs, with a stationary phase packed in a column and liquid mobile phase that passes through 

the column. Solutes separate as they move along the column with the mobile phase based on 

their affinity for the stationary phase. Generally, there are two modes of HPLC, normal phase 

HPLC (NP-HPLC) and reversed-phase HPLC (RP-HPLC). In NP-HPLC solutes reversibly 

adsorb to a polar stationary phase whereas in RP-HPLC the solutes partition between a lower 

polarity stationary phase, which is a liquid coated or bonded to a solid support, and a polar 

liquid mobile phase. In RP-HPLC the stationary phase commonly employed is octadecylsilyl 

(C18) modified silica [52]. The mobile phase used is selected based on the nature of the 

stationary phase such that it has a different polarity with respect to the stationary phase. For 

instance, polar solvent is used in RP-HPLC with respect to the non-polar stationary phase.  
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HPLC is a commonly used technique for the analysis of TAGs. Given its greater 

resolving power non-aqueous RP-HPLC (NARP-HPLC) is the more commonly employed 

technique than NP-HPLC. In RP-HPLC TAGs separate based on the chain lengths of FA 

residues on the TAG molecule and their degree of unsaturation. This was expressed by 

equivalent carbon number (ECN), which was defined as ECN = CN – 2DB, where CN is the 

total carbon numbers in the fatty acyl chains and DB is the total number of double bonds in the 

fatty acyl chains. Thus, TAGs are eluted in RP-HPLC based on their increasing ECN. Holčapek 

et al. [65] developed a RP-HPLC coupled to atmospheric pressure chemical ionisation MS 

(APCI‒MS) method to achieve the identification of the highest possible number of TAGs in 

plant oils. TAGs with the same ECN, called critical pairs, and regioisomers often co-elute in 

RP-HPLC [2, 51]. Different studies applied NARP-HPLC with APCI‒MS to determine TAG 

regioisomers in fats and oils only based on the basis of the difference in relative abundances of 

the fragment ions produced by preferred losses of the fatty acid from the sn-1/3 position 

compared to the sn-2 position on the TAG molecules [66, 67].  

The other commonly employed technique for TAGs separation is silver ion HPLC 

(Ag+-HPLC). In Ag+-HPLC TAGs separation is based on reversable complexation formed 

between Ag+ and the double bonds in the unsaturated fatty acyl chains. The commercially 

available column used for Ag+-HPLC contains a stationary phase in which a strong cation 

exchanger, phenylsulfonic acid groups, is chemically bonded to silica and loaded with silver 

ion. Separation of TAGs in Ag+-HPLC depends on the number, position and configuration of 

the double bonds, on the distribution of double bonds among the acyl groups of the same TAG 

molecule, and on the sn-positions of the FAs [2, 68]. Ag+-HPLC is often used for regioisomeric 

analysis [69]. Lísa et al. [70] developed a method for regioisomeric characterisation of TAGs 

using Ag+-HPLC‒MS and synthetic standard TAGs, which is produced through randomisation 

of the FAs distribution on the TAGs. The method was applied for characterisation of plant oils 
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and animal fats with respect to regioisomeric TAGs and found that the preference of sn-2 

occupation in plants oil was mainly unsaturated FAs whereas it was mainly saturated FAs in 

animal fats. However, regioisomeric TAGs with a large number of double bonds, for instance 

L/Ln/Ln and Ln/L/Ln, separate incompletely or with considerable difficulty. In Ag+-HPLC the 

choice of the mobile phase composition is crucial in TAGs separation. A binary gradient of 

solvents may be sufficient to separate TAGs in less complex samples containing small 

proportions of dienoic FAs whereas for more complex samples containing a higher proportion 

of linoleic or linolenic acid a ternary gradient system is required [68, 71].  

Other useful techniques worth mentioning is the use of supercritical fluid 

chromatography (SFC) for TAGs separation. SFC is a type of chromatography in which a gas 

compressed above its critical temperature and pressure is used as a mobile phase to elute 

analytes through the chromatographic column. Both packed and capillary columns were used 

to analyse TAGs with SFC [72, 73], although in recent times, packed columns are now featured. 

SFC has the advantage of short time of analysis attributed to the high diffusivity and low 

viscosity of the supercritical fluid, usually CO2. A SFC‒MS was used to separate soybean 

TAGs within 8 min [74]. Lee et al. [75] demonstrated the use of SFC coupled to tandem MS 

to profile regioisomeric TAGs in edible oils, where 70 TAG molecules, including 20 pairs of 

isomers, were identified in palm and canola oils.  

1.2.5. Gas chromatographic analysis of volatile organic compounds (VOCs) in olive oil 

Olive oil quality is assessed through either chemical analysis or sensory evaluation or 

both. VOCs are the main components that are being assessed. Chemical evaluation of VOCs 

in olive oil require techniques with an enrichment method. One such method is the novel 

technique called head-space solid phase microextraction (HS SPME). SPME consists of a fibre 

coated with stationary phase onto which VOCs are adsorbed based on their affinity for the 

coating material. A wide variety of coated fibres with different degree of polarity are 



Chapter 1: Introduction 

 

Page | 20  
 

commercially available for analysing VOCs in different samples [24]. For the characterisation 

of olive oil VOCs HS SPME is a preferable technique compared to other techniques such as 

headspace sorptive extraction (HSSE; also referred to as stir-bar extraction) and direct thermal 

desorption (DTD) due to its operational simplicity, repeatability, and low cost, and hence may 

be  usefully employed for routine quality control [76]. However, the durability of the SPME 

fibres is an issue. The two commonly employed SPME fibres in the analysis of VOCs in olive 

oil were 100 µm polydimethylsiloxane (PDMS) [14, 77, 78] and 50/30 µm 

divinylbenzene/Carboxen©/polydimethylsiloxane (DVB/CAR/PDMS) [15, 16, 77, 79-81]. 

Table 1.2 shows the application of HS SPME and GC in the analysis of VOCs in olive oil. 

Capillary columns with stationary phases of 5% dimethyl polysiloxane and Wax were 

employed for the analysis of the VOCs. 
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Table 1.2. Selected application of HS SPME GC‒MS in the analysis of VOCs in olive oil. 

Study purpose   SPME fibre used Column  Data processing Ref.  
Differentiation of virgin olive oils according to variety and 
geographical origin 

DVB/CAR/PDMS  
 

VF-WAX (30 m×0.25 mm×0.25 μm) 
 

ANOVA, PCA, 
SLDA 

[16] 

Volatile profiles of olive oil in different heating conditions 100 μm PDMS TG-5MS (30 m×0.25 mm×0.25 μm) ANOVA [77] 

Differentiation of EVOOs according to cultivar 50/30 µm DVB/CAR/PDMS  DB-5MS (60 m × 0.32 mm × 1 µm) MANOVA, LDA [79] 

Sesquiterpene fingerprinting for traceability of olive oil 100 μm PDMS  SPB-5 (30 m × 0.25 mm × 0.25 μm) - [14] 

Comparison of volatile profile of virgin olive oils from 
two countries  

DVB/CAR/PDMS HP-5ms (30 m×0.25 mm×0.25 μm) - [82] 

Characterization and classification of olive oils according 
to cultivar and geographical origin  

50/30 µm DVB/CAR/PDMS DB-5MS (60 m×0.32 mm×1 µm) ANOVA, LDA, 
PCA 

[80] 

Varietal and processing effects on the volatile profile of 
olive oils 

100 µm PDMS DB-5 (30 m×0.25 mm×0.25 µm) 
ZB-5 (30 m×0.25 mm×0.25 µm) 

HCA [78] 

Traceability of olive oil based on volatiles pattern 50/30 µm DVB/CAR/PDMS HP-INNOWax (30 m×0.25 mm×0.25 µm) LDA, ANN-MLP [15] 

Quantification of the volatile profile of virgin olive oil for 
supporting the panel test in their classification 

50/30 µm DVB/CAR/PDMS HP-INNOWax (50 m×0.2 mm×0.4 μm) PCA, LDA [83] 

Natural variation (genetic variability) of VOCs in virgin 
olive oil 

50/30 µm DVB/CAR/PDMS DB-WAX (60 m×0.25 mm×0.25 µm) FA, PCA [26] 

Investigation of changes in VOCs of olive oil in terms of 
cultivar, harvest year, and geographic regions 

50/30 µm DVB/CAR/PDMS  HP-1 (50 m×0.2 mm×0.55 μm) PCA  [25] 

ANN-MLP - artificial neural networks with multilayer perceptrons, ANOVA – one-way analysis of variance, CA – cluster analysis, EVOO – extra virgin olive oil, FA – factor 
analysis, HCA - hierarchical cluster analysis, LDA – linear discriminant analysis, MANOVA – multivariate analysis of variance, PCA – principal component analysis, PDMS 

– polydimethylsiloxane, DVB/CAR/PDMS – divinylbenzene/carboxen/polydimethylsiloxane, SLDA – stepwise linear discriminant analysis, “-” – not specified 
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One-dimensional GC and comprehensive two-dimensional gas chromatography 

(GC×GC) techniques were used to analyse VOCs in olive oil [16, 78, 79, 84]. HS SPME GC‒

MS is the main technique used for separation, detection and identification of VOCs in olive oil 

[85]. 1D GC is used to analyse VOCs in olive oil where the focus is on major compounds that 

are used to differentiate between olive oils of different varieties. The limitation on major 

components is because 1D GC has a limited capacity in resolving the complex VOC mixtures 

or detecting the minor compounds that are found in olive oil. In contrast GC×GC can resolve 

components unresolved in 1D GC and also can increase the detection of many minor 

compounds that are undetected in the usual 1D GC analysis [16]. The application of GC×GC 

in the analysis of olive oil VOCs is discussed in more details in Section 1.2.8.  

The major VOCs that were found in olive oils were alcohols, aldehydes, ketones, esters, 

acids and terpenes [81]. The carbon six (C6) aldehydes and alcohols are the most abundant 

VOCs, which favourably contribute to the aroma of olive oil. They are produced through 

lipoxygenase (LOX) pathway. Carbon five (C5) aldehyde and alcohols are also positive flavour 

contributors to olive oil [80, 82].  

The VOCs are mostly identified by comparing their mass spectrum data and retention 

times to those in the selected MS library [16, 80]. They may also be identified through 

comparison of their retention indices and mass spectra with those of authentic samples [78] or 

pure standards [16]. Chemometric techniques were used to analyse data from VOCs analysis 

(Table 1.2). The analysis of VOCs in olive oils is mainly for fingerprinting or classification of 

olive oil according to cultivar and geographical origin (Table 1.2) [79, 80, 84]. Quantification 

is made by expressing the amounts of the VOCs relative to an added internal standard based 

on the area ratio of the analyte compound and the internal standard [81, 85]. Quantification 

using SPME extraction can be subjected to misinterpretation because the amount of a 

compound extracted by the SPME fibre may not necessarily reflect the concentration of that 
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compound in the oil. It may only reflect the concentration of the compound in the head-space 

based on its affinity for the fibre used. This is because the concentration of the compound in 

the head-space is dependent on its volatility and the amount of the compound extracted by the 

fibre depends on its affinity for the fibre coatings. During SPME extraction analytes or VOCs 

undergo a series of transport process from the liquid sample to the head space, and eventually 

to the fibre, until the system reaches equilibrium. Different analytes have different equilibration 

time based on their partition coefficient [86].  

1.2.6. Multidimensional gas chromatography  

The introduction of multidimensional gas chromatography (MDGC) techniques has 

offered a solution to solve separation problems due to its greater resolving power and increased 

peak capacity than a single dimensional chromatography method [87]. Two approaches of the 

technique exist (1) a target portion of a chromatographic effluent from a first column is 

subjected to a second column separation (called ‘heart cut’ MDGC ‒ H/C MDGC) (2) a two-

column separation is applied to the entire sample (called comprehensive two-dimensional gas 

chromatography – GC×GC). The H/C MDGC method, which samples small segments of the 

first dimension (1D) column effluent and subjects it to a conventional dimension second 

dimension (2D) column, gives an improved separation of selected overlapped regions of the 1D 

column. By contrast, the unique separation power of GC×GC due to its enhanced resolution, 

increased sensitivity and peak capacity over one-dimensional GC (1D GC) together with its 

ability to generate a unique two-dimensional (2D) chromatogram (2D chemical map) for the 

total chromatogram has made its application to analysis of complex samples more attractive 

[88]. It is applied to a wide range of samples from almost all fields of study suited to GC 

analysis, including analysis of FAMEs and VOCs in olive oil. The application of GC×GC and 

H/C MDGC to the analysis of various samples have been demonstrated in different research 
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studies in our research group (Marriott group) previously. The experience obtained in H/C 

MDGC studies were utilised in the research studies included in this thesis.  

1.2.6.1. ‘Heart-cut’ multidimensional gas chromatography (H/C MDGC) 

In complex sample analysis using 1D GC, peak overlapping leads to problematic or 

ambiguous component identification. The problem can be solved through coupling of two 

independent or nearly independent separation steps using multidimensional chromatography 

[89]. One such technique is H/C MDGC. ‘Heart-cutting’ (H/C) is defined as ‘transfer of one or 

more selected groups of compounds eluted from a gas chromatographic column onto a second 

column’ [90]. Target groups of compounds with poor resolution or that are unresolved in the 

1D column are selectively transferred to the 2D column having different selectivity. The precise 

control and transfer of compounds from the 1D to the 2D column is an important step in H/C 

MDGC. Commonly an online H/C transfer is employed. The transfer or H/C is achieved 

generally in two different approaches (1) by using a switching valve or (2) by using pneumatic 

flow switching device (Deans switch). The Deans switch developed in 1968 [90] by Deans is 

the most widely used device in H/C MDGC due to its simplicity and flexibility in controlling 

pressure and flow. Switching valves may have some drawbacks including memory effects due 

to analyte stability and adsorption [91] and broadened peaks attributed to high dead volume of 

the valve [88], although passivated devices are now available. 

The H/C fractions are generally sufficiently small to avoid excessive sampling, that can 

lead to overlapping of peaks in the second column. Further, the introduction of a cryotrap at 

the inlet section of the second column helps in trapping and refocusing of the H/C fraction. The 

refocusing can effectively minimise peak broadening and maximise separation in the second 

column.       
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Figure 1.3. MDGC configurations used in most studies. 1D – conventional first-dimension 

column, 2D – conventional second-dimension column, ΔP – pneumatic control, INJ – injector 

and DET – universal, specific or mass-selective detector or infrared spectroscopy. Adapted 

from Ref. [88] with permission.  

There are different configurations of MDGC techniques. Figure 1.3a shows a system 

in which a H/C switching device is used to switch one or more 1D column effluent zones to a 

2D column [88, 92]. A Deans switch is the most commonly employed device used in such 

configurations. In-situ fractionation technique in which controlled fractions of effluent from 

1D column based on a stop-flow approach are transferred sequentially to the 2D column was 

introduced by Goode (Figure 1.3b) [93]. A MDGC system with multiple parallel cryogenic 

traps was also introduced and used in many analysis (Figure 1.3c) [94-97]. Parallel 2D column 

MDGC, in which a precolumn is linked to a set of parallel columns having different stationary 

phases was developed (Figure 1.3d) [98, 99]. The 2D columns are all connected to a single 
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detector which make possible the collection of retention information on multiple stationary 

phases. Other configuration such as multiple oven arrangements were also used [100].  

The purpose of H/C MDGC is to improve the separation of limited unresolved regions 

of 1D GC analysis. If the whole region in the sample analysis requires further separation using 

MDGC techniques, the alternative method is to use GC×GC. 

1.2.6.2. Comprehensive two-dimensional gas chromatography (GC×GC) 

According to Giddings [101] a two-dimensional separation is a technique that subjects 

a sample to two independent displacement processes. The displacement processes now define 

components in a 2D space where there is more ‘space’ for resolution than the 1D separation 

system. Liu and Phillips [102] in 1991 described and conducted an experiment for the first time 

using GC×GC and generated sequential fast 2D chromatograms of separated components over 

the whole analysis. This can be reconstructed as a ‘2D separation space’, with axes of 1D 

retention and 2D retention. The 2D GC technique requires two columns of different selectivity 

in combination with a device to selectively transfer a portion of chromatographic effluent from 

1D into 2D column [103]. The interface between the two columns is a crucial component for 

GC×GC. It is termed a modulator. Unlike H/C MDGC, GC×GC subjects the entire eluate from 

the 1D column to separation on the 2D column, and in the process all information gained during 

the 1D separation will be reserved. This results in increased peak capacity, for instance if n1 

and n2 are peak capacities of 1D and 2D separation respectively, then the peak capacity of the 

GC×GC will be approximately n1×n2 [104].  

Modulators are broadly classified based on their operational characteristics as thermal 

modulators and pneumatic modulators [105]. Liu and Phillips [102] used a dual-stage thermal-

desorption (TD) modulator in their experiments. Subsequently, various cryogenic modulators 

[106, 107], and valve-based and flow modulators [108] have been developed with different 

functionality, as reviewed elsewhere [105, 109, 110].   
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Figure 1.4. Basic setup of a GC×GC and peak processing method. (A) Two overlapped 

analytes of X and Y at 1D with apparent retention (1tR) with narrow bands of the analytes 

entering 2D with retention defined as 2tRX and 2tRY based on the modulation period (PM). (B) 

A raw data signal of the entire separation process. (C) The construction of a 2D contour plot 

from the collected data in (B). Adapted from Ref. [111] with permission. 

The modulator continuously samples, re-focuses narrow adjacent fractions of 1D 

effluent, and re-injects each fraction onto the 2D column. The time required to complete one 

cycle of the process (modulation) is called the modulation period (PM), and usually ranges 1‒

8 s [105]. To preserve the 1D separation the process should be rapid and also the 2D separation 

should be finished, in a time shorter than PM, before the next introduction of the subsequent 

fraction of 1D to avoid wrap-around [112, 113]. Figure 1.4A-C shows the basic setup of a 

GC×GC system, peak processing and data handling. The PM setting depends on the peak width 



Chapter 1: Introduction 

 

Page | 28  
 

of the 1D peak (1wb); if 1wb ˃ PM, the 1D peak is sliced into a series of pulsed peaks on 2D. The 

modulation ratio (MR) determines the number of times that a given peak is sampled or 

modulated. The MR is proposed to be the ratio of 4 times the 1D peak standard deviation (4σ = 

peak base width; 1wb) divided by PM. The recommended MR values for quantification and 

screening are 3 and 1.5 respectively [88]. From GC×GC analysis a large series of high-speed 

2D chromatograms is obtained. They are usually ‘stacked side by side’ using a suitable 

computer program to form a ‘2D chromatogram’ with one dimension representing the 1D 

retention time and the second representing the 2D retention time (Figure 1.4C). The 

chromatogram can be visualised in different forms such as 2D colour plot, contour plot or 3D 

plot, where peak response is the 3rd dimension for the latter presentation. 

1.2.7. Multidimensional chromatographic analysis of TAGs 

1.2.7.1. H/C MDGC and GC×GC analysis of TAGs 

Few reports of GC×GC applications for the separation of TAGs have been noted. A 

study on the separation of low volatility compounds and TAGs using GC×GC from extracted 

coffee bean samples was reported by Novaes et al. [114]. The study reported poorly separated 

TAG peaks due to major peaks broadening, which masked trace TAG peaks. Wraparound 

phenomena and some ‘streaking’ of the major components were also reported, for which 

diluting the sample solution and increasing the final elution temperature to 370 °C were used 

as a solution. To my knowledge there was no H/C MDGC studies on TAGs analysis reported 

thus far other than those included in this thesis.  

1.2.7.2. LC×GC analysis of TAGs 

Hyphenation of LC and GC gives the combined advantages from the capabilities of the 

two individual systems. LC gives moderate sample separation capacity with alternative 

separation mechanisms, whilst GC has high separation efficiency and capacity, different 
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separation factors arising from different column polarity, and can be coupled to various 

detection devices [115]. Due to the high molecular masses of TAGs, except for TAGs derived 

from short acyl groups, HTGC offer limited resolution for most lipids. In comparison a well-

tuned LC method has good selectivity for TAGs of different mass and unsaturation, and has 

the ability to resolve TAGs of different degree of unsaturation and CN. Combining LC with 

GC analyses offers some degree of orthogonality of separation, due to their quite different 

separation mechanisms. 

Janssen et al. [116] demonstrated the use of LC×GC for the separation of TAGs in 

edible fats and oils. The entire complex sample was characterised by transferring narrow time 

fractions of the 1D LC run to a 2D GC column to achieve higher overall resolution. Fractions 

from LC were collected at time intervals of 0.5 or 1 min, which is <1wb (peak width at baseline 

on the first column), and injected into GC for further separation. Using the highest possible 

programming rate of the instrument and a short column, a typical AgLC×GC analysis (of 35 

fractions) took a total analysis time of about 11 h per sample. TAGs were separated using 

normal phase LC based on polarity, and further separated on approximate basis of boiling point 

using GC, with FID detection, by an independent 2D separation. Automated on-line 

comprehensive two-dimensional LC×GC and LC×GC‒TOFMS instrument design was 

reported by Koning et al. [117]. The system was demonstrated to be useful through the analysis 

of FAMEs and TAGs in edible fat and oils. More information was obtained using the 

comprehensive system as compared to the individual separation modes. The use of silver-phase 

LC improved the separation of TAGs by separating individual components based on two 

independent parameters of CN and number of double bonds, and component identification was 

improved through hyphenation of the GC stage with TOFMS.  
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1.2.7.3. Two-dimensional LC analysis of TAGs  

The combination of two independent separation techniques, for instance NARP-HPLC 

and Ag+-HPLC, is useful for the separation of critical pairs and isomers. In two-dimensional 

liquid chromatography (2D LC) TAGs are subjected to two different retention mechanisms. 

2D LC has two different modes of approaches, namely on-line and off-line modes. Off-line 

approach requires collection of fractions from the 1D and re-injecting to the 2D for further 

separation, which is often time consuming and laborious. The combination of NARP-HPLC 

and Ag+-HPLC both in on-line and off-line mode were used to separate TAGs. Hu et al. [118] 

used an off-line system coupling NARP-HPLC and Ag+-HPLC with APCI‒MS to investigate 

peanut oil TAGs. The on-line 2D LC approach is fast and automated but has a drawback of 

complexity of the system and incompatibility of the two different eluents required for each LC 

stage. Beccaria et al. [119] applied comprehensive stop flow Ag+-LC×NARP-LC and off-line 

Ag+-LC×NARP-LC approaches, to analyse TAGs in fish oil and compared the two approaches 

in terms of peak capacity. It was found that the off-line approach has a better separation, hence 

higher peak capacity than the comprehensive approach allowing the identification and semi-

quantification of more than 250 TAGs.  

1.2.8. GC×GC analysis of VOCs in olive oil 

One-dimensional GC is widely used for the analysis of VOCs in several matrices, 

including olive oil as stated above. Many times, 1D GC produces chromatograms with many 

unresolved peaks resulting in information loss and difficulty on identification. In addition, 

minor compounds may not be detected, especially when overlapped by major components. 

However, GC×GC can solve these problems. Lukić et al. [16] studied the VOCs in EVOO 

using both GC‒TOFMS and GC×GC‒TOFMS after HS SPME extraction. The study reported 

that <30 compounds were detected and identified using 1D GC method whereas up to 1000 
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compounds were detected and about 256 compounds were (tentatively) identified using the 

GC×GC method. In a similar study, a targeted analysis of VOCs in EVOO using GC×GC‒MS, 

about 119 compounds were identified [84].  

For the purpose of identification MS was used as a detector in all GC×GC analysis of 

VOCs (Table 1.3). VOCs were mainly identified based on linear retention index matching and 

MS spectra. MS spectra were compared with that of a pure standard substance, where available, 

and with library of mass spectra, commonly with NIST library [16, 84, 120]. Note that in the 

absence of authentic standards. The column configuration mainly employed in the VOCs 

analysis were either polar×mid-polar, such as wax column in the 1D and a BPX50 column as 

2D or apolar×polar, such as BPX5 column as 1D and wax column as 2D (Table 1.3). The data 

obtained from VOCs analysis in EVOO when a large cohort of samples and their inter-

relationship is of interest, are usually processed using multivariate analysis techniques such as 

principal component analysis (PCA), partial least square discriminant analysis (PLS-DA) and 

other methods [120, 121].  

The purpose of studying VOCs in EVOO includes profiling, differentiation of cultivar 

and/or geographical origin, pattern recognition, investigating traceability and sensory quality 

of EVOO (Table 1.3).   
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Table 1.3. Selected applications of GC×GC‒MS in the analysis of VOCs in olive oil.  

Study purpose   Modulator Column  Data 
processing 

Ref. 

Differentiation of virgin olive oil 
according to variety and geographical 
origin 

Non-moving quadjet dual-stage thermal 
modulator 

1D: VF-WAX (30 m×0.25 mm×0.25 μm)  
2D: Rxi-17Sil MS (1.50 m×0.15 mm×0.15 μm) 

ANOVA, PCA, 
SLDA 

[16] 

Combined untargeted and targeted 
fingerprinting for volatiles and ripening 
indicators in olive oil 

Two-stage KT 2004 loop-type thermal 
modulator  

1D: SolGel-WAX (30 m×0.25 mm×0.25 mm) 
2D: OV-1701 (1 m×0.1 mm×0.10 µm) 

PCA  [84] 

Fingerprint pattern recognition in olive 
oil produced by two different techniques 
in olive varieties 

Longitudinally modulated cryogenic system  1D: BPX5 (30 m×0.25mm×0.25µm 
2D: BPX20 (1.5 m×0.1mm×0.1µm 

ANOVA, PCA [121] 

Untargeted and targeted fingerprinting of 
EVOO volatiles 

Two-stage KT 2004 loop type thermal 
modulator  

1D: SolGel-WAX (30 m×0.25 mm×0.25 μm) 
2D: OV1701 (1 m×0.1 mm×0.10 μm) 

PCA [122] 

Defining a chemical blue print of virgin 
olive oil volatiles to be correlated to the 
product sensory quality 

Set up 1: apolar×polar 

A loop-type single-jet prototype developed 
at the University of Udine, was adopted as a 
cryogenic modulator  

Set up 2: polar×apolar 

Two-stage KT 2004 loop thermal modulator  

Set up 1: apolar×polar 

1D Rxi-5ms (30 m×0.25 mm×0.50 µm) 
2D: SUPELCOWAX10 (1.2 m×0.1 mm×0.10 µm)  

Set up 2: polar×apolar 

1D: SolGel–WAX (30 m×0.25 mm×0.25 µm) 
2D: OV-1701 (1 m×0.1 mm×0.10 µm) 

PCA, PLS-DA, 
OPLS-DA  

[120] 

Traceability of olive oil based on 
volatiles pattern 

Cryogenic modulator  1D: HP-INNOWax (30 m×0.25 mm×0.25 µm) 
2D: BPX50 (1.25 m×0.1 mm×0.1 µm) 

PCA, LDA, 
ANN  

[15] 

 

ANOVA – one-way analysis of variance, ANN – artificial neural networks, EVOO – extra virgin olive oil, LDA – linear discriminant analysis, PCA – principal component 
analysis, PLS-DA – partial least square discriminant analysis, OPLS-DA – orthogonal partial least square discriminant analysis, SLDA – stepwise linear discriminant analysis  
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1.3. Scope of the thesis 

The thesis describes different strategies that can be utilised in the analysis of FAs, TAGs 

and VOCs in oil samples. It details the identification of FA and TAG components in plant oil 

sample using mass spectrum fingerprinting. It also describes the development of an MDGC 

method for the separation and identification of TAGs in olive oil, that can be extended to the 

analysis of other lipid matrices. The thesis covers also the differentiation of EVOO varieties 

based on the analysis of FAs and VOCs.   

Chapter 1 presents the thesis introduction and literature review of relevant prior 

research studies. A brief background on FAs, TAGs and olive oil was followed by a literature 

review which details on different approaches of analysis of FAs, TAGs and VOCs in oil 

samples, and recent developments in the field. Chapter 2 describes the methodologies used in 

the studies included in the thesis.  

The thesis project begins with Chapter 3, which details a GC‒EIMS method of analysis 

of FAs and TAGs in sapucainha oil. The GC‒EIMS method demonstrates the identification of 

TAG components in sapucainha oil based on FAs composition, mass spectral fingerprinting, 

and peak deconvolution, in the absence of standard TAGs and mass spectrum library 

information. It describes the possible TAG composition of sapucainha oil which mostly co-

elutes.  

Based on this first study, MDGC-FID and MDGC-MS methods were then applied to 

EVOO. Chapter 4 focuses on the development of H/C MDGC for improved separation of 

TAGs in olive oil. The H/C MDGC strategy demonstrates a significantly improved separation 

of co-eluted TAG components through the use of a relatively short 1D and 2D columns under 

suitable flow and elevated temperature conditions. Identification of separated TAGs in TAG 

analysis is an important step. Thus, as a continuation to this Chapter 5 demonstrates the use 
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of MDGC‒MS approach for the separation and identification of TAG components using MS 

as 2D detector.   

Chapter 6 demonstrates the differentiation of EVOO varieties based on the analysis of 

FAs and VOCs. The method applies chemometric approaches to reveal the varietal differences. 

SPME was used for VOCs, and a 1D GC-FID method for FAME in the oils.  

Chapter 7 details the overall conclusion drawn out of the studies conducted and 

presented in the thesis and outlines the future directions for strategies that should be followed 

in future for the analysis of FAs, TAGs and VOCs in oil samples and similar matrices.  
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The present Chapter describes the methodologies used in the studies included in the 

thesis. It summarises and gathers together the experimental approaches that were presented in 

the papers included in each of the separate Chapters (3-6). Note that in some cases more details 

can be found in the specific Chapter than in this section, however in some instances it expands 

on the methods that cannot be discussed in full detail in the written publications.  

2.1. Samples and reference standards   

2.1.1. Samples 

In the studies included in the thesis, oil samples were analysed for their FA, TAG and 

VOC content. One of the oil samples analysed was sapucainha oil (Carpotroche brasiliensis), 

which was obtained from Brazil. The fruits of Carpotroche brasiliensis Endl. (Flacourtiaceae) 

were collected from Serra do Caparaó, Minas Gerais, in 2017 and a voucher sample was 

deposited at the Herbarium of Museu Nacional/UFRJ under SISGEN registration number 

A67B2CB. The FA and TAG content of the oil sample was analysed using GC–EIMS.  

Extra virgin olive oil (EVOO) was used as a sample to develop a H/C MDGC method 

for the separation and identification of TAG components. The EVOO samples were obtained 

from a local supermarket and from Modern Olives (Lara, Victoria, Australia). For the study on 

differentiation of EVOO varieties based on the analysis of VOCs and FAs, samples were 

obtained from a commercial Australian producer (Victoria, Australia). The EVOO samples 

were seven single varieties that includes Hojiblanca, Coratina, Arbequina, Koroneiki, Frantoio, 

Picual, and Barnea, and three mixed EVOO samples (Medium, Mild and Robust flavours). 

Samples were obtained from both 2018 and 2019 production. The mixed samples are sold as 

commercial blends, reproducibly blended year-to-year largely based on sensory evaluation 

such that signature products are perceived to be equivalent. Oils were sealed in amber bottles 

during storage and transportation. In-house mixes were prepared from 2019 single variety 
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EVOO samples to investigate changes of FAs composition upon varying the ratio of EVOO 

varieties. The mixed variety samples were also evaluated for VOC composition, but since 

statistical analysis was not able to clearly differentiate these, the in-house mixes were not 

investigated for VOC.  The commercial mixes derive from single EVOO varieties; Medium 

flavour (Barnea and Picual), Mild flavour (Arbequina and Barnea) and Robust flavour (Barnea, 

Coratina and Koroneiki). The company prepares these products from single varieties in a ratio 

unknown to the investigators. 

2.1.2. Reference standards  

TAG standards of tripalmitin (PPP) and tristearin (SSS) (both from Sigma Chemical 

Co., USA; and also from Nu-Chek Prep, Inc., Elysian, MN); triolein (OOO) and trilinolein 

(LLL) (from Nu-Chek Prep, Inc., Elysian, MN); 1,2-palmitin-3-stearin (PPS), 1,2-stearin-3-

palmitin (SSP), 1,2-palmitin-3-olein (PPO), 1-2-olein-3-palmitin (OOP), 1,2- linolein-3-

palmitin (LLP), 1,2-olein-3-linolein (OOL) and 1,2-olein-3-archidin (OOA) (from Larodan 

Fine Chemicals AB, Sweden) were used for identification of TAGs in EVOO as well as for 

demonstrating H/C MDGC‒MS method. Where P = palmitic (C16:0), S = stearic (C18:0), O = 

oleic (C18:1n–9), L = linoleic (C18:2n–6) and A = arachidic (C20:0) FA respectively. The 

sequences of the letters are used for convenience and do not necessarily indicate the position 

of the acyl group on the glycerol moiety. For TAGs analysis, glyceryl triheptadecanoate 

(C17:0/C17:0/C17:0) (Sigma Chemical Co., USA) was used as internal standard (IS) for 

monitoring retention time shifts and variations in detector response from analysis to analysis. 

Methyl nonadecanoate (C19:0 FAME, Supelco) and 4-methyl-2-pentanol (TCI, Tokyo, Japan) 

were used as IS for FAME and VOC analysis respectively. An authentic standard mixture of 

FAMEs (Supelco 37-component FAMEs mix) was used for identification of EVOO FAMEs 

through retention time correlation.  
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2.2. FA derivatisation 

Two different approaches of FA acid derivatisation methods to FA methyl ester (FAME) 

were used. Transesterification with methanolic sodium hydroxide followed by esterification of 

free FA by boron trifluoride in methanol was used for sapucainha oil sample, whereas 

transesterification by methanolic potassium hydroxide was used for EVOO samples. Since 

EVOO are known to contain less amount of free FAs, transesterification is considered sufficient 

for derivatisation.  

2.2.1. Sapucainha oil FA derivatisation     

The derivatisation of FA and TAG content of sapucainha oil to FAMEs was made 

according to a procedure developed by Joseph and Ackman, which has been adapted and used 

by many researchers [1]. A 0.10 g mass of sapucainha oil was weighed into a test tube followed 

by addition of 4 mL of 0.5 mol/L of methanolic sodium hydroxide. The test tube was heated in 

a boiling water bath (100 ℃) approximately for 8 min until a transparent solution was obtained. 

After cooling 3 mL of 12% boron trifluoride in methanol was added and the test tube was 

heated again in the water bath (100 ℃) for 3 min. Then, after cooling 4 mL of saturated NaCl 

solution was added with agitation followed by addition of 4 mL of hexane and the test tube was 

vigorously agitated. Then it was left to rest to allow for phase separation. The upper layer of 

the reaction product (1 μL) was injected into GC–MS using split injection of 10:1. 

2.2.2. Extra virgin olive oil FA derivatisation  

The derivatisation of EVOO samples to FAME was prepared according to European 

Union commission regulation (EEC) No 2568/91. 0.10 g of EVOO sample was weighed in a 5 

mL screw top vial. Hexane (2 mL) was added and mixed. Methanolic potassium hydroxide (0.2 

mL, 2 N) was added, the vial vigorously shaken for about 30 s and left to stratify until the upper 
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hexane layer become clear; a 400 µL aliquot of this layer was transferred into a GC vial. 

Internal standard methyl nonadecanoate (C19:0 FAME) IS (100 µL, 10.0 g/L in hexane) was 

added into the vial prior to injection. After mixing 1 µL of the sample was injected into the GC 

instrument in split injection of 50:1, with FID detection.   

2.3. Head space solid phase microextraction (HS SPME) of VOCs 

The HS SPME extraction of VOCs from EVOO varieties was conducted as follows: IS 

solution was prepared by adding 1 μL of 4-methyl-2-pentanol (TCI, Tokyo, Japan) into each 

EVOO variety (5.0 g) in a vial, as a diluent for the IS, and vortex mixed. Separate solutions 

were prepared for each variety of EVOO sample, and also a separate solution for each replicate 

of the same EVOO sample to serve as a better evaluation of the method reproducibility. A 0.050 

g portion of this IS mix was transferred into a 20 mL SPME vial followed by addition of 5.0 g 

of the same variety of EVOO sample. The vial was crimp sealed and homogenised using vortex 

mixing. The sample headspace was extracted using a 50/30 µm 

divinylbenzene/carboxen©/polydimethylsiloxane fibre (Supelco, Bellefonte, PA) at 60 °C for 

60 min for equilibrium extraction prior to GC injection. Preparation, extraction and analysis of 

each sample was performed in triplicate. For retention index (I) calculation, a standard alkane 

mixture (C7–C22, Sigma-Aldrich) prepared by mixing 7 µL of C7-C8, 15 µL of C9-C12 and 

20 µL of C13-C22, (all from 10000 mg/L in hexane stock solutions) was extracted at 60 °C for 

5 min using the same SPME fibre. This approach avoided column overloading.  

2.4. Instrumentation   

2.4.1. Sapucainha oil FAME analysis   

For sapucainha oil FAME analysis a PerkinElmer gas chromatographic instrument 

(Clarus 680) coupled to a model Clarus SQ 8T mass spectrometer was used (PerkinElmer, 
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Brandon Park, VIC, Australia). The column employed for the analysis was an Elite-5ms (30 m 

 0.25 mm internal diameter (I.D.)  0.25 µm film thickness (df), PerkinElmer). The oven 

temperature (T) was programmed with initial T of 70 C (2 min hold), increased at 15 C/min 

to 190 C, then increased at 3 C/min to 301 C. The GC inlet T was set at 280 C. Helium was 

used as carrier gas with 1 mL/min flow. The MS mass scan range was from 40 to 500 m/z, with 

70 eV ionisation energy.  

2.4.2. Extra virgin olive oil FAME analysis  

The instrument used for FAME analysis in EVOO was an Agilent 7890A GC 

(Mulgrave, Australia) equipped with FID and autosampler, and installed with a 

SUPELCOWAX10 (30 m × 0.20 mm I.D. × 0.20 µm df, Supelco) column. The oven T was 

programmed from 180 ℃ (held 1 min), then ramped at 5 ℃/min to 250 ℃ (held 8 min). Inlet 

and detector T were both held at 250 ℃ and split injection (50:1) was used. The carrier gas 

was hydrogen (99.999% purity) at constant flow of 1 mL/min. GC‒MS analysis (using the 

instrument described under Section 2.4.3 below) of the FAME was carried out for MS 

identification purposes. Results were expressed as relative percentage of each FA based on FID 

area ratio of the FA peak to IS, without considering mass response factor.   

2.4.3. Analysis of VOCs in extra virgin olive oil  

For VOCs analysis in EVOO an Agilent 7890A GC equipped with an Agilent 7000 MS 

(Mulgrave, Australia), installed with a DB-5 (30 m × 0.25 mm I.D. × 0.25 μm df, Agilent) 

column was used. Helium (99.999% purity) was used as carrier gas (flow rate 1.2 mL/min). 

The GC oven was programmed as follows: initial oven T 40 °C (held 3 min), ramped at 5 

°C/min to 200 °C, then ramped at 15 °C/min to 250 °C (held 2 min). The GC inlet T was 250 

°C. The SPME fibre was inserted into the GC manually and the analysis started immediately, 

with split injection of 20:1. The MS source and transfer line T were 250 °C. The MS was 
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operated in full scan mode from 50 to 500 mass units. The same GC–MS method was used for 

alkane analysis for retention index (I) determination. 

2.4.4. Analysis of FAs and TAGs in sapucainha oil 

For GC separation and MS analysis of free FAs and TAGs in sapucainha oil a Bruker 

GC (SCION 456 GC) coupled to a triple quadrupole MS (TQD) (Bruker, Preston, VIC, 

Australia) was used, with an Rtx-65 column (17.5 m  0.25 mm I.D.  0.1 µm df, Restek) 

installed. The column was chosen based on its relatively high T limit (370 ℃) and its mid-

polarity phase that can separate TAGs to a certain degree based on their carbon number and 

degree of unsaturation. The oven T program started at 60 C, was increased by 15 C/min to 

315 C, and then by 1 C/min to 340 C (held for 28 min). The GC inlet T was set at 300 C. 

The MS was operated in full scan mode from m/z 50 to 1000, and after initial testing, 90 eV 

ionisation energy (IE) and 80 µA filament current were chosen. The IE was optimised by 

varying the energy from 50 to 130 eV in 20 eV steps, with the energy giving highest molecular 

ion abundance considered to be the best condition, and applied for further analysis. Other 

factors were kept constant while varying the IE. For the free FA and TAG analysis, a 0.5%v/v 

solution of sapucainha oil in hexane was prepared and 1 μL of the solution was injected into 

the GC–MS in split injection mode (10:1).    

2.5. MDGC analysis of TAGs 

2.5.1. H/C MDGC analysis of olive oil TAGs  

A H/C MDGC method for improved separation of TAGs in olive oil was developed 

using a gas chromatographic instrument (7890A, Agilent Technologies, Mulgrave, Australia) 

equipped with dual FID. The GC was also equipped with an Agilent DS which has one inlet 

and two outlet column channels plus two inlet channels to control the switching flow. Two sets 

of columns, composed of non-polar/mid-polar columns, with relatively short lengths were 
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selected for use due to their high T limits (up to 370 ℃). The use of columns with relatively 

short lengths was to elute TAGs at lowest T possible. Column set I: 1D SLB-5ms (15 m × 0.25 

mm I.D. × 0.25 µm df); 2D Rtx-65 (11.5 m × 0.25 mm I.D × 0.1 µm df); restrictor – deactivated 

fused silica (DFS, 1.75 m × 0.15 mm I.D.). Column set II: 1D HP-5 (10 m × 0.32 mm I.D. × 

0.25 µm df); 2D Rtx-65 (11 m × 0.25 mm I.D. × 0.1 µm df); restrictor – DFS (1.45 m × 0.15 

mm I.D.). Column set I was used for investigation of flow rate effects on the chromatographic 

result and target H/C analysis while column set II was used for comprehensive H/C analysis. 

 

Figure 2.1. Configuration of the H/C MDGC system. AUX EPC: pneumatic auxiliary port 

with electronic pressure control; DS: Deans switch; 1D: 1D column; 2D: 2D column; CT: 

cryotrap; CO2: compressed liquid carbon dioxide supply; FID: flame ionisation detector; DFS: 

deactivated fused-silica capillary tubing.   

For the H/C MDGC experiment the instrument configuration shown in Figure 2.1. 

comprising the following elements was used: (1) 1D column connected between the GC inlet 

and the DS inlet; (2) 2D column connected between one of the DS outlets and FID 2; and (3) a 

short restrictor column connected between the other DS outlet and FID 1. The 2D column passes 

through a cryofocusing trap (CT) near the column inlet (approximately 10-20 cm from the 

inlet). Liquid CO2 was provided as an on-demand flow to CT, which expands as a coolant gas 

to trap TAGs sampled or H/C from the 1D column to the 2D column. CO2 was supplied to the 
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CT at least two min prior to the first H/C event, with target regions from 1D effluent selected 

based on retention times detected at FID 1. The H/C regions of TAGs remain trapped at CT 

until all TAGs were eluted from the 1D column. The CT CO2 supply was stopped in order to 

release TAGs to the 2D column, which can be at the prevailing oven T, or the oven can be 

cooled before the CO2 supply is terminated.  

The following oven T program was found to be suitable for the H/C MDGC experiment: 

from different 1D start T (80 C or 250 C), the T was ramped up to 340 C (15 C/min), held 

for 25 min until all TAGs elute from the 1D column, and then cooled (at -60 C/min) to the 2D 

start T (80 C or 250 C), 0.5 min hold for system equilibration. The use of oven starting T of 

250 C was to decrease the total analysis time required without significant compromise in 

resolution of the TAG components. Heart-cut sampling is conducted at required times. This is 

referred to as the 1st T program. The trapped components were then released from the CT, and 

a 2nd T program was applied by ramping up the oven T again to 340 C (15 C/min) and then 

held until the TAGs eluted from the 2D column. The inlet and detector T were set at 300 and 

350 C, respectively.   

Constant flow mode was used throughout the experiment in both columns, with two 

constant flow programs used. The flow for the 1D separation (1st flow program) elutes TAGs 

from the 1D column during the 1st T program, while the flow for the 2D separation (2nd flow 

program) provides separation of TAGs on the 2D column during the 2nd T program. Thus, the 

1D and 2D column flows in each program are different, with the overall flow for the 2D 

separation preferably lower than that for 1D. The 1st flow program provided a preliminary 

separation on the 1D column. The DS flow was balanced in order to avoid carrier flow (and 

solute leakage) to the 2D column while the DS valve was in the off position; all flow is directed 

from the 1D column flow to the restrictor (no heart-cutting). The DS flow provides H/C to the 

2D column and CT for target regions as required during the 1st T program. The 1st flow program 
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was changed to the 2nd flow program prior to the release of cryotrapped solutes and 

commencement of the 2nd T program. The flow was adjusted to provide better separation of 

TAGs on the 2D column. Different 2D carrier gas flow rates were investigated to choose the 

final suitable flow rate before conducting olive oil TAGs separation. In summary, the TAG 

regions were sampled from the 1D column, cryotrapped, the 2D flow adjusted, and then 

separated on the 2D column using the appropriate 2D T program.  

2.5.2. Comprehensive H/C MDGC analysis of olive oil TAGs 

In order to reveal the number of TAGs co-eluted in 1D TAG peaks it may require to 

perform H/C sampling across each target peak to 2D for possible improved separation. This 

requires a high number of analyses to be carried out to reveal the co-elution in every 1D TAG 

peaks. To reduce the total analysis time a comprehensive sequential heart cutting method of 1D 

TAG peaks covering the target TAG region was made using column set II (see Section 2.5.1). 

The sampling time for each H/C was 6 s. The comprehensive sequential H/C approach was 

performed in such a way that first the TAG region was divided into three equal regions, and 

each narrow sampled region was H/C and trapped together in the CT, according to the 

following. For each region, narrow H/Cs were taken; the first H/C from region 1 was combined 

with the first H/C of region 2, and likewise for region 3. The combined H/C were then analysed 

on the 2D column. For the second injection, each H/C was incremented so that the second H/C 

from region 1, 2 and 3 were collected in the CT, then analysed. This continues until all regions 

were sampled by the narrow H/C process. This is conducted with the expectation that the early, 

middle and later sampled zones will not lead to overlap of the components from each region 

on the 2D column, but with improved resolution for each zone. In each analytical separation, 

an additional H/C comprising the IS (6 s) was also H/C and cryotrapped at the start of the 2D 
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column. The purpose of the IS was to correct retention time shifts in the 2D column in the 

sequential runs. 

2.5.3. H/C MDGC‒MS analysis of olive oil TAGs 

A H/C MDGC‒MS method for separation and identification of olive oil TAGs was 

developed using a gas chromatograph (Agilent Technologies, 7890A) equipped with a mass 

spectrometry detector (MSD) (Agilent Technologies, 5975C inert XL MSD with Triple-Axis 

Detector) and FID. The GC was equipped with an Agilent Capillary Flow Technology DS 

which has similar configuration and function as explained in Section 2.5.1. Also, a similar 

instrument configuration and H/C MDGC experimental procedure was used, except the use of 

MS as the 2D detector instead of FID, different 2D column and restrictor column dimensions, 

and suitable flow programs used in the new configuration. The employed columns for the new 

configuration were: 1D; SLB-5ms (15 m × 0.25 mm I.D. × 0.25 μm df), 2D; Rtx-65 (9 m × 0.25 

mm I.D. × 0.1 μm df) and restrictor – deactivated fused-silica (DFS, 1.72 m × 0.18 mm I.D.). 

The flow program used in this experiment is different from the previous procedure due to the 

difference in column dimensions and the use of MS as the 2D detector. The purpose of this 

experiment was to develop a similar H/C MDGC method with one described in Section 2.5.1 

with the use of MS as the 2D detector for the identification of separated TAG components.   

To increase the detectability of minor TAG peaks multiple injections, with repeated 

sampling to 2D and preconcentration by trapping in the CT, was carried out. This experiment 

was conducted after noticing a lower detectability of minor TAG peaks in MS detection as 

compared to FID detection.  
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2.5.4. Method validation for H/C MDGC‒MS analysis of TAGs 

Retention times and peak area repeatability using MS on the 2D column were 

determined using a mixture of six standard TAGs (PPO, OOP, LLP, OOL, OOA and IS; 100 

ppm each). The standard mixture was injected five times to determine repeatability. 

Repeatability was determined in two different ways: (1) by ‘heart-cutting’ fractions of the 

peaks in 6 s H/C windows, and recording their 2D retention times and peak areas, and (2) by 

‘heart-cutting’ the whole peak of the TAGs from 1D to 2D and again recording 2D retentions 

and peak areas. The repeatability for both retention times and area ratios (peak area of standard 

TAG/peak area of IS) were reported as relative standard deviations of the repeated injections. 

The LOD of standard TAGs using MS on the 2D was determined through sampling of 

the whole peak regions from 1D to 2D. Five standard TAGs (PPO, OOP, LLP, OOL and OOA) 

were used to demonstrate the method. The LOD was determined based on the graphical 

method, where the standard TAGs were analysed at three levels of concentrations (25, 50 and 

100 mg/L) with six repeat measurements for each level. The injections were made with split 

ratio of 10:1. The standard deviation for repeat measurements and LOD were calculated based 

on linear dependence that correlates the calculated standard deviations and respective 

concentrations (SD = f (C) and LOD = 3⸳SDo) [2].  

2.6. Data processing and analysis  

2.6.1. FAMEs and TAGs identification  

The identification of sapucainha oil FAMEs was made based on NIST database library 

and mass spectrum information; note that sapucainha oil mainly contain cyclic FAs for which 

standards are not readily available. However, the identification of FAMEs derived from EVOO 

was made by retention time correlation with an authentic standard mixture (Supelco 37-
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component FAMEs mix) and using NIST database library and mass spectrum information. 

Identification of possible TAGs in sapucainha oil was manually performed. Identification of 

co-eluting TAG within a peak cluster was made by searching regions of the peak for mass 

spectra which contained higher signal of the molecular ion (M+) of the TAG of interest with 

minimum interference from signals of other TAG. Identification was based on characteristic 

fragment ions formed by EI ionisation of the TAG component. The fragment ions used for 

identification of the TAG molecules were [M–RCO2]+, [RCO+128]+ and [RCO+74]+ 

corresponding to the fatty acyl residues on glycerol, and RCO+ fatty acyl residue, where R = 

the aliphatic hydrocarbon chain. Identification of TAG components in EVOO analysis was 

made based on interpretation of characteristic fragment ions listed above, and comparison of 

second dimension retention time (2tR) and mass spectra of the peaks of interest with standard 

TAG analysis. 

2.6.2. Differentiation of extra virgin olive oil varieties   

For differentiation of EVOO varieties and mixed EVOO samples based on the analysis 

of VOCs and FAs composition, data analysis was performed using principal component 

analysis (PCA). PCA results were calculated using Minitab 16 (Minitab Inc.). Data for PCA 

were peak area ratios of the compound vs the IS. Scores and loadings plots of the first two 

components were reported. Since an aliquot of the oil was taken and directly processed for FA 

composition, these data correspond to the quantitative composition of FA in the EVOO. 

For VOCs analysis average values of analyte amount from triplicate sample 

preparations were calculated vs the IS response area for the total ion chromatogram peak, and 

relative abundance results or normalised data with respect to the internal standard were 

reported. Since SPME sampling was used, these values do not directly reflect the composition 

of VOC compounds in the oils, nor account for factors such as equilibrium extraction 
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differences between compounds and the fibres. The values essentially only reflect the analyte 

composition as sorbed on the fibre, and may only be a qualitative measure of the VOCs in the 

EVOO head space at the given SPME extraction conditions using the specified fibre. 

Establishing equilibrium between EVOO and vial headspace, and then between headspace and 

SPME fibre can vary substantially between chemical classes, and homologues within chemical 

classes, plus for different fibre compositions. Some literature studies report concentrations of 

VOCs expressed as mg/kg of EVOO relative to IS assuming a ‘response factor’ equal to 1 [3-

5]. Since the relative magnitude of the response may vary significantly (and sometimes, very 

significantly) for different VOCs due to SPME sampling parameters resulting from the 

aforementioned factors, it is appropriate to base interpretation on relative abundance values for 

reproducibly prepared samples. In the absence of data for individually calibrated compounds, 

the study included in the thesis reported area ratios for analytes vs the IS. This is expected to 

allow valid comparison of sample-to-sample relative amounts.  
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3.1. Chapter overview   

This chapter details GC‒MS of sapucainha oil (Carpotroche brasiliensis) TAGs. 

Sapucainha oil, which may be used to treat leprosy, comprises straight chain and interestingly 

has a reasonably high proportion of cyclic FAs, and TAGs. TAGs are often analysed using 

HTGC where separation is based on their CN and degree of unsaturation on mid-polar and 

polar columns. TAGs with the same CN and similar degree of unsaturation often co-elute and 

therefore achieving adequate separation is challenging. Peak identification may be based on 

use of standard TAG elution data, or interpretation of their mass spectra, using GC–MS. In 

many cases, both standard TAG and mass spectrum library information are not readily 

available, which is the case of sapucainha oil TAGs. In these instances, identification can be 

performed based on diagnostic fragment ions in the mass spectrum, generated through loss of, 

or from, fatty acid residue(s) comprising the TAG molecules.  

The FA and TAG content of the sapucainha oil was analysed using GC–electron 

ionisation (EI)MS. Prior to the TAGs identification, and in order to maximise the ion 

information arising from MS stage, the effect of ionisation energy (IE; 50, 70, 90, 110 and 130 

eV) on molecular ion abundance was studied and 90 eV was considered the best ionisation 

condition for mass fingerprinting of the TAG. However, different literatures reported the use 

of lower energy (<70 eV) and lower source temperature generate mass spectra with a higher 

relative abundance of ions at higher m/z values during the analysis of variety of different 

molecules such as alkanes, FAMEs, vitamin E, squalene, linear alcohol and pesticides [1-3]. 

Unlike for lower mass compounds commonly there were no studies that compares different 

ionisation energy used to analyse higher mass molecules including sapucainha oil TAGs.   

FA analysis was performed after derivatisation to FAME using methanolic sodium 

hydroxide and boron trifluoride in methanol. For free FA and TAG analysis, the oil sample 

was dissolved in hexane and injected into a short, high-temperature column of Rtx-65 (17.5 m 
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× 0.25 mm I.D. × 0.1 μm df; a 35% dimethyl, 65% diphenyl polysiloxane phase), for GC‒MS 

analysis. Free FA and FAME were tentatively identified based on mass spectrum information 

of their molecular and fragment ions, as well as library matching. Overlapping TAG peaks 

were deconvoluted based on mass fingerprint data. The FA composition was utilised to predict 

possible TAG identities. FA residues of TAG were identified based on characteristic fragment 

ions, such as [M–RCO2]+, [RCO+128]+, [RCO+74]+ and RCO+ where R is the aliphatic 

hydrocarbon chain.  

FAME analysis showed that the cyclic FA hydnocarpic (36.1%), chaulmoogric (26.5%) 

and gorlic (23.6%) acids were the major components. The cyclic FAs have a terminal 

cyclopentenyl ring in their structure (see Section 3.3 Supporting information). In addition, 

straight chain FA such as palmitic, palmitoleic, stearic, oleic and linoleic acids were detected. 

Palmitic, oleic, hydnocarpic, chaulmoogric and gorlic acids were also detected as free FA in 

the oil sample. Palmitoleic and linoleic acids were not reported before. Six groups of TAG 

peaks were eluted from GC at temperatures ≥330 °C. After deconvolution and mass spectrum 

analysis, each TAG peak group was revealed to comprise 2 to 5 co-eluted TAG molecules; >18 

TAG were identified. These TAG consisted of a mix of both cyclic and straight chain FA, but 

were mostly derived from cyclic FA. 

The absence of both authentic standards and MS spectrum library data for TAG derived 

from cyclopentenyl FA, and overlapped spectra confounded the identification. Nevertheless, a 

first account of identification of TAG derived from cyclopentenyl FA and derived from mixed 

cyclopentenyl and straight chain FA was conducted. Resolution of overlapped TAGs in GC 

analysis of oil samples may be improved through application of higher dimensionality. Thus, 

the subsequent study outlined in Chapter 4 is dedicated for multidimensional GC for improved 

separation of TAGs in olive oil.   
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Fig. S1 GC−MS total ion chromatogram of sapucainha oil showing FA (P, H, O, C and G), 
DAG and TAG components. (this is the same as Fig. 3 in the main text)  
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Fig. S2 Extracted ion chromatograms (EICs) of molecular ions of the possible TAGs described 
in Table 2, detected in peaks a-f in Fig. S1. (this is the same as Fig. 5 in the main text)  
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Fig. S3 Chemical structure of sapucainha oil cyclopentenyl FAs, FAMEs and the main 
fragments used for their identification.  

The mass spectra for chaulmoogric acid (Fig. S4) was similar with that of hydnocarpic 

acid (Fig. 4). The prominent fragment ions were m/z 67, m/z 82 and m/z 95. Fragments formed 

through cleavage of alkyl cyclopentenyl groups such as m/z 109 and m/z 123 were also detected. 

Note that the McLafferty rearrangement ion of m/z 60 was also prominent.    

 

Fig. S4 Mass spectrum of chaulmoogric acid. 
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The mass spectra of the TAGs have shown that m/z 67 was the base peak (Fig. S5), 

which is formed after cleavage of the cyclopentenyl ring from the cyclopentenyl FAs. Other 

characteristic fragment ions such as alkyl cyclopentenyl, dihydrofulvene and alkyl 

dihydrofulvene were also detected.  

 

Fig. S5 Mass spectrum of TAG derived from cyclopentenyl FAs showing the characteristic 
base peak, m/z 67, and the alkyl cyclopentenyl, dihydrofulvene and alkyl dihydrofulvene 
fragment ions that occur at lower mass range.  

 

Section S1. Identification of TAGs 

In peak a two M+, with m/z 798.8 and m/z 800.1, were detected and the peaks for their 

extracted mass are shown in Fig. S2. Based on the M+ masses and the fragment ions both 

masses possibly belong to TAGs with CN of 48 (derived from 3 C16:0). The three C16:0 fatty 

acids that were identified through FAMEs analysis were H (C16:0cyc), P (C16:0) and Po 

(C16:1). The [M – RCO2]+ fragment ions detected, at the retention times the TAGs were 

identified,  were m/z 543, m/z 545, m/z 547 and m/z 549, which correspond to [HH]+, [PoH]+, 

[PH]+/[PoPo]+ and [PPo]+ respectively. The m/z 547, which corresponds to [PH]+/[PoPo]+, was 

the most abundant ion (Fig. S6). This might indicate both [PH]+ and [PoPo]+ exists, where each 

fragment ion belongs to one of the two TAGs that co-eluted in peak a, or possibly the two 

TAGs have either of [PH]+ or [PoPo]+ in common. A further look at [RCO+74]+ fragment ions 
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has shown abundant ions of m/z 309 and m/z 313, which corresponds to H and P respectively. 

A minor peak of m/z 311 which correspond to Po was also detected. In addition [RCO+128]+ 

fragment ions, m/z 363 and 367, corresponding to H and P respectively were the abundant ions. 

The RCO+ fragments corresponding to H and P, which are m/z 235 and m/z 239 respectively, 

were also abundant.  The m/z 237 corresponding to Po was very low in abundance. These were 

highly suggestive for the existence of [PH]+ as a common fragment for both TAGs. With this 

information the TAGs with m/z 798.8 and m/z 800.1 were possibly related to PHH and PPoH 

respectively, given their molecular masses. Other TAGs that could match the m/z 798.8, such 

as PoPoH, and the m/z 800.1, such as PoPoPo, were ruled out, because fragment ions that are 

related to Po were less abundant.     
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Fig. S6. Mass spectra of TAGs identified in peak a. Where a and b correspond to m/z 798 and 
m/z 800, and 1 refers to the mass range that include M+, [M-RCO2]+ and [M-RCO]+ ions, and 
2 refers to the mass range that include RCO+, [RCO+74]+ and [RCO+128]+ ions respectively.  

   

Peak b was composed of M+ with m/z 798.0 and m/z 796.6 (Fig. S2). The TAGs in this 

peak were also considered to be derived from C16 fatty acids. The [M–RCO2]+  fragment ions 

detected were with m/z 543, m/z 545 and m/z 547, which correspond to [HH]+, [PoH]+ and 

[PH]+/[PoPo]+ respectively (Table 2). The m/z 545 was more abundant than the other two 

fragment ions (Fig. S7). As discussed above m/z 798.0 may correspond to PHH or PoPoH. The 

[RCO+74]+ fragment ion indicated that m/z 311, which corresponds to Po, was more abundant 

than m/z 313, which corresponds to P. The same was true for RCO+ fragment ions. The 

[RCO+128]+ fragment ion for Po, which is m/z 365, was detected with more abundance 

whereas m/z 367, which corresponds to P, was not detected (Fig. S7a2). Thus, the TAG with 

m/z 798.0 in peak b was likely related to PoPoH. The other TAG which eluted with this TAG 

was with m/z 796.6. This mass is less only by m/z 2 from PoPoH. This can possibly happen if 

one Po is substituted by H, i.e. the TAG could be PoHH. The [M–RCO2]+  fragment ions with 
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m/z 543.6, which corresponds to [HH]+; m/z 545, which corresponds to [PoH]+; and m/z 547.6, 

which corresponds to [PoPo]+, were all detected in peak b, which indicated that the two TAGs, 

PoPoH and PoHH possibly co-eluted.    
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Fig. S7 Mass spectra of TAGs identified in peak b. Where a and b correspond to m/z 798 and 
m/z 796, and 1 refers to the mass range that include M+, [M-RCO2]+ and [M-RCO]+ ions, and 
2 refers to the mass range that include RCO+, [RCO+74]+ and [RCO+128]+ ions respectively.   
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Peak c was composed of four M+ with m/z 794.8, m/z 824.9, m/z 826.7 and m/z 828.9 

(Fig. S2). These masses could possibly related to TAGs derived from 2 C16 and 1 C18 fatty 

acids, except m/z 794.8, which could be derived from three C16. From these M+ ions, only 

TAGs corresponding to m/z 794.8 and m/z 826.7 were identified.  

A M+ with m/z 794.8 of large peak area, which cover up all the TAG peaks described 

under peak c, was detected (Fig. S2). The [M–RCO2]+ fragment ions with m/z 543, which 

corresponds to [HH]+, was an abundant peak (Fig. S8a1). The m/z 794.8 could only be related 

to a TAG with minimum mass that can be derived from the lowest mass detected fatty acid in 

the sample, which was H. Thus, the TAG was possibly HHH. The [RCO+74]+, [RCO+128]+ 

and RCO+ fragment ions corresponding to H were more abundant and clearly standing at this 

retention (Table 2 and Fig. S8a2). The [M–RCO]+ fragment ion with m/z 559 was also detected.   

At the retention time m/z 826.7 identified, [M–RCO2]+  fragment ions of m/z 547 and 

m/z 575 were detected as prominent ions (Fig. S8). The m/z 547 could correspond to 

[PH]+/[PoPo]+. The [RCO+74]+ fragment ions detected shown that m/z 309 and m/z 313, which 

corresponds to H and P respectively, were the most abundant ions compared to the very low 

abundance of m/z 311 for Po. The same was true for [RCO+128]+ and RCO+ fragment ions 

corresponding to the three fatty acids (Table 2 and Fig. S8b2). Thus, [PH]+ was possibly the 

fragment with m/z 547 that was formed at this retention time. Then the possible C18 fatty acid 

that could match with [PH]+ to form a TAG with mass of 826 is therefore L/C. Thus, the TAG 

could be LPH/CPH. The [RCO+74]+  and [RCO+128]+ fragment ions corresponding to L/C, 

which were m/z 337 and m/z 391, were apparent (Fig. S8b2).  The [M–RCO2]+  fragment ions 

with m/z 575 and m/z 571, which corresponds to [LP]+/[CP]+ and [LH]+/[CH]+ respectively, 

were also detected (Table 2 and Fig. S8b1). Thus, the TAG could be LPH or CPH, or possibly 

both existed but co-eluted.  
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Fig. S8 Mass spectra of TAGs identified in peak c. Where a and b correspond to m/z 794.8 and 
m/z 826.7, and 1 refers to the mass range that include M+, [M-RCO2]+ and [M-RCO]+ ions, 
and 2 refers to the mass range that include RCO+, [RCO+74]+ and [RCO+128]+ ions 
respectively.   
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As shown in Fig. S2, in peak d three M+ (m/z 824.0, m/z 822.7 and m/z 820.7) were 

proposed. These m/z values possibly correspond to TAGs with CN = 50 (derived from 2 C16 

and 1 C18 FA) with saturated and/or unsaturated bonds.  

At the retention time the TAG with m/z 822.7 identified the mass spectrum has shown 

[M – RCO2]+ fragment ions with m/z 543 and m/z 571 with high abundance (Fig. S9a1). The 

m/z 543 corresponds to [HH]+ whereas m/z 571 may correspond to [CH]+ or [LH]+, since C and 

L have the same mass. H is the only detected FA with lower molecular weight (252 g/mol) that 

could give [M–RCO2]+ residue with m/z 543. The assumption that one of the FA residue was P 

or Po, as in [PH]+ or [PoH]+, could give a residue with 4 or 2 mass units higher than the m/z 

543. Then a TAG with M+ m/z 822.7 could give [HH]+ residue only after loss of an acyloxy 

group with m/z of 279, which could only correspond to C or L. Mass spectra in Fig. S9a2 shows 

additional fragment ions that were used for identification. The [RCO+74]+ fragment ions for 

corresponding fatty acyl groups were related to H, m/z 309, and C or L, m/z 337. Note that the 

fragment with m/z 309, which corresponds to H, was highly abundant. The [RCO+128]+ 

fragment ions with m/z 363 and m/z 391, which correspond to H and; C or L respectively, were 

also detected. The corresponding RCO+ masses, m/z 235 for H and m/z 263 for C or L, were 

also the abundant ions. The [M-RCO]+ with m/z 587 and m/z 559, after cleavage of acyl groups 

corresponding to H and C respectively, were also detected. Thus, the possible TAG(s) that 

correspond to the m/z 822.7 could be either CHH or LHH, or both. Given the fact that the peak 

related to the TAG was intense and the fraction of L in the oil sample was very low (0.71% 

peak area of the total FAs detected) it was highly possible that the TAG with m/z 822.7 

correspond to CHH than LHH. It should also be noted that the possibility for the presence and 

co-elution of both TAGs could not be ruled out.   

For the TAG molecule corresponding to M+ of m/z 820.7 the mass spectra were shown 

in Fig. S9b. The fragment ions used for identification were described in Table 2. The [M–
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RCO2]+ fragment ions with m/z 543 and m/z 569, which correspond to [HH]+ and [GH]+, 

respectively, were detected. H and G, with C16 and C18 respectively, are the FAs with the lowest 

molecular masses that could give [M–RCO2]+  residue of m/z 569. The [RCO+74]+, 

[RCO+128]+ and RCO+ fragment ions, corresponding to H and G, used for identification were 

detected, which indicated the presence of H and G. The [M-RCO]+ fragment ions were also 

additional ions that were detected. Note that [HH]+ and other fragment ions corresponding to 

H could come from the CHH that was suggested earlier. But a TAG with m/z 820.7 could only 

give [GH]+, with m/z 569, after loss of an acyloxy group that correspond to H. Thus, the TAG 

with m/z 820.7 was suggestive of the presence of GHH having in common [HH]+ residue with 

CHH.   

TAG with M+ of m/z 824.0 was identified in peak d in addition to the two TAGs 

described above. The [M–RCO2]+ fragment ions, m/z 545 and m/z 573, which were not related 

to both CHH and GHH were detected. In addition [RCO+128]+ and [RCO+74]+ fragment ions 

that correspond to O and Po were also detected (Fig. S9 and Table 2). This indicates that m/z 

545 may correspond to [PoH]+ whereas m/z 573 may correspond to [OH]+ or [LPo]+/[CPo]+. 

The TAG that corresponds to m/z 824 was OHH or LPoH/CPoH. Note that L and C have the 

same mass and fragments related to C were generated from the co-eluting CHH. While it is 

difficult to distinguish between LPoH and CPoH the fact that L is detected in minor amount in 

the oil sample gives more probability for CPoH to exist. Thus, the molecular and fragment ions 

information indicated the possibility of that two TAGs, OHH and CPoH, with the same 

molecular mass eluted at the same retention time.   
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Fig. S9 Mass spectra of TAGs identified in peak d. Where a, b and c correspond to m/z 822, 
m/z 820 and m/z 824 TAGs, and 1 refers to the mass range that include M+, [M-RCO2]+ and 
[M-RCO]+ ions, and 2 refers to the mass range that include RCO+, [RCO+74]+ and 
[RCO+128]+ ions respectively.    

 

Peak f was composed of five TAG components (Fig. S2). Based on the molecular ions 

detected all TAGs in this group could be derived from 3 C18 FAs. The TAGs were with M+ of 

m/z 880.9, m/z 878.6, m/z 876.6, m/z 874.5 and m/z 872.6, eluted in increasing retention time 

with the first two having the same retention (Table 2). For simplicity reason their identification 

will be discussed from the last to first eluting TAGs.    

At the retention time TAG corresponding to m/z 872.6 identified, m/z 595 

corresponding to [GG]+ and; [RCO+128]+, [RCO+74]+ and RCO+ fragment ions with m/z 335, 

m/z 389 and m/z 261 respectively, corresponding to G were detected (Fig. S10a). The m/z 595 

and m/z 335 were very abundant ionss.  The fragment ions as well as the fact that only 3 G 

molecules can give the m/z 872.6 suggests that the TAG was GGG.  
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The M+ with m/z 874.5 is only 2 mass unit higher than the mass for GGG. Thus, it is 

possible to assume that the TAG that corresponds to m/z 874.5 could differ only by one FA 

acyl group from GGG. The FA could then be C or L. The [RCO+74]+ fragment ion detected at 

this retention time was also in agreement with this assumption. A m/z 597, which corresponds 

to [CG]+/ [LG]+ was detected with high intensity (Fig. S10b1). The [RCO+74]+ and 

[RCO+128]+ fragment ions corresponding to both C and G were also detected in abundance 

(Table 2 and Fig. S10b2). Thus, the TAG with m/z 874.5 possibly correspond to CGG. LGG 

was not considered here given the low abundance of L in the oil sample.   

The TAG with m/z 876.6, which is 2 mass units higher than m/z 874.5, was identified. 

The [M–RCO2]+ fragment ion with m/z 599 and m/z 597, which correspond to [CC]+ and [CG]+ 

were detected (Fig. S10c1). The [RCO+74]+,  [RCO+128]+ and RCO+ fragment ions 

corresponding to G and C were also detected (Table 2 and Fig. S10c2). All the characteristic 

peaks were clearly observed and strongly suggested that m/z 876.6 corresponds to CCG. 

The TAGs with m/z 878.6 and m/z 880.9 were eluted before other TAGs detected in 

peak f (Fig. S2). At the retention time where m/z 878.6 was identified [M–RCO2]+ fragment 

ions with m/z 597, m/z 599 and m/z 601, which correspond to [CG]+, [CC]+ and [CO]+, were 

detected (Fig. S10d1). Then the TAG could be CCC or OCG. The [RCO+74]+ corresponding 

to O, C and G were all detected with peak corresponding to C being the most intense (Fig. 

S10d2). The M+ with m/z 880.9 has 2 mass units higher than the M+ with m/z 878.6. At the 

retention time it was identified [M–RCO2]+ fragment ions with m/z 599 and m/z 601, which 

correspond to [CC]+ and [CO]+, were detected (Fig. S10e1). This was suggestive for the 

presence of OCC. The [RCO+74]+ corresponding to O was also detected (Fig. 10e2). The peaks 

for m/z 878.6 and m/z 880.9 have the same retention time (Fig. S2 and Table 2). This indicate 

that the m/z 878.9 was more likely correspond to CCC than to OCG. This is because CCC and 

OCC have the same ECN value and thus could co-elute.  
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Fig. S10 Mass spectra of TAGs identified in peak f. Where a, b, c, d and e correspond to 872.2, 
m/z 874.5, m/z 876.6, m/z 878.6 and m/z 880.9, and 1 refers to the mass range that include M+, 
[M-RCO2]+ and [M-RCO]+ ions, and 2 refers to the mass range that include RCO+, [RCO+74]+ 
and [RCO+128]+ ions respectively.  

 

3.4. References  
[1] M.S. Alam, C. Stark, R.M. Harrison, Using Variable Ionization Energy Time-of-Flight 
Mass Spectrometry with Comprehensive GC×GC to Identify Isomeric Species, Anal. Chem. 
88 (2016) 4211-4220. 

[2] M. Beccaria, F.A. Franchina, M. Nasir, T. Mellors, J.E. Hill, G. Purcaro, Investigation of 
mycobacteria fatty acid profile using different ionization energies in GC–MS, Anal. Bioanal. 
Chem. 410 (2018) 7987-7996. 

[3] P.Q. Tranchida, I. Aloisi, B. Giocastro, M. Zoccali, L. Mondello, Comprehensive two-
dimensional gas chromatography-mass spectrometry using milder electron ionization 
conditions: A preliminary evaluation, J. Chromatogr. A 1589 (2019) 134-140. 

 



 

 

Page | 97  
 

Chapter 4 

High temperature multidimensional gas 

chromatographic approach for improved 

separation of triacylglycerols in olive oil 

 

Habtewold D. Waktolaa, Chadin Kulsinga,b, Yada Nolvachaia, Philip J. Marriotta 

 

a Australian Centre for Research on Separation Science, School of Chemistry, Monash 

University, Wellington Road, Clayton, VIC 3800, Australia 

b Department of Chemistry, Faculty of Science, Chulalongkorn University, 254 Phyathai 

Road, Patumwan, Bangkok 10330, Thailand 

 

Published in Journal of Chromatography A, 1549 (2018) 77–84. 

doi.org/10.1016/j.chroma.2018.03.037



Chapter 4: MDGC separation of triacylglycerols in olive oil 

 

Page | 98  
 

 Contents  Page  

4.1.  Chapter overview………………………………………………………......... 99 

4.2.  Article……………………………………………………………………….. 102 

 Introduction …………………………………………………….................... 102 

 Experimental………………………………………………………………… 103 

 H/C MDGC analysis…………………………………………….................... 103 

 Sample and standards……………………………………………………….. 104 

 Result and discussion……………………………………………………….. 104 

 1DGC experiment using column set I with the DS ‘off’……………………. 104 

 Column flow optimisation…………………………………………………... 105 

 Target H/C analysis of different regions of the main peaks………………… 106 

 Comprehensive H/C experiment using column set II……………………….. 107 

 Conclusion…………………………………………………………………... 108 

 References…………………………………………………………………... 109 

4.3.  Supporting Information……………………………………………………... 110 

 

 

 

 

 

 

 

 



Chapter 4: MDGC separation of triacylglycerols in olive oil 

 

Page | 99  
 

4.1. Chapter overview  

As discussed in Chapter 3 TAGs often co-elute based on their CN and degree of 

unsaturation in the usual 1D GC. The same co-elution problem exists also in 1D liquid 

chromatography. Similar to the overlap of FAs in 1D GC, inadequate separation of TAGs in 

1D has led to the proposal to use of 2D chromatographic separation in this study. While 2D 

separation is becoming a separation technique of choice by using HPLC, less attention has been 

paid to TAG analysis using MDGC. Thus, the present Chapter focuses on the development of 

MDGC technique for TAG separation in olive oil.    

Heart-cut (H/C) MDGC methods under suitable flow and high T program conditions 

were developed to separate olive oil TAGs. A SLB-5MS (15 m × 0.25 mm I.D. × 0.25 µm df) 

and Rtx-65 (11.5 m × 0.25 mm I.D. × 0.1 µm df) were selected as 1D and 2D columns 

respectively, both with high T limits (up to 370 ℃). Stationary phase choice and use for 1D 

and 2D was not separately studied because of the availability of limited number of columns 

with high T limit phases compared to the high elution T of TAGs (mostly >300 °C). The use 

of a non-polar column as 1D and mid-polar column as 2D was for the same reasoning as the 

MDGC of FAMEs, non-polar 1D gives a benefit of sampling TAGs with the same CN as a 

group, and resolving them on the mid-polar 2D based on their degree of unsaturation.  

The 1D separation displayed three major groups of peaks in an area ratio of 

approximately 5:33:62 (of increasing retention), using FID. Four groups of minor peaks, with 

2 of them located between the major peaks, were also detected. The H/C fractions of the minor 

peaks, and sub-sampled regions across the major peaks eluting from the 1D outlet, were 

cryotrapped at the 2D inlet. The function of cryotrapping is to reduce the dispersion of the peak 

fraction that is transferred from the 1D column. The trapped TAGs then underwent T 

programmed 2D separation. For this step, either analysis on the 2D column can be at the 

prevailing oven T, or the oven can be cooled, the H/C cryotrapping turned off, and the oven re-
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programmed in order to achieve better separation. Each of the ‘H/C’ zones generally gave 2–5 

– and in some cases more – separated peaks of TAGs on the 2D column, under suitable flow 

condition and phase polarity that resulted in improved separation. Six sub-sampled H/Cs from 

various regions of the individual peaks from the 1D column were simultaneously trapped and 

released to 2D, resulting in apparently more than 22 individual TAG peaks. According to their 

different retention times, different TAGs were revealed within each of the 3 major groups, 

using H/C sub-sampling.  

A comprehensive analysis with a sampling strategy that covers most of the 1D peaks 

was conducted to reveal the presence of more TAG components in the olive oil sample. In 

order to enhance loading capability to improve detection of minor TAGs, and to reduce overall 

analysis time for the 1D separation a wide bore non-polar 1D column (HP-5; 10 m × 0.32 mm 

I.D. × 0.25 µm df) with a relatively short length was used instead of the previously employed 

relatively narrow bore SLB-5MS (0.25 mm I.D.) column. The strategy yielded about 29 total 

TAGs separated that are present in the olive oil. This is a significant increase in the number of 

TAGs detected in olive oil compared to the 15 TAGs detected using 1D GC and Rtx-65 column 

(the 1D chromatogram is presented in Section 4.3 as supporting information).  

The tandem column strategy was able to resolve more components than that usually 

observed on a single column. The system was also found to be sufficiently stable to allow 

extended sampling for multiple H/C required for comprehensive H/C analysis of the TAG 

groups. Compared to a GC×GC report for the separation of TAGs, which has shown difficulty 

in separation within the TAG group in an extracted coffee bean mainly due to the limitation of 

the short 2D column, the H/C MDGC, where a longer 2D column with adjustable flow and T 

program applied, offered an alternative approach. The method can be applied in a 

straightforward manner to analysis of more complex samples such as fish oil. Since TAG 

fingerprinting can be used for determination of types of vegetable oil, and for authenticity and 
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quality control purpose, it is important to identify separated TAG components. This led to the 

development of H/C MDGC‒MS method for the separation and identification of olive oil 

TAGs, which is the focus of Chapter 5.  
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Table S1. First and second dimension retention times of TAG peaks in Figure 6C. 

Peak number 1tR (min) 2tR (min) Peak number 1tR (min) 2tR (min) 

1 27.3 65.616 13 36.05 67.878 
2 27.3 65.756 14 36.05 68.085 
3 27.3 65.905 15 36.05 68.375 
4 28.6 66.036 16 36.05 68.608 
5 28.6 66.178 17 36.05 68.675 
6 31.15 66.568 18 36.05 68.928 
7 31.15 66.775 19 41.25 69.518 
8 31.15 66.958 20 41.25 69.788 
9 31.15 66.995 21 41.25 70.063 
10 31.15 67.2 22 41.25 70.121 
11 32.6 67.135 23 41.25 70.481 
12 32.6 67.518    
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Fig. S1. GC-FID chromatogram of olive oil TAGs on the 1D Rtx-65 column (0.25 mm I.D.). 
The oven temperature program commenced at 60 C, was increased to 340 C (15 C/min), 
then held for 9 min. Isothermal conditions commence at 18.67 min, so all TAGs elute during 
the isothermal hold region. The 1D column flow was 1.5 mL/min. 
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5.1. Chapter overview   

In Chapter 4, the study focus was to evaluate the likely separation of olive oil TAGs 

using H/C MDGC, which was demonstrated but apart from the use of a few selected standard, 

their identification was not investigated. Identification of TAG components in olive oil is 

crucial because TAG composition can be used to verify the authenticity or determine the 

adulteration of the oil. For instance, the IOC method for determination of extraneous oils in 

olive oil is based on the determination of TAG composition. However, the IOC method, being 

a 1D GC method, is limited to group type separation according to total CN of the TAGs and 

reports TAG content of olive oil as the percentage of TAGs with specific CN. Thus, the present 

Chapter builds on Chapter 4 with a focus on the MDGC separation with MS identification of 

olive oil TAGs.    

A H/C MDGC‒MS method for separation and identification of TAGs in EVOO was 

developed. A GC configuration, comprising a non-polar 1D column (SLB-5MS; 15 m × 0.25 

mm I.D. × 0.25 μm df) and mid-polarity 2D column (Rtx-65; 9 m × 0.25 mm I.D. × 0.1 μm df), 

was employed. Standard TAGs were used to evaluate and demonstrate the H/C MDGC method, 

for identification of TAG components, and to validate the method. Glyceryl triheptadecanoate 

with fully saturated C17 substituents, was used as IS to account for any retention time shift 

which may occur, and variation in response from analysis to analysis. Various chromatographic 

conditions such as column flow and temperature program were evaluated.  

The 1D separation resulted in overlap of some standard TAG peaks, which were clearly 

separated into groups, largely based on CN. These overlapped 1D regions of the standard TAGs 

were H/C to 2D for further separation, and resulted in clearly distinguished individual TAG 

component peaks. The 1D separation of olive oil TAGs displayed three major peaks and four 

minor peaks. The application of the H/C MDGC method to olive oil TAGs resulted in the 

separation of each sampled 1D region into two or more TAG peaks. The MS detectability of 
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the minor TAG peaks was increased through use of multiple injection with repeated sampling 

to 2D and preconcentration by trapping in the cryotrap (multiple injection directly into a 

cryotrap will be inappropriate) before releasing them to complete the 2D separation. TAG 

components in olive oil resolved on the 2D column were identified based on characteristic mass 

fragment ions such as [M-RCO2]+, [RCO+128]+, [RCO+74]+ and RCO+ and comparison of 

their mass spectra with that of the standard TAGs. Sixteen olive oil TAGs were identified by 

MS after 2D separation. The repeatability of the H/C method was evaluated in terms of retention 

time shift and area response in the 2D and found to be <0.02% and <8% RSD respectively. 

Thus, the MDGC‒MS method demonstrated separation and identification of many 

olive oil TAG components; it was found to be sufficiently reproducible, although the sensitivity 

of the MS for detection of minor TAG components was reduced as compared to the FID 

(detailed in Chapter 4). The method can be applied to different complex samples such as fat 

and oil samples. This study can open a door for further study into high boiling point compounds 

using MDGC separation techniques.   
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Table S1. 2tR repeatability for standard TAG peaks (n = 5) 

 6 s H/C approach  Whole peak H/C approach 

Peak number Mean 2tR (min) SD RSD (%)  Mean 2tR (min) SD RSD (%) 

1 32.718 0.003 0.0100  32.742 0.002 0.005 

IS 32.898 0.003 0.008  32.928 0.002 0.006 

2 33.184 0.004 0.011  33.219 0.002 0.005 

3 33.363 0.004 0.011  33.404 0.001 0.004 

4 33.865 0.003 0.009  33.932 0.003 0.009 

5 34.294 0.007 0.019  34.368 0.003 0.009 

 

Table S2. LOD for standard TAGs.  

TAG LOD (mg/L) 

1,2-palmitin-3-olein (PPO) 17.2 

1-2-olein-3-palmitin (OOP) 13.8 

1,2-linolein-3-palmitin (LLP) 21.4 

1,2-olein-3-linolein (OOL) 17.2 

1,2-olein-3-archidin (OOA) 10.5 

 

 

Fig. S1. Mass spectra of internal standard (IS) TAG: glycerol triheptadecanoate 
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Fig. S2. (A) GC‒FID chromatogram of separated standard TAGs mixture using 1st T and 1st 
flow programs on 1D column showing the 6 s H/Cs across each peak, which were CT near the 
inlet of the 2D column; (B) MS response of the TAGs after release from the CT and separated 
on 2D column using the 2nd T and 2nd flow programs. (1) PPO (IS) glycerol triheptadecanoate 
(2) OOP (3) LLP (4) OOL (5) OOA. 
 

MS identification of co-eluted TAG components in olive oil after H/C MDGC separation 

Peak 6 was found to comprise co-eluted peaks of OOO, OOL and OLLn with 

corresponding 2tR of 33.73, 33.87 and 34.01 min, respectively. All the [M–RCO2]+, 

[RCO+128]+, [RCO+74]+ and RCO+ fragment ions with m/z 603, 393, 339 and 265 respectively 

were detected for the peak identified as OOO. The [M–RCO2]+ fragment ions with m/z 601 and 

603 corresponding to [OL]+ and [OO]+ were detected for the peak corresponding to OOL. The 

characteristic fragment ions for O and L were also detected. Similarly for the peak identified 

as OLLn the [M-RCO2]+ ions with m/z 597, 599 and 601corresponding to [LLn]+, [OLn]+ and 
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[OL]+ were detected. In addition, the detection of characteristic fragment ions corresponding 

to O, L and Ln were evident for the OLLn presence (Table 2).    

Peak 7 was separated into two TAG peaks in a separate run where the whole peak was 

sampled into 2D. These two peaks corresponded to OOA and OOGa with corresponding 2tR of 

34.45 and 34.52 min, respectively. The detection of [M-RCO2]+ ions with m/z 603 and 633 

indicates presence of [OO]+ and [OA]+. Further the [RCO+128]+, [RCO+74]+ and RCO+ 

fragment ions corresponding to O and A were also detected. In addition both 1tR and 2tR were 

found to be the same as for the standard TAG OOA. Similarly for OOGa the [M–RCO2]+ ions 

of m/z 603 and 631 corresponding to [OO]+ and [OGa]+ were detected. The [RCO+128]+, 

[RCO+74]+ and RCO+  ions corresponding to both O and Ga were also detected (Table 2). This 

confirms the presence of OOA and OOGa as olive oil TAGs. 

Peak 5 was separated into two peaks, identified to be MgOO and HOO with 2tR of 33.10 

and 33.15 min respectively. The [M–RCO2]+ fragment ions with m/z of 591 and 603 

corresponding to [MgO]+ and [OO]+ indicated MgOO. The detection of [RCO+128]+, 

[RCO+74]+ and RCO+ ions corresponding to Mg and O also confirmed MgOO (Table 2). 

Similarly, characteristics fragment ions were detected for HOO, which confirmed its presence 

(Table 2). 
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6.1. Chapter overview  

Extra virgin olive oil (EVOO) is composed of many chemical compounds that includes 

volatiles, FAs, TAGs, vitamins, and many more minor compounds. The analysis of these 

compounds in olive oil have significance in characterisation, differentiation, authentication and 

quality control purposes. In extending further the study conducted on olive oil from the 

preceding Chapters the present Chapter focuses on the differentiation of EVOO varieties based 

on the analysis of VOCs and FAs using GC techniques. VOCs can originate in the plant, and/or 

formed during oil processing and storage. They are responsible for the unique and characteristic 

flavour of the oil; the fruity and green aroma of EVOO is attributed to VOCs that are produced 

in an enzymatic pathway. The composition of VOCs as well as FAs in olive oil depends on 

many factors including varietal origin, agronomic factors, processing technology and storage 

parameters. Chemometric techniques assist in differentiation, classification and traceability of 

the oil samples.  

The VOCs and FAs in seven single varieties (Hojiblanca, Coratina, Arbequina, 

Koroneiki, Frantoio, Picual, and Barnea) and three mixed samples of EVOO (Medium flavour, 

Mild flavour and Robust flavour) produced in 2018 and 2018/2019 respectively, were 

determined. The mixed samples are sold as commercial blends, reproducibly blended year-to-

year largely based on sensory evaluation such that signature products are perceived to be 

equivalent.  

For VOCs, HS SPME with GC‒MS was used; IS was added to all samples. Major 

VOCs included hexanal, (E)-2-hexenal, (Z)-3-hexen-1-ol, (E)-2-hexen-1-ol, 1-hexanol, (Z)-3-

hexenyl acetate, and hexyl acetate, though their varietal composition varied. (E)-2-Hexenal 

was the most abundant across most varieties. PCA poorly differentiated VOC profiles of the 

mixed samples.  
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In contrary to some literature studies that report concentrations of VOCs expressed as 

mg/kg of EVOO relative to IS assuming a ‘response factor’ equal to 1, the study in the present 

Chapter reports relative abundance of the VOCs as area ratio of analytes vs the IS. This is 

because the relative magnitude of the response may vary significantly for different VOCs. The 

equilibrium between EVOO and vial head space, and between head space and SPME fibre can 

vary substantially between chemical classes, and homologues within chemical classes, plus for 

different fibre compositions. Therefore, in the absence of data for individually calibrated 

compounds, it is appropriate to base interpretation on relative abundance values for 

reproducibly prepared samples.    

The percentage FA (%FA) composition, determined by GC‒FID of their methyl esters, 

showed 2018 varieties to have higher saturated FA and polyunsaturated FA content, compared 

to 2019 products; 2019 varieties had higher monounsaturated FA content. C18:1n–9 and 

C18:2n–6 abundances ranged from 67.9–73.8% and 4.9–11.1% respectively for 2018 products, 

and 68.1–77.4% and 3.1–10.3% respectively for 2019 products.  

Since the company blends their signature Medium and Mild commercial products 

annually to have the same sensory profile, they may require different varieties and in different 

proportions each year. The mixing % was not known to the researchers prior to the study. Thus, 

in-house mixes were prepared from 2019 single variety EVOO samples to investigate changes 

of FAs composition upon varying the ratio of EVOO varieties. Through PCA interpretation, it 

was found that in-house mixes of EVOO varied linearly based on the percentage of their single 

variety EVOO, and were then compared with commercially prepared mixed variety samples; 

PCA clearly differentiated these EVOO according to percentage of single variety EVOO.  

Based on the analysis of VOCs, single varieties were differentiated but not the mixed 

EVOO samples. This could be attributed to the fact that VOCs do not adequately reflect the 

flavour of the mixed EVOO varieties, where mixtures are prepared based on sensory 
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considerations. In addition, minor VOCs that may have high odour activity value (OAV) were 

not detected by the method used in the study. Analysis based on FAs more clearly differentiated 

among the varieties studied. Based on the PCA of the in-house EVOO mixes it is possible that 

the proportion of single varieties comprising the mixed sample oils could be reasonably well 

predicted.       
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Fig. S1. GC‒MS chromatogram of VCs in EVOO varieties 
(A) Hojiblanca (B) Barnea (C) Coratina (D) Arbequina (E) 
Koroneiki (F) Frantoio (G) Picual (H) Medium flavour (I) 
Mild flavour and (J) Robust flavor, with a number of the major 
peaks in the GC–MS trace indicated. 1. 4-Methyl-2-pentanol 
(IS); 2. Hexanal; 3. (E)-2-Hexenal; 4. (Z)-3-Hexen-1-ol; 5. 
(E)-2-Hexen-1-ol; 6. 1-Hexanol; 7. (Z)-3-Hexen-1-ol, acetate; 
8. Acetic acid, hexyl ester; 9. Nonanal; 10. Furan, 3-(4-
methyl-3-pentenyl)-; 11. Dodecene. 
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Fig. S2. Example GC‒FID chromatogram of FAMEs derived 
from 2019 EVOO varieties of (A) Arbequina (B) Barnea, with 
peak numbers indicating FAMEs of: 1. C16:0; 2. C16:1n‒9; 3. 
C16:1n‒7; 4. C17:0; 5. C17:1n‒8; 6. C18:0; 7. C18:1n‒9; 8. 
C18:1n‒7; 9. C18:2n-6; 10. C19:0 (internal standard); 11. 
C18:3n-3; 12. C20:0; 13. C20:1n-9; 14. C22:0 and 15. C24:0. 
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Fig. S3. Principal component (PCA) loading plot of %FAs composition for in-house mixed varieties. The included EVOO varieties are A: 
Arbequina; B: Barnea; C: Coratina; P: Picual; K: Koroneiki; MeF: Medium flavour; MiF: Mild flavour; RF: Robust flavour; A:B: 
Arbequina:Barnea in-house mix; B:P: Barnea:Picual in-house mix; and B:C:K: Barnea:Coratina:Koroneiki in-house mix (for the ratio of those in-
house mixes see the score plot in Fig. 4 and Table 5). 
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7.1. Conclusion    

Natural oils such as plant oil and vegetable oil are characterised by a high proportion 

of lipids, mainly fatty acids (FAs) and triacylglycerols (TAGs). They also known to contain 

many minor compounds including volatile organic compounds (VOCs), sterols, waxes, fat 

soluble vitamins, carotenoids, chlorophylls, hydrocarbons, etc. The analysis of the chemical 

composition of oils, for instance in extra virgin olive oil (EVOO), can be used for the purpose 

of characterisation, differentiation, authentication and traceability as well as determination of 

the quality and purity of the oil. This is a major problem especially for EVOO, where 

adulteration with cheaper products is common. Different analytical techniques are used to 

analyse chemical compounds in oil samples. Gas chromatography (GC), both one dimensional 

(1D) and its multidimensional (MD) variant, is one of the commonly employed techniques to 

analyse oil samples. Literature on the analysis of FAs, TAGs and VOCs in oil samples, 

particularly in olive oil, using the GC techniques were reviewed and presented in Chapter 1 of 

the thesis. The Experimental Chapter (Chapters 3-6) outcomes are summarised in the 

subsequent paragraphs.    

Analysis of TAGs in oil samples is important in terms of nutritional, biochemical and 

technological aspects. The separation of TAG molecular species is dependent on their structural 

differences; total carbon number (CN), degree of unsaturation, chemical variations on the acyl 

groups, and variations of acyl group position on the glycerol backbone. The presence of many 

TAG components with similar structure, e.g. TAGs with the same CN, in natural oils often 

leads to co-elution and make their separation challenging. In capillary GC the availability of 

limited number of columns with high temperature limit phase that matches the high elution 

temperature demands of TAGs (mostly >300 °C) makes their separation even more 

challenging. Nevertheless, GC‒mass spectrometry (GC‒MS) that utilise electron ionisation 

(EI) is the most widely used technique to analyse TAGs. Peak identification may be based on 
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use of standard TAG elution data, or interpretation of their mass spectra, using GC–MS. In 

many cases, both standard TAG and mass spectrum library information are not readily 

available.  

Chapter 3. Demonstration of high temperature GC (HTGC) for sapucainha oil, which 

has been used as a leprosy treatment, for TAGs employed 1D GC, with MS. In these instances, 

identification can be performed based on diagnostic fragment ions in the mass spectrum, 

generated through loss of, or from, fatty acid residue (s) comprising the TAG molecules. The 

EI mass spectra of TAGs contains fragment ions, such as [M–RCO2]+, [M–RCO2H]+, [M–

RCO2CH2]+, [RCO+128]+, [RCO+74]+ and RCO+, where R = aliphatic hydrocarbon chain, 

which are important for their structural elucidation and identification. Application of GC‒

EIMS for the separation and identification of sapucainha oil TAGs based on diagnostic 

fragment ions was necessitated by the absence of both standard TAGs and mass spectrum 

library information. Sapucainha oil comprises straight chain and cyclic FAs, and TAGs. Total 

FAs composition of the oil sample was determined and utilised to predict possible TAG 

identities, and overlapping TAG peaks were deconvoluted based on mass fingerprint data. 

Using GC separation only six groups of TAG peaks were detected. However, after 

deconvolution and mass spectrum analysis, each TAG peak group was revealed to comprise 2 

to 5 co-eluted TAG molecules and as a result ˃ 18 TAGs were identified, with molecular masses 

that ranges from 794.8 to 880.5. Most of the identified TAGs were fully derived from cyclic 

FAs with few TAGs derived from mixed straight chain and cyclic FAs, which correlates with 

the FAME analysis that revealed ˃86% of sapucainha oil FAs were cyclic FAs. Thus, a first 

account of identification of TAG derived from cyclopentenyl FA and derived from mixed 

cyclopentenyl and straight chain FA was conducted in the absence of standard TAGs and mass 

spectrum library information. Although the study demonstrated the use of 1D GC‒MS for the 
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identification of co-eluted peaks through manual peak deconvolution, the process is time 

consuming and there is a risk of misinterpretation of the mass spectral information.  

Next, the incomplete separation of TAG molecular species in the usual 1D GC led to 

the development of multidimensional gas chromatography (MDGC) for their improved 

separation (Chapter 4). A ‘heart-cut’ (H/C) MDGC method under suitable flow and elevated 

temperature conditions was developed to analyse TAGs in olive oil. A relatively short non-

polar first dimension (1D) and mid-polar second dimension (2D) columns with high temperature 

limits (up to 370 ℃) were found to be useful for the TAGs separation. Only few TAG peaks 

were appeared on the 1D: three major peaks and four minor peaks.  The transfer of H/C fractions 

of the minor peaks, and sub-sampled regions across the major peaks eluting from the 1D outlet 

to the 2D generated higher resolution for TAG peaks. Sub-sampling certain regions was 

implemented as an approach to maximise resolution on the 2D column. The method employed 

a reduced flow rate which was accompanied by somewhat broader but acceptably resolved 

peaks, and decreased sensitivity. This resulted in a compromise between separation quality and 

detectability of TAGs. Using a comprehensive MDGC approach provided a significantly 

increased number of detected TAGs (≥29 peaks) compared to 1D GC (15 peaks). The system 

was found to be sufficiently stable to allow extended sampling for multiple H/C required for 

comprehensive H/C analysis of the TAG groups.  

In a further study (Chapter 5) a H/C MDGC‒MS method for the separation and 

identification of TAGs in olive oil was developed. A similar column configuration to the 

preceding experimental Chapter was employed. Standard TAGs were used to test and 

demonstrate the H/C MDGC method for identification of TAG components and to validate the 

method. TAG components in olive oil resolved on the 2D column were identified based on 

characteristic mass fragment ions such as [M-RCO2]+, [RCO+128]+, [RCO+74]+ and RCO+ 

and comparison of their mass spectra with that of the standard TAGs. Sixteen olive oil TAGs 
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were identified by using MS after 2D separation. The identified TAGs were derived from 

saturated and unsaturated FAs, and have molecular masses that ranges from 805.3 to 915.5. 

The repeatability of the H/C method was demonstrated in terms of retention time shift and area 

response in the 2D. The method was found to have high repeatability of second dimension 

retention time (2tR) (RSD<0.2%) and area response (RSD<8%). 

The analysis of chemical compositions of EVOO such as VOCs and FAs can be utilised 

for differentiation purposes. Thus, in Chapter 6, the differentiation of single varieties and 

mixed samples of EVOO was studied based on the analysis of VOCs and FAs composition. 

Headspace solid-phase microextraction with GC‒MS was used to determine VOCs 

composition while GC‒FID was employed for FAs analysis. Based on this study’s results, 

single varieties of EVOO were found to be differentiated based on VOCs profile whereas 

mixed varieties were not clearly differentiated. This was a major impediment, since the 

signature mixed varieties are supposed to be produced according to a sensory-directed 

composition, consistent from year-to-year for one mix, and ideally should be different for the 

different signature mixes. It was thought that VOCs should distinguish the mixed varieties, but 

this was found to not be so. Since the preparation of mixed EVOO varieties are guided by 

sensory considerations the reason for VOCs to not adequately reflect the aroma profile or 

flavour of the mixed EVOO varieties is unknown. However, analysis based on FAs comparison 

more clearly revealed differences among the varieties studied. Principal component analysis 

(PCA) of FAs for in-house mixed varieties showed the changes in FAs composition based on 

the proportion of single varieties in the mixed EVOO varieties. This can be utilised to predict 

the proportion of single varieties comprising mixed EVOO varieties.  
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7.2. Future directions    

Future research should focus on further improvements on TAGs separation through 

evaluation of different types of columns (such as those of higher selectivity, or based on novel 

chemistries, such as ionic liquids) but importantly to evaluate fast and potentially lower 

temperature methods (using short columns) of GC and configurations in H/C MDGC. Its 

application can also be extended to more complex lipid matrices such as fish oil. Application 

of comprehensive two-dimensional gas chromatography (GC×GC) to TAGs will be 

informative, but again will require columns of suitable thermal stability, and differences in 

selectivity. Complete profiling of triacylglycerol content of lipid matrices could be possible 

through coupling of the H/C MDGC method with liquid chromatography (LC) methods, with 

the LC stage preceding the GC stage. TAGs can be resolved based on their CN and degree of 

unsaturation using LC. TAGs having the same CN and similar degree of unsaturation co-elute. 

However, fractions of co-eluted TAGs in LC can be collected and further separated using the 

H/C MDGC method, where unresolved TAGs in the 1D column are selectively transferred to 

2D column having different selectivity.  

The laboratory has access to a prep-scale fractionation system for GC, to be finally 

commissioned in 2020. This offers considerable opportunity to fractionate FA and TAG as 

single compounds, which can then be characterised by spectroscopic methods. This will 

support accumulation of a suite of validated standards, that can then be used as primary 

standards in analytical GC for retention time matching. This will also allow the individual 

TAGs to be saponified to FA, for correlation of their FA composition.  

The differentiation of the commercial EVOO mixed varieties based on VOCs can be 

further attempted by focusing on PCA of selected major VOCs, such as those having particular 

sensory attributes, plus minor VOCs that may have sensory attributes. Studying the prediction 

of varietal composition of in-house mixes can also be further extended by including more 
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varieties prepared at various ratios, especially those composed of more than two single varieties 

of EVOO, such as Robust flavour. Since other chemical classes also contribute to the flavour 

of EVOO, for instance polyphenols lend pungency to EVOO, and inclusion of more classes of 

compounds in addition to VOCs as differentiating compounds may give a better result. The use 

of sensory results from sensory panels participating in the EVOO signature flavour mix 

preparation, that can be obtained through collaboration with EVOO producers, in combination 

with chemical analysis may also improve the differentiation of the mixed EVOO samples.  

Since olive oil chemical composition depends not only on the varietal difference but 

also on agronomic factors as well as processing and storage conditions of the oil, a 

comprehensive study that includes characterisation, differentiation and quality assessment of 

EVOO can be conducted by considering factors such as weather condition, olive fruits ripening 

stage, and the oil processing variables. Such study requires working closely with the EVOO 

industries, Boundary Bend Limited and Modern Olives in this particular case. This would 

benefit the industry in producing and maintaining the quality of their EVOO products. 

Moreover, the study on EVOO differentiation can be extended further through inclusion of 

more analytes, such as sterols, oleocanthal, etc. and by using multidimensional GC and FTIR 

techniques. The use of GC×GC in the analysis of VOCs is a better option in revealing minor 

components that could help in differentiating the EVOO varieties.  
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