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Abstract 

 

The accurate chemical identification of components is the main goal – or should be of primary 

concern – of analysts in various spheres. In many instances the necessity of identification at a 

sufficient level of precision is not achieved, mainly due to over reliance on analytical methods 

which fail to adequately identify components.  Gas chromatography (GC) is a versatile 

technique for separating analytes in complex matrices and can be hyphenated to various 

purpose-suited detectors. Of these, mass spectrometry (MS) is a universal, sensitive and 

powerful tool with superior detection limits, having available standard protocols, and its 

provision of a mass spectrum of a molecule Identification using MS relies on spectrum libraries 

which is based on a probability factor, which places importance on the need for retention 

indices and authentic standards. Its incapability however, to differentiate certain isomers and 

closely related structures is limited, and the opportunity for GC‒MS detection can be 

complemented with spectroscopic detectors such as Fourier transform infrared (FTIR) 

spectroscopy. FTIR provides specific and selective detection using molecular vibrational 

information. In this study we use the hyphenated GC–FTIR technique consisting of a light-pipe 

interface to identify chemical components based on the unique spectrum rendered by FTIR. The 

light-pipe interface allows on-line detection of GC separated components in real time and is 

well suited for GC detection.  

This thesis explores the use of light-pipe GC–FTIR to analyse compounds of numerous chemical 

classes. Here we carry out preliminary validation studies using an interface transfer system 

devised in-house to carry out analysis, detailed in three chapters. We show the 

complementarity of MS and FTIR spectra and observe various relationships specific to the use 

of GC–FTIR. Of interest is the study of oxime species which undergo on-column isomerisation. 

Our analysis proved the ability of GC–FTIR to report pure individual isomer profiles within the 

characteristic oxime ‘dynamic reaction’ chromatogram using the simplest one-dimensional GC-

FTIR approach. The novel approach of two-dimensional separation by GC×FTIR is employed for 

an alternative interpretation of this dynamic GC phenomenon. Various chemometric methods 

are employed to support extraction of qualitative and quantitative data from multivariate 

analysis using FTIR spectra. 

Thermal oxidation of aviation fuels can lead to alterations in fuel composition which can have 

unfavourable effects on the fuel’s quality and performance in aircraft engines. The inability of 
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standalone FTIR systems to render the sensitivity required for such trace analysis makes it 

unsuitable for analysing minor changes in chemical composition. Thus, in the final part of the 

thesis we characterise components in thermally stressed aviation fuels using the techniques of 

high-resolution comprehensive two-dimensional GC hyphenated to time-of-flight mass 

spectrometry and high-resolution MS using Fourier transform ion cyclotron resonance. The 

former provides component separation, including some isomer separations, with different 

chemical classes located in separate regions of the 2D space. The latter is unable to uniquely 

identify isomers of the same mass, but can be interpreted by various data interpretation 

methods and plots to provide sensitive hetero atom compos. We draw comparisons between 

the two techniques to best identify the changes rendered by oxidation. 

This significance of this study is that it informs our pragmatic understanding of integrating 

various GC separation approaches and detector technologies for precise molecular 

characterisation of chemical compounds.  
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Synopsis of thesis investigation 

 

The separation of individual components from complex matrices and their subsequent 

identification demands reliable and robust techniques of chemical analysis. Gas 

chromatography (GC), a mature analytical technique, has attained its current status as a leading 

separation platform for analysing volatile and semi-volatile chemical components. This well 

understood method, capable of qualitative and quantitative analysis, further relies on the 

efficient detection of GC column effluent. With detectors varying in their specificity and 

sensitivity, they can often be chosen to suit the need of analysis. Such purpose-suited detectors 

often succeed in distinguishing and the subsequent identification of compounds which possess 

a high-degree of chemical similarity. This task is aided by (i) the reproducibility of capillary GC 

analysis, which provides precise retention times, to allow matching of a compound and an 

authentic standard; (ii) the use of retention indices that provides a comparison of compound 

retention vs an alkane standard mix to contrast with literature data; (iii) the use of a 

spectroscopic detector to provide some measure of molecular specificity for structural analysis.  

The most widely used detector in GC is the FID, but it merely provides retention and 

response/quantitative data. Of the spectroscopic/spectrometric detectors, the most 

extensively used has been the mass spectrometer (MS), which is a universal detector giving 

fundamental information about a molecule based on its mass-to-charge ratio (m/z) of analytes 

and fragment ions, and importantly the use of a library database that compares an acquired 

mass spectrum with those of stored spectra. Despite this powerful tool’s successes and 

advantages, MS-based approaches have limitations in carrying out key identification tasks 

which include the inability to differentiate structural isomers and other compounds that 

incidentally have very similar fragmentation patterns. The overreliance of analysts to accept a 

library match identification without question can lead to incorrectly attributed identities. Thus, 

there still remains the importance of spectroscopic (i.e. relying on interaction between a 

molecule and incident light/radiation) techniques which can render an accurate identification 

even in the simplest form of one-dimensional GC. They succeed in this task due to the 

production of characteristic spectra resulting from rotational and vibrational energies, which 

in turn can be employed to support the identification of compounds or determination of their 

structure. This can also be used to confirm the presence of certain functional groups based on 

their characteristic absorbance at definite frequencies. 
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Amongst the various spectroscopic detectors, Fourier transform infrared (FTIR) yields a wealth 

of unique structural information obtained from discriminating spectral patterns based on a 

molecule’s structure. This acts as a unique ‘fingerprint’ for each individual compound, subject 

to the magnitude of differences between the FTIR results for each compound. Information 

offered by such FTIR spectra in identifying functional groups, discriminating specific isomers 

and elucidating structures supported by MS results can be used to correctly identify each 

individual isomer. The hyphenation of GC to FTIR resulting in GC–FTIR systems by using a 

variety of interfaces, have gained usefulness for routine analyses and applications through 

various instrument design modifications. Of the various FTIR interfacing options, the light-pipe 

facilitates real-time analysis when hyphenated to a GC, thus identifying analytes in the GC 

effluent on the fly.  

Whilst GC–FTIR instrumentation have been available for many years, it is most probable that 

advancements in MS technologies saw a decline in the use of FTIR. This was largely due to FTIR 

systems having a considerable lack of sensitivity and difficulty of maintenance compared to MS 

systems. However, the need for the extra discrimination of detection beyond that available from 

MS alone still remains a topic of interest. Hence a renewed interest in GC–FTIR has emerged as 

a result of technological advances in the detector and associated interfaces. The role of 

incorporating MS and FTIR detection into single or multidimensional systems assists in 

eliminating false positive results and deliver a more accurate and reliable identification of 

compounds in matrices through enhanced physical separation of analytes. This research 

project focuses on exploring the combination of a GC–FTIR system for accurate component 

identification, especially in circumstances where MS cannot deliver incontrovertible identity. 

The Chapters in the thesis systematically develop methods using GC–FTIR to analyse various 

compound classes which can be present in diverse matrices. One main drawback of this 

technique is the lack of sufficient sensitivity to detect components in trace quantities or the 

detection of homologous series in complex matrices such as petroleum samples, in which n-

alkanes are of high abundance. The challenges faced in using this technique for extremely 

complex media, such as aviation fuels studied in this thesis, must be augmented by the 

investigation of high-resolution analytical techniques to answer questions based on chemical 

components within these samples. This thesis thus aims to develop integrated detection 

approaches to achieve an accurate identification of components belonging to various chemical 

classes. 
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The thesis is structured based on a ‘Thesis including published works’ and consists of six 

chapters. Of these three Chapters are based on published articles and one Chapter has been 

prepared for submission shortly. Journal formatting has been maintained for published papers. 

The thesis concludes with a general discussion. 

Chapter 1, the introductory chapter, presents a systematic overview of the various 

instrumentation, principles and techniques used in the completion of this thesis as well as a 

comprehensive background to the various approaches and methods contained within the 

remaining experimental chapters of the thesis. The theoretical concepts are established 

together with a substantial literature review. Together with an overview of MS detection and 

different molecular spectroscopic detector technologies, this Section expounds on the need for 

various GC detectors for compound identification. Here, FTIR detection is highlighted due to its 

application in a majority of the experiments in the thesis. Further, the recent developments of 

the field are explored together with a comparison of the figures of merit of the various detectors 

highlighted. Finally, the ability to hyphenate multiple detectors is discussed, followed by a 

summary of the typical GC–molecular spectroscopic detection applications. Parts of this 

Chapter have been based on and adapted from the review paper entitled Molecular 

Spectroscopy – Information Rich Detection in Gas Chromatography (2018) published in Trends 

in Analytical Chemistry. 

 

At the commencement of this project the main aim was to develop an in-house designed system 

consisting of a gas chromatograph hyphenated to a MS and a FTIR spectroscopy instrument 

with the use of a light-pipe interface. Of the available interface designs, light-pipes present as 

the best option for real time GC effluent analysis. Chapter 2 is presented as a methodology 

Chapter which and gives an overview of the instrumentation, methods and experimental 

approaches used in the Chapters which follow. It also presents a detailed explanation of the 

design and implementation of the hyphenated GC–FTIR system (with GC–MS and GC–FID 

capabilities) configured in-house using a custom-built transfer line set up. Preliminary 

validation studies were conducted on this flow through system, which consists of a gold-coated 

light-pipe interface, whilst assessing the most suitable settings for various FTIR parameters. 

This Chapter also includes an overview of the in-house developed IR spectrum library with an 

appendix consisting of an example collection of the spectra included to date in the in-house 

library. 
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Chapter 3 is based on the article Relationships in Gas Chromatography—Fourier Transform 

Infrared Spectroscopy—Comprehensive and Multilinear Analysis published in 2020. This Chapter 

explores the various relationships pertaining to the hyphenated GC–FTIR system set out in 

Chapter 2. Components of a multitude of compound classes are analysed to demonstrate both 

the specificity of infrared spectra as well as the system’s capability to carry out quantitative and 

qualitative analysis. This Chapter also explores GC×FTIR, a ‘comprehensive’ style two-

dimensional separation approach which combines GC and FTIR data. Finally, the use of the 

multivariate quantitative analysis method partial least square regression (PLSR) is applied to 

co-eluting isomers having similar mass spectra but differing FTIR spectra. The superiority of 

such multivariate analyses over univariate analyses in predicting a response or change in a 

chemical system is discussed. 

 

Chapter 4 is based on the published article Gas chromatography–Fourier transform infrared 

spectroscopy reveals dynamic molecular interconversion of oximes (2019). This Chapter focusses 

on the ability of FTIR spectra to give precise identification of oxime isomers which undergo 

characteristic interconversion (dynamic chromatography) when analysed with GC. The studies 

use the GC–FTIR system outlined in Chapter 2 which enables the online acquisition of FTIR 

spectra of GC separated oxime components. Their elution behaviour under varying 

temperature and carrier gas flow velocities are assessed and compared for acetaldehyde and 

propionaldehyde oxime isomers. Characteristic single isomer profiles for the E and Z isomers 

are retraced using selective wavenumbers of individual FTIR spectra specific for each isomer. 

Such detection specificity is not possible using other GC detectors such as FID or MS. The only 

alternative technique capable of reporting the individual oxime isomers relies on GC×GC 

approaches – i.e. physical separation. The chemometric technique of multivariate curve 

resolution is applied to confirm the elution profiles of isomers, with elution order confirmed 

using molecular simulations of the IR spectra. The effect on interconversion rates and changes 

in FTIR spectra brought about by changing chromatographic parameters is assessed. 

Concurrent acquisition of GC–FID and GC–FTIR data is used to ratify chromatographic profiles 

during isomerisation. 
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The final stage of this study, Chapter 5, is based on the manuscript prepared for submission 

which compares the use of high-resolution multidimensional GC (HRMDGC) and high-

resolution MS (HRMS) in the study of accelerated aviation fuel oxidation. Although GC–FTIR 

was initially proposed to aid identification of the biofuel oxidation products, this technique was 

not sufficiently selective or sensitive, and so HRMDGC and HRMS were then employed for the 

analysis of the fuel samples. This Chapter presents a background to these high-resolution 

techniques and their capabilities. It compares and contrasts the power of HRMDGC and HRMS 

as well as evaluates the boundaries of the two approaches in achieving molecular specificity. 

The two highly informative methods are then applied in petroleomics to achieve a detailed 

molecular characterisation of jet fuel samples using various data interpretation approached, 

thus aligning with the thesis’ aim of achieving precise and unmistakable identification of 

components in complex matrices. 

 

Chapter 6 is the concluding Chapter. This Chapter collates the individual Chapters with a 

general discussion whilst summarising and reflecting on the research contained within the 

thesis. This reiterates the key points of the thesis while drawing conclusions to the work 

presented. Possible avenues leading to the future of accurate chemical component 

characterisation will be looked delved into. The contribution this study makes to the field of 

unambiguous compound identification, the limitations faced and the future prospects and 

further research will be laid out. 
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Zavahir et al. “Molecular spectroscopy – Information rich detection in gas 

chromatography”, published in the journal Trends in Analytical Chemistry Vol 99 (2018) 

pp 47–65 [1]. This is included at the end of this Thesis as Appendix A. A detailed scope of 

the thesis is presented in the preliminary pages. 



Chapter 1: Introduction 

 

Page | 2  
 

1.1 Introduction to GC 

Since its very inception in 1952 [2], gas chromatography (GC) has proved to be an 

immensely valuable technique in the analytical separation of organic and inorganic 

compounds with volatile or semi volatile properties. In GC, the sample partitions between 

two phases – the first a stationary phase consisting of a column with a large surface area 

and the second, the mobile phase, a gas which percolates through the stationary phase. 

Whilst early columns were of the packed column format, surface coated capillary columns 

are now the routine technology. The chromatographic separation is thus enabled by the 

transportation of gaseous analytes through the column by the continuously flowing 

mobile phase referred to as the carrier gas. 

This dynamic tool has gained importance in an extraordinarily wide range of fields and 

for a broad range of chemical compound classes, and has boosted application areas such 

as biochemistry, pharmacology, natural products chemistry, toxicology, petrochemistry, 

forensic investigations, chemical weapons research, food and agriculture etc. 

 

1.1.1 Separation process in gas chromatography 

During the GC process, the volatile sample is injected using a micro-syringe through a 

rubber disk known as the septum, into a heated injection port, where the sample is rapidly 

vaporised and swept into the chromatographic column by He, H2 or N2 carrier gas. Here 

it partitions between the mobile and stationary phases, is separated into individual 

components and subsequently passed on to the detector, a device which measures a 

generated signal proportional to the sample quantity. The resulting signal, with the help 

of a data analysis system, generates a chromatogram – a plot of the effluent concentration 

or response versus effluent retention times denoted by a row of peaks corresponding to 

the separated components – which is displayed on a computer. 

The GC column, the site where separation occurs, may be open tubular or packed. Today 

the most commonly used are the fused silica open tubular columns, made of fused silica 

(SiO2) and coated with the stationary phase, which despite having a lower sample 

capacity than their packed column counterparts, have greater sensitivity per unit mass, 

higher resolution and shorter analysis times [3]. The stationary phase thickness (df) of 
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such capillary columns vary typically from 0.1 to 5 μm with internal diameters of 0.05–

0.53 mm and lengths of 5–100 m.  

The retention time (tR or RT) for each component separated on a column calculated as the 

time elapsed for an analyte (sometimes referred to as ‘solute’ in literature) from sample 

injection into a chromatography column to its maximum detected response upon arrival 

at the detector. Its retention volume (Vr) is the volume of mobile phase needed to elute 

the component from the column. The minimal possible time for the mobile phase or 

unretained analyte to travel through the column is called unretained time of the column 

(tM) also called the void time, dead time. The adjusted retention time (t’R) is the additional 

time required by an analyte beyond its tM to travel the column’s length. This can be given 

by Equation 1.1. 

𝑡R
′ = 𝑡R – 𝑡M       Eq. (1.1) 

The retention factor, k, also known as partition ratio, capacity factor and capacity ratio, 

describes the migration of an analyte on a column. This is a variable which indicates how 

much time an analyte spends in the stationary phase compared to an inert non-retained 

component. The longer an analyte is retained on a column, the larger its k value is, and 

this can be expressed as Equations 1.2 and 1.3. 

𝑘 =  
time analyte spends in the stationary phase

time analyte spends in the mobile phase
  Eq. (1.2) 

𝑘 =  
𝑡R – 𝑡M

𝑡M
        Eq. (1.3) 

Equation 1.2 is directly proportional to the ratio of the number of moles of the analyte in 

the stationary and mobile phases. Thus Equation 1.2 can be given as Equation 1.4.  

𝑘 =  
time analyte spends in the stationary phase

time analyte spends in the mobile phase
= 

moles of analyte in stationary phase

moles of analyte in mobile phase
  Eq. (1.4) 

This is equivalent to Equation 1.5 where Cs and Cm are the concentration of analyte in the 

stationary and mobile phases respectively, and Vs and Vm are the volumes of the 

stationary and mobile phases respectively, and can be expressed as Equation 1.5.  
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𝑘 =  
𝐶s𝑉s

𝐶m𝑉m
        Eq. (1.5) 

The ratio of analyte concentrations in the stationary and mobile phases Cs/Cm describes 

the distribution equilibrium of sample components and is known as the partition 

coefficient or distribution constant, K, and can be cast as Equation 1.6. Due to having 

different polarities, boiling points and adsorption properties, components are separated 

within the column based on the differences in their distribution constants [4]. 

𝐾 =  
𝐶s

𝐶m
        Eq. (1.6) 

Equations 1.5 and 1.6 can be related to Equation 1.7 as follows.  

𝑘 = 𝐾
𝑉s

𝑉m
        Eq. (1.7) 

For capillary GC columns, the phase ratio, β, represents the ratio between Vm and Vs as 

follows.  

𝛽 =
𝑉m

𝑉s
        Eq. (1.8) 

For typical columns the β can be given as Equation 1.9 in relation to the column radius r 

and film thickness df, 

𝛽 =
𝑟

2𝑑f
        Eq. (1.9) 

and thus, increasing the thickness of the stationary phase decreases β. 

Therefore, for a wall-coated GC capillary column the retention factor, distribution 

constant and phase ratio can be given by the relationship expressed in Equation 1.10. 

𝑘 =
𝐾

𝛽
        Eq. (1.10) 

The selectivity of components (α) can be given as the ratio of their retention factors e.g. 

k1/k2, where component 1 is the later eluting compound. The selectivity alone does not 
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guarantee the separation of components since the narrowness of their peaks needs to be 

taken into consideration. 

 A column’s ability to produce narrow peaks is called its efficiency, thus denoting that all 

molecules of the same compound elute within a narrow time window; due to various 

diffusion and equilibrium effects the compound generates a defined peak width, which is 

essentially the standard deviation or variance of this time window. This efficiency is 

gauged by the number of theoretical plates, N, or sometimes by the height equivalent to a 

theoretical plate (HETP or H). HETP can be calculated using the column’s length L and 

theoretical plates N as Equation 1.11. 

𝐻𝐸𝑇𝑃 =
𝐿

𝑁
        Eq. (1.11) 

Thus, higher the N and lower the HETP, the chromatographic peaks that a column 

generates will be narrower, contributing to a greater efficiency of the system [5]. 

The entire GC process is based on three fundamental theories; the (1) thermodynamics 

theory – which studies the interaction between the stationary phase and analytes, (2) 

kinetic theory - which studies the effects of the separation parameters, and (3) separation 

theory – which studies the optimisation of the various operating conditions [4]. 

Much has transpired since GC’s early days of packed columns to its current status of being 

considered a ‘mature’ technique, which has evolved to have high performance and 

efficient inlets, ovens and detectors [6, 7]. Other recent developments in GC include 

retention time stability achieved with electronic pressure and flow control, column flow 

splitting using capillary flow technology (CFT) micro-machined devices, column back-

flushing, fast oven heating and cooling, resistive heating of columns, simpler column 

installations and flow chip technologies amongst other innovations which continually 

enter the market [8, 9]. This includes recent interest in portable GC instrumentation – 

with ease of analysis and sample accessibility, microfabrication technology using 

microchip GCs with shorter non-cylindrical columns etc. [10, 11]. Another factor which is 

to be considered in temperature gradient elution is peak capacity, nc, the maximum 

number of peaks that can be resolved within a retention window of a chromatogram 

(over a baseline during the total analysis time) [12, 13], which is a measure of the 
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performance in chromatographic separation. Peak capacity values or informing power of 

nearly 1000 have been noted with some gradient elution approaches [12]. Modern single- 

or multidimensional GC configurations yield enhanced separation efficiency where the nc, 

of a single GC column can be 500–600, and this number can be raised to a 6.6 × 109 with 

GC–MS/MS approaches [14]. 

With the main aim being effective resolution (separation) of sample components, use of 

GC has proved to be one of the most powerful analytical tools with capabilities extending 

to a wide array of qualitative and quantitative analysis with adaptations to suit the need. 

 

1.1.2 Multidimensional gas chromatography 

Inadequate chromatographic separation, which may result by the conventional single 

capillary column (one dimensional; 1D GC) approach, may be overcome by multi-

dimensional GC (MDGC). In 2005 Marriott defined MDGC as, “the process of selecting a 

(limited) region or zone of eluted compounds issuing from the end of one GC column, and 

subsequently subjecting the zone to a further displacement” [15]. Since its initiation in 

1958 [16], this technique has developed into a established technique with advances in 

separation-phase choice, automation and data analysis. The nc obtainable using a single 

column is often inadequate to resolve complex samples. Hence, a well-constructed system 

of two or more GC columns, which inherently has a greater nc, renders the ability to 

resolve a larger number of analytes from the sample [17]. With the final desired outcome 

of an increased separation power and thereby an improved resolution, the arrangement 

of columns plays a crucial role. MDGC conventionally employs (at least) two columns of 

different selectivity (different stationary phases) [18], connected sequentially via a 

sampling device positioned between the two columns. This increased resolution also 

effectively delivers fewer overlapping compounds to the detector, which consequently 

means a significant improvement in the identification, quantification and quality of 

analysis. 

The two approaches of MDGC are (i) the conventional heart-cut (H/C) method of 

subjecting a target portion of the first (1D) column to the second (2D), or (ii) 

comprehensive two-dimensional GC (GC×GC) where the entire sample is subjected to two 
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column separation, according to the criteria Giddings espoused [19]. A well-detailed 

series of reviews by Adahchour et. al. delves into the significance as well as the various 

instrumental, developmental and application aspects of GC×GC [20-24]. Figure 1.1 

illustrates various options from 1D GC to MDGC arrangements. MDGC has greater 

resolving power and may improve detection limits, removing underlying chemical 

interferences, with larger analyte peak capacity than 1D GC [25, 26]. The development of 

new hardware such as micro-fluidic switches [27] and cryogenic modulators render 

MDGC distinct advantages over 1D GC towards both quantitative and qualitative analysis 

[28]. MDGC has been used in conjunction with a variety of detectors in many applications, 

generally with excellent quantitative and qualitative results [29, 30]. 

 

 

 

Figure 1.1. Diagrams illustrating example experimental setups in (A) GC with single 
detector, (B) GC with DS enabling switching between two detectors, (C) GC×GC and (D) 
Heart cut (H/C) MDGC. 1D, first column; 2D, second column; Det, detector; Mod., 
modulator; DS, Deans Switch.  
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1.1.3 Comments on data handling  

The analysis of chromatographic detection results is continually improving with the 

development of various software to suit the detection method and criteria. Conversion of 

the analog signal originating from the detector to a computer-compatible digital signal, 

enables convenient data handling by the analyst [31]. Digitised time and signal magnitude 

are generated by sampling the detector output at the required frequency (data points per 

s). The rate of data acquisition of chromatographic data affects precision of factors such 

as peak retention times, area repeatability, peak resolution of closely eluting compounds, 

etc. [32]. In the move to faster GC analysis, detector acquisition rate is a critical need. Very 

‘fast’ GC peaks may have a width at half peak height of < 0.5 s, so an acquisition rate of 

about 50 Hz is appropriate for adequate quantitative analysis (i.e. a minimum of about 10 

data points per peak). However, influencing factors such as detector electronics and 

extended path length flow cells or larger internal volume of some detectors may not be 

suited to such speed. Treating large quantities of data thus generated by complex 

matrices, benefit greatly from the use of chemometric techniques [33]. Use of 

multivariate data analysis in both 1D GC and MDGC can provide information otherwise 

inaccessible [34]. The problem of deconvolution of co-eluting peaks can be solved by 

dedicated software which deconvolute spectra results to render better identification of 

compounds [35]. 

Data presentation of both 1D and MDGC methods rely on the fundamental property of 

retention time (RT), which depends on many factors such as analysis conditions, 

type/dimensions of column, column degradation, gas flow rate, etc. Qualitative analysis 

normally compares RTs of a peaks in an unknown sample with those of known standards, 

where these are available. Here, the relative RT (RRT), which expresses the sample’s RT 

relative to a pure standard’s RT, is a useful tool in identification. RT may be transformed 

to retention index data (I) based on comparative RT data of, for instance, alkane 

homologues [36], and peak detection – the ability to distinguish an analyte signal from 

the background noise and other analyte signals [29]. Where confirmation of molecular 

structure based on spectroscopic detection is required, it is preferable that the molecule 

be detected as a unique species in the detector. This requires either adequate separation 

from other matrix material (best achieved with MDGC), or an effective deconvolution 
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procedure which is able to spectroscopically isolate and attribute just the response of the 

target molecule. 

The versatility of modern systems thus allows many parameter alterations to suit the 

analysis need. With its high analyte detectability, linear range, exceptional resolving 

power, relatively good precision, repeatability, fast analysis and comparatively low cost, 

GC surpasses most other techniques in its ability to monitor volatile components. This 

excellent technique often accompanies simultaneous qualitative and/or quantitative 

information which makes reliable, efficient and sensitive detection possible, often with 

potential identification capabilities. 

 

1.2 Detection criteria in gas chromatography 

The hyphenation of GC systems to purpose-suited detectors enables the detection of 

separated components in which a main role is played by ‘chemical identification’ – where 

an analyte or analytical signal is assigned to one of the sets of chemical compounds or to 

a class/group of compounds. A fundamental part of chromatographic systems, this can 

be any physical technique which offers a real-time, on-line or quasi-on-line dynamic 

response to the change in composition of the components being analysed. Exploiting both 

the GCs separation power and detection method’s physical process converge for the 

detector response to reproduce a compound’s elution profile. Characterisation of an ideal 

detector is based on several pivotal features which are to be considered in its choice for 

hyphenation to the GC. 

It is vital to have a detectability sufficient to yield a signal at the desired concentration 

level for the component(s) in a sample, and is referred to as the analyte detectability 

which is the response per unit mass or concentration of sample. Sometimes referred to 

in literature as ‘sensitivity’ (S), detectabilities can be in the range of 10–8 to 10–15 g of 

analyte per second. The lowest limit that can be detected is referred to by the terms limit 

of detection (LOD), minimum detectable quantity (MDQ), detectivity or by IUPAC as 

minimum detectability (D) [37]. D is given by Equation (1.12) where N is the noise level 

and S is the sensitivity. 
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𝐷 = 2𝑁/𝑆       (Eq. 1.12) 

Following the discussion on various GC detectors in this Chapter, Table 1.2 compares the 

analytical figures of merit of the various spectroscopic and mass spectrometric detectors 

and is presented in Section 1.7. 

Sensitivity vs selectivity (normally, the ability to distinguish a certain functional group or 

element within the molecule or matrix without interferences from other components) 

[38] is also to be considered. Selectivity may be element-selective towards a defined 

element’s identity (e.g. carbon being the responsive element for the FID) or structure-

selective towards a defined arrangement of atoms in a molecule’s portion [39]. Although 

it may be beneficial to have the response factor (a measure of the response of a detector 

per mass of compound) of the detector be similar for all analytes, it is not a pre-requisite 

for effective detection. 

 

1.2.1 Classification of detectors 

GC detectors are generally classified under five main classification systems [40] and as a 

result enable identifying the detector most appropriate for the task at hand. 

(1) Universal vs selective – This is based on the mechanism by which response to 

analytes occur and the percentage or number of analytes a given system can detect. (i) 

universal detectors –respond to all analytes and (ii) selective detectors –respond to a 

particular class of compounds – this is usually not towards carbon or hydrogen but rather 

towards a hetero-element in the compound. This classification which is based on the 

nature of the response is also called specific and non-specific detectors, although selective 

detector usage is preferred. 

 

(2) Concentration vs mass flow rate - Based on their response to analytes, 

chromatographic detectors are classified as (i) concentration sensitive – those which 

respond to changes in mass per unit volume (g mL–1) or as (ii) mass sensitive – those 

which respond to changes in mass per unit time (g s–1) [41]. Decrease of flow rate has an 

effect on the peaks for these two categories where the area increases with height 
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unchanged in the concentration type, and the peak height decreases with the area 

unchanged in the mass flow rate type [40]. 

 

(3) Destructive vs non-destructive - A detector gives its response when an analyte 

reaches it and is possible irrespective of whether the compound retains its identity or 

gets destroyed during detection. Non-destructive detectors directly measure the analytes 

enabling it to be further analysed using other detectors or instruments. This however can 

also be achieved using destructive (such as mass sensitive) detectors with the splitting of 

the GC effluent to release only part of it to the detector. 

 

(4)  Bulk property vs analyte property - This classification is based on the type of 

property which is being measured. Bulk property detectors measure a bulk physical 

property of the mobile phase and hence are sensitive to changes in pressure and flow 

rate. Therefore, GC operating conditions need to be carefully controlled. Analyte property 

detectors measure some property of the analyte which is not possessed (or has a reduced 

extent) by the mobile phase. This classification of detectors can be confusing and not 

clearly divisible since a given detector may show both characteristics based on the GC 

operating conditions [42]. 

 

(5) Analog vs digital - This is based on the feature of the GC output to the data handling 

device, the signal. Whilst analog signals signify a continuous signal that keeps changing 

with a time period, digital signals present a signal with discrete values. Analog signals are 

easily susceptible to many types of interferences so conversion to a digital signal at the 

earliest increases the signal-to-noise ratio. The latter are used in many detectors in the 

current era. 

Other properties when choosing suitable detectors include stability, having a wide 

dynamic linear range, suitable detection limit, ease of use, repeatability of response, base 

line stability, inexpensive cost and maintenance, predictability and reliability [43]. A 

detector’s efficacy in producing its output or signal is also based on three factors viz (i) 

noise (N) or background – random signals produced in the absence of sample, (ii) time 

constant – which measures the detector’s speed of response, and (iii) cell volume.  
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Tracing the progress in the first detector’s invention in 1952 [2] to the present date has 

seen a broad range of inventions and innovations leading to the introduction of detectors 

with a vast variety of design, function and selectivity [44]. Despite the recent past (<5 

years) seeing little revolutionary innovation in this field, there is a constant attempt to 

improve detector designs. This is mainly through attempts to modify detector cell 

volume, miniaturisation, developments in microelectronics for data control, acquisition, 

analysis, display and storage [45]. One such attempt has led to the recent innovation of 

the vacuum ultraviolet (VUV) detector. 

Complex sample analysis continues to be a hurdle in some fields despite the great strides 

made in GC instrumentation. Yet it is a gentle balance to achieve the best separation and 

detection of such samples. For example, higher flow rates in GC (e.g. with make-up gas) 

may have the negative effect of dilution and decreased detectability. Delivering of 

discrete and chosen fractions of the sample into the GC achieved by sample pre-treatment 

to bring the molecules into a form applicable to GC, such as derivatisation, pyrolysis and 

thermochemolysis [46], can be beneficial when separation of the entire sample can cause 

difficulty [47]. Such sample preparation can also be used to suit the detector’s need by 

simplifying the total sample response by selective detection. For example, in using the 

electron capture detector (ECD), halogen-containing derivatives render an increased 

sensitivity and selectivity by facilitating the detection of compounds with weak electron 

capture properties [48]. Selective detection may be considered one way to simplify a total 

sample response; sample preparation may be targeted to suit the detector used. 

 

1.3 Flame ionisation detector 

A wide range of GC detectors exist which adapt various principles of detection. Of these, 

ionisation detectors – those which detect gas phase ionised molecules – have been used 

with increased popularity over the years. They have been reviewed for their detailed 

structure, modes and principles [30, 39, 42]. The most commonly used gas phase 

ionisation detectors are the flame ionisation detector (FID), photoionisation detector 

(PID), electron capture detector (ECD), thermionic detector (TID), helium ionisation 

detector (HID) and pulsed discharge detector (PDD). 
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Of these, the FID, without doubt is the most popular and is used across many disciplines 

providing a near universal, mass-dependent response. Since its introduction in 1958 by 

two independent groups it has proved successful in its hyphenation to GC (GC–FID) [49]. 

It is considered a ‘workhorse detector’ which responds well to a wide range of chemical 

moieties with reliability, linearity in the 106–107 range, low noise of 10–12–10–14 A, 

stability, predictability, fast response and operational simplicity. 

The FID works by burning carbon (C) compounds in a H2 rich flame with the response 

proportional to the number of C atoms. It is thus carbon selective with a near equal molar 

response to hydrocarbons and has a minimum detectable level of 2×10–12 g C s–1. It can 

however be operated as an element-selective detector with minor modifications. 

Attempts have also been made to miniaturise it with designs such as the counter-current 

FID and a folded flame design [39]. In a typical FID, the H2 combustion gas and make up 

gas mix with the carrier gas from the GC column entering from the bottom. This is burned 

at the jet with air which is added to establish a flame. Positively charged combustion 

product particles are accelerated towards the negatively biased collector electrode (-200 

– -300 V) positioned above the flame. This is then electronically amplified and digitised 

where the current is directly proportional to the number of ions collected [50]. The 

powerful attributes of the FID maintain its position as a widely used and reliable detector. 

 

1.4 Mass measurement molecular ionisation detection 

Of the molecular ionisation detectors, the most widely adopted and used is the mass 

spectrometer (MS), which is capable of yielding molecular structure information with 

reliable qualitative and quantitative analysis. Although the MS also detects gas phase 

ionised entities its instrumental and functional complexities differ from other 

spectroscopic detectors. Since its origin in the early 20th century and its subsequent 

hyphenation to GC in the 1950s [51, 52] the mass spectrometer has proved to be a ‘gold 

standard’ detector in GC to support identification. 

Over 85% of GC analyses [53] are, or can be carried out using an MS, which also provides 

a benchmark in universal detection. MS is one of the most powerful tools for identification 

of chemical components, based on mass-to-charge (m/z) ratios of analytes and their 
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fragment ions. Of all ‘molecular structural’ detectors, MS – despite the complexity and the 

management and maintenance requirements of its instrumentation [54] – is readily 

hyphenated with the GC experiment by simply attaching the column to the MS interface. 

This is universally referred to as GC–MS or GC/MS in literature. It gives a very high 

‘production rate’ of valuable information enhanced by the availability of sophisticated 

and comprehensive databases with well-developed strategies for comparison of spectra. 

The detection limit of this technique is about 0.25 pg [25]. MS has become one of the most 

information-rich tools for volatile chemical analysis and essentially produces a beam of 

gas phase ions from analytes, sorts these ion mixtures based on their m/z ratio and 

provides an analog or digital output. The resulting signals can be plotted as a histogram 

of intensity (relative abundance) vs. m/z of detected ionic species, representing the 

distribution of ions by mass in a sample, known as a mass spectrum. 

In untargeted GC–MS analysis, compound identification is based on the possibility of 

comparing the measured spectra to matching library spectra. Additional scan 

information can assist in reducing false positives in targeted analysis which can occur as 

a result of matrix or component interferences and/or co-elution. Linear retention indices 

(LRI) provide additional compound identification and is a reliable tool for routine 

analysis using GC–MS, whether it be targeted or untargeted analysis. Using both LRI and 

MS matching improves identification. 

 

1.4.1 Components and types of mass spectrometers  

Development of MS systems have seen magnetic sector analysers, as well as the currently 

widely used quadrupole mass analysers which has made it a routine analytical tool. 

Despite dramatic evolution of the MS that have made the systems smaller, faster, more 

robust and more sensitive, the single quadrupole (SQ) remains the routine workhorse 

[9]. 

Major components contributing to ionisation, mass separation and detection in a MS 

include (1) sample introduction system, (2) ion source for analyte vaporisation and ion 

production, (3) mass analyser where ions are separated based on m/z ratio, (4) ion 

detector for determining the signal intensities of each separated m/z value, (5) vacuum 
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system which prevents loss of ions through collision with gas ions or MS components, 

and (6) computer(s) for instrument control and data processing. Figure 1.2 depicts a 

schematic of a quadrupole mass spectrometer. 

 

 

 

Of the ionisation sources, electron ionisation (EI) was the first and most widely used 

method usually based on a standard 70 eV ionisation energy obtained from a heated 

filament inside the ionisation vacuum chamber. Resulting EI mass spectra are very stable 

and reproducible – and relatively consistent for different design sources – and make 

comparison with reference library spectra straightforward. Other less frequently used 

techniques include (1) soft ionisation techniques such as chemical ionisation (CI), field 

ionisation (FI), single- or multi-photon photo-ionisation (PI), use of supersonic molecular 

beams (SMB), and (2) atmospheric ionisation techniques such as atmospheric pressure 

photo-ionisation (APPI), atmospheric pressure chemical ionisation (APCI), electrospray 

ionisation (ESI) and matrix-assisted laser desorption/ionisation (MALDI) – although the 

latter two are not used with GC [55]. 

 

Figure 1.2. Schematic of a quadrupole mass spectrometer. The path of a non-resonant 
ion which is not detected and resonant ion which is detected has been depicted. 
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1.4.2 High-resolution mass spectrometry (HRMS) 

The ability of a mass spectrometer to discriminate ions of similar m/z values is known as 

its resolution. It determines the mass spectrometer’s resolving power and is calculated as 

m/Δm, where m is the ion’s mass (read as m/z) and Δm the peak width (mostly measured 

by the full‐width at half‐maximum, FWHM approach) or spacing between two equal 

intensity peaks with a valley [56]. Mass spectrometers can thus be categorised as unit-

mass-resolution (capable of measuring mass to single-digit units; nominal mass) and high-

resolution (mass can be measured to several decimal places; accurate mass) instruments. 

High-resolution mass spectrometry (HRMS) instruments belong to either time-of-flight 

(TOF) or Fourier transform (FT) analyser types, where the FT instruments include the FT 

ion cyclotron resonance (FTICR) and orbitrap instruments. The FTICR MS instruments 

are based on the cyclotron frequency of ions in a fixed magnetic field and offer the highest 

mass resolution and mass accuracy. The large volume of data generated are interpreted 

with methods including double bond equivalence (DBE), Kendrick mass defect (KMD), 

van Krevelen diagrams, aromaticity index (AI) divisions, CHO index etc. [57]. The 

Orbitrap analysers employ trapping ions in electrostatic fields, with the development of 

numerous Orbitrap-based instrumentation incorporating various ionisation and 

separation techniques to accommodate its breadth of applications with high selectivity 

and sensitivity [58, 59]. Of the various HRMS platforms currently available for coupling 

to GC, magnetic sectors are most frequently used which offer a resolution exceeding 

60,000. They can work in either full-scan or selected ion monitoring (SIM) modes, with 

the latter enabling ultra-trace detection limits as low as femto or attogram levels. The 

mass spectra acquisition rate of magnetic sectors is limited to a maximum of 20 spectra 

per s, diminishing their usefulness in fast GC and GC×GC measurements. In contrast, the 

TOFMS instruments can record up to 500 spectra per s making them suitable for GC×GC 

analysis, though are of low resolution. Slower acquisition HR TOFMS, has a maximum of 

50 Hz cycle time, and can achieve resolutions of 10,000–50,000 [56]. HRMS instruments 

measure the exact mass without analyte fragmentation but can also be combined to 

quadrupoles which allow fragmentation and enhance its selectivity e.g. QTOF MS 

instruments. 
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Currently commercially available GC–HRMS instruments have a linear dynamic range 

of >103–106 and use electron-, chemical-, positive chemical- or negative chemical 

ionisation techniques. The high acquisition rates and high resolution of HRMS generates 

an enormous amount of data which can be further used for target or non-target analysis. 

This constantly calls for data evaluation processes and algorithm developments to 

process data under different conditions [60]. The latest major progress in HRMS 

instrumentation for GC includes the development of the quadrupole-orbitrap MS which 

can provide resolutions up to 120,000 [61]. Recent reviews expound the instrumentation 

and recent advances in HRMS [57, 62]. 

 

1.4.3 Mass analyser types  

The value of MS is heightened by the availability of standard database libraries which 

have >240,000 mass spectra (though not all unique), plus a collection of specialist 

libraries related to specific applications; library spectrum entries are relatively 

independent of instrumental design [25, 63, 64]. However, for compound identification, 

a GC–MS spectrum alone may be insufficient for adequate characterisation, especially for 

untargeted analysis in complex matrix samples, primarily due to the similarity of spectra 

for closely related compounds. Assignment of molecular identity to peaks in GC–MS may 

lead to erroneous results, especially if authentic standards are not available to compare 

exact retentions and confirm mass spectra. 

MS proves superior to most other identification techniques due to its multi-analytical 

property, selectivity, sensitivity and component characterisation. Various aspects of 

chemical identification using MS and chromatography have been amply expounded by 

Milman [65, 66]. MS together with nuclear magnetic resonance spectroscopy (NMR) have 

currently been used as the main analytical tools for metabolomics, the comprehensive 

study of small molecules known as metabolites within biological systems and their 

interactions within such systems known as the metabolome [67]. HRMS methods have 

seen a growing trend in of being used in petroleomics, the detailed characterisation of 

petroleum-related samples [68-71]. 
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Multidimensional MS (MS/MS) can be performed in order to improve selectivity and also 

signal-to-noise (S/N) ratio. This approach involves further fragmentation of the primary 

ion(s) and selective monitoring of product ions by using different MS scanning routines, 

such as ion ratios of precursor and product ions. A variety of ion source and analyser 

combinations exist with the further possibility of combining analysers into sophisticated 

tandem instruments such as triple quadrupole (QqQ) or quadrupole time-of-flight (qTOF) 

with MS/MS capability, or with MSn capability by using an ion trap MS (ITMS), although 

the latter is limited by the (currently) reduced size of their databases. Mass spectrum 

deconvolution software plays a further role in identification of co-eluting peaks. Recent 

advances in MS includes application of GCGC−TOFMS for non-target compound analysis 

in saffron [72], food safety and quality analysis using MS [73], GCGC with TOFMS in 

environmental analysis [74], QqTOF and QqQ-MS/MS for neutraceuticals analysis [75], 

multiple reaction monitoring (MRM) analysis with GCGC−QqQMS for essential oil [76], 

combining MS/MS and exact mass analysis in shale oil analysis [77] etc. Such methods 

allow high confidence in compound analysis based on 1I, 2I retention index values, 

accurate mass MS, and MS fingerprint data. 

GC and MS coupling is recognised as the most popular analytical technique for targeted 

and untargeted analysis of studying volatile organic compounds (VOCs) and semi volatile 

organic compounds (SVOCs). Although this hyphenation provides useful information 

such as specific m/z of precursor/product ions of analytes, it has limitations in 

differentiating isomers or compounds with very similar fragmentation patterns, and 

analysing thermally labile, highly polar and very high/low mass compounds. MS may fail 

to provide absolute identification of compounds, which may further demand functional 

group identification, proton structural environment, electronic transitions or 3D 

structures. Some of these challenges may be overcome by approaches such as chemical 

modification of samples by derivatization techniques and modification of 

chromatographic components. This emphasises the need for detectors which may 

provide alternate or complementary information to MS. The hyphenation of 

spectroscopic detectors may thus offer atomic and molecular information which can very 

often complement information derived from other sources, for improved compound 

identification. 
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1.5 Molecular spectroscopic detection 

Spectroscopy may be broadly defined as the study of the interactions between 

electromagnetic radiation and matter. Electromagnetic radiation is composed of electric 

and magnetic waves travelling perpendicular to each other in repetitive cycles. The 

wavelength (λ) is the distance travelled by a wave during a cycle and the wavenumber (W) 

is the number of cycles a wave undergoes per unit length. These are the reciprocal of each 

other as presented in Equation 1.13. 

𝑊 = 1/𝜆  Eq. (1.13) 

Whilst atomic spectroscopy relates mainly to transitions which take place when changes 

to atomic electronic configurations occur, molecular spectroscopy considers the energy 

states corresponding to nuclei and/or functional group vibrations and rotations within a 

molecule, or molecular electronic transitions. According to the Born-Oppenheimer 

approximation the energy of a molecule as presented in Equation 1.14 is given as the sum 

of electronic energy (Eel), vibrational energy (Evib) and rotational energy (Erot). 

E = Eel + Evib + Erot      Eq. (1.14) 

Here, the energy difference corresponding to the excitation of electrons ∆𝐸𝑒𝑙 = ℎ𝜈𝑒𝑙 is 

larger than that corresponding to molecular vibrations ∆𝐸𝑣𝑖𝑏 = ℎ𝜈𝑣𝑖𝑏 which is in turn 

larger than the energy difference of molecular rotations ∆𝐸𝑟𝑜𝑡 = ℎ𝜈𝑟𝑜𝑡 and can be 

presented as Equation 1.15. 

ℎ𝜈𝑒𝑙 ≫ ℎ𝜈𝑣𝑖𝑏 ≫ ℎ𝜈𝑟𝑜𝑡     Eq. (1.15)  

It is this energy change which takes place by the absorption, emission, resonance or 

scattering by functional groups, bonds, vibrations, or atoms within the molecules that 

leads to specific patterns in the molecular spectrum, which is more complex than atomic 

spectra and also contain additional information on bond strength and molecular 

structure. The absorbance-based methods within the electromagnetic spectrum rely on 

the ratio of radiation power measurements; one before a beam has passed through an 

analyte medium (P0) and the other after (P), leading to transmittance (T) and absorbance 
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(A) measurements, which are related by the relationship A = -logT and T = log P0/P. For 

monochromatic radiation, absorbance follows the Beer-Lambert law; A α c, where c = the 

absorbing species concentration. Also A = εcL, where L = path length through the sample, 

whose molar absorptivity (referred to as extinction coefficient in older literature) = ε [78]. 

Thus, molecular spectroscopy, with its potential complexity and fine structure, provides 

useful information on molecular properties. For instance, the relatively simple UV-vis 

band spectrum of molecules with low resolution spectrometers, contrasts with the 

infrared spectrum with its high degree of detail of the very same molecule. Needless to 

say, the MS offers a further contrast to these spectroscopies, and dual detection where 

MS occupies one detection dimension, and molecular spectroscopy the other, is of 

obvious interest. Molecular spectroscopy offers information quite distinct to MS, and is 

of importance in chromatographic analysis in order to improve compound identification, 

and to further understand the chemical construction of compounds eluted from the 

column, leading to the development of hyphenation with spectroscopic detectors in GC. 

Depending on need, spectroscopic GC detectors can be chosen for detection of either 

atomic or molecular species. Although spectroscopic detectors in GC have been reviewed 

previously [79, 80] there has been a dearth of recent reviews. GC detectors based on 

atomic spectroscopy provide atomic or elemental selective detection. Of these, the atomic 

emission detector (AED), a highly selective detector based on atomic emission, is the most 

prominent and widely hyphenated atomic detector to GC (GC–AED); it has been the focus 

of many reviews and chapters [81-84]. Atomic spectrometric detectors for GC, including 

the GC-AED, were reviewed extensively by Li et. al. in 2016 [43]. In contrast a broad view 

of the various molecular spectroscopic detectors used in GC, with highlights of a few 

emerging detectors in this area, were presented in the review by us [1]. Due to superior 

detection limits, many available standard protocols, and widely established databases, 

MS technologies have overwhelmed less popular molecular spectroscopic methods, for 

hyphenation with GC. But the latter have their specific niche applications, and need to be 

considered. 

Based on their interaction between matter, energy, sensing principle and hyphenation 

with different operations, molecular spectroscopic detectors in GC can be classified as 

shown in Figure 1.3. 
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A majority of the studies in this thesis have been based on using the advantages of 

infrared spectroscopy with gas chromatographic analysis, mainly through the use of a 

GC–Fourier transform infrared spectroscopy (GC–FTIR) system. To fully appreciate 

FTIR’s place amongst other molecular spectroscopic detectors used in GC, a brief 

overview of each of the other molecular spectroscopic detectors are given below, 

followed by an expanded discussion on GC–FTIR in the next Section. In each instance the 

detector’s use in both one dimensional and multidimensional GC (MDGC) is presented as 

applicable. 

 

1.5.1 GC–nuclear magnetic resonance 

Of all spectroscopic tools, nuclear magnetic resonance (NMR) has the highest capability 

of distinguishing diastereomers and enantiomers (constitutional and configurational 

Figure 1.3. Diagram illustrating hyphenations of GC and MDGC with different 
spectroscopic detectors (MDGC is intended to also imply GC×GC). Source: J. S. Zavahir et 
al. (2018).  
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isomers; enantiomers when shift reagents are used), and bond connectivities, providing 

a most robust interpretation of the entire spectrum [85]. Upon absorbing radio frequency 

energy, electrons around nuclei create strong and homogenous magnetic fields. The 

resulting characteristic chemical shifts provide information on the dynamics, reaction 

states, chemical environments and structure of molecules [86]. NMR thus assigns 

structures based on molecular connectivity, for the arrangement of carbons and protons 

in a molecule. Off-line NMR is relatively widely reported for GC separations, usually for 

preparative scale collection where individual resolved compounds are separately 

collected for transfer to NMR [87]. Depending on the amount of material collected, NMR 

techniques vary, including 1H, 13C, and multidimensional NMR methods. Absorption of 

electromagnetic radiation is measured in the 4–900 MHz radio-frequency region. The 

most useful isotopes used in NMR are those with a spin value of I = ½. This is most 

commonly seen for the relevant element isotopes 1H, 13C, 19F, and 31P, enabling the 

analysis of many organic compounds of relevance to GC. 

Although implementation is considerably more technically demanding since the NMR 

flow cell must be located in a strong magnetic field, hyphenating GC to capillary NMR 

should give the best spectroscopic elucidation of structures of unknown compounds [88]. 

NMR spectroscopy shows a relatively poorer analyte detectability and higher limits of 

detection in comparison to other spectroscopic detection techniques [89]. Detection 

limits in the low-nanogram range have been provided by modern solenoidal microprobes 

[90], whilst one study using microscale-preparative MDGC with NMR reported resolution 

of 1- and 2-methylnaphthalenes in crude oil at a natural abundance of ca. 0.2% [87]. 

 

1.5.1.1 Applications of GC–NMR 

Molecular stereo-chemical interpretation from GC–NMR provides complementary 

information to MS [91]. On-line coupling of GC to NMR has been problematic as 

continuous recording of NMR spectra was not possible. Capillary-NMR applications have 

included structure analysis for volatile model compounds [90], separation of 

stereoisomers and enantiomers of cis- and trans-1,2-dimethylcyclohexane [92] and 

enantioselective GC separation of racemic mixtures [93]. Off-line NMR analysis 

applications include preparative MDGC of geraniol and crude oil [87, 94] and 
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polyaromatic catalyst products [95], with the latter study also reporting X-ray 

crystallography structures of the collected fractions. 

The greatest advantages of NMR as a GC detector lie in its structural elucidation 

possibilities from a small amount of sample and its non-destructive nature, although its 

routine on-line hyphenation is unlikely in the near future. 

 

1.5.2 Detectors based on ultra-violet and visible absorption 

Absorption spectroscopy in the UV/vis and vacuum UV (VUV) region add value to 

molecular analysis, and have been used to develop absorption-based instrumentation for 

GC detection. 

1.5.2.1 Gas chromatography-ultraviolet-visible spectroscopy (GC–UV) 

The UV and vis regions span 10–400 nm and 400–700 nm wavelength regions 

respectively. This Section on UV will exclude the VUV region. When polychromatic UV/vis 

radiation passes through a medium, bonding electrons are excited enabling correlation 

of absorption bands to bonds of the molecules it passes through, although is lacking in 

detailed structural elucidation. Functional groups have different absorptivities, 

producing different sensitivities and absorption maxima. The wavelength is hence tuned 

to suit the compound of interest’s molecular structure with use of a variable wavelength, 

diode-array type detector. They generally use a deuterium, xenon or tungsten, lamp and 

a monochromator. 

Due to difficulties in interfacing the GC experiment, flow cell, and passage of light, GC 

separation with UV-vis has been modest. GC–UV-vis has been a niche area of limited 

acceptance within the GC-detection sphere. The recently developed vacuum UV detection 

may reverse this trend. 
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1.5.2.2 Gas chromatography-vacuum ultraviolet spectroscopy (GC–VUV) 

Most compounds have limited absorption sensitivity in UV-vis, but strong absorption in 

the VUV region; the VUV absorption cross-section is much stronger and corresponds to 

light absorption in the 120–240 nm region by high energy electronic transition of bonded 

and non-bonded electrons. VUV is a mass-sensitive, non-destructive, universal detector 

for GC analytes (GC–VUV) with good general analyte detectability. It has applicability to 

differentiating cis-/trans-isomers, deconvoluting co-eluting molecules and performing 

pseudo-absolute quantification. It may provide information in areas where MS may fail 

with some maintenance advantages over MS. Limits of earlier studies on VUV detector 

has been overcome by a recent commercial benchtop VUV detector which successfully 

addresses many shortcomings posed by earlier spectroscopic detector technologies [53, 

96, 97]. Similar to earlier instruments, this has a D2 light source, heated GC transfer line, 

makeup gas, flow cell and grating. Coated reflective optics and back-thinned charge-

coupled device (CCD) enable simultaneous collection of high-quality VUV absorption data 

over 115–240 nm for GC peaks. VUV offers predictability of class-response, data 

acquisition rates as high as 100 Hz, good repeatability of spectra allowing software 

deconvolution of overlapping spectra to provide analyte differentiation, [98, 99] and 

selective identification of classes of molecules using digitally created ‘spectral filters’. 

 

1.5.2.3 Applications of GC–UV and GC–VUV 

Both the UV and VUV detectors enable qualitative and quantitative analysis and are non-

destructive towards analytes, making sequential detection possible e.g. VUV/MS. 

Quantitative analysis is based on the Beer-Lambert law. As with GC–FTIR and GC–MS, 

they fall into the same category of full scan analysis. 

Being broad band absorptions, there is limited scope for structural identification by use 

of UV-vis spectroscopy. It is a routine analytical tool for many organic, inorganic and 

biological species, in environmental, chemical and forensic laboratories [100]. 

Applications have included structural isomer differentiation [101], analysis of aromatic 

and conjugated compounds [102-105], alcohols and phenols [106], wine [107], indoor 

dust [108], biomass ash [109], coal tar pitch [110], nitro organic explosives using 
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pyrolysis [111], simultaneous analyte and decomposition product detection [112] and 

elemental mercury in natural gas or light hydrocarbons [113]. Analyte detectability of 

GC–UV has LODs in the nanogram range. Resulting well-defined vapour phase UV spectra, 

unaffected by solvent effects or the detector’s temperature [109], enable compound 

classification and library-based searches. 

In practice, GC–VUV produces more detail-featured absorption spectra than that of UV 

and can be applied to analysing complex sample matrices in areas including 

petrochemicals, environmental science, agrochemicals, forensics, food technology and 

flavour analysis - probably as broad as GC-MS, with successful analysis of a myriad of 

compounds. Applications include analysis of pesticides [114], essential oils [115], vanilla 

extracts [116], fatty acid methyl esters [117-119], hydrocarbon and fuels [120-123], PCB 

congeners [124], various drug isomers [125-129], ink photoinitiators in food packaging 

[130], carbohydrates identification [131], benzene isotopologues [132], nitrate ester 

explosives [133], chemical warfare simulants [134], phenylethylamines [135], blood 

plasma [136, 137] etc. 

Improvements over conventional methods include time interval deconvolution (TID) 

[138], pseudo-absolute quantification, spectral filters for LOD enhancement [98], 

theoretical simulation and quantum mechanics calculations [139] and GC×VUV 

separation [140]. This detector is suitable for fast GC, MDGC and GC×GC due to its fast 

acquisition rates and signal averaging ability [53]. GC–VUV has been proven to be a 

complementary technique to MS able to offer good selectivity in complex mixture analysis 

[98, 141]. 

 

1.5.3 Detectors based on molecular emission 

An upper energy state atom or molecule transition to a lower energy state emits 

electromagnetic radiation, where the energy state of the emitted photon is equal to the 

energy difference between the two states. Differences in electron transitions and radiated 

energy render an emission spectrum. Molecular emission GC detectors normally 

correspond to element species in a molecule, which produce small-molecule excited state 
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species as a result of a flame or chemical reaction, with corresponding characteristic 

radiation useful for element-specific detection. 

 

1.5.3.3 GC–flame photometric detection (GC–FPD) 

Based upon photometric detection by flame emission in a hydrogen-air flame, the flame 

photometric detector (FPD) has been used as a GC detector since its inception in the late 

1960s [142]. Used mainly for the sensitive and selective detection of organic compounds 

containing sulfur (S) and phosphorus (P), it responds well to other elements including 

iron group metals, lead, tin, boron, antimony, arsenic, selenium, germanium, etc. [143-

145]. It has been reviewed previously [146, 147]. In the FPD, GC effluent burns in a H2-

rich flame where combustion products lead to some specific excited state small molecules 

which subsequently decay and emit light. This chemiluminescent reaction generates a 

band emission, usually with multiple emission maxima. The emitted light passes through 

a filter which selects light unique to the desired species. A photomultiplier tube (PMT) 

records and amplifies the signal response. 

Selectivity towards S and P compounds – the two most commonly measured by FPD – 

arise from selected optical filters which isolate the respective emission bands for passage 

to the PMT; S compounds produce excited S2* with a S selective filter transmitting ~ 394 

nm or at other maxima. P compounds produce excited HPO*, with a P selective filter 

usually transmitting at ~ 526 nm. Scheme 1 is a representative description of this 

process. 

S˗ or P˗containing compound(s)  
H2 flame
→      S or HPO∗ 

S + S →  S2
∗  →  S2 + ℎν (light emission at ~ 394 nm) 

HPO∗ → HPO +  ℎν (light emission at ~ 526 nm) 

Scheme 1.1. Production of light emission with S and P selective filters for FPD 

Generally, the FPD has high analyte detectability, simplicity, comparatively low price, 

stability, ease of use and good selectivity, and detects very low quantities of sulfur and/or 
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phosphorus compounds. It has a non-linear, often quadratic, amount-dependent 

response, due to atomic S recombination to produce S2* [146], and a variable, non-

uniform response factor over a broad range of analytes due to the variation in S2* 

emission intensity [148, 149] and analyte response quenching by even moderate 

amounts of co-eluting hydrocarbons [150]. 

Proposed modified systems of the FPD to overcome some limitations include dual 

detection burners [151], dual-channels [152], dual flames [153], geometric modifications 

and flame doping with S compounds [154], pulsed-FPD [155], reactive flow detectors, 

pulsed flame photometric ionisation detector (PFPID) [156], counter-current FPD (µFPD) 

[157, 158], multiple microflame (mFPD) formats [159] and dual wavelength FPDs [160]. 

 

1.5.3.4 Applications of GC–FPD 

GC–FPD is used largely for studies on pesticides [161-163], and also used routinely for 

e.g. studies in environmental emissions [164-166], petroleum products [167, 168], food 

production [169, 170], human health risk [171, 172], and Chinese medicinal wine [173]. 

Techniques such as purge and trap (PT) can be linked to GC–FPD. This much used 

spectroscopic detector can be used in conjunction with the MS for compound 

identification in matrices [174] and its quantification ability can yield LODs in the 

0.0005–0.004 mg kg–1 range [169]. With data acquisition rates of >100 Hz, FPDs can be 

used in fast GC [175] and has been hyphenated to GC×GC [30] for analysing pesticides in 

soil and food matrices [176-178], petroleum [160, 179], and shale oil [180]. LODs for such 

GC×GC–FPD systems were 45 pg s–1 in the P-mode and 617 pg s–1 in the S-mode [160]. 

 

1.5.4 Detectors based on molecular luminescence spectrometry  

GC-chemiluminescence detectors 

Chemiluminescent detectors were developed mainly with ozone as reactant [181]. The 

sensing region is preceded by a conversion step, usually via high-temperature pyrolysis, 

of analytes to sulfur monoxide (SO) or nitric oxide (NO), enabling downstream S- and N- 
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detection using a PMT with desired chemiluminescence signal achieved by an optical 

filter. 

Chemiluminescent detectors show many advantageous features over other element-

selective methods [182]. The high response factor to the analyte of interest (S or N) over 

other substances leads to excellent selectivity; values of 107 for flame-based SCD and 

NCD and 108 for non-flame SCDs over carbon [183]. SCD and NCD have negligible 

background interference, and hence very high analyte detectability to their respective 

elements, with better detectability than FPD towards S but are somewhat less robust than 

the FPD. Both SCD and NCD exhibit a linear response, proportional to the heteroatom 

concentration. The SCD has been reviewed previously [184]. Early commercial SCDs 

employed fluorine-induced detection [185-187] and have been improved by ozone-

induction [188], flameless designs [189], dual detection systems [190] and dual plasma 

systems [191], and cryotrapping sample preparation steps [192]. Scheme 1.2 sets out the 

reduction and oxidation combustion. 

Reduction then oxidative combustion in the SCD is as follows [188] 

Sulfur compound(s) + O2 → SO + H2 + other products 

Reduced pressure oxidation with O3 in the ozone reactor [193]: 

Oxidation: SO + O3 → SO2
∗  → SO2 + ℎ𝜈 (UV region: 280 − 460 nm) 

Scheme 1.2 Reductive and oxidative combustion in SCD. 

The NCD and SCD are analogous technologies in respect of their design and 

implementation, and are conceptually similar in their underlying chemical processes and 

performance. Coupling the redox chemistry of NO2 with chemiluminescence produced the 

NCD as the redox chemiluminescence detector (RCD; 1985) following the SCD [194]. 

Universal reduction then oxidative combustion in the NCD is as presented in Scheme 1.3; 

Nitrogen compound(s) + O2 →  NO + H2O + other products 

followed by the chemiluminescent reaction generating near-infrared emission 
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Oxidation: NO + O3 → NO2
∗  → NO2 + ℎ𝜈 (Near infrared region: 800 − 3200 nm) 

Scheme 1.3 Reduction and oxidative combustion in the NCD 

The NCD has exceptional N selectivity over C. Like the SCD, it has very little or no 

quenching. Its response is linear and equimolar towards various N-compounds. 

 

1.5.4.1 Applications of GC–SCD and GC–NCD 

Applications of SCD include trace S analysis [195], S selectivity [189, 193], dual plasma 

SCD [196], petrochemical and energy studies [197], analysing photo-degradation [198], 

alcoholic beverages [199-201], flavours [202], sewer waters [203], volatile organic S 

compounds (VOSCs) [204], and pyrolysis oil [205]. MDGC with SCD has be used for 

petroleum products [206, 207] as well as process water studies [208]. The SCD preceded 

use of the FPD to determine S compounds by GC×GC. Of main interest is the detector 

acquisition rate, expected to be > 50 Hz for GC×GC applications. The separation, 

identification and quantification of S compounds in petroleum and pyrolysis products 

was reported [206]. 

The SCD and NCD have little mutual interference of their spectra, so provide good 

selectivity towards their respective element. Applications of NCD include petrochemicals 

[209, 210], environmental samples [211], spices [212] and explosives [213]. 

GC×GC–NCD applications have been used in feedstock [214], meat products [215], 

starchy food [216] urban air samples [217] pyrolysis oil [205] and shale oil [218]. NCD 

was reported to have improved equimolar response than NPD, FID and MS [219], and 

lower LOD and better repeatability than MS [220] LODs reported in the 1.66–3.86 µg L–1 

range [215]. 

 

1.6 GC–Fourier transform infrared spectroscopy (GC–FTIR) 

A major part of the work in this thesis has been carried out using a hyphenated GC–FTIR 

system explicitly described in Chapter 2. Hence, the following Section has been discussed 
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in detail as a background to placing the importance of GC–FTIR in compound 

identification. 

 

1.6.1 Background to Fourier transform infrared spectroscopy 

Infrared (IR) spectroscopy has aided material analysis of any physical/chemical state – 

subject to a choice of suitable sampling technique – as a workhorse technique for decades, 

with advantages of being universal, relatively fast, easy and inexpensive as well as 

rendering information rich spectra. However, they are accompanied by a few 

disadvantages such as the inability to measure individual atoms (e.g. He, Ar), monoatomic 

ions, homonuclear diatomic molecules (e.g. O2, N2) and the masking of analyte spectra by 

water molecules due to its broad intense peaks. 

The infrared spectrum refers to the plot of measured infrared intensity 

absorption/transmission on the y-axis versus the variation in frequency or wavelength 

on the x-axis. The frequency is typically measured as wavenumber (measured in cm–1), 

with the higher wavenumber generally plotted to the left and the lower on the right. Units 

of IR wavelength is given in micrometres (μm) which relates to wavenumber in a 

reciprocal way. Such IR spectra are used for a variety of purposes including unknown 

analysis by correlating peak positions of the spectrum and molecular structure, identity 

testing, quantitative analysis etc. The absorbance spectrum of a sample is calculated using 

the Equation 1.16.  

A = log(I0 I)⁄       (Eq. 1.16) 

The IR region of the electromagnetic spectrum is divided into three zones as seen in Table 

1.1. 
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Many IR applications employ the mid IR region although the far IR and near-IR regions 

can also yield information regarding certain material [221]. General band assignments of 

mid-IR region aid spectroscopists in assigning an identification to the compound of 

interest. 

Molecules are made of atoms connected by a bond. A diatomic molecule is considered as 

two spherical masses (m1 and m2) connected with a ‘spring’ to give a force constant f and 

can be represented by Equation 1.17. 

ῡ =  
1

2𝜋𝑐
 √
𝑓

𝜋
       (Eq. 1.17) 

The absorption of infrared radiation leads to molecular vibrations within molecules. Due 

to the varied bond lengths and strengths between atoms in a molecule, the frequency of 

radiation absorption varies with molecular bonds and vibration modes. Since IR 

absorbances are very specific to stretches/wagging/rocking etc. vibrations of molecules, 

the IR signal fingerprint can be directly predicted based on quantum chemistry. The 

prediction is especially useful when approximate confirmation of functional groups, 

isomer structures or closely related structures of a compound is required [222]. This 

further extends to the use of FTIR to differentiate geometric (cis/trans or E/Z) isomers 

[223]. The unique spectrum obtained for each molecule also encapsulates information 

from the intact molecule, as opposed to molecular fragments seen in MS. 

Table 1.1. IR regions with their corresponding wavenumbers and wavelengths 
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Early instruments were of the dispersive type which used prisms and gratings to separate 

individual frequencies from the IR source. However, the development of Fourier 

transform IR (FTIR) instrumentation, which exploits the mathematical process of Fourier 

transformation with an interferometer’s use, has greatly enhanced IR data quality and 

reduced spectrum acquisition time. FTIR spectroscopy is considered an extremely 

accurate, reproducible and reliable technique for positive identification and is enabled by 

FTIR software which converts the discrete signals of the detector into an interpretable 

spectrum. [221]. 

FTIR instruments are preferred over dispersive counterparts due to their advantages 

which include (i) higher optical throughput as they have no prisms, gratings or slits which 

attenuate light; Jaquinot’s advantage, (ii) all frequencies being measured simultaneously 

to give a spectrum quickly; Fellgett’s advantage, (iii) highly accurate frequencies in 

spectrum enabling processing techniques; Connes advantage, (iv) precise measurements 

with no external calibration needed, (iv) speed increasing ability with per second scans, 

(v) little chance of mechanical breakdown as the moving mirror is the only continuously 

moving part, and (vi) increased sensitivity with scan co-adding ability to ratio out random 

noise. 

FTIR instruments use a Michelson interferometer to generate Fourier transformation of 

light beams. A beam splitter splits the incoming light into two optical beams; one reflects 

off a fixed mirror and the other off a reciprocating mirror. These two beams then 

recombine at the beam splitter constructively and destructively and then presented as a 

function of the two beams travelled and their wavelengths. These two “interfering” beams 

result in an interferogram I(δ) which is a function of the optical path difference (δ) 

between the fixed and moving mirrors. Since all frequencies are measured 

simultaneously the interferometer renders very fast measurements. The “decoding” of 

these frequencies by Fourier transformation renders the spectrum analysis as a 

frequency spectrum. Figure 1.4 depicts the Fourier transform process. As depicted in 

Figure 1.4(B) the interferogram displays a strong peak at the zero mirror path difference 

due to constructively interference of all wavelengths of light. 

The ability to measure spectra with high signal-to-noise ratios (SNRs) is a major 

advantage of FTIRs over other IR spectrometers. SNR is a measure of a peak’s quality and 
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higher SNRs increase the instrument’s sensitivity and quantitative accuracy. SNRs of 100 

or over can be measured by FTIRs due to their various advantages. 

 

 

1.6.2 Attenuated total reflectance (ATR) spectroscopy 

The superseding of dispersive spectrometers by the more powerful FTIR instruments 

expanded the versatility of IR spectroscopy being used as an analytical tool for solids, 

liquids and gaseous samples [224]. Standalone FTIR instrumentation has been used in 

conjunction with GC–MS in the study of various material to gain a better understanding 

of the samples being analysed [225, 226]. Since the sample is analysed in its gas phase 

upon vaporisation at the GC injection port, GC–FTIR analysis often needs none or the 

usual GC sample preparation prior to analysis to extract samples and remove 

interferences. However, other standalone FTIR instrumentation may often require 

sample preparation to suit the instrumental technique being used. 

Figure 1.4. Schematic of the Fourier transform process to obtain FTIR spectra. (A) 
Michelson’s interferogram, which produces an interferogram (B) which upon Fourier 
transformation (C) renders an FTIR spectrum (D). 
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To enable measuring IR spectra in transmission mode, samples have to be prepared as 

thin films or non-absorbing matrices. This is not a limitation to measure spectra in the 

reflectance mode – whose spectra appear different to those of transmission modes, but 

nevertheless can be a versatile tool providing useful information. Radiation can be 

reflected, transmitted or absorbed when it strikes a surface. The refractive indices of the 

two media and angle of incidence determine the relative amounts of reflection and 

transmission. Reflectance measurements can be categorised as external or internal (total) 

reflectance based on their sampling methods. The main forms of external reflections 

include (1) specular reflection (SR); where radiation is reflected and collected from the 

front surface of a bulk sample, and (2) diffuse reflectance (DR); where the incident ray is 

scattered at many angles from the surface (rather than one angle as in SR) – a sensitive 

tool when combined to IR Fourier transform (FT) spectrometers, (DRIFT) [227]. 

Simultaneously introduced by Harrik and Fahrenfort[224], attenuated total reflection 

(ATR) uses the property of total internal reflection. An IR light beam passes through the 

ATR crystal and reflects off its internal surface which is in contact with the sample, and 

creates an evanescent wave perpendicular to the surface of the crystal (up to ~1–2 μm) 

at the point(s) of reflection. Whilst the sample absorbs some energy of the evanescent 

wave, the internally reflected radiation is returned in an attenuated manner to the 

detector. The infrared-transparent high refractive index crystal (mostly >2), called the 

internal reflection element (IRE), is made of diamond, ZnSe Ge or Si. A schematic of an ATR 

system is depicted in Figure 1.5. 
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ATR–FTIR can measure samples at a penetration depth of 0.5–5 μm from the crystal’s 

surface. The IRE often has a higher refractive index (n1) than the sample (n2), and these 

can be related to the angle of IR incidence as 1.18. 

𝜃 =  𝑠𝑖𝑛–1(
𝑛2

𝑛1
)      Eq. (1.18) 

The majority of ATR applications are seen in the mid-IR region but have lately been 

expanded in to the near-IR, far-IR, UV and visible regions as well. Although ATR has not 

been directly hyphenated to GC instrumentation, in recent years ATR methods have seen 

strides in development to achieve versatility in obtaining IR spectra and supporting 

information gained from GC–MS analysis [228]. 

The advantages of ATR–FTIR spectroscopy include (i) requiring a small amount of 

material (1–100 μg), (ii) ability to reduce or eliminate the liquid water signal in the 

spectrum, (iii) short time (few minutes) to record spectra, (iv) is non-destructive, (v) is 

able to modulate the environment of the molecule, (vi) often an ability to directly 

measure with very little/no sample preparation and (vii) can benefit a wide array of 

biological, chemical and environmental applications [229, 230]. 

 

Figure 1.5. Schematic representation of instrumentation in ATR-FTIR. 
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1.6.3 Data processing in infrared spectroscopy 

Infrared spectra once measured using a spectrometer often need to be converted to a 

more useful form to obtain its full value [231]. In current times, most spectra measured 

are on Fourier transform IR spectrometers. The following techniques are the most 

commonly used and have been used at various points during the experiments included in 

this thesis. 

(1)  Band intensity and concentration proportionality — A single beam FTIR spectrum is 

derived by the calculation of the ratio of the sample and background interferogram. 

Whilst transmission spectra use the Beer-Lambert law, reflectance (ATR, specular or 

diffuse) spectra use various equations and corrections as set out by Griffith [231]. 

(2) Apodization — Although theoretical integration of Fourier transformation ranges 

from positive to negative infinity, this is not the case in physical settings. The 

discontinuity of data caused by the finite range produces undesirable ripples on 

either side of the interferogram’s large central peak. Literally meaning “removing the 

feet or podes”, the apodization function reduces the ripples in the FT integration by 

multiplying the interferogram by a weighting function. Various apodization functions 

used in spectroscopy to suit the need include Box–car, Triangular, Happ–Genzel, 

Cosine, Lorentzian, Blackman–Harris, Norton–Beer and Gaussian etc. [232]. 

(3) Smoothing — This is used with the goal of reducing the noise with a minimal 

reduction in the resolution. This is most effective with spectra whose bands are wider 

than the resolution they are measured at. Popular smoothing technique include 

Savitzky–Golay and moving average algorithm [232]. 

(4) Derivative spectra calculation — IR spectra can be differentiated and overlapping 

bands can be resolved by mathematical derivatization of their bands which thereby 

decrease the band’s width. First or higher order derivatives can be used as needed 

with the second derivative being the most commonly used [233]. 

(5) Baseline Correction — Although an ideal IR spectrum should have a flat baseline at 

zero absorbance, it can be offset due to sample preparation, instrument problems, 

environmental fluctuations etc. Spectrum processing of baseline correction 

techniques are undertaken to remove the slope and curvature of a spectrum [234]. 
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(6) Deconvolution — When two or more spectrum peaks overlap deconvolution can 

enhance the resolution by pulling apart overlapped peaks. This yields spectra with 

narrower bands enabling closely spaced features to be distinguished [235]. 

Other spectrum data processing techniques include peak picking, curve fitting, 

interpolation etc. which can be used as per the nature of the actual measures spectra and 

need of analysis [231]. Infrared spectra have also benefited greatly from the advances in 

computer-based procedures and statistical procedures since the 1980s [236]. The above-

mentioned data processing techniques together with univariate and multivariate 

chemometric methods have greatly enhanced analytical powers of FTIR as a detector in 

GC. 

 

1.6.4 Background to GC–FTIR 

IR spectroscopy can be hyphenated to various chromatographic techniques such as liquid 

chromatography, GC, thin layer chromatography, supercritical fluid chromatography etc., 

of which GC is most widely used and developed in many aspects [221, 237]. GC–FTIR had 

many devotees 40+ years ago, mainly stemming from its greater probability to correctly 

identify each peak in a chromatogram in comparison to that of GC–MS. This however was 

impeded by detection limits of GC–FTIR being two to three orders of magnitude higher 

than GC–MS, and hence over the years method difficulties, poor reliability, and lack of 

support for system maintenance and upgrades saw many abandon the technique which 

is once again gaining momentum in use as a technique for reliable compound analysis 

[238]. With its ability to provide a wealth of molecular vibrational (and fine-structure) 

information, related to molecular functionalities and structures, FTIR spectroscopy is 

recognised as a detector which can be a universal and yet molecular qualitative detection 

method, providing complementary information to mass-based ionisation detectors in GC. 

These reasons, together with the various software algorithms developed and 

improvements in interface designs to obtain a better sensitivity and reliability, has 

increased FTIR’s practical use for qualitative and quantitative analysis. 

Common FTIR spectrometers (Figure 1.4) consist of an infrared source, an 

interferometer, sample compartment, detector, amplifier and a computer for Fourier 
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transformation. The hyphenated GC–FTIR instrument ‘simply’ requires replacement of 

the sample compartment, and design of the light source/detector arrangement. The 

mercury cadmium telluride (MCT) detector, the most used detector in GC–FTIR 

instrumentation, allows rapid data acquisition. Various reviews have explored GC–FTIR 

as a source of spectroscopic detection [239, 240]. Why did FTIR lose most of its allure? 

The emergence of MS, with its many options, keen marketing, reliability, plethora of 

available methods, and immediate access to a ‘molecular answer’ has a powerful 

reinforcement effect in GC–MS. The FTIR, by contrast, which generally is more difficult to 

maintain, has a lower detectability for analytes [238]. With FTIR’s main attribute being 

its molecular selectivity and identification — which is more-or-less also provided by MS 

— consigning FTIR to a historical curiosity might be understood. It is necessary to directly 

confront this perception. However, recent instrumental advances have rekindled the 

interest in this technique [241]. 

 

1.6.5 Development of GC–FTIR hyphenation 

GC–IR was introduced in the 1960s [242], initially using packed columns. The 1980s saw 

capillary column GC hyphenation with spectroscopic methods for molecular detection, to 

improve analytical identification through improved peak separation and purity [243, 

244] with interface improvements between GC and IR. Such interfacing enables GC 

effluent detection by either an on-line approach using flow-through cells, or quasi-on-line 

methods where the effluent is concentrated and immobilised on a trapping medium 

[245]. The interface should address the challenge of retaining GC resolution as well as 

improve interaction of the IR beam with eluted analytes. 

 

1.6.5.1 Types of interfaces 

Three main interface types are available for GC–FTIR [246] of which one type is based on 

flow-through cells (light-pipes) and the others on the elimination of the mobile phase. 

a) Light-pipe (LP) interface — The light-pipe interface is the most commonly used 

interface [245] in which GC effluent passes into the LP through which IR radiation 
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transits, for collection of gas phase spectra. Introduced in 1964 [247], and re-designed by 

Azaragga [248], a heated gas phase IR flow cell with high reflectivity gold-coated internal 

surface. Input and exit ports for GC effluent and IR-transparent windows at either end 

facilitate reflection of the IR beam through the cell. Detectability is improved by using a 

longer light-pipe; this can reduce GC resolution. Design compromises analyte 

detectability and resolution, with purging He or N2 gas to tune IR sensitivity and GC 

resolution. The internal diameter (I.D.) and length of the cell are typically 0.3–1.0 mm and 

50–100 mm, respectively, rendering a volume of about 80 μL and so is compatible with 

the average peak volume for 0.25 mm or 0.32 mm I.D. GC capillaries [249]. The flow-

through design offers real-time analysis, which other interface types may not. Although 

common, the LP is least sensitive (ng range). The drawback of pyroelectric detectors such 

as deuterated triglycine sulfate (DTGS) not being able to acquire low-noise spectra in 1–

2 s has been overcome by the more sensitive mercury cadmium telluride (MCT) 

detectors. The MCT detector however has the drawback of interferogram amplitude drop 

when temperatures are raised above 250 °C. 

 

b) Matrix isolation (MI) interface — In MI–FTIR, GC effluent in a matrix of cold inert 

gas (argon) is directed under vacuum for cryogenic trapping onto the surface of a gold-

plated collection disc. The helium carrier gas is pumped away and the GC eluates freeze 

within a solid argon matrix. Trapped analytes undergo interrogation via an IR beam 

which is directed onto the disc through beam condensing optics and then analysed by the 

detector. Costly and complex, MI–FTIR provides high sensitivities, and low detection 

limits to 100s of pg [250], a sensitivity comparable to some MS methods. Low 

temperature trapping in GC–MI–FTIR renders sharp, intense and narrow IR peaks due to 

minimal thermal band broadening making higher sensitivities achievable. This however 

has disadvantages of complex experimental apparatus and non-real-time spectrum 

acquisition. 

 

c) Direct deposition (DD) interface — DD–FTIR positions an IR microscope very 

close to the deposition site of GC analytes. Effluent is directed in vacuo onto a cooled 

(liquid N2) moving zinc selenide (ZnSe) infrared substrate. With high sensitivity and a 

lower detection limit than the LP design, DD can detect at sub-ng levels of analyte with 

no pre-concentration. In a study of FAMEs, DD–FTIR had better capacity than the LP to 
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characterise complex mixtures of variable concentration [251]. This has advantages over 

MI–FTIR with near-real-time spectral acquisition since the beam focus is immediately 

next to the deposition site and the similarity to condensed phase spectra acquisition 

enabling condensed phase IR libraries’ use. 

 

d) Cryotrapping matrix isolation interface — A separate GC–FTIR interface has been 

reported in which both MI and cryotrapping (Xe matrix gas; liquid N2 coolant) occurs  

[252] where a study reported sub-ng detection limits [246]. 

MI– and DD–FTIR systems share some common advantages over LP systems such as 

increased sensitivity, possibility of post-run signal averaging performed (due to analytes 

remaining condensed on the window until it warms up) thus improving the signal-to-

noise ratio over those attained by GC–LP–FTIR, and the upper temperature being decided 

by the GC experiment (not being limited by the IR interface) [238]. 

Figure 1.6 represents a GC–FTIR setup with various interface types indicated. GC–FTIR 

scanning is generally carried out over 4000–600 cm–1; a background scan may precede 

the sample scan. Derivatisation of compounds benefits FTIR detection by either 

improving the detectability by an increased IR response [253], or by enabling 

identification of compounds inaccurately identified by MS [254]. 

 

Figure 1.6. Schematic diagram illustrating the GC–FTIR set up with various interfaces 
and data processing. 



Chapter 1: Introduction 

 

Page | 41  
 

1.6.6 Generation of chromatograms 

Irrespective of the chromatographic method hyphenated to the FTIR instrument or the 

interface used, the result is always represented by a plot of the detector’s response vs 

retention time. Structure-specific IR spectroscopic information is converted into 

chromatogram plots using one of two main methods - the Gram-Schmidt (GS) vector 

orthogonalisation method and the functional group-specific chromatogram method. 

The GS method is a direct, simple to implement yet computationally efficient approach 

which has been well documented [255]. Its intensity measures the difference of the 

interferogram vectors from the background subspace. The functional group-specific 

method on the other hand is more information regarding requiring more calculations to 

create. Here the integrated IR absorbance within specific wavelength regions are plotted 

against the chromatography elution time [256]. 

 

1.6.7 Applications of GC–FTIR 

GC–FTIR enables the unambiguous structural elucidation of structures as well as 

confirmation of an unknown based on spectroscopic identification and chromatographic 

retention time (tR). Retention index (I) data in GC or MDGC allows a preliminary screen 

of possible compound identity. FTIR allows functional group analysis to detect hydroxyl, 

aromatic, aliphatic, amine, nitrile etc. groups [100], since each functional group has a 

characteristic vibrational absorption, which can be used for qualitative, or quantitative 

purposes. 

GC–FTIR spectra can be searched against available reference spectra in digital spectral 

database libraries for individualised compound identity, and potentially class identity 

[257] based on the matches between experimental spectra and database spectra. Since 

homologues show similar, but not identical, IR spectra, library searches of unknown 

compounds will often match the homologue, which may assist structural elucidation. 

Reliance on MS spectra and GC retention index data alone does not per se provide the 

absolute structure identification which is the main aim in most analyses. FTIR spectra 

give a comparatively higher level of confidence than MS data. This level of confidence can 

be greatly enhanced by using approaches of molecular simulation of IR spectra. Such 
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modelling methods rapidly improve with the advances in high-performance computing, 

algorithm efficiencies, theoretical methods, computational chemistry etc. and offers a 

way of drawing meaningful conclusions to questions raised in an experiment. This is a 

tool which saves time in predicting the structure of a molecule as well as structure-

activity relationships, especially in instances where suitable experimental designs cannot 

be applied [258]. FTIR spectra and molecular structures can be simulated by the 

application of different levels of theory and by calculating the relative energy at different 

levels [259] and is of interest in differentiating isomers, especially in instances where 

mass spectra fail to distinguish them [260]. Thus, the confirmation of component 

structure using a combination of molecular simulation approaches, FTIR experimental 

spectra, MS library hits and GC retention index data can greatly widen the scope of GC–

FTIR as a tool of unambiguous chemical identification. 

With one of GC–FTIR’s greatest successes residing in its ability to differentiate between 

geometric isomers, it finds application as a complementary or ‘orthogonal’ method to GC–

MS [245, 261] with applications covering several disciplines [237] outlined below. 

As novel substances increasingly appear in psychoactive substances and illegal drugs, 

there is a need to identify substances whose isomers very often have different biological 

activities. The sensitivity of FTIR spectra towards even minor changes in a molecule’s 

structure to provide “fingerprinting” of molecules and the complementarity of GC–FTIR 

to GC–MS detection is an asset in drug analysis. This has been applied to structural 

elucidation of designer drug studies [262], forensic and clinical studies [263, 264] and 

modelling classes of compounds [239]. This isomer differentiation ability is especially of 

use in food adulteration and essential oil studies [240] and increasing awareness in food 

and dietary supplement adulteration. Target components include geometric isomers in 

complex mixtures such as fatty acid methyl esters, essential oils, edible fats and oils, often 

with increased probability matches as compared to MS searches [265]. The cis/trans 

geometry of double bonds in the natural oil conjugated linoleic acid, often used in dietary 

supplements, was confirmed in GC–FTIR by differentiation in the 3000 cm–1 region of the 

spectrum [266] as seen in Figure 1.7. 
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Interfacing FTIR to MDGC systems incorporating cryogenic trapping was introduced in 

the early 1990s [267] and used for qualitative analysis of complex mixtures [268]. 

Quantitative analysis of GC–FTIR can be obtained using univariate and multivariate 

approaches by one of four methods; chromatographic peak height, chromatographic peak 

area, absorbance value of the spectrum peak or integrated area of spectrum peak [269, 

270]. Analyte detectability can be increased with techniques such as large volume 

injections and solid phase extraction [271]. LODs of 0.1–1 µgL–1 were achieved using pre-

selected wavenumber regions (2820–2980 cm–1, 1640–1670 cm–1, 1520–1580 cm–1 and 

1000–1050 cm–1) in a study to determine micro-contaminants in water [272]. 

Further identification and/or quantification applications of GC–FTIR include structural 

elucidation of natural saccharides [273], marine origin complexes [274], toxicological 

compounds [275], insect pheromones and volatiles [276, 277], pinene degradation 

studies [278], pharmaceutical analysis [279], isomeric studies on drugs of abuse [280], 

chemical weapons [253], petroleum hydrocarbon characterisation [281], compound 

identification in fentanyl metabolites [282] and essential oil adulteration studies [283]. 

In some instances the assigning of structures based on FTIR and MS data helps in 

investigating biological significance of animals and plant components [276]. The 

development of a two-dimensional separation approach, defined as GC×FTIR, presents 

Figure 1.7. GC–DD–FTIR spectra observed at 8 cm–1 resolution discriminated between 
CLA geometric isomers as shown for DMOX derivatives. Adapted from Roach et. al. 2002 
with permission. 
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GC capillary column separation as the first dimension and spectroscopic separation as 

the second dimension [270, 284]. The large amount of data produced in a single GC–FTIR 

run calls for appropriate hardware and software. High scan speeds of 1–10 scans per s 

suffice for this need [269]. 

 

1.7 Detector figures of merit 

Figures of merit are numerical parameters usually employed to characterise and 

compare the performance capability of an analytical method, system or device, relative 

to its alternatives [285]. The focus of the maintenance or improvement of figures of merit 

stems from the intention of reducing the detrimental effect of the analytical method or 

technique. This simultaneously improves the selectivity, accuracy and sensitivity of the 

analytical approach’s determinations [286]. Table 1.2 presents a summary of various 

analytical figures of merit for a variety of spectroscopic detectors in comparison to mass 

spectrometric detection based on recent literature. 
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Table 1.2 Classification of detectors and relative analytical figures of merit for spectroscopic detectors and mass spectrometry detection 

Detector Response classification  

Mass/ 

concentration 

sensitive 

Linear 

range 

Limit of 

detection (LOD)  
Reference 

FTIR Spectrum of intact molecule  Concentration 103 10–9 g mL–1 [272] 

NMR Spectrum of intact molecule Concentration 101 10–4 g mL–1 [89] 

UV Spectrum of intact molecule Concentration 102 10–6 g mL–1 [106] 

VUV Spectrum of intact molecule Concentration 103 10–6 g mL–1 [96] 

FPD (S) S2 emission Mass 104 10–11 g s–1 [43] 

FPD (P) HPO emission Mass 104 10–12 g s–1 [43] 

SCD SO2 emission Mass >104 10–12 g s–1 [31] 

NCD NO2 emission Mass >104 10–12 g s–1 [31] 

MS m/z ratio of ion fragments Mass 106 10–12 g s–1 [66] 
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1.8 Multiple detector hyphenation 

Multiple detectors hyphenated with GC provide additional information over and above 

that of a single detector [287, 288]. Figure 1.1 (Section 1.1.1) illustrates some 

experimental setups of GC systems containing one or more detectors. 

Multiple detector hyphenations to GC experiments often allow monitoring and 

confirmation of compound identities with greater confidence. With their inherent ability 

to provide structural information on a molecule’s intact structure compared to the 

molecular fragments obtained in MS, as well as complementary information provided by 

isomer identification, molecular spectroscopic detectors are often hyphenated with MS. 

A non-destructive detector (e.g. FTIR, UV, VUV) may be serially hyphenated before 

another detector, either in parallel or sequentially [53]. Hyphenation should produce 

better – qualitative and/or quantitative – results, such as spectroscopic detection using 

both MS and FTIR where the latter has capabilities for detailed isomer information [80]. 

The practice of multiple hyphenation and the ability of molecular spectroscopic methods 

such as UV-vis, FTIR, and NMR to provide complementary information to MS have been 

reviewed [288]. 

Of the molecular spectroscopic techniques, GC–FTIR/MS has been of especial interest. 

The first capillary GC–FTIR/MS arrangement was reported in 1982 [243], achieved by a 

variety of approaches such as tunable ratio post-column splitting with time-synchronised 

detection [245]. This can also be achieved by using two identical columns, switching 

between two detectors with an open cross splitter, or running the effluent stream 

through serially linked detectors [289]. Employing cryogenic IR methods is useful to 

minimise analyte detectability differences between the two detectors, but is not 

amenable to on-line methods. The diverse applications of GC–FTIR/MS include amino 

acid pyrolysis products [223], polymer pyrolysis studies [290], and flavour analysis 

[291]. In the latter study [291], a multidimensional approach was used to isolate a specific 

region from a first column, then expand its retention on one of 2 second dimension 

columns. Each could then be recorded by using MS, FTIR or FID detection. Figure 1.8 

exemplifies a study using a parallel GC–FTIR/MS system to identify lithium battery 

degradation products in which FTIR show spectra different to each other, whilst MS 

displays similar spectra for ethylene oxide and acetaldehyde [292]. 
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The complementarity of information gained through parallel spectroscopic and 

spectrometric detection has been highlighted in the use of MS with other spectroscopic 

detectors such as PFPD(S) to analyse aging of Shochu (Japanese beverage) [293], SCD and 

NCD for S compounds in aging whisky [199] and with AED for wastewater [294] and 

petrochemicals [295]. Unambiguous elucidation of structures in unknown substances 

thus calls for spectroscopic tools, such as FTIR, to complement MS detection. 

Table 1.3 reports example applications of GC with various spectroscopic detectors, 

including instances of multiple detector techniques with focus on GC–FTIR. 

 

Figure 1.8 Parallel GC–FTIR/MS system showing MS and FTIR spectra for ethylene and 
acetaldehyde. Adapted from Gachot, Grugeon et al. (2014) with permission. 
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Table 1.3 Selective summary of typical applications of GC–molecular spectroscopic detector applications published since 2007. 

Detection 

technique 
Sample source Comments/ application  Reference 

GC–FTIR Alcoholic beverages 
Methanol and ethanol identification and quantitation using library 

spectra 
[257] 

GC–FTIR Chemical weapons Trace analysis of convention related chemicals [253] 

GC–FTIR 
Insect pheromones and 

volatiles 
Structure assigning and isomer identification 

[276, 277, 296-

298] 

GC–FTIR 
Side chain substituted 

regioisomers 
Differentiation of regioisomers [280] 

GC–FTIR Petroleum products Petroleum product characterisation [281, 299] 

GC–FTIR Essential oil Structure elucidation and quantitative studies [270, 300-302] 

GC–FTIR Recycled tire rubber Volatile component identification during emissions testing  [303] 

GC–FTIR 
Designer drugs, 

forensic compounds 
Complementary structural elucidation to GC-MS analysis 

[262, 264, 304-

307] 

GC–FTIR Oxime Dynamic molecular interconversion studies  [260, 270] 

MDGC–FTIR–MS Fragrances Irritant identification using spectral library identification  [289] 
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GC–1H NMR (Off 

line) 

Mix of diethyl ether, 

dichloromethane, 

tetrahydrofuran  

Use of solenoid type micro coil for volatiles detection [90] 

GC–1H NMR (On-

line) 

1,2-

dimethylcyclohexane 
Identification of volatile cis-/trans-stereoisomers [92] 

GC–1H NMR (On-

line) 

Unfunctionalised 

racemic chiral alkane 
Separation and identification of enantiomers  [93] 

MDGC–1H NMR 

(Off line) 
Crude oil Methylnaphthalene isomer identification in offline NMR mode [87] 

MDGC–2D NMR 

(Off-line) 
Essential oils Volatile component identity confirmation [94] 

GC–UV Biomass ash PAHs and other organic compounds [105] 

GC–UV Explosives 
Enables simultaneous detection of target analyte and decomposition 

product 
[112] 

GC–VUV Turpentine mixtures Co-eluting peaks deconvoluted, quantitative analysis of terpenes [115] 

GC–VUV FAME mix and food oils 
Co-eluting peaks deconvoluted, cis-/trans-isomeric differentiation of 

FAMEs, fatty acid profiling of food oil  
[117] 

GC–VUV Jet and diesel fuel Computational deconvolution, speciation of dimethylnaphthalene in fuel [98] 

GC–VUV  Petroleum products Timed interval deconvolution applied, hydrocarbon speciation  [138] 

GC–VUV Water  Natural and toxic gas analysis in Li battery run off [99] 
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GC–VUV Pesticide Multiclass pesticide identification, isomer differentiation [114]  

GC×GC–VUV Breath gas Analysis of VOCs [54] 

PT-GC–pFPD Seawater Trace-level dimethylsulfide analysis [308] 

GC–FPD/P Pepper Analysis of toxic metabolites [169] 

GC–FPD Sea water 
Butyltin hydride extraction using quartz surface-induced tin emission 

FPD 
[309] 

GC×GC–FPD 
Pesticides and 

Kerosene 

S and P containing compounds identified. Higher detection limits than 1D 

GC-FPD seen.  
[160] 

GC×GC–FPD(S) Shale oil Sulfur speciation and quantification [180] 

GCxGC–FPD(P) Spiked Diesel matrix OP pesticides & esters [176] 

GC–SCD Crude oil Sulfur compound speciation [197] 

GC–NCD Petrochemicals Nitrogen compounds speciation and quantitation [209] 

GC×GC–NCD 

GC×GC–SCD 

Plastic waste pyrolysis 

oil 
S- and N- containing groups identified [205] 

GC-MS–FTIR Li battery degaradation Identification of electrolyte degradation products [292]  

GC–

SCD/NCD/MS 
Whisky Simultaneous detection of S and N compounds  [199] 
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2.1 Introduction 

Separation of volatile and semi volatile chemical components in complex mixtures can be 

successfully carried out using gas chromatography (GC). Here, retention time (RT), the 

time taken for an analyte to reach a detector after its injection, can be used in component 

identification when compared to the RT of a known standard. RT is not fixed for a 

chromatography column as it is influenced by various factors and RT information alone 

cannot support identification of all major and minor components. Therefore, structural 

elucidation of GC separated analytes is supported by various detector technologies, of 

which mass spectrometry (MS) is the most commonly applied technique. Its hyphenation 

to GC (GC–MS) has today become the most widely adopted approach for component 

detection. 

The MS however is limited in its ability to give an accurate identification for reasons 

which include; (i) the inability to distinguish closely related isomers due to their similar 

mass spectra, (ii) identification being dependent on the presence of the mass spectrum 

in a library, and (iii) the result being based on the computer’s ability to find a similar mass 

fragmentation match value based on usually a proprietary metric of m/z and intensity 

values [1]. Thus, in GC analysis, detectors which provide information on the intact 

molecule have greater discriminatory power than the knowledge gained using fragments 

created by MS. Various spectroscopic detectors have proved to be successful in this task 

as set out in Chapter 1. Of these, Fourier transform infrared (FTIR) spectroscopy, has 

established itself as a molecular spectroscopic detection technique which has the 

potential to identify molecules without ambiguity [2-3]. 
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FTIR spectroscopy can benefit component identification through its information-rich 

FTIR spectra which complement the ability of GC–MS [4] and has therefore become one 

of the foremost spectroscopy techniques for problem solving and analysing chemical 

structures associated with a wide variety of matrices. It is universal and relatively 

inexpensive, fast and easy to operate compared to most other analytical techniques. With 

its many advances and developments, it has the potential to be utilised in many spheres 

such as in industry, research and fundamental studies. 

The generation of an infrared spectrum – a profile of absorption characteristics plotted 

against the wavenumber – is generated when infrared radiation interacts with molecular 

moieties. The result is a distinctive and unique ‘fingerprint’ – the corner stone of FTIR 

based identification. The hyphenation of GC to FTIR, abbreviated as GC–FTIR, marries the 

separation power of GC and the identification power of FTIR. This main benefit of 

component identification can also be coupled to quantification. GC–FTIR has been 

established via a variety of instrumental designs in which the successful interfacing of the 

GC and FTIR play a pivotal role. This has been achieved through light-pipes (LP), direct-

deposition systems (DD) and matrix-isolation (MI) systems as detailed in Chapter 1. Of 

these, the LP enables real-time spectroscopic detection of the GC eluates in a flow-

through arrangement unlike its DD and MI counterparts. A majority of the studies 

conducted in this thesis have been based on this GC–FTIR hyphenation achieved through 

an in-house designed heated flow transfer system consisting of a light-pipe interface in 

which we devised the transfer of GC effluent from the oven to the light-pipe interface 

using a custom-built transfer line. 

This Chapter explicates the various instrumentation, materials, methods and software 

used in carrying out the experimental sections of this Chapter and the two Chapters 

which follow in the thesis. Details of the in-house design and implementation of the 

hyphenated GC–FTIR system together with the preliminary validation studies conducted 

to confirm its suitability in further studies is also detailed. This Chapter also explores 

various FTIR parameters to choose the best setting for the tasks at hand. A brief daily 

performance validation of the system is also mentioned followed by details of 

establishing of a user-defined in-house library. 
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2.2 Design of in-house built hyphenated system of gas 

chromatography with Fourier transform infrared spectroscopy for GC–

FTIR analysis 

GC–FTIR experiments in this Chapter and the Chapters which follow were carried out 

using an in-house designed hyphenated system as detailed in Section 2.2.1. The 

experiments conducted in Chapters 2, 3 and 4 were conducted using this light-pipe GC–

FTIR system with GC–MS and GC–FID capability as well as sequential GC–FTIR–FID ability 

as depicted in Figure 2.4. Two computers were required for control and parameter set-

up of the system, one for GC–MS and GC–FID control and the other for GC–FTIR control. 

The details of the system are presented as follows. 

 

2.2.1 Gas chromatograph 

The GC used in this system is a PerkinElmer Clarus 600 (PerkinElmer Inc., Shelton, CT, 

USA). This is a dual-channel temperature programmable system with an 82 vial 

autosampler attached which is fitted with a 10 μL syringe. The front and rear injection 

ports together allow more than one column to be installed for individual sample injection 

as depicted in Figure 2.1, to enable analysis using different columns to be conducted 

without the need of column change. The installation of two injectors – a capillary column 

injector (CAP) and temperature-programmed split/splitless injector (PSS) – enables 

injection to the columns connected to suit the need. The ability to install gas sampling 

valves enables pneumatic pressure control (PPC) in which the carrier gas and detector 

gases can be monitored and controlled to manage pneumatic functions in the GC. 
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The inbuilt FID of the GC facilitates simultaneous and sequential FID results benefitting 

the confirmation and validation studies of GC–FTIR analysis. Figure 2.2 depicts a 

representative diagram of the FID installed in the GC. The H2 combustion gas and make 

up gas mix with the carrier gas from the GC column entering from the bottom. This is 

burned at the jet, with air which is added to establish a flame. Positively charged 

combustion product particles are accelerated towards the negatively biased collector 

electrode (-200–-300 V) positioned above the flame. This is then electronically amplified 

and digitised where the current is directly proportional to the number of ions collected. 

The inbuilt flame ionisation detector (FID) enables both pre- and post-light-pipe analysis. 

A dual-hole graphite ferrule as shown in Figure 2.2 is used in place of the single hole 

ferrule, using which, two restrictor columns are installed into the FID. This is done so that 

GC–FID (when the analytical column is connected to the FID directly) and GC–FTIR–FID 

(when the light-pipe outlet is connected to the FID) experiments can be alternated as 

needed by using universal Press-Tight connectors (Restec Corporation, Bellefonte, PA) to 

Figure 2.1. Interior of GC oven showing the setup of two columns, each connected to a 
separate injection port. The opening of the transfer line protruding into the oven is inset, 
showing the columns which connect to the light-pipe inlet and outlet. 
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connect to the column of need. This enables exchange of columns and changing the GC 

effluent path without the need of having to cool the FID or reinstall ferrules. 

 

 

A range of columns were used for the various experiments as set out in Table 2.1.

Figure 2.2. Schematic of FID installed in the system; the H2 enters at the bottom of the jet 

with the GC effluent. Combustion products accelerate towards the collector electrode 

after which the signal is amplified. Inset, a schematic of double-hole ferrule enabling the 

use of the system in either the GC–FID or the GC–FTIR–FID configuration. 
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Table 2.1 Names, dimensions and manufacturers of columns used 

Column 

name 
Specifications Manufacturer Experiment 

BPX5 30 m × 0.25 mm I.D. × 0.25 μm df 

SGE Trajan, 

Ringwood, 

Australia 

GC–FTIR 

Elite-5MS 30 m × 0.25 mm I.D. × 0.25 μm df 

PerkinElmer, 

Shelton, CT, 

USA 

GC–MS 

DB-5 MS 30 m × 0.25 mm I.D. × 0.25 µm df 

Agilent 

Technologies 

Mulgrave, 

Australia 

GC–FTIR 

HP-Innowax 30 m × 0.32 mm I.D. × 0.5 µm df 

Agilent 

Technologies 

Mulgrave, 

Australia 

GC–FTIR oxime 

analysis 

 30 m × 0.25 mm I.D. × 0.25 µm df 

SGE Trajan, 

Ringwood, 

Australia 

1D column in 

GC×GC for jet fuel 

analysis 

BPX5 column 1 m × 0.1 mm I.D. × 0.1 μm df 

SGE Trajan, 

Ringwood, 

Australia 

2D column in 

GC×GC for jet fuel 

analysis 

Deactivated 

fused silica 

(DFS) 

transfer line 

column 

0.5–1.0 m × 0.25 mm I.D. 

Agilent 

Technologies 

Mulgrave, 

Australia 

Light-pipe inlet 

and outlet 

connections 
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2.2.2 Mass spectrometer 

The system used in this study also consists of a Clarus SQ 8 quadrupole mass 

spectrometer (MS) (PerkinElmer Inc., Waltham, MA, USA) attached to the left-hand side 

panel of the GC. This MS carries out electron ionisation (EI) with a 650:1 signal-to-noise 

ratio with a turbomolecular pump capacity of 75 L/sec. The posterior end of the capillary 

column connected to the GC injection port delivers effluent to the MS via a heated transfer 

line (TL). The TL is generally maintained at 250 °C. 

Before use, the GC–MS system is checked for air leaks. Here it is ensured that the mass 4 

(helium) is larger than mass 18 (water), which should be larger than mass 28 (nitrogen), 

which in turn should be approximately 4 times larger than the mass 32 (oxygen). The 

tuning of masses 69, 131, 219 and 502 using the custom tune option for the EI ion source 

and the Heptacosa (also called FC-43, PTA, PFTBA and perfluorotributylamine) standard 

solution was carried out on a regular basis. 

 

2.2.3 Fourier transform infrared (FTIR) spectroscopy 

The GC connects to a FrontierTM Fourier transform infrared (FTIR) spectrometer 

(PerkinElmer Inc., Bucks, UK) via a light-pipe interface. This was achieved by drilling of 

the right-hand side panel of the GC and directly connecting the interface to the GC using 

a heated and insulated TL. Mid infrared radiation is emitted through the source which 

enters the PIKE light-pipe interface accessory for detection of GC effluent components. 

The TimeBase software (details in Section 2.3) which enables the trigger mechanism and 

time-resolved IR data collection, is used to choose FTIR data collection parameters. Of 

these, the most commonly used FTIR settings for the experiments in this thesis are 100 

background scans, weak apodisation function, an optical resolution of 4 cm–1 or 8 cm–1, 

scan speed of 1 cm s–1, ‘self’ phase correction and a wavenumber range of 4000–700 cm–

1 to suit the inbuilt mercury cadmium telluride (MCT) detector’s capability. 
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2.2.4 PIKE light-pipe interface 

The light-pipe interface accessory (PIKE Technologies, Madison, WI, USA) is positioned 

between the GC and FTIR and contains a collection of mirrors, a mercury cadmium 

telluride (MCT) detector and a light-pipe (LP). This ensures the sample effluent from the 

end of the GC column is diverted into the LP where it interacts with the IR beam and is 

redirected to the GC oven (shown in Figure 2.4 inset) through a temperature-controlled 

and glass-lined stainless-steel TL. 

The most important component of these, the LP, is a 120 mm × 1 mm internal diameter 

glass tube with a LP volume of 78.5 μL, which acts as a gas cell through which the GC 

effluent flows. It is gold-coated internally to maximise the reflections of the IR beam and 

thus maximise sensitivity. A 13 mm × 2 mm diameter KBr window acts as the IR 

transparent window at with end. The temperature of the LP plays a pivotal role in the 

signal-to-noise ratio (SNR) of the FTIR spectrum [5, 8]. This is achieved using the 

temperature controls for the LP and TL at the rear of the instrument which is settable up 

to 300 °C +/- 1.0 °C. The LP is insulated to minimise incidental heating of the FTIR 

spectrometer. It is advised to increase the temperature in increments of 50 °C to prevent 

damage to the glass LP. The LP and TL temperatures are maintained above the maximum 

temperature of the GC oven program to prevent condensation of GC eluents within the 

LP. Detection is achieved using a liquid nitrogen cooled mercury-cadmium-telluride 

(MCT) detector. Figure 2.3 depicts a schematic of this interface. 
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The PIKE interface accessory’s two concave mirrors can be adjusted to ensure that the IR 

beam emitted by the spectrophotometer reaches the MCT detector. Here, the modulated 

IR beam which is collimated through the interferometer’s external port is focused on the 

IR-transparent window at the entrance of the LP by adjustment of the first mirror (Figure 

2.3 B and C). Adjusting the second mirror helps in focusing the IR beam exiting the LP 

(which contains the information of absorbing material in the LP) onto the centre of the 

MCT detector (Figure 2.3 D).  This ensures a maximum sensitivity when recording the IR 

spectrum. A background scan is collected before collecting time-resolved data, the latter 

of which is ratioed against the background spectrum. 

In the completely assembled hyphenated GC–FTIR system, both inlet and outlet TL 

columns are housed within the TL. In some previous models the TL was significantly 

longer and exited the GC from one of the top compartments, sometimes presented as a 

Figure 2.3. Schematic of the PIKE light-pipe interface accessory (A) with a view of the IR 
beam impinging on the light-pipe window (B), the technique used to focus the IR beam 
on the light-pipe holder (C), and a view of the IR beam when focused on the centre of the 
MCT detector window. 
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‘snorkel’ over the GC, as opposed to the direct 20 cm path length achieved here using the 

custom-built TL. The TL connection between the GC and light-pipe interface was achieved 

by drilling a suitably sized hole on the right-hand side panel of the GC thus allowing the 

TL to pass unobstructed. Inlet and outlet TL capillary columns were contained within 

stainless steel tubes enclosed within the heated and insulated TL. This enabled a direct 

connection of the posterior end of the GC column to the inlet of the heated LP. Maintaining 

the TL and LP temperatures at a minimum of 10 °C higher than the maximum 

temperature of the GC oven program precludes condensation of semi-volatile 

components present in the GC effluent.  The GC and the FTIR interface accessory are 

integrated through an external trigger box which facilitates the starting and stopping of 

the FTIR signal collection to align with the GC sample injection. Figure 2.4 illustrates the 

completely assembled instrument together with a schematic of the system. 
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2.3 Other instrumentation 

A selection of additional laboratory instruments was used in Chapter 5 for the various 

analyses approaches in the study of biofuels, and are outlined as follows. 

 

Figure 2.4. Complete assembled hyphenated instrument unit enabling GC–MS and GC–

FTIR analysis (A) with a schematic of the unit depicted in (B). The GC is hyphenated with 

the FTIR via the PIKE interface accessory which is inset in (C) to illustrate the effluent 

flow and interaction with the IR beam within the light pipe. The GC effluent flows into the 

light-pipe via the heated and insulated transfer line between the GC and the interface. 
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2.3.1  GC–MS analysis 

One dimensional GC–MS of biofuels in Chapter 5 was carried out using an Agilent 7890A 

GC with a model 7000 triple quadrupole mass spectrometer (Agilent Technologies, Santa 

Clara, CA). Separation was achieved with a DB-5 MS column (30 m × 0.25 mm I.D. × 0.25 

µm df) from Agilent Technologies Mulgrave, Australia. 

 

2.3.2  GC×GC–TOFMS analysis 

An Agilent 7890A GC (Agilent Technologies, Mulgrave, Australia) hyphenated to a Model 

7200 accurate mass quadrupole time-of-flight mass spectrometer (accTOFMS; Agilent 

Technologies, Santa Clara, CA) was used for GC×GC–TOFMS experiments of aviation fuel 

samples as laid out in Chapter 5. A polar/nonpolar column arrangement was used for 

separation with a SolGel-WAX (SGE Trajan Scientific, Ringwood, Australia) column in the 

first dimension (1D; 30 m × 0.25 mm I.D. × 0.25 µm df) and BPX5 column (SGE Trajan 

Scientific, Ringwood, Australia) in the second dimension (2D; 1 m × 0.1 mm I.D. × 0.1 µm 

df) connected by a deactivated Press-Tight connector (Restec Corporation, Bellefonte, PA) 

An Everest model longitudinally modulated cryogenic system (LMCS; Chromatography 

Concepts, Doncaster, Australia) was used as the system’s modulator with carbon dioxide 

as the cryogen coolant. 

 

2.3.3  GC–FPD analysis 

For sulfur compound analysis an Agilent 7890A GC system fitted with a flame 

photometric detector (FPD) was used. Separation in the 1DGC–FPD system was achieved 

with a Supelcowax-10  column ( 

 

2.3.4  ATR–FTIR analysis 

For aviation fuel analysis the ATR–FTIR spectra were collected using a Bruker Equinox 

55 fitted with an MCT detector and single bounce diamond crystal as the internal 
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reflection element (Bruker Optik, Ettlingen Germany) The fuel sample to be analysed was 

placed on the platform bearing the crystal as depicted in Figure 2.5. 

 

 

2.3.5 FTICR MS analysis 

High resolution mass spectrometry analysis was conducted using a 12 Tesla solariX 

Fourier transform ion cyclotron resonance mass spectrometer (FTICR; Bruker Daltonik 

GmbH, Bremen, Germany). This was coupled to an Apollo II atmospheric pressure 

photoionisation (APPI) ion source operating in positive-ion mode operated with Nitrogen 

at a pressure of 1.0 bar. Ions were collected in the collision cell followed by detection and 

analysis. 

 

2.4 Software 

A range of software to suit the task at hand was used for the various experimental 

sections. These are tabulated as follows in Table 2.2. 

Figure 2.5. Platform of the Bruker ATR instrument used with the ATR crystal (A) upon 
which the sample is placed. IR radiation from the source travels through the crystal, 
interacts with the sample and reflects internally. This creates an evanescent wave which 
extends into the sample. This results in a slightly attenuated internal reflection (B) 
rendering an FTIR spectrum (C). 
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Table 2.2 Software used in various experimental sections of the thesis together with the respective developer and experimental 
application 

Software name Software developer Experimental application 

TimeBase version 6.1.0.1963 PerkinElmer, Inc., Bucks, UK Time resolved GC–FTIR data acquisition and manipulation 

using the PerkinElmer GC–FTIR system and PC-2 

Spectrum version 10.4.2.27 PerkinElmer, Inc., Bucks, UK FTIR spectra data processing using the PerkinElmer GC–

FTIR system and PC–2 

TurboMass version 6.1.0.1963 PerkinElmer, Inc., Shelton, CT, 

USA 

GC and MS data acquisition and manipulation using the 

PerkinElmer GC–MS system and PC–1 

MassHunter Workstation version 

10.0 

Agilent Technologies, Inc. GC and MS data acquisition and processing for 1DGC–MS 

on Agilent instrumentation 

MassHunter Workstation version 

6.0 

Agilent Technologies, Inc. GC and MS data acquisition and processing for GC×GC–

TOFMS on Agilent instrumentation 

Agilent OpenLab CDS Chemstation  

version 2.3.54 

Agilent Technologies, Inc. GC–FPD data acquisition and processing on Agilent 

instrumentation 

Canvas version W1.0.13.2 J&X Technologies Co., Ltd., 

Shanghai, China 

GC×GC data processing 

Opus version 6.0 Bruker Optik GmBH, Germany ATR–FTIR data acquisition on Bruker ATR instrument 

NIST 2011 National Institute of Standards 

and Technology 

MS and FTIR library searching 
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Fluka IR library Supplied by PerkinElmer Inc. FTIR library searching using FTIR spectra collected on GC–

FTIR 

NicoletTM FT-IR vapour phase 

spectral library 

ThermoFisher Scientific FTIR library searching using FTIR spectra collected on GC–

FTIR 

Matlab R2019a version 

9.6.0.1072779 

The Mathworks, Inc., Natick, MA, 

USA 

Data processing of FTIR spectra 

Partial Least Square (PLS) Toolbox Eigenvector Research Inc., 

Wenatchee, WA, USA 

Chemometric data processing of FTIR spectra 

Quasar - Orange data mining 

toolbox version 3.0 

University of Ljubljana, Slovenia Principal component analysis (PCA) for ATR–FTIR data 

KairosMS University of Warwick, UK FTICR MS data analysis and visualisation 

Bruker DataAnalysis software 

version 5.0 

Bruker Daltonik GmbH, Bremen, 

Germany 

Calibration of mass spectra obtained from FTICR MS 

Composer software version 1.5.6 Sierra Analytics, Modesto, CA, 

USA 

Assigning FTICR MS data molecular compositions 
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2.5 Standards and sample preparation 

A wide variety of standards were used for the various experimental sections of Chapters 

2–5. Due to the extensive nature of this list, which also includes standards used for 

development of an in-house library, the standards and their manufacturers have been 

tabulated in Table 2.3. 

Solvents used in various analyses were dichloromethane (DCM) (≥99.8% purity), n-

hexane (≥98.0% purity) and acetone (99.8% purity) purchased from Merck KGaA, 

Darmstadt, Germany and methanol (99.9% purity) purchased from Scharlab S.L., Spain. 

Stock solutions were prepared from standard solutions and further diluted to obtain 

working solutions as per the requirement. 

Biofuel samples used in the analyses contained in Chapter 5 were chosen to cover a range 

of sources and processing techniques. 
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Table 2.3 List of confirmed standards, molecular formula and their respective manufacturers, used in various analyses and addition in 
the in-house spectral library 

Compound name Molecular formula Manufacturer 

E-acetaldehyde oxime C2H5NO Sigma-Aldrich Co., St. Louis, MO, USA 

Z-acetaldehyde oxime C2H5NO Sigma-Aldrich Co., St. Louis, MO, USA 

acetic anhydride C4H6O3  Sigma-Aldrich Co., St. Louis, MO, USA 

acetic acid C2H4O2 Sigma-Aldrich Co., St. Louis, MO, USA 

acetonitrile C2H3N Sigma-Aldrich Co., St. Louis, MO, USA 

acetone C3H6O  Merck KGaA, Darmstadt, Germany 

benzene-1,2-diol (catechol)  C6H6O2 Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

benzene-1,3-diol (resorcinol) C6H6O2 Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

benzene-1,4-diol (hydroquinone) C6H6O2 Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

butanone C4H8O Sigma-Aldrich Co., St. Louis, MO, USA 

1-butanol C4H10O Merck, Kilsyth, Australia 

2-butanol C4H10O  Sigma-Aldrich Co., St. Louis, MO, USA 

chlorobenzene C6H5Cl Sigma-Aldrich Co., St. Louis, MO, USA 

chloro-3-nitrobenzene C6H4ClNO2 Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

chloroform CHCl3 Honeywell Burdick & Jackson, Muskegon, MI, USA 

o-cresol C7H8O Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

m-cresol C7H8O Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O2
https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O2
https://pubchem.ncbi.nlm.nih.gov/#query=C4H6O3
https://pubchem.ncbi.nlm.nih.gov/#query=C4H6O3
https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O2
https://pubchem.ncbi.nlm.nih.gov/#query=C3H6O
https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O2
https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O2
https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O2
https://pubchem.ncbi.nlm.nih.gov/#query=C4H8O
https://pubchem.ncbi.nlm.nih.gov/#query=C4H8O
https://pubchem.ncbi.nlm.nih.gov/#query=C4H10O
https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O2
https://pubchem.ncbi.nlm.nih.gov/#query=C6H4ClNO2
https://pubchem.ncbi.nlm.nih.gov/#query=CHCl3
https://pubchem.ncbi.nlm.nih.gov/#query=C7H8O
https://pubchem.ncbi.nlm.nih.gov/#query=C7H8O
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p-cresol C7H8O Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

cyclohexane C6H12  Ajax Finechem Pty., Ltd., Sydney, Australia 

p-cymene C10H14  Australian Botanical Products Pty. Ltd., Hallam, Australia 

1,2-dichlorobenzene C6H4Cl2 Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

dichloroethane  C2H4Cl2  Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

dichloromethane CH2Cl2 Merck KGaA, Darmstadt, Germany 

1,4-dimethoxybenzene C8H10O2  Sigma-Aldrich Co., St. Louis, MO, USA 

2,3-dimethylpentane C7H16 Sigma-Aldrich Co., St. Louis, MO, USA 

2,4-dimethylpentane C7H16 Sigma-Aldrich Co., St. Louis, MO, USA 

ethanol C2H6O  Sigma-Aldrich Co., St. Louis, MO, USA 

ethylacetate C4H8O2  Sigma-Aldrich Co., St. Louis, MO, USA 

ethylbenzene C8H10 Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

ethyldisulfide C4H10S2 Eastman Kodak Co., Rochester, NY, USA 

ethylene glycol C2H6O2 Sigma-Aldrich Co., St. Louis, MO, USA 

eugenol C10H12O2 Australian Botanical Products Pty. Ltd., Hallam, Australia 

formic acid CH2O2  Sigma-Aldrich Co., St. Louis, MO, USA 

2-furaldehyde; 2-furancarbaldehyde C5H4O2 Fluka Chemie GmbH, Buchs, Switzerland 

geraniol C10H18O Australian Botanical Products Pty. Ltd., Hallam, Australia 

n-hexane  C6H14 Merck KGaA, Darmstadt, Germany 

1-hexene  C6H12 Sigma-Aldrich Co., St. Louis, MO, USA 

https://pubchem.ncbi.nlm.nih.gov/#query=C7H8O
https://pubchem.ncbi.nlm.nih.gov/#query=C6H12
https://pubchem.ncbi.nlm.nih.gov/#query=C6H12
https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O2
https://pubchem.ncbi.nlm.nih.gov/#query=C2H4Cl2
https://pubchem.ncbi.nlm.nih.gov/#query=C8H10O2
https://pubchem.ncbi.nlm.nih.gov/#query=C7H16
https://pubchem.ncbi.nlm.nih.gov/#query=C7H16
https://pubchem.ncbi.nlm.nih.gov/#query=C2H6O
https://pubchem.ncbi.nlm.nih.gov/#query=C4H8O2
https://pubchem.ncbi.nlm.nih.gov/#query=C4H10S2
https://pubchem.ncbi.nlm.nih.gov/#query=C2H6O2
https://pubchem.ncbi.nlm.nih.gov/#query=C5H4O2
https://pubchem.ncbi.nlm.nih.gov/#query=CH2O2
https://pubchem.ncbi.nlm.nih.gov/#query=C5H4O2
https://pubchem.ncbi.nlm.nih.gov/#query=C5H4O2
https://pubchem.ncbi.nlm.nih.gov/#query=C6H12
https://pubchem.ncbi.nlm.nih.gov/#query=C6H12
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limonene  C10H16 Australian Botanical Products Pty. Ltd., Hallam, Australia 

methanol CH4O  Scharlab S. L., Barcelona, Spain 

Methylacetoacetate (methyl-3-

oxobutanoate) 
C5H8O3  Sigma-Aldrich Co., St. Louis, MO, USA 

n-methylaniline C7H9N  Sigma-Aldrich Co., St. Louis, MO, USA 

2-methylbutane C5H12 Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

2,2-dimethylbutane C6H14 Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

methyl-dl-2-methylbutyrate C6H12O2  Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

methyl disulfide C2H6S2  Sigma-Aldrich Co., St. Louis, MO, USA 

methyl lactate; methyl-2-hydroxy 

propanoate 
C4H8O3  Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

2-methylpentane C6H14 Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

naphthalene C10H8 Sigma-Aldrich Co., St. Louis, MO, USA 

1-nitropropane C3H7NO2 Sigma-Aldrich Co., St. Louis, MO, USA 

2-nitrotoluene C7H7NO2  Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

3-nitrotoluene C7H7NO2  Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

4-nitrotoluene C7H7NO2  Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

nonane C9H20 Sigma-Aldrich Co., St. Louis, MO, USA 

n-octane C8H18  Ajax Chemicals, Sydney, Australia 

2-pentanone C5H10O Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

https://pubchem.ncbi.nlm.nih.gov/#query=C6H12
https://pubchem.ncbi.nlm.nih.gov/#query=CH4O
https://pubchem.ncbi.nlm.nih.gov/#query=C5H8O3
https://pubchem.ncbi.nlm.nih.gov/#query=C7H9N
https://pubchem.ncbi.nlm.nih.gov/#query=C5H12
https://pubchem.ncbi.nlm.nih.gov/#query=C5H12
https://pubchem.ncbi.nlm.nih.gov/#query=C5H8O3
https://pubchem.ncbi.nlm.nih.gov/#query=C2H6S2
https://pubchem.ncbi.nlm.nih.gov/#query=C4H8O3
https://pubchem.ncbi.nlm.nih.gov/#query=C4H8O3
https://pubchem.ncbi.nlm.nih.gov/#query=C10H8
https://pubchem.ncbi.nlm.nih.gov/#query=C3H7NO2
https://pubchem.ncbi.nlm.nih.gov/#query=C7H7NO2
https://pubchem.ncbi.nlm.nih.gov/#query=C7H7NO2
https://pubchem.ncbi.nlm.nih.gov/#query=C7H7NO2
https://pubchem.ncbi.nlm.nih.gov/#query=C4H8O3
https://pubchem.ncbi.nlm.nih.gov/#query=C8H18
https://pubchem.ncbi.nlm.nih.gov/#query=C5H10O
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2-phenylethanol; phenethylalcohol C8H10O Sigma-Aldrich Co., St. Louis, MO, USA 

pentane C5H12  Sigma-Aldrich Co., St. Louis, MO, USA 

phenol (carbolic acid) C6H6O Sigma-Aldrich Co., St. Louis, MO, USA 

α-pinene C10H16 Australian Botanical Products Pty. Ltd., Hallam, Australia 

β-pinene C10H16 Australian Botanical Products Pty. Ltd., Hallam, Australia 

piperidine  C5H11N  Sigma-Aldrich Co., St. Louis, MO, USA 

E-propionaldehyde oxime C3H7NO  Sigma-Aldrich Co., St. Louis, MO, USA 

Z-propionaldehyde oxime C3H7NO  Sigma-Aldrich Co., St. Louis, MO, USA 

2-propanol C3H8O Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

pyridine C5H5N  Sigma-Aldrich Co., St. Louis, MO, USA 

γ-terpinine C10H16 Australian Botanical Products Pty. Ltd., Hallam, Australia 

tetrachloroethylene C2Cl4 Sigma-Aldrich Co., St. Louis, MO, USA 

tetrahydrofuran C4H8O  Merck KGaA, Darmstadt, Germany 

toluene C7H8 Sigma-Aldrich Co., St. Louis, MO, USA 

2,2,4-trimethylpentane C8H18 Tokyo Chemical Industries Co. Ltd., Tokyo, Japan 

undecane C11H24 Sigma-Aldrich Co., St. Louis, MO, USA 

o-xylene C8H10  Sigma-Aldrich Co., St. Louis, MO, USA 

m-xylene C8H10  Sigma-Aldrich Co., St. Louis, MO, USA 

p-xylene C8H10  Sigma-Aldrich Co., St. Louis, MO, USA 

 

https://pubchem.ncbi.nlm.nih.gov/#query=C8H10O
https://pubchem.ncbi.nlm.nih.gov/#query=C8H18
https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O
https://pubchem.ncbi.nlm.nih.gov/#query=C2Cl4
https://pubchem.ncbi.nlm.nih.gov/#query=C2Cl4
https://pubchem.ncbi.nlm.nih.gov/#query=C5H11N
https://pubchem.ncbi.nlm.nih.gov/#query=C5H11N
https://pubchem.ncbi.nlm.nih.gov/#query=C5H11N
https://pubchem.ncbi.nlm.nih.gov/#query=C3H8O
https://pubchem.ncbi.nlm.nih.gov/#query=C7H9N
https://pubchem.ncbi.nlm.nih.gov/#query=C2Cl4
https://pubchem.ncbi.nlm.nih.gov/#query=C2Cl4
https://pubchem.ncbi.nlm.nih.gov/#query=C4H8O
https://pubchem.ncbi.nlm.nih.gov/#query=C8H18
https://pubchem.ncbi.nlm.nih.gov/#query=C8H18
https://pubchem.ncbi.nlm.nih.gov/#query=C11H24
https://pubchem.ncbi.nlm.nih.gov/#query=C8H10
https://pubchem.ncbi.nlm.nih.gov/#query=C8H10
https://pubchem.ncbi.nlm.nih.gov/#query=C8H10
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2.6 Comparison of FTIR settings 

In order to obtain the best spectrum results from the GC–FTIR experiments a range of 

FTIR operating conditions and parameters play a crucial role. This ensures reliability of 

results as well as maximum efficiency of resource use. 

Since the acquisition of FTIR data is non-destructive the GC carrier flow can be directed 

to other detectors for post-LP analysis of the sample constituents. As depicted in Figure 

2.4, the GC–FTIR system used in majority of the Chapters enables FID analysis of the GC 

effluent after being subjected to FTIR analysis. The sensitivity of the LP is maximised by 

the multiple internal reflections which increases the practical cell length which is enabled 

by the LP’s reflective gold coating [6]. The resolution achieved by the component 

separation within the GC column can degrade within the mixing volume of the LP and 

connecting tubes - i.e. just-resolved peaks may travel through the light pipe 

simultaneously (the trailing edge of the first peak and the leading edge of the second 

peak) so a broadened apparent peak may result. the relatively large internal volume of 

the light pipe can degrade the chromatographic efficiency of the peak. It is imperative that 

the system design allows for minimal loss of efficiency of experimental results; in this 

instance the minimal reduction of chromatographic peak distortion and chromatographic 

resolution [7]. 

The current system was assessed for the effect of the LP on chromatographic peak shape 

by comparing the variation on the chromatographic FID peak between direct FID (GC–

FID) and post-light-pipe FID (GC–FTIR–FID) configurations under various split ratios and 

temperature ramp combinations. The results of the same were reported in Zavahir et al 

2020 which has been included in Chapter 3 [8]. 

The signal-to-noise ratio (SNR) in a FTIR spectrophotometer is a good indication of its 

sensitivity and in simple terms is the relative magnitude of the detector signal. SNR is 

calculated as a ratio of a spectrum peak’s height to the noise in an adjacent baseline 

region. This is usually done in a region with the strongest response of the optical system 

and is quoted for a particular resolution. A good SNR thus increases the dominance of the 

detector signal and optimises the sensitivity of optical instruments and therefore should 

not be overlooked. SNR, a measure which compares the level of signal noise to that of the 
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background noise, relates to the measurement precision of the instrument and also 

relates to analytical figures of merit such as the limit of detection [9]. 

SNR in LP GC–FTIR systems have been improved from previous models by approaches 

which include minimising chromatographic peak broadening by optimising the LP’s 

volume/length ratios [10], introducing rapid scan interferometers [11], optimisation of 

the LP interface’s optical configuration [12] and employing suitable low-noise detectors 

[13]. Although the LP and TL need to be maintained at a T sufficiently higher than the GC 

oven to prevent condensation of GC solutes, this higher T has its disadvantages in causing 

the LP to act as an IR source [14]. This contributes to an increased intensity of 

unmodulated radiation which in turn may affect both the SNR as well as the linear 

response of the MCT detector [5]. This system was hence tested for its ability to carry out 

measurements with good SNR under varying crucial operational parameters. Thus, the 

effect on the SNR with increasing the LP and TL T as well as varying the FTIR spectral 

resolution and carrier gas flow was assessed, the results and discussions of which are 

reported in Zavahir et al 2020 which has been included in Chapter 3 [8]. The system was 

also assessed for the best scan speed setting to analyse components contained in this 

thesis as reported below. 

 

2.6.1 Comparison of scan speed 

A spectrum which includes characteristics of both the atmosphere and instrument and 

has not been ratioed against a background is referred to as a single beam spectrum. For a 

defined region noise is calculated either as p–p (peak-to-peak) or RMS (Root Mean 

Square) from a defined region. The 2200–2100 cm–1 is often chosen to measure the noise 

as it is the region with the greatest single beam intensity (with the least signal) whilst the 

poorest SNR seen is in the 600–400 cm–1 region) [9]. 

A spectrum’s SNR depends on the time taken to scan as follows in Equation 2.1. 

 𝑆𝑁𝑅 ∝  √𝑆𝑐𝑎𝑛𝑛𝑖𝑛𝑔 𝑡𝑖𝑚𝑒     (Eq 2.1) 

An increase in scanning time inevitably increases the number of scans, hence for a given 

scan speed, SNR and number of scans consist of the relationship seen in Equation 2.2. 
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𝑆𝑁𝑅 ∝ √𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑐𝑎𝑛𝑠     (Eq 2.2) 

However, an increase in both scan speed and correspondingly increasing the number of 

scans does not necessarily improve the SNR. A real peak will always have the same point 

on the abscissa making it additive as scans accumulate as opposed to noise which occurs 

randomly and is hence not additive. Thus, there is an increase in SNR when more scans 

are added to the spectrum. 

For an interferogram, its scan speed or scanning velocity (measured in cm/s or cm s–1) is 

the rate at which the optical path difference (OPD) is varied. The moving mirror’s velocity 

needs to stay constant to ensure the wavenumbers and Fourier frequencies measured are 

correct [15]. SNR of interferometers have been known to be inversely proportional to the 

square root of the scanning velocity (v) or speed [16] as shows in Equation 2.3. 

 𝑆𝑁𝑅 α v1/2        (Eq. 2.3) 

A 20% solution of 2,3-dimethylpentane and 2,4-dimenthylpentane prepared in 

dichloromethane was used to compare the scan speed settings on the in-house designed 

GC–FTIR instrument and choose the most appropriate setting for subsequent analysis. 

The sample was analysed on the GC–FTIR instrument using the settings outlined in Table 

2.4 under various scan speed settings. 

 

The resulting root mean square intensity profile chromatograms for the respective 

analyses are depicted in Figure 2.6A with the FTIR spectrum of the 2,3-dimethylpentane 

peak depicted in Figure 2.6B. 

Signal to noise ratio calculations were carried out using Equation 2.4 as defined in [15]. 

  Signal to noise ratio (SNR) = Signal / Noise   (Eq. 2.4) 

Here signal is considered as the intensity of the FTIR peak in absorbance units and the 

noise is measured as the peak-to-peak noise where the lowest noise point is subtracted 

from the highest noise point in absorbance units a peak-free region of the baseline 

spectrum. 
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Table 2.4 GC and FTIR settings for comparing scan speed of FTIR instrument 

 

 

GC 

Temperature program 50 C, rate 5 °C/min, up to 200 °C 

Carrier gas flow 1.0 mL/min 

Split  20:1 

Injection volume  1.5 µL 

Injector temperature 250 °C 

Inlet line temperature 250 °C 

Source temperature 200 °C 

MS electron energy 70 eV 

FID temperature 250 °C 

FID Offset  5.0 mV 

H2  45.0 mL/min 

Air 450.0 mL/min 

FTIR 

Resolution 8 cm–1 

Number of background scans 100 

Varying scan speed  0.2 cm s–1, 0.5 cm s–1, 1.0 cm s–1, 2.0 cm s–1, 4.0 cm s–1 

Scan range  4000 – 700 cm–1 

Phase correction self 

Apodisation weak 

Light pipe temperature 250 °C 

Transfer line temperature 250 °C 
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Figure 2.6. Root mean square intensity profiles (A) of the analyses using varying FTIR 
scan speeds of 0.2 cm s–1, 0.5 cm s–1, 1.0 cm s–1, 2.0 cm s–1 and 4.0 cm s–1. Peaks (a), (b) 
and (c) correspond to dichloromethane, 2,3-dimenthylpentane and 2,4-dimethylpentane 
respectively. The FTIR spectrum of peak (b) is depicted in (B) with the FTIR peaks 
corresponding to wavenumbers 1470 cm–1 and 1382 cm–1 pointed out for which the SNR 
is calculated in Table 2.5. 
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Table 2.5 SNR calculations for peaks at 1470 cm–1 and 1382 cm–1 of 2,3-dimethylpentane 
peak obtained at varying scan speed settings. 

Scan 

speed 

Average peak to 

peak noise 

2200–2000 cm–1 

Peak height 

at 1470 cm–1 

Peak height 

at 1382 cm–1 

SNR of 

peak at 

1470 cm–1 

SNR of 

peak at 

1382 cm–1 

0.2 0.0026 0.1039 0.0916 39.96 35.23 

0.5 0.0024 0.1049 0.0928 43.70 38.67 

1 0.0011 0.1060 0.093 96.36 84.55 

2 0.0019 0.1046 0.092 55.05 48.42 

4 0.0012 0.1014 0.090 84.5 75.00 

 

As confirmed in Table 2.5, the highest SNR was observed for a scan speed of 1 cm s–1 and 

hence was chosen for analyses using the GC–FTIR system as this was also consistent with 

the scan speed value most commonly used in literature. 

 

2.7 Daily performance validation analysis  

A mixture of six standards with varying functional groups was prepared in 

dichloromethane as a standards mixture sample for regular validation of the in-house 

designed GC–FTIR system’s performance. The components of this includes a 1% 

standards mixture of 1-nitropropane, 2-butanol, m-xylene and undecane from Sigma-

Aldrich Co., (St. Louis, MO) and 2-pentanone and 3-nitrotoluene from Tokyo Chemicals 

Industry Co., Ltd., (Tokyo, Japan) diluted in dichloromethane. The samples mixture is 

analysed on the GC–FTIR system at the beginning of each day using the settings outlined 

in Table 2.6 (also used for accumulation of library spectra) prior to samples for the day 

being analysed on the system. 
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Table 2.6 GC and FTIR settings for collection of FTIR spectra for addition to the in-house 

FTIR spectral library 

GC 

Temperature program 50 °C, rate 5 °C/min, up to 240 °C 

Carrier gas flow 1.0 mL/min 

Split  10:1 

Injection volume  1.5 µL 

Injector temperature 250 °C 

Inlet line temperature 250 °C 

Source temperature 200 °C 

MS electron energy 70 eV 

FID temperature 250 °C 

FID Offset  5.0 mV 

H2  45.0 mL/min 

Air 450.0 mL/min 

FTIR 

Resolution 4 cm–1 

Number of background scans 100 

Scan speed  1 cm s–1 

Scan range  4000 – 700 cm–1 

Phase correction self 

Apodisation weak 

Light pipe temperature 250 °C 

Transfer line temperature 250 °C 

 

The chromatographic results of this are then compared to a saved chromatogram of the 

same standard sample mixture analysis. This is maintained as a means of ensuring the 

system’s stability and consistency of performance. 

Figure 2.7 depicts the chromatogram resulting from this analysis together with the 

respective peaks and their retention times set out in Table 2.7. 
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Table 2.7 Compound names and retention times of the respective peaks numbered in the 
chromatogram depicted in Figure 2.7 

 

2.8 Establishment of a user-defined in-house spectral library 

Although FTIR spectroscopic techniques yield an excellent source of identification and 

characterisation of chemicals, the complexity of spectra rendered by this method makes 

Peak number Compound name Retention time (min) 

1 Dichloromethane 2.48 

2 2-butanol 2.73 

3 2-pentanone 3.21 

4 1-nitropropane 3.75 

5 m-xylene 5.16 

6 undecane 8.43 

7 3-nitrotoluene 10.36 

Figure 2.7. Chromatogram of standards sample mixture used for daily performance 
validation of GC–FTIR system with numbered peak descriptions included in Table 2.7. 
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the interpretation both a time-consuming and difficult task for spectroscopists. The 

development of advanced multi-component computer systems and software to suit the 

purpose has interested both spectroscopists and chemometricians alike in untangling the 

information contained in the spectra. Of these, the most common techniques to be used 

include library searches and pattern recognition techniques [17], which together with 

knowledge-based approaches, aid in structural elucidation of compounds [18]. 

The powerful technique of FTIR spectroscopy helps in the identification of a broad range 

of organic and inorganic compounds; with the main identification based on the type of 

chemical bond which is determined through the characteristic peak location on the 

spectrum (its wavenumber), its width (narrow or broad) and its intensity (weak or 

strong). Appendix B consists of a set of tables used to thus carry out preliminary 

elucidation of the structure of compounds using FTIR spectra. Table B–1 presents the 

main wavelength regions of the mid IR spectra which can be used for preliminary analysis 

of the presence of major functional groups. This table can also be used to determine the 

absence of such functional groups and thus eliminate the presence of compounds. Table 

B–2 consists of the broad absorption bands commonly seen in mid IR spectra which can 

further assist in assigning a possible compound identification. In addition, Table B–3, 

consisting of the absorption bands characteristic of benzene ring substitution, has been 

included due to the abundant analysis of aromatic isomers in the experiments contained 

in this thesis. Tables similar to these and a more extensive list of specific wavenumber 

ranges for functional groups and compound classes which absorb in the mid- and far-

infrared regions can be found in the book chapter based on Spectra-Structure 

Correlations by Shurvell [19]. 

With the availability of spectrum libraries, the task of compound identification has 

become a less time-consuming task for spectroscopists. The identification of spectra 

based on library compounds is largely performed on the basis of comparing the spectrum 

similarities between the spectrum of the unknown (query) compound and the entire 

spectra collection to get a suitable reference compound (hit) from the library [20]. Such 

library searches are based on the representation of data, similarity measures and the 

search algorithm used [18]. Kuentzel (in 1951) is credited with the initial attempts of 

automated retrieval of reference spectra using Hollerith-Type punched cards and an IBM 
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electric sorting machine which was used as a sorting, indexing and correlating system for 

generated IR absorption data [21]. 

Any library search is originated by the construction of a set of reference spectra with 

individual spectra including additional information such as compound structure, name, 

connection data and molecular mass. These spectra together with the library search 

approach influence the comparison process, speed of data retrieval and amount of data 

storage space required for the reference library. Such spectrum collections as well as the 

growing trend of hyphenated and multidimensional techniques generate a vast volume 

of chemical and experimental data. This can be remediated through the compression of 

signals and data which in turn reduces the size of the database and increases the speed 

of spectrum searching. This is commonly done by wavelet transform (WT), a 

mathematical process which aids in signal processing, and has been applied in many 

fields including chromatography, mass spectrometry, IR and NMR spectroscopy 

electrochemical signals [17, 22]. WT is widely and successfully used as a signal processing 

tool due to its efficiency, abundance of basic functions and high data treatment speed 

[23]. 

IR library search systems are available at most instrument manufacturers as well as many 

commercial IR libraries which consist of several thousands of spectra which may be of a 

particular class of compounds or with varying compound types. This however is a 

relatively small number compared to the vast number of currently known compounds. 

FTIR spectrum libraries lack the widespread availability of MS spectrum libraries and the 

number of spectra in such FTIR libraries are lower than their MS counterparts. 

Although such libraries can be purchased from instrument manufacturers and other 

commercial sources as spectrum libraries specific for certain classes of compounds, these 

may be at times limited to certain groups of chemicals. Hence, confidence in identification 

can also be achieved by using in-house spectrum libraries which have spectra specific for 

the analysis purpose saved for easy reference [24]. 

Thus, the creation of a user-defined in-house library was seen as apt as it would enable 

the confident identification of components commonly encountered in the research group. 

This will also enable the precise identification of components in sample matrices by 
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matching FTIR spectra of unknown components to those of known standards saved in the 

in-house library database. 

Addition of spectra was carried out by diluting the standard in a suitable solvent 

(dichloromethane or hexane) to prepare samples to be analysed by GC–FTIR. Parameters 

for GC (on the TurboMassTM software) and for FTIR (on the TimeBaseTM software) data 

acquisition and processing are tabulated in Table 2.6 set out in Section 2.7. Data obtained 

as a result of time-resolved experiments in GC–FTIR analysis was viewed on the 

TimeBaseTM software which presents the root mean square (RMS) absorbance intensity 

profile as depicted in Figure 2.8 A1. Here we use the example of 1-pentadecanol diluted 

in DCM. The peak profile is examined to obtain the peak of interest; in this instance 1-

pentadecanol. The vertical cursor is then placed on the peak (Figure 2.8 A1 inset) which 

yields the FTIR spectrum at that particular retention time; in this example at 35.7 min. 

Figure 2.8 A2 depicts the respective spectrum. This spectrum is then transferred to the 

SpectrumTM software by dragging it across using the mouse cursor and saved as a file in 

the SpectrumTM software. 

A suitable library from the library folder is now opened in the SpectrumTM software by 

clicking on the relevant user-defined spectrum library icon as seen in Figure 2.8 C. The in-

house spectrum library has been named “Monash Uni in-house library”. The integrity of 

commercial spectrum libraries is maintained as they are locked and cannot be tampered 

with. Each individual FTIR spectrum obtained through the GC–FTIR experiment is saved 

in the library. This can also include the peak list containing wavenumbers of peak 

positions with their absorption intensities (Figure 2.8 D), CAS numbers for standard 

compounds as well as other relevant information for the individual compounds. It should 

be noted that these are gas-phase spectrum library data. 

Appendix C sets out a list of selected spectra as example of those included in the user-

defined Monash Uni in-house library. 

 



Chapter 2    Materials, methods and preliminary validation of GC–FTIR system 

 

Page | 101  
 

 

Figure 2.8. Process followed for adding FTIR spectra to the user-defined in-house 
spectrum library. RMS intensity profile obtained with the TimeBase software (A1) is used 
to extract the FTIR spectrum at a specific elution time (A2). This spectrum is transferred 
to the Spectrum software (B), the specific library to input the spectrum is chosen (C) and 
the spectrum together with its peak position table is added to the library content (D). 
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2.9 Conclusions 

The methods and materials described in the sections above were used in various sections 

of the thesis to suit the experimental analysis at hand. The GC–FTIR system detailed in 

the preliminary parts of this Chapter are used extensively in Chapters 3 and 4 for a wide 

range of analyses. Here, each chapter will highlight any specific variations to the methods 

or sample preparation as needed to answer the research question at hand. The in-house 

user-defined spectrum library can be maintained for future FTIR analysis purposes with 

the ability to include additional spectra as required by the user. This will also facilitate 

ease and reliability of identification when analysing GC separated chemical components 

commonly encountered in various sample matrices.  
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3.1 Chapter synopsis 

 

The work presented in this Chapter explores the various functional relationships in gas 

chromatography–Fourier transform infrared spectroscopy (GC–FTIR), using the in-house 

designed hyphenated GC–FTIR flow transfer system consisting of a light-pipe interface 

explained in Chapter 2. As amply highlighted in Chapter 1 and Chapter 2, FTIR 

spectroscopy complements mass spectrometry (MS) in the task of compound 

identification with the ability of FTIR to confirm functional groups as well as distinguish 

structural isomers which have identical or indistinguishable mass spectra. This 

instrumental arrangement, which also has GC–MS (as well as GC–FID) capabilities, is used 

to exemplify both the qualitative as well as quantitative abilities of the light-pipe GC–FTIR 

technique to give a higher confidence in analytical results. Thus, the specificity of FTIR 

spectra and their aptitude to aid in the precise identification of GC separated components 

is demonstrated using various compound classes. These include aromatics, essential oils, 

oximes etc., some of which are used to compare and distinguish isomers with similar 

mass spectra and their unique FTIR spectra. 

The system’s capability to conduct flame ionisation detection either directly (GC–FID) or 

sequentially (GC–FTIR–FID) is taken advantage of to assess the influence of varying 

chromatographic parameters on the chromatographic peak profile of GC effluents, which 

allows direct comparison of the arrangements with regard to peak widths and heights; 

this provides a measure of added peak broadening in the light-pipe interface, and by 

implication, a measure of reduced resolution. By injecting a standards mixture, the 

identities of GC peaks are confirmed by gas phase IR library matching, or by adding 

spectra of authentic compounds to the library. FTIR spectra present a ‘molecular 

fingerprinting’ feature as a result of the complex yet unique spectral band pattern they 

present – a result of discrete vibrational and rotational absorption bands. This feature is 

employed in the GC–FTIR system to study co-eluting essential oil isomers which have 

similar MS spectra, which would therefore render mismatches in MS library searches in 

GC‒MS analysis. Although multidimensional GC methods have been amply used to study 

such essential oil isomers, one-dimensional GC separation of such isomer entities, when 

they co-elute on a GC column, remains a challenge. The light-pipe GC–FTIR system 

successfully overcomes this challenge by recording the distinctive FTIR spectra on either 
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side of the apex of a deliberately co-eluted single unresolved chromatographic peak 

consisting of two essential oil isomers using the example of p-cymene and limonene. 

The early historical enthusiasm surrounding GC–FTIR of perhaps 30+ years ago lead to a 

dwindle with the more fast-paced development of MS techniques, which in turn led to a 

decline in the adoption of FTIR as a GC detector; the clear need for additional 

confirmation of chemical compounds in GC was apparent. But this trend appears to be 

reversing with the recognition of the identification power of FTIR as well as the on-going 

improvements in system sensitivities, interface techniques and data processing 

capabilities. An example of such an improvement is set forth in this Chapter where we 

explore the ability of combining GC and FTIR data to present a ‘comprehensive’ style 

analysis procedure referred to as the ‘GC×FTIR’ approach. This recent development in 

exploiting the value of the hyphenated GC–FTIR technique is used to observe on-column 

interconverting oxime species with the ability to view the peak profiles of individual 

oxime entities within its characteristic peak envelope. The resulting two-dimensional 

colour contour plot presentation of spectrum intensity is achieved by plotting the whole 

spectrum for each retention data point, aligning results along the retention time axis with 

the respective spectrum intensities on the z axis to obtain a comprehensive overview of 

the spectroscopic/separation information. This to the best of our knowledge is the first 

time multidimensional separation using the GC×FTIR approach has been used with one-

dimensional GC–FTIR for studying interconverting oxime isomer species. The value and 

novelty of using GC–FTIR in analysing such oxime species is delved into deeper in Chapter 

4. 

The Chapter also confirms the quantitative analysis capability of light-pipe GC–FTIR 

systems and goes beyond the conventional approach of univariate quantitation to adapt 

a multivariate analysis of co-eluting isomers. The system is validated for univariate 

quantitation using peak area and peak absorption maxima. This is followed by the 

development of a multivariate model using the partial least square regression (PLSR) 

technique to assess multiple variables of the FTIR spectrum, which is then used to predict 

the response to variating analyte concentrations as exemplified with co-eluting m- and p-

cresol isomers.  

This Chapter thus helps to reiterate the power of the hyphenation of GC and FTIR using a 

light-pipe interface system to yield reliable results in a wide range of samples. This has 
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been published in the form of an article in the peer-reviewed journal Separations. The 

graphical abstract of this published article, the published article and the published 

supplementary material together with the invited cover page for the respective journal 

issue, is presented as follows.  
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3.2 Graphical abstract published in journal issue 

 

Separations Volume 7 – Issue 2, June 2020 
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4.1 Chapter synopsis 

 

Gas chromatography (GC) separation in general involves inert and non-reactive 

partitioning of analytes between the stationary and mobile phases to yield a resolved, 

single, Gaussian or near-Gaussian peak in the chromatogram for each respective 

compound. Some compounds, such as conformational and configurational isomers 

(diastereomers, enantiomers etc.) which exhibit thermally-fluxional behaviour, however 

can undergo on-column molecular transformations which distort the chromatographic 

peak shape. This can result in broadening, overlapping or incomplete resolution of peaks, 

which is usually characterised in the chromatogram by a plateau region between two 

terminal peaks. This arises from the ‘reaction’ A ⇌ B, where A and B are resolved on the 

column, and the energetics is sufficient to allow reaction. This on-column isomerisation, 

or dynamic interconversion, is a result of isomers which undergo molecular 

transformations during the chromatographic separation and is known as dynamic GC 

(DGC). Whilst GC as a physical method is a dynamic process, it is the molecular 

fluxionality as described here that dynamic GC refers to. 

Dynamic GC – and its analogous HPLC method – is a rather unique but still fascinating 

phenomenon. The novel interconverting peak shape should ‘contain’ all the information 

related to each component, but most GC detectors are unable to record the precise 

amounts of each antipode since for example the FID only provides the overall profile, and 

the mass spectra of A and B will be identical for isomers.  

Oximes are a group of chemical compounds belonging to the imines with the general 

formula RR’C=NOH, which can exist in the E and Z stereoisomer forms. Based on our 

previous studies they have proved to be well-suited model compounds  for the study of 

interconversion processes in DGC. This has been an area in which analysts have focused 

on for many years to better understand the various chemical, thermodynamical and 

chromatographic processes involved in the phenomenon. Many have investigated the use 

of the high-resolution separation achieved by multi-dimensional GC (MDGC) in the study 

of this interconversion process, and perhaps most revealing has been the various 

configurations of comprehensive two-dimensional GC (GC×GC) with heart cutting 

techniques being explored to physically separate the isomers on two hyphenated 

columns. Here, column stationary phases such as polyethylene glycol (PEG) have been 



Chapter 4    GC–FTIR reveals dynamic molecular interconversion of oximes 

 

Page | 140  
 

seen to enhance the rate of interconversion for studying the individual isomers. Other 

studies have included molecular simulations, time-resolved techniques, enantioselective 

column usage, studying of reaction kinetics, stopped-flow chromatographic techniques, 

quantum mechanical studies, use of different stationary phase combinations, etc. 

Nevertheless, one-dimensional GC–mass spectrometry (GC–MS) approaches have seen 

little success in this field due to the similarity of mass spectra of the E and Z isomers of 

such oximes. In contrast, the Fourier transform infrared (FTIR) spectra of these isomers 

are unique with marked differences in the position and intensity of their absorption 

bands. This study thus explores the use of one-dimensional GC with FTIR detection, as a 

novel approach in the study of dynamic interconversion behaviour. Here we use the light-

pipe GC–FTIR system described and validated in Chapter 2 to investigate the molecular 

on-column isomerisation of oxime species. This is a valuable extension to the capabilities 

of the GC–FTIR hyphenation explored in Chapter 3, but here is specifically focussed on 

the processes and physical GC parameters that affect the kinetics, and re-iterates the 

complementary power of MS and FTIR detection in the identification of GC separated 

compounds. 

The on-line acquisition of FTIR spectra aids in investigating the elution profile of 

individual isomers, especially within the characteristic plateau formation of the 

chromatogram. Using two oxime species, acetaldehyde and propionaldehyde oxime, for 

comparison, a range of analyses and data processing approaches were inspected. The 

uniqueness of individual FTIR spectra, especially in the fingerprint region of 1500–600 

cm–1, act as ‘molecular fingerprints’ for compounds. The use of this feature in providing 

unambiguity to compounds of various chemical classes was explored in Chapter 3 and an 

extension of the same capability to provide unambiguity to E and Z isomers of oximes is 

used in this Chapter. The molecular interconversion studies in this Chapter also benefit 

from the GC×FTIR comprehensive style analysis using two-dimensional colour contour 

plots as set out in Chapter 3. Here the isomers’ elution profile was assessed by observing 

the decay in the distribution of the colour intensity at a particular wavenumber band for 

each isomer using this spectroscopic/separation information. 

Further, in this Chapter the characteristic stronger absorption bands for each isomer was 

chosen to retrace the single isomer profiles and decipher identity and elution order of the 

isomers. Multivariate curve resolution, a popular and powerful soft-modelling 
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chemometric method was adopted to analyse this multicomponent system, resolve the 

peaks and further confirm the identity of the compounds. This was supported also by 

molecular simulation of the isomer spectra and comparison to experimental spectra 

obtained by the in-house designed GC–FTIR system. The system was assessed for the 

most suitable FTIR data acquisition settings and chromatographic conditions. The effect 

of varying flow and isothermal temperature on the characteristic DGC peak profile was 

also observed. This was followed by the comparison of FTIR root mean square 

absorbance chromatogram to the FID chromatogram obtained with the same settings. 

This Chapter thus continues on from the previous 3 Chapters to highlight the value of the 

molecular spectroscopic detection technique of FTIR when hyphenated to GC in 

unambiguous compound identification and reveals the role of GC–FTIR in revealing 

previously unexplored areas of the dynamic molecular interconversion of oximes.   
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4.2 Graphical abstract published in journal issue 
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5.1 Chapter synopsis 

Being a complex matrix, aviation fuels can contain thousands of different compounds 

which makes the analysis of trace components a challenging task. These trace 

components can have a detrimental effect on the composition and quality of fuels. 

Thermal oxidation of fuels within the hot aircraft fuel system and during storage can form 

trace amounts of oxygenated components as well as other heteroatomic species which 

can alter the physicochemical properties of fuel and its performance. Of the other 

heteroatoms, the contribution of sulfur is crucial as formation of sulfur products can form 

deposits during fuel storage. Having a detailed knowledge of the trace constituents in 

aviation fuel is thus important to ensure its safety to be used in modern high-performance 

aircrafts. Often, the bulk hydrocarbon matrix of fuels makes it challenging to detect 

and/or identify the trace components using some analytical techniques. 

This Chapter endeavours to study the molecular composition of four aviation fuels 

resulting from accelerated oxidative thermal stress. The fuels – two alternate fuels and 

two conventional fuels – are subjected to PetroOxy oxidation and studied with chosen 

analytical techniques. Focus is placed on identifying components which have undergone 

oxidation during the thermal stressing process. 

At the commencement of this study, the fuels were analysed using the hyphenated light-

pipe GC–FTIR system used in the experiments of previous Chapters. GC–FTIR proved to 

be unsuitable for the analytical purpose mainly due to the low sensitivity of light-pipe 

GC–FTIR which is insufficient to observe trace species. Thus, attenuated total reflectance–

Fourier transform infrared spectroscopy (ATR–FTIR) was chosen to carry out FTIR 

analysis of the samples. ATR–FTIR is a low-cost, non-destructive and rapid analytical 

technique used in routine analysis of fuels, which evaluate various structural features of 

a sample based on its molecular vibrations. It is often coupled with chemometric methods 

to identify specific qualitative features in fuel samples. Here ATR–FTIR is used to analyse 

the aviation fuel samples with the multivariate analytical method of principal component 

analysis (PCA) which enables visualisation of the data on a single plot. Select regions of 

the infrared spectrum are chosen to conduct PCA analysis to detect any variation in the 

composition of oxygenates and hydrocarbons. This method however is insufficient to 

fully characterise the oxygenated components in fuels. 
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The field of petroleomics deals with the various approaches used to study petroleum 

related samples and render a detailed molecular characterisation of such samples. Here 

we use two high-resolution approaches which are commonly used in petroleomics 

investigations due to the wealth of information they provide, namely comprehensive two-

dimensional chromatography hyphenated to time-of-flight mass spectrometry (GC×GC–

TOFMS) and high-resolution mass spectrometry (HRMS) employing Fourier transform 

ion cyclotron resonance mass spectrometry (FTICR MS; also referred to as FT-ICR MS in 

literature). 

Preliminary GC analyses of the fuel samples were conducted using one-dimensional GC 

(1DGC) to understand the fuel’s overall profile. This was however unsuitable for 

analysing trace oxygenated species due to coelution with the bulk hydrocarbon matrix. 

With GC×GC analysis, the use of a polar – non-polar column configuration is implemented 

to aid components belonging to the bulk hydrocarbon matrix to be retained the most on 

the second dimension. 2D colour contour plots created from the total ion chromatograms 

(TICs) of the fuels enable grouping of compound classes and easy visualisation of the 

fuel’s chemical profile. Using a standard component mix containing oxygenated 

compounds, a systematic data interpretation approach is adopted to develop an approach 

for the presence of oxygenated compounds in the thermally stressed fuels. Extracted ion 

chromatograms (EICs) are further constructed using accurate mass analysis made 

possible by the accurate mass TOFMS which can separate compounds containing ions of 

interest and identify specific compound groups. 

FTICR MS is a foremost technique in the field of petroleomics due to its performance 

capabilities such as an ultrahigh resolving power and mass accuracy. The FTICR MS 

analysis used here employs atmospheric pressure photo-ionisation (APPI) which is well 

suited for a wide range of non-polar and low-polarity compounds. The broad band mass 

spectra of the FTICR MS which span a broad m/z range allows molecular formula 

assignments based on elemental composition and large molecule coverage. The extensive 

volume of data generated by FTICR MS is interpreted using various visualisation 

techniques which include Kendrick mass defect plots, double bond equivalence vs carbon 

number plots, heteroatomic class distribution plots, and van Krevelen diagrams of H/C 

versus O/C atomic ratios. 
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Using the merits of the two premier techniques of GC×GC–TOFMS and FTICR MS here we 

endeavour to achieve molecular speciation of the fuels with a focus on the oxygenated 

components. The two techniques are contrasted in their ability to produce the fine 

information needed to carry out complex mixture analysis. This study is conducted in 

collaboration with The University of Warwick, UK, where the FTICR MS analysis of fuels 

is conducted. The ongoing global COVID pandemic has affected the progress of this work. 

The current manuscript has been prepared for submission to the journal Analytical 

Chemistry. Both the manuscript and its related Supporting Information file has been 

presented in this Chapter. 
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ABSTRACT   

The increasing appearance of alternate fuels in the market calls for reliable analytical 

techniques for their characterisation. This study reports the use of two high resolution 

(HR) techniques to study four select conventional and aviation fuels which have 

undergone accelerated thermal oxidative stress. Oxidation of aviation fuels can affect 

their heteroatomic composition, quality and performance. To analyse complex fuel 

matrices, use of comprehensive two-dimensional gas chromatography (GC×GC) with an 

accurate mass time-of-flight mass spectrometer (TOFMS), with its higher acquisition 

speed, accuracy and peak capacity, has a greater efficiency over one-dimensional gas 

chromatography. A “fingerprinting” type or group-type analysis of fuels is achieved using 

2D contour plots and total ion chromatograms (TICs). Data are interpreted systematically 

using a standard component mix of oxygenates and extracted ion chromatograms (EICs) 

using the TICs resulting from GC×GC. HR mass spectrometry (MS) using Fourier 

transform ion cyclotron resonance MS (FTICR MS) can been successfully applied to fuel 

sample analysis. The combinations of a variety of data processing methods and 

visualisation tools facilitate interpreting the large volume of data generated when using 

FTICR MS for fuel analysis. The use of ATR–FTIR to visualise the differences in fuel 

compositions is also explored. A main aim of this study is also to evaluate the information 

derived from the advanced techniques of GC×GC and FTICR MS to yield an improved 

detailed molecular characterisation of the fuels. The complementary information 

rendered by these two methods benefit petroleomic investigations in comparison to a 

single approach. 

 

INTRODUCTION 

The current era recognises the ramifications of solely relying on traditional fossil fuels 

due to it being a finite and non-renewable resource. This overreliance on fossil fuels has 

an enormous impact on the environment and humanity with air and water quality 

deterioration, emission of transportation related gases, global warming and the negative 

impacts of petroleum-based products. There is increasing interest in promising 

substitutes such as alternately derived or synthetic fuels with favourable chemical 

properties, which are renewable, and have lower environmental impact compared to 
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fossil fuels. These can act as replacements for traditional fossil fuels and be sources of 

sustainable fuels in the aviation industry. They are produced via five main ASTM D7566-

approved technologies 1; (1) Hydroprocessed Ester and Fatty Acid Synthetic Paraffinic 

Kerosene (HEFA-SPK), (2) Fischer-Tropsch SPK (FT-SPK), (3) FT fuels with Synthetic 

Kerosene with Aromatics (FT-SKA), (4) Synthesized iso-paraffins (SIP), and (5) Alcohol 

to Jet (ATJ). Other pathways for alternate fuels are being continually explored and 

evaluated for their suitability by ASTM 2. 

With its role as both an engine coolant and propellent, jet fuel undergoes drastic short-

term cyclic temperature changes leading to thermal stress with the potential for 

oxidation of hydrocarbons, which can affect the fuel’s liquid-phase stability and 

performance 3. Such products can form insoluble deposits, alter the fuel properties, and 

have a direct influence on the operational safety of aircraft. With technology directed 

towards high performance aircraft with higher heat loads, there is an increased demand 

to improve oxidative thermal stability of jet fuels. Being complex matrices, interference 

result from the presence of bulk hydrocarbon compounds with the problem of 

identification of oxidised species and trace components contained therein 4-7. With the 

increased use of such fuels it is therefore imperative to understand the processes 

occurring in the fuel at a molecular level to preserve the final fuel’s quality 8. 

Thermal oxidation of a jet fuel is primarily governed by the fuel’s composition which 

could contain thousands of individual species. Composition of the bulk hydrocarbons, 

account for ~99% of the fuel, whilst the remaining 1% is composed of trace chemical 

species such as sulfur, oxygen-containing heteroatomic entities, nitrogen and dissolved 

metal 3, 9. Jet fuel composition is mainly analysed using four analytical techniques namely; 

gas chromatography (GC), infrared (IR) spectroscopy, Raman spectroscopy and nuclear 

magnetic resonance spectroscopy. 

Fourier transform infrared spectroscopy (FTIR) in the 4000–650 cm–1 region has been 

used for both qualitative and quantitative analysis of various aviation fuels and biofuel 

blends, often employing chemometric modelling and multivariate techniques for data 

analysis 10. ATR–FTIR systems allow simple, low cost and rapid analysis of fuel samples 

of various origins 11. 
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GC, a versatile tool with sensitivity and selectivity is valuable in analysing complex 

mixtures, such as fuel, and unravelling its constituents 12. Identification of GC-separated 

analytes can be supported by various purpose-suited detector technologies 13. Despite 

being a mature technique, conventional one-dimensional GC (1DGC) – which uses a 

single-column – has shortcomings in that overlapping of peaks from different compound 

classes fail to achieve sufficient detectability and resolution, which affects qualitative and 

quantitative analysis of some compounds. This has driven the development of 

multidimensional GC (MDGC) which increases separation by using two or more columns 

of different selectivities. Its variant, the untargeted approach of comprehensive two-

dimensional chromatography (GC×GC), uses the two-column approach on the total 

sample. Columns of different selectivities are used to render a better resolved 

chromatographic result, high peak capacity, improved sensitivity, ordered elution of 

compound classes and enhanced identification accuracy 14. It is thus apt for analysing 

complex hydrocarbon mixtures in the fuel industry such as aviation fuels, where 

compound class characterisation is of a greater focus than analysing all individual 

compounds, to provide a high-resolution gas chromatography (HRGC) separation of bulk 

and trace components 15. This enables a ‘fingerprinting’ or group-type analysis of the fuel 

to understand the various hydrocarbon and heteroatomic species within it, for 

differentiating various fuel types 16. 

Hyphenation of GC×GC to time-of-flight mass spectrometry (TOFMS), GC×GC–TOFMS, 

provides additional identification using accurate mass analysis 17. The ability of a mass 

spectrometer to discriminate peak signals with similar mass-to-charge ratio (m/z) ions 

in a mass spectrum is referred to as its resolution. Based on this resolving power, mass 

spectrometers are classified as unit-mass resolution instruments (those which measure 

a compound’s nominal mass) and high-resolution mass spectrometry (HRMS) 

instruments (which can measure the mass to several decimal places; exact or accurate 

mass, with most modern HRMS instruments able to provide mass accuracies lower than 

2 ppm) 18. 

The field of ‘petroleomics’, focusses on the characterisation of petroleum at its molecular 

level to be able to correlate and ultimately predict its physicochemical properties as well 

as its behaviour 19, 20. With its inherent complexity of components, which mainly belong 

to saturated hydrocarbons, aromatic hydrocarbons, resins and asphaltenes (SARA), 
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petrochemicals analysis commands the need for advanced analytical techniques 21. 

Petroleomics investigations have benefitted greatly from GC-based methods such as 

GC×GC 20, 22, 23, and HRMS approaches 24, 25. GC×GC techniques enable the separation of 

hundreds of compounds in a sample in a single analysis 22 with a higher peak capacity 

than 1D GC. HRMS approaches are facilitated by instruments such as Orbitrap MS and 

Fourier transform ion cyclotron resonance MS (FTICR MS) with various ionisation 

techniques, boasting resolutions beyond 1 000 000, a mass accuracy of sub ppm levels, 

and have the capability to produce quantitative elemental distribution patterns using 

various ionisation methods 26, 27. FTICR MS has proven itself to be a versatile tool with 

ultrahigh mass accuracy and resolution in the structural analysis of organic molecules 

over a wide range of molecular weights, well suited for petrochemical analysis 26, 28. The 

development of data interpretation and visualisation tools such as plots of Kendrick mass 

defect (KMD), double bond equivalence (DBE) vs carbon number, heteroatomic class 

distribution and van Krevelen diagrams play a pivotal role in the success of FTICR MS 26. 

Of the many heteroatomic species present in petroleum, sulfur containing compounds 

(SCCs) hold a distinct position. Their speciation is important for downstream refining, 

upstream production and most importantly for the environmental and process 

optimization aspects arising from the emission products of their combustion 29, 30. 

However, due to the complexity of jet fuels the complete characterisation of its SCCs 

cannot be achieved using a single analytical method and requires multiple analytical 

techniques. 

Recent advances in the technology and data interpretation methods for FTICR MS and 

GC×GC, and the development of mass spectrometric approaches for petroleomic samples 

25 have made these techniques well suited for complex mixture analysis. The present 

study focuses on using high resolution GC with the GC×GC technique and the HRMS 

analysis approach using FTICR MS to analyse conventional and alternate aviation fuel 

samples which have undergone accelerated thermal oxidation. Figure 1 summarises the 

main approaches adopted to achieve the molecular characterisation of these fuels. The 

use of these approaches for analysis of oxygenates will also be highlighted and contrasts 

will be drawn between the two premier high-resolution approaches used to analyse the 

fuels. 
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EXPERIMENTAL SECTION 

Fuel Samples 

Four types of aviation fuel were selected to cover a range of feedstocks and processing 

technologies. Of these, two were alternate fuel samples; namely SPK (a synthetic 

paraffinic kerosene) and HTFT (a high temperature Fisher-Tropsch fuel) labelled A and 

B respectively. The two conventional fossil crude oil derived fuels were F-34 (a 

hydroprocessed fossil crude oil) and Merox (mercaptan oxidation process fossil crude 

oil) labelled C and D respectively. Each fuel type was thermally stressed using the 

PetroOxy oxidation system and included samples of initial (neat) and end (stress) stages 

of oxidation. The fuels were used “as is” containing any additives which may have been 

Figure 1. Flow chart contrasting GC×GC and HRMS approaches for the molecular 
characterisation of fuel. TIC, total ion chromatogram; EIC, extracted ion chromatogram; 
DBE vs C numbers, double bond equivalence versus carbon number. 
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added in the refinery process. The fuels comply with ASTM D1655 31 and were stored at 

–18 °C and used “as is” with no prior preparation or sample clean up. Table 1 summarises 

the details of the fuels. 

Table 1. Details of fuels used in this study 

Label Source Processing method 

A SPK A synthetic paraffin kerosene 

B HTFT High temperature Fischer–Tropsch synthesis 

C F-34 Hydroprocessed fossil crude oil  

D Merox Mercaptan oxidation process fossil crude oil 

 

Chemical Reagents and Sample Preparation 

For GC analysis 50 μL of fuel sample was diluted in 950 μL analytical reagent-grade 

≥99.8% purity dichloromethane (DCM) (Merck, Kilsyth, Australia). A standard 10 000 

mgL–1 stock solution of an oxygenate mixture containing selected polar and oxygenated 

compounds (purchased from Sigma-Aldrich; Castle Hill, Australia) as outlined in Table 2, 

which represent classes of compounds expected to be found in oxidised fuels, was 

prepared in DCM. This solution was diluted 100 times in DCM to obtain approximately 

100 mgL–1 for each standard component concentration. For FTICR MS analysis fuel 

samples were diluted in a toluene/2-propanol 20/80% (v/v) solution (Honeywell 

Speciality Chemicals Seelze GmbH, Hannover, Germany) at 0.05 mg mL–1. 

ATR–FTIR Experiment 

ATR–FTIR analysis was conducted using a Bruker Equinox 55 fitted with an MCT detector 

and single bounce diamond crystal as the internal reflection element (Bruker Optik, 

Ettlingen Germany). Spectra were collected with 16 background scans and 16 sample 

scans using a resolution of 4 cm–1 in the 4000–650 cm–1 range. Each sample was analysed 

in triplicate with background scans between each sample. 

 

GC×GC–TOFMS Experiment 

GC×GC separation was carried out using an Agilent 7890A GC (Agilent Technologies, 

Mulgrave, Australia) coupled to a 7200 accurate mass-time-of-flight mass spectrometer 

(accTOFMS; Agilent Technologies, Santa Clara, SA) equipped with a PAL3 Autosampler 
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(CTC Analytics AG, Zwingen, Switzerland). A polar/nonpolar capillary column 

configuration with a SolGel-WAX column (Trajan Scientific, Ringwood, Australia) in the 

first dimension (1D; 30 m × 0.25 mm × 0.25 μm) and BPX5 column (SGE, Ringwood, 

Australia) as the second dimension (2D; 1 m × 0.1 mm × 0.1 μm); 1D and 2D columns 

respectively were employed for GC×GC analysis. A deactivated Press-Tight connector 

(Restec Corporation, Bellefonte, PA) was used to connect the columns. An Everest model 

longitudinally modulated cryogenic system (LMCS; Chromatography Concepts, 

Doncaster, Australia) was used as a modulator. The modulator was held at a constant 

modulation temperature (TM) of 0 °C and modulation period (PM) of 9 s, with carbon 

dioxide as the cryogen coolant.  

Experimentation was carried out using 0.5 μL injection volume of undiluted sample at a 

split ratio of 20:1 (except for the standard mixture at a split ratio of 50:1). The carrier gas 

(Helium; 99.999% purity) had a constant flow of 1.2 mLmin–1. The GC oven program had 

an initial temperature of 50 °C, raised to 110 °C at 5 °Cmin–1, then to 180 °C at 4 °Cmin–1 

and finally to 280 °C at 40 °Cmin–1. MS transfer line T was maintained at 280 °C. The MS 

was operated at an ionisation voltage of 70 eV with data collected over the 43 to 400 m/z 

mass range. Routine calibration of the TOFMS rendered a mass accuracy of <5 ppm. Data 

acquisition rate was set at a nominal 50 Hz which equated to 47.38 Hz actual acquisition 

rate. To ensure oxygenates were not indigenous to the fuel, thermally oxidised fuels were 

analysed in duplicate and compared to neat (unoxidised) fuel as well as neat solvent. 

Details for the one-dimensional GC–MS and GC–flame photometric detector (GC–FPD) 

experiments are included in the Supporting Information Tables S2 and S3 respectively. 

 

High Resolution Mass Spectrometry Experiment 

FTICR MS experiments were performed using a 12 Tesla solariX FTICR mass 

spectrometer (Bruker Daltonik GmbH, Bremen, Germany) coupled to an Apollo II APPI 

ion source operating in positive-ion mode. The diluted fuel samples were introduced by 

direct infusion to the ionisation source using a flow rate of 600 μL h−1. The APPI source 

was operated with nitrogen at a pressure of 1.0 bar. Ions were accumulated in the 

collision cell for 0.05 s before detection and analysis. Broad band mass spectra data were 

recorded at 8MW with a detection range of m/z range of 98–3000. The MS data were 
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zero-filled and a Sine-Bell apodisation function was used before applying a fast Fourier 

transform. For the apodised data the measured mass resolving power at m/z 400 was 

552,000 which allows to perform unique assignments of compositions with the molecular 

formula CcHhNnOoSs, where subscripts c, h, n, o and s are the number of carbon, hydrogen, 

nitrogen, oxygen and sulfur respectively in each molecule. Each elemental composition is 

classified by its heteroatomic class (e.g. NnOoSs with a label “[H]” to indicate protonated 

adducts), carbon number, DBE, H/C and O/C ratio. 

 

Software and data analysis 

Data collection, processing and analysis for 1DGC–MS experiments were conducted using 

MassHunter v 10.0 (Agilent Technologies, Inc.) and using Agilent OpenLab CDS 

Chemstation version(Agilent Technologies) for 1DGC–FPD analysis.  

ATR data were acquired using the Opus software version 6.0 (Bruker Optik GmBH) and 

chemometric data analysis was carried out using Quasar - Orange data mining toolbox v 

3.0 (University of Ljubljana, Slovenia).  

Instrument control, data acquisition and data analysis for GC×GC–TOFMS was carried out 

using MassHunter B.06.00. 2D contour plots for GC×GC were visualised by importing the 

data to Canvas W1.5.14.30115 (J&X Technologies Co., Ltd., Shanghai, China). 

For HRMS, the data analysis and visualisation were performed with an in-house software 

developed at the University of Warwick, named KairosMS 32. Obtained mass spectra were 

internally calibrated using the Bruker DataAnalysis software version 5.0 (Bruker 

Daltonik GmbH, Bremen, Germany) using a homologous series of a hydrocarbon class 

with double bond equivalent (DBE) of 8. The Composer software version 1.5.6 (Sierra 

Analytics, Modesto, CA, USA) was used to assign molecular compositions with a mass 

accuracy of up to 1 ppm using the chemical formula range constraints C4–200H4–1000N0–

20O0–3S0–3.  

NIST 2011 version 2.0 aided in mass spectrum data matching and identification. 
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RESULTS AND DISCUSSION 

ATR–FTIR analysis of thermally oxidised fuels 

FTIR spectroscopy has been accepted as a reliable, accurate, fast and non-destructive 

method for analysing fuels of various origins including traditional fossil fuels, biofuels 

and other alternate fuels 33, 34. The qualitative identification of specific vibrational bands 

can be used for compound structural determination which in turn reflect the fuel’s 

composition and fuel properties. FTIR spectroscopy has been used in jet fuel stability 

tests 11 and for evaluating the generation of products resulting from various processes, 

for example by monitoring the region of the carbonyl bond (~1740 cm–1) in biofuels to 

assess degree of oxidation 35. Use of the ATR–FTIR technique to distinguish the thermally 

stressed fuel samples from their neat predecessors were done with undilute samples 

analysed in triplicate. The primary concern in these studies, and by extension to general 

fuel characterisation, is the relative sensitivity of the technique, and whether trace level 

analytes are able to be quantified. 

Application of chemometrics through a range of multivariate techniques are increasingly 

used in comparative fuel sample analysis, mainly due to the increased reliability in 

comparison to univariate analysis and the ability to better extract information. Principal 

component analysis (PCA), a popular multivariate tool, simplifies complex 

multidimensional data to several relevant variables - the principal components (PC). PCA 

can evaluate relationships between samples of various fuels and biofuels 36. Here, PCA 

was applied to the fuel samples in their neat and thermally stressed stages to identify 

variables which are affected by thermal processing, according to their importance and 

trends. Data obtained in triplicate using ATR–FTIR were exported to Orange Quasar 

software for PCA analysis. Supporting Information Figure S1 shows the average infrared 

spectrum for replicates of each fuel sample, with each inset showing the variations in part 

of the 2990–2850 cm–1 wavelength region. This corresponds to the C–H antisymmetric 

and symmetric stretch of aliphatic hydrocarbon compounds which was chosen due to the 

abundant hydrocarbons in these fuels. Thus, any changes in the hydrocarbon content due 

to conversion to oxygenated species should alter the C–H bond abundance in the samples. 

The red and blue regions depict the average of the neat and thermally stressed samples 
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respectively with a lower intensity of the C–H absorption band observed in most stressed 

samples, which could be attributed to oxidation processes. 

The PCA scores and loading plots resulting from analysis of the fuels are shows in Figure 

2. The first two principal components (PC1 and PC2) account for 77.2% of the cumulative 

normalised variance of the data set. PC1 accounts for 54.2% and PC2 for 23% with an 

additional 11.6% being explained by PC3. Strong PC1 loadings observed at 2955, 2943, 

1465 and 1474 cm–1 are characteristic of stretching and bending vibrations of C–H bonds. 

The strong loadings on PC2 at 2957, 2922,1470 and 1370 cm–1 are also characteristic of 

C–H bond containing groups. It is noted that neither of these relate to oxidation product 

bands. According to the chemical differences associated with oxidation which occurs as a 

result of thermal oxidative stress, the fuels are expected to be grouped on the PCA scores 

plot (Figure 2B). Although the alternate fuels SPK and HTFT showed clear grouping on 

the scores plot, this was not observed in the conventional fuels Merox and F-34, which 

could be attributed to the comparatively higher complexity of the conventional fuels. 

However, no clear grouping was apparent to enable distinguishing the two stages of 

thermal oxidation in each fuel and can be concluded that the PC1 and PC2 did not succeed 

in explaining the variance between the neat and stressed samples. The abundance of 

hydrocarbon containing groups, which masks the contribution by trace compounds, 

contribute to the presence of C–H bonds observed in PC1 and PC2 and therefore doesn’t 

allow for a successful analysis of PCA. 
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The infrared region of the carbonyl bond C=O can be used to confirm the presence of 

carbonyl containing oxygenated products such as aldehydes, ketones and carboxylic 

acids, and compare oxidation levels before and after thermal oxidative stress 37. The 

1740–1690 cm–1 region corresponding to the C=O band can be used as an indication of 

oxidation using PCA analysis. The PCA scatter plot for PCA conducted on this FTIR region 

is presented in Supporting Information Figure S2 where there is separation seen in the 

clusters of neat and stressed fuels thus confirming the discrimination of the two stages 

by the presence of oxygenates in the latter. PC1 and PC2 explain 84.8% and 11.7% 

respectively of the total variability.  

Being the most abundant heteroatom in petrochemicals, the evaluation of sulfur 

compounds in aviation fuels is important to assess their deposition, oxidation and effect 

on fuel quality upon undergoing thermal stress. Hence, PCA analysis was further 

conducted on select regions of the FTIR spectrum to assess the effect on sulfur 

compounds in fuels upon thermal oxidative stress. Here specific FTIR spectrum regions 

which show a strong peak intensity corresponding to various sulfur containing functional 

Figure 2. The PCA loadings plot (A) and the PCA scatter plot (B) of the 4 fuel samples 
each in the near and stressed stages. Each fuel was analysed in triplicate and its zone is 
represented by a different colour as blue - SPK, red – HTFT, brown - Merox and green F-
34. The crosses and circles represent the neat and thermally stressed samples 
respectively. 
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groups as given in Supporting Information Table S1 were chosen for PCA analysis using 

these regions. The resulting PCA scores plots for select functional groups are presented 

in Supporting Information Figure S3. Here too the PC1 and PC2 failed to sufficiently 

explain the variance between the thermally stressed and neat samples. 

 

GC×GC results of thermally oxidised fuel samples 

One-dimensional (1D) GC with quadrupole mass spectrometry (GC–MS) analysis of the 

fuel samples were initially conducted using the settings given in Supporting Information 

Table S2, the resulting chromatograms of which are presented in Supporting Information 

Figure S4. Due to the complexity and large number of coeluting/overlapping compounds 

found in such fuels, 1DGC–MS used here with nominal mass fails to differentiate the 

various compound classes. Further, there is difficulty in separating the oxidation 

products present in low abundances – such as alcohols, aldehydes, ketones, furans, acids 

etc. – from the extensive matrix hydrocarbons 38. Such oxidised products also give poor 

library matches of mass spectra due to overlapping compounds, and unless a unique ion 

is available that doesn’t respond do matrix compounds extracted ion chromatograms 

(EIC) for these chemical classes are poorly selective. 

In contrast, GC×GC increases the peak capacity and provides an orthogonal means of 

separation through the use of two complementary stationary phases for 1D and 2D of 

appropriate selectively towards target classes. This results in an increased resolution of 

sample components, thereby proving to be particularly effective in studying these 

complex matrices by resolving underlying matrix material. This is of special value when 

target components are the focus of a study. The time-of-flight mass spectrometer 

(TOFMS) – which uses electron ionisation (EI) to produce fragment ions of molecules – is 

compatible as a detector for GC×GC experiments due to fast acquisition speed and 

modulated GC peak widths of 100–400 ms 25. Use of a high-resolution accurate mass 

TOFMS (accTOFMS) as a detector in this study is well suited for fuel samples, as accurate 

mass detection can achieve a maximum sampling rate of 50 Hz in full mass spectrum 

acquisition, overcome the interferences encountered in analysis of complex samples such 

as fuels and aid in non-target structural identification 39. 
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Figure 3 presents contour plots obtained for the total ion chromatogram (TIC) data from 

GC×GC–TOFMS analysis of the alternate and conventional fuels. The various compound 

classes are grouped for easy identification, an advantage of the 2D plot derived from 

GC×GC data that is not available to 1DGC data. A marked advantage of GC×GC compared 

to 1DGC is the ability to greatly increase the performance-oriented metric of peak 

capacity (nc) – broadly described as the number of peaks which fits into a given 

separation – while keeping the analysis time constant. High nc,2D separation may be 

achieved through careful selection of the 1D and 2D column dimensions and their phase 

ratio (β) 40. β is the ratio of the volume of the mobile phase, VM, to the volume of the 

stationary phase, VS, and allows for method manipulations whilst maintaining the 

selectivity of the stationary phase. The polar – non-polar column configuration chosen 

here is well suited for aviation fuel analysis so that the abundant non-polar hydrocarbon 

components (such as alkanes) elute as the last-eluting and hence most retained class of 

compounds on the 2D column. This is useful, because these major components will not 

interfere with the earlier eluting, polar components; interference may occur if the 

abundant alkanes elute before the polar compounds 12. As depicted in Figure 3, this also 

provides good resolution of the aromatic hydrocarbons (e.g. single- and double-ring) 

which elute at a lower 2tR value, from the straight-chain and branched hydrocarbons. Here 

the compound classes were grouped using the deconvolution of MassHunter software 

and NIST 2011 library.  

As seen in Figure 3 the conventional crude oil derived fuels F-34 and Merox (Figures 3C 

and 3D) show significantly higher complexity over the synthetic fuels SPK and HTFT 

(Figures 3A and 3B). Comparison of the chemical components of the fuel types revealed 

the SPK and HTFT samples had a majority of straight chain and branched alkanes (first 

dimension retention time 1tR ranging from 5.5–18 min and 5.5–13 min respectively) 

whilst the conventional fuels had additional significant proportions of aromatic 

compounds from the ~10 min 1tR point. The relative amounts of mono- and diaromatic 

components were higher in the Merox sample than the F-34 sample which can be 

attributed to the latter’s hydroprocessing technique. 

Determination of the exact identities of the wide range of alkanes present here would be 

tentative since it is based on molecular ion fragmentation which would produce 

ambiguous mass spectra due to structural isomerism and similarities of homologous 
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compound mass spectra. Hence, library searching would also not yield confirmed 

matches due to the similar MS spectrum results for many compounds, and limited 

availability of standards to match the exhaustive list of compounds 7. 

 

The 9-component standard mixture (consisting of 7 oxygenates, and toluene and 

naphthalene for reference) was used primarily to assist in identification of classes of 

oxidised species in the thermally stressed fuel samples. The colour contour plot for this 

standards mix is shown in Figure 4B and its peak identification is given in Table 2 which 

includes details of the compounds. Figure 4A is the modulated 1D format chromatogram 

which is then used to generate the 2D plot in Figure 4B, according to the modulation 

process (see below). 

Figure 3. Contour plots of total ion chromatogram (TIC) data for synthetic and 
conventional fuel blends obtained by GC×GC analysis for (A) SPK, (B) HTFT, (C) F-34 and 
(D) Merox. The distinct classes of compounds have been grouped for easy identification 
on the 2D plot. 
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Table 2 Peak identification details of compounds in the standard oxygenate mixture and 
accurate mass of major fragment ions obtained from individual mass spectra of 
standards. 

Pea

k  

Compound 

name 

Formula Conc. 

(mg/L) 

1tR 

(min) 

2tR 

(s) 

Exact 

mass  

Major fragment 

ions 

a toluene C7H8 103.3 8.00 2.49 92.1384 65.0373 [C5H5]+ 

91.0543 [C7H7]+ 

b octanal C8H16O 100.9 13.55 4.09 128.2120

 

56.0624 [C4H8]+  

69.0679 [C5H9]+  

81.0696 [C6H9]+  

95.0859 [C7H11]+   

c cyclohexanone C6H10O 99.9 14.00 3.38 98.0732 55.0177 [C4H7]+ 

69.0329 [C5H9]+ 

80.0627 [C6H8]+  

* 98.0731 [C6H10O]+ 

Figure 4. (A) GC×GC total ion chromatogram (TIC) of the 7-component standard 
oxygenate mixture with toluene and naphthalene co-added for reference, together with 
(B) the TIC 2D colour contour plot for the same mixture. Peak labelling (a–i) corresponds 
to the identification and details given in Table 2. 
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d benzaldehyde C7H6O 105.4 20.15 2.28 106.0419

 

77.0389 [C6H5]+  

* 105.0336 [C7H5O]+ 

e octanol C8H18O 94.9 20.75 1.68 130.2279

 

55.0545 [C4H7]+ 

69.0703 [C5H9]+ 

83.0843 [C6H11]+ 

f methylfuranone C5H6O2 110.2 22.67 1.69 98.0999 * 57.0335 [C3H5O]+ 

85.0281 [C4H5O2] + 

g dodecanal C12H24O 103.1 25.10 5.99 184.3184

 

55.0544 [C4H7]+ 

67.0548 [C5H7]+ 

81.0693 [C6H9]+ 

95.0835 [C7H11]+ 

109.1035 [C8H13]+ 

h naphthalene C10H8 93.8 26.15 3.78 128.1705 102.0460 [C8H6]+ 

128.0626 [C10H8]+ 

i hexanoic acid C6H12O2 98.0 27.65 8.17 116.1583 55.0545 [C4H7]+ 

71.0856 [C5H11]+ 

83.0864 [C6H11]+  

* 116.0922 

[C6H13O2]+ 

*  These ions have an O atom, and so should be potential target fragment ions to locate 
the respective oxidative components in the 2D plot by using appropriate accurate mass 
values. 

  The molecular ions of these oxidation products are generally of low abundance so will 
not be useful for accurate mass EIC presentations of 2D plots.  

 

Since the conditions under which Figure 3 and Figure 4 were acquired are the same, then 

if any of these reference compounds happen to be in any of the samples, then their 2D 

retention positions should be the same. For example, an EIC of the HTFT stress sample 

with the m/z 128.0626 ion of naphthalene gives a modulated peak at 26.23 min as seen in 

Supporting Information Figure S5. 

GC×GC can provide information on a range of specific trace components which may be 

difficult to separate from a complex hydrocarbon matrix using a 1DGC experiment due to 

the lack of dissimilarity with the bulk hydrocarbon mix, which can overburden the 

detector and challenge its sensitivity to trace compounds 7. In GC×GC analysis for 

oxygenates, the generation of EICs can be used together with the principle of mass defect 
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to differentiate mass fragment ions, and also molecular ions if they have adequate 

abundance, containing oxygen from those containing only hydrogen and carbon. If a class 

of oxidation products has a common fragment ion containing an ‘O’ atom, this would 

allow a common ion mass to represent that class, but from Table 2, this seems unlikely, 

perhaps except for the furanones. EICs are valuable in the analysis of complex fuel 

matrices, such as aviation fuel, where there is an abundance of hydrocarbons and a 

resulting presence of a background of hydrocarbons throughout the TIC. EICs using 

nominal masses are insufficient to analyse trace components, especially oxygenates, 

which may share ion fragments with the same nominal mass with other non-oxygenated 

components. The use of accurate masses to generate EICs for such samples is hence 

befitting, which is facilitated by the accurate mass TOFMS used in this study. The fast scan 

rate of 47.38 Hz used here is further desirable for GC×GC–TOFMS analysis to maintain 

sufficient resolution to detect narrow modulated peaks. 

A systematic data interpretation approach was adopted to enable detection of the 

oxygenated compounds in the sample matrices using the standard compound mix. Here 

the modulation period (PM) of 9 s generated multiple modulated peaks on the 1tR axis of 

the TIC for some compounds, although it should be recognised that PM = 9 s is a rather 

slow modulation setting, and is likely to produce only 1 or 2 modulated peaks owing to 

the small modulation ratio (MR) 41. The peak width at half height on the 1D column is 

expected to be about 5 s, so MR is ~ 1.4. This is due to the role played by the modulation 

phase, which refers to the timing of the modulation process and the profile of the peak 

entering the modulator. Since the time a peak enters the modulator is not controllable it 

may largely fit in to a single 9 s modulation and have a single maximum (in-phase) or 

have two maxima (180 ° out-of-phase). The repeatability of the modulated peaks in terms 

of representing the modulated period is relatively good, since in Figure 4A the respective 

modulated peaks of the same compound are almost exactly 9 s apart. For example, the 

two modulated peaks for benzaldehyde are at 20.188 min and 20.338, the difference of 

which equates to 9.0 s. Similarly, the peaks for cyclohexanone appear 9 s apart (8.94 s) at 

13.907 min and 14.056 min. 
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The m/z 105.0336 ion resulting from the [C7H5O]+ fragment ion of benzaldehyde cleavage 

resulted in an EIC 2D contour plot showing a modulated peak at the 1tR and 2tR of 20.15 

min and 2.28 s respectively (Table 2). This aromatic benzoyl ion (ArC≡O+) results from 

the cleavage of the terminal hydrogen. The molecular ion peak in ketones is prominent. 

The fragmentation of alkyl aromatic ketones occurs due to alkyl cleavage, which like the 

aromatic aldehydes result in the ArC≡O+ fragment. This principle of fragmentation 

showing a specificity to oxygenates can be used for fuel sample analysis and thus the 

accurate mass fragment of m/z 105.0336 mass was used to extract chromatograms from 

the various aviation fuel samples to detect the presence of oxygenates originating from 

aromatic aldehydes and ketones. Figure 6 shows an example of this approach using the 

thermally stressed HTFT fuel sample.  

 

Figure 5. 2D colour contour plots for the EICs of (C) m/z 56.0624 obtained from 
octanol and of (D) m/z 55.0170 obtained from cyclohexanone. The TIC 2D contour 
plots of the standards mixture with has been included to highlight the position of (A) 
the octanol peak and (B) the cyclohexanone peak respectively. 
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Figure 6 demonstrates the effect of choosing a suitable – or unsuitable – ppm window for 

EICs in GC×GC data. Figure 6B and 6C show EICs for m/z 105.0336 obtained using a wide 

300 ppm window and narrow 30 ppm window respectively. Benzaldehyde has a 1tR of 

20.15 min on the TIC for oxygenate standards (Table 2). If the peaks in Figure 6B show 

components which fragment to give the ArC≡O+ ion, being the lowest mass of the ArC≡O+ 

analogues, we expect to see a sigificant peak at this tR of 20.15 min for the EICs and other 

alkylated benzaldehydes which would elute at a higher tR.  Further, a significant peak for 

Figure 6. TIC of the thermally stressed HTFT fuel (A) together with the EICs at m/z of 
105.0336 corresponding to the ArC≡O+ fragment ion resulting from the cleavage of 
the oxygenated compounds aromatic aldehydes and ketones. (B) EIC obtained with a 
wide 300 ppm window and (C) obtained with a narrow 30 ppm window. The arrow 
shows where benzaldehyde is expected. 
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the ArC≡O+  is not seen in Figure 6C; the benzaldehyde position is shown by the arrow. 

Hence we conclude that the peaks in Fig. 6B are not benzaldehyde analogues. A m/z 105 

ion also occurs as a fragmentation ion for monoaromatics, at an accurate mass of [C8H9]+ 

= 105.0699. Hence the narrow window excludes this ion, but the wide window captures 

this ion for the monoaromatics, and presents the suite of aromatics with this ion. The 

presence of monoaromatic compounds in the sample can be further demonstrated as 

below. 

 

Demonstration of monoaromatic substitution selectivity 

 

As seen in Figure 7, the selected ion masses for the specific monoaromatic groups can 

assist to identify the carbon number substitution on the benzene ring and propose these 

groups on the TIC as C1, C2, C3 etc. Some example mass spectra and typical library hit 

compounds for such spectra are presented in Supporting Information Table S4. It should 

be reiterated that the mass spectra (based on fragmentation patterns) give only probable 

Figure 7. (A) TIC of the HTFT (stress) sample with the separation of various 
monoaromatic groups (C1 – C6). B–E show the EICs obtained from this TIC for the m/z 
values 91, 105, 119 and 133. For instance, the m/z 105 ion indicates C2 and greater 
groups. 
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hits for the library searches, and cannot be accurately identified unless complemented by 

detectors such as FTIR (based on the molecule’s structure) which give a unique spectrum, 

and/or authentic standards. The EIC of m/z 105 gave a similar profile to the peaks 

obtained by the m/z 105.0336 wide window EIC in Figure 6B. Thus, to see the specific 

ArC≡O+  ion a strong fragment would be necessary. The absence of sufficient information 

achieved using the accurate mass EIC for oxygenated compounds comes as a surprise to 

us here, since the samples were expected to comprise some oxygenates. It can be 

concluded that a number of operational conditions were not optimised to allow detection 

of the trace oxygenates.  Clearly the ready fragmentation loss of oxygen groups e.g. in 

alcohols will lead to fragment ions comprising only C and H, so selection of a class-specific 

ion containing an O atom that represents a given class is not apparent. For benzaldehydes, 

greater response and sensitivity oxygenated compounds towards the m/z 105.0336 ion 

would require greater injection amounts, and splitless injection rather than the split 

conditions used here. The adoption of a soft ionisation technique that retains oxygen in 

the molecular / pseudo molecular ion will assist in selection of suitable EIC ions to 

correspond to all possible homologues of the oxygenates chemical class; chemical 

ionisation (CI) would be suggested in this regard.  

The role of sulfur compounds as a trace component affecting the thermal stability of jet 

fuels has been studied 6. GC combined with sulfur selective detection, such as sulfur 

chemiluminescent detection (SCD) and flame photometric detection (FPD) in its sulfur 

mode, can be used for detecting sulfur species 42. Preliminary analysis for detection of the 

presence of sulfur compounds was conducted with 1DGC–FPD for the four fuel types 

using the settings given in Supporting Information Table S3. The resulting 1DGC 

chromatograms are shown in Supporting Information Figure S7 where, of the four fuel 

samples, only Merox demonstrated a significant presence of sulfur compounds. This is as 

expected because Merox fuels are produced using the mercaptan oxidation technology 

which converts mercaptans into disulfides. Although the 1DGC systems generally allow a 

simpler experimental setup and data analysis compared to multidimensional systems to 

investigate the presence of sulfur compounds in samples, they generally provide a 

reduced separation efficiency compared to GC×GC–FPD systems which also combine 1tR 

and 2tR. GC×GC–TOFMS has been shown to be successful in separating sulfur compounds 

from polyaromatic hydrocarbons and phenols, as well as the separation of sulfur isomers 

from one another – a feat not possible with 1DGC 43. However, the detection of sulfur 
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compounds using GC×GC–TOFMS and EICs is not as straightforward as the detection of 

oxygenates due to the vast diversity of fragment ions for the various sulfur compound 

classes and is thus beyond the direct scope of this study. 

Despite the abundant fragmentation observed, one shortcoming of using electron 

ionisation (EI) techniques, such as that in the TOFMS system available in this study, is 

often the very low presence of the molecular ion. In contrast mass spectrometers 

employing field ionisation (FI), atmospheric pressure photoionisation (APPI) chemical 

ionisation (CI) modes generate an abundance of molecular and protonated ions 38, which 

may be better suited to avoid the lack of oxygen contained in the abundant fragment ions 

seen with EI. This would also be a similar concept to the ionisation process used in HRMS, 

reported below. 

  

HRMS results of thermally oxidised fuel samples 

FTICR MS, which produces results by combining both mass measurement and resolution 

in the same step, does not necessarily rely on the need for a pre-separation process prior 

to analysis as needed by the lower resolution time-of-flight or quadrupole MS. They may 

however benefit from coupling to chromatographic interfaces for sample purification, 

mixture separation or preconcentration. The HRMS technique used in this experiment 

uses atmospheric pressure photoionisation (APPI) as it is well suited for non-polar and 

low-polarity compounds which constitute a large proportion of complex petrochemical 

mixtures 44 as evident in Figure 3. APPI is generally implemented by exposing analytes to 

an energy of ~10 eV emitted by a UV lamp. This also has the ability to generate MS signals 

for species over a wide range of compounds including non-polar entities which may not 

be accessed by other ionisation techniques such as electrospray ionisation (ESI) and 

atmospheric pressure chemical ionisation (APCI) 25. APPI relies on the absorption of 

photons and hence is sensitive towards aromatic groups because aromatic groups are 

good chromophores for absorbing UV. In (+)-mode APPI, the chemical reaction which 

follows the absorption of photons generate both molecular (M+) and protonated ([M + 

H]+) ions. The use of toluene as a dopant in the APPI used in this study enhances the ion 

yield of ionisation because UV radiation readily ionises the dopant molecules and 

produces a large number of molecular ions and free radicals. Subsequently the dopant 
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ionises other molecules through electron or proton transfer and/or charge exchange 

reactions. Molecules such as saturates which are readily ionised by APPI also benefit from 

the use of dopants due to the resulting increase of ionised analyte molecules. Figure 8 

shows the broadband positive-ion APPI FTICR mass spectra for the 4 fuels (neat and 

stress) where it is seen that the molecular weight distribution shifts to a higher m/z value 

in the stressed fuels. 

 

Use of FTICR MS is accompanied by the possibility of resolving thousands of chemically 

distinct components or different elemental compositions using a single mass spectrum 

which spans a broad m/z range. This feature affords a unique characteristic signature 

referred to as a ‘fingerprint’ or ‘profile’ at the molecular level. The resulting increase in 

the number of m/z values increases the number of formulae which match an exact m/z 

value, as well as the probability of obtaining a correct result within a 1 ppm error window 

45. This places value on the use of Kendrick mass defect (KMD) calculations which aid in 

analysing homologous series of compounds. The KMD is calculated as set out in Equations 

1 and 2 using the nominal mass (14.000 00) and exact mass (14.01565 Da) of the CH2 

alkyl unit to sort members of the same heteroatom class. 

Figure 8. Broadband positive-ion APPI FTICR mass spectra for the 4 neat and stressed 
fuels. 
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Exact Kendrick mass = IUPAC mass × (14.000 00 / 14.015 65)  (Eq. 1) 

KMD = (nominal Kendrick mass − exact Kendrick mass)   (Eq. 2) 

This renders the same KMD to ions differing by only one CH2 group and hence such 

homologous series will align on the same horizontal line when the KMD is plotted against 

the nominal Kendrick mass. Such a separation based on alkylation using KMD aids in 

sorting complicated spectrum peaks to identify homologously related compounds, which 

is an advantage in identifying groups of related classes in petroleum samples 46. The KMD 

plays a pivotal role in assigning molecular formulae, detecting the degree of unsaturation 

using the double bond equivalent (DBE), identifying the class of heteroatoms and in 

detecting minute changes in sample composition. The DBE (also referred to as number of 

rings plus double bonds) is given by Equation 3 where c, h and n denote the number of 

carbon atoms, hydrogen and halogen atoms, and nitrogen atoms respectively.  

𝐷𝐵𝐸 = 𝑐 − (
ℎ

2
) + (

𝑛

2
) + 1                  (Eq. 3) 

The DBE describes compound aromaticity and unsaturation whilst the carbon number 

represents the degree of alkylation, volatility and molecular weight. The DBE versus 

carbon number (DBE/C) plots are typically used in FTICR MS data analysis and enable 

visualisation of broad trends in the degree of alkylation (carbon number) and aromaticity 

(DBE), where each point on the graph corresponds to an assigned molecular formula, and 

thus facilitate comparative analysis of the compositional variation between complex 

samples. DBE calculations are mainly useful for compounds containing C and H and does 

not indicate double bonds between other elements such as N and O. This approach cannot 

be extended to DBE calculations for compounds when S or P are present since depending 

on their oxidation state S and P can show different valencies. This rule however has an 

exception in strictly reducing environments when it can be assumed that S is bivalent (e.g. 

sulfides and thiols) and P is trivalent (e.g. phosphines) 47. 

Compounds with similar heteroatom distribution are expected to show similar chemical 

properties and hence will influence the physical properties of the fuel in a similar manner. 

Thus, if a DBE plot displays such heteroatom relationships, then this will also represent 

the fuel’s properties. This feature is exploited to compare the molecular composition of 

the four different neat fuel samples. The histogram in Figure 9 displays a comparison of 

the percentage of contribution to the total signal by the various heteroatom compound 
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classes of the four fuels in their neat stage. The DBE versus carbon number plots are inset 

for the HC[H] and O1 classes for the four fuels. Of these samples, the HTFT and Merox 

samples display the highest DBE values for both HC[H] and O1 classes. This denotes a 

high degree of unsaturation and presence of double bonds as explained in Equation 3. 

DBE values as high as 15 seen in the HTFT, F-34 and Merox samples convey the presence 

of aromatic compounds with as many as 4 or 5 condensed rings. 

 

 

Of significance here is the increased contribution by the HC (CnHn series) class in the 

HTFT fuel whereas the O1 class was highest in the SPK fuel. The S1 class (CnHnS1 series) 

was most abundant in the Merox sample which agrees with GC–FPD results obtained 

(presented in Figure S7 of Supporting Information). With the allowable sulfur levels in 

Figure 9. Comparison of the heteroatom class distribution and the percentage 
contribution to the total signal by the various classes for the four fuels in their neat stage. 
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petrochemical products being continually decreased by regulatory demands, percentage 

contribution by S1 and S1[H] classes and sulfur speciation is of particular importance to 

the petroleum refining industry. 

The histograms in Figure 10 present the relative abundance for the various compound 

classes detected in the four fuel types. The blue and red bars compare the abundance of 

neat and stressed stages respectively for each class. These results show that all four fuels 

had a comparatively lower abundance of HC classes and a higher abundance of O 

containing classes in the stressed fuels. Therefore, it could be inferred that in all cases the 

thermal stressing contributed to the oxidation of hydrocarbon species in neat samples to 

an increased prevalence of oxygenates in the stressed samples. This is further supported 

by van Krevelen plots. 

 

 

Van Krevelen diagrams are an important graphical tool in complex mixture analysis using 

FTICR MS where a large number of molecules are displayed in a space defined by plotting 

Figure 10. Histograms presenting the relative class distribution of the neat and stress 
stages of the four fuel types. Blue bars represent the neat stage and the red bars represent 
the thermally stressed stage. 
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their H/C ratio against their and O/C ratios 48. These diagrams enable comparing 

differentiating features of whole samples, and also visualising the chemical composition 

of compounds during a given process such as transforming to higher value-added 

products. They aid in extracting molecular information of the samples analysed which are 

readily generated from FTICR MS data and the assigned elemental composition of each 

mass spectrum peak. Here, van Krevelen diagrams were successfully used to analyse the 

four fuel types, each in their neat and thermally stressed stages as presented in Figure 11. 

The distinct points on the van Krevelen diagram represent compounds with different 

compositions obtained by the atomic ratio of the compounds. These plots are 

advantageous in that compounds with similar structural characteristics are grouped in 

the same region of the plot. This enables the clear definition of compounds with distinct 

structural features – such as condensed aromatics, fatty acids etc. – and the ability to be 

distinguished from each other based on the variation in H/C and O/C. For example, the 

alignment of dots along lines as shown in Figure 11 consist of compounds belonging to 

the same alkylation series where the lines intersect at an H/C value of 2 on the y-axis. 

This corresponds to an elemental composition of CcHcOo which converts to Cc–nHc–nOo–n 

when it loses (CH2)n and the new y-axis and x-axis values for H/C and O/C respectively 

can be represented by Equation 4. 

𝑦 = (ℎ –  2𝑛)/𝑐 – 2𝑛; 𝑥 = 𝑜/(𝑐 – 𝑛)     (Eq. 4) 

The elimination of n yields Equation 5. 

𝑦 = 2 + (ℎ – 2𝑐)𝑜𝑥       (Eq. 5) 

Thus, the y-intercept for each alkylation series remains as 2 as evident in the van Krevelen 

plots in Figure 11(A–H) for the four fuel types.  

Since major chemical classes of compounds have a specific H/C or O/C ratio, each class of 

compounds retains a specific location on the plot. Hence, when a sample undergoes a 

chemical reaction such as oxidation or condensation, this affects the unique location of 

points on the van Krevelen diagram due to the loss of C, H, O or N atoms 49. This property 

is made use of in observing the changes in H/C and O/C ratios of fuels before and after 

thermal stressing as depicted in Figure 11. 
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As illustrated in Figure 11A, alkylation increases towards higher atomic ratios on the H/C 

axis and condensation increases towards lower H/C ratios. Compounds in homologous 

series appear along definite lines leading to specific H/C ratio numbers. For example, 

homologous alkylation series converge at H/C value of 2 as explained in Equations 4 and 

5. Van Krevelen plots can also be divided into specific regions 50 as seen in Figure 11C, 

where the common hydrocarbon classes seen in fuels – aliphatics, olefinics, aromatics 

and condensed aromatics – are depicted. In all neat fuel types, the species are 

concentrated in the region that spans between H/C values of 0.5–2.0. The lower limit of 

the H/C region increases in the thermally stressed samples and is most visible in the SPK 

sample where the region spans 1.0–2.0. This aligns with the GC×GC results presented in 
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Figure 11. The van Krevelen diagrams for elemental data of the four types of fuel (neat 
and stressed stages). Compounds in homologous alkylation series appear along the lines 
that intersect at the H/C axis at an atomic ratio of 2, towards which alkylation increases. 
Condensation increases towards lower H/C values. Based on alkylation and aromaticity, 
the labelled regions can be identified as aliphatics, olefinics, aromatics and condensed 
aromatics. 



Chapter 5   High resolution analysis of thermally oxidised aviation fuel 

 

Page | 193  
 

Figure 2, where the SPK samples have the highest proportion of straight chain and 

branched alkanes. 

Further, for each fuel type, the abundance of structures (dots on the plot) seen in the 

higher O/C values is greater for thermally stressed samples than their respective neat 

samples. This can be attributed to the higher oxygen content in the thermally stressed 

samples 51, indicating a higher degree if carboxylation and the presence of oxygenated 

species. The van Krevelen diagrams can thus be used in aviation fuel samples to 

successfully sort compounds which may possess common structural relationships. 

 

Complementary analysis using GC×GC–TOFMS and HRMS for aviation fuel 

The use of high-resolution techniques for fuel analysis can provide a greater breadth of 

information and a deeper understanding of the constituents in aviation fuels. The two 

techniques GC×GC and FTICR MS both have their strengths and weaknesses over the 

other technique in achieving this. 

GC×GC provides superiority in chromatographic separation with structured 

chromatograms and allows the physical resolution of analytes in complex matrices. Its 

hyphenation to accurate mass TOFMS, as used in this study, renders the capability to 

produce better deconvoluted mass spectra with an increased mass resolution. TIC data 

generated by GC×GC–TOFMS can be readily visualised by 2D contour plots on which 

compound classes and their homologous composition can be grouped. This gives the 

ability to view a range of compound classes on a single plot; a task impossible with lower 

resolution 1DGC. Thus, both a quantitative and qualitative overview of the total sample 

can be gleaned. The well-defined chromatographic regions facilitate structural 

elucidation of eluted analytes. The union of the ordered elution of components on the 2D 

column and the subsequent analysis of the resulting mass spectrum of each peak enables 

identification of the analyte using a combination of approaches. This includes approaches 

such as EICs for specific accurate masses, peak deconvolution, generation of formula 

using the exact mass of fragment ions, library similarity searches etc. When used for 

identifying oxygenate species the EICs provide a distribution of the species and can be 

used to compare the fuels with its neat stages. A significant limitation related to this 

purpose arises when an O-containing compound has a poor molecular ion, and the 
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oxygenated moiety is lost via facile fragmentation, thereby not confirming the presence 

of O in the molecule. GC×GC–TOFMS enables a group-type speciation of compound 

classes, which can be manipulated to suit the sample type using various chromatographic 

stationary phases. In the study of oxygenates in fuel, GC×GC has the capability for 

unbiased separation of mixtures containing both polar and non-polar functional groups 

which is well-suited for complex mixtures which have components of varying polarities. 

The qualitative identification provided by GC×GC–TOFMS can be an excellent source of 

complementary information to FTICR MS. This is mainly because GC×GC–TOFMS can 

characterise non-polar compounds – subject to the ionisation process – that may not be 

measured effectively by FTICR MS 26. Further, saturates and olefins have the tendency to 

fragment and undergo gas-phase reactions during ionisation and can often render 

difficulties in mass spectrum measurements. Here, the class distribution capabilities of 

GC separation support characterisation of matrix components. 

In contrast to the chromatographic separation-based approach in GC×GC–TOFMS, FTICR 

MS investigates the elemental composition of samples and can simultaneously 

accumulate an extensive amount of information from a mere single mass spectrum. The 

enormous amount of data it yields is visualised using a range of plots such as DBE vs C 

number, KMD and van Krevelen plots. Although FTICR MS enables identification of 

homologous series, unlike GC×GC–TOFMS it lacks the ability to distinguish structural 

isomers which have the same heteroatomic composition 52, and where these isomers may 

affect fuel performance and quality. The suitability of the method is also challenged in the 

specific detection of compounds such as phenolics and organic acids with smaller 

molecular masses, irrespective of the ionisation method used 53. Further, the Kendrick 

mass sorting capability of FTICR MS enables elemental composition assignments of 

masses 3× higher than that achievable by mass measurement accuracy methods alone 54. 

FTICR MS application has enabled knowledge of up to 800 Da having polar functional 

groups e.g. ESI ionisation coupled to FTICR MS can be used to study oxygenated 

compounds and nitrogen containing entities 29. 
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CONCLUSIONS 

New methodologies for petroleomics applications are consistently being explored due to 

the wide variety of fuels needing analysis and identification of their components. Changes 

in the distribution of compound classes, changes in hydrocarbon content and variation in 

the composition of heteroatoms such as oxygenates is often observed to provide a 

molecular signature to the samples being analysed. The complexity of fuel samples 

promotes the approach of carrying out chromatographic separation of the fuel 

components by online or offline means prior to being analysed by HRMS systems 24. 

GC×GC has proven itself to be a reliable source of information for complex sample 

analysis with greater efficiency than conventional 1DGC, yet is dependent on the 

capability of the detector it is hyphenated to. The accurate mass TOFMS is well suited for 

target and non-target analysis required in characterising complex matrices such as 

aviation fuels. Another powerful tool, FTICR MS takes advantage of its ability to render 

elemental composition, together with a multitude of data plotting methods to provide 

information on the heteroatom content of these fuels. This however has the 

disadvantages of not being quantitative with bias arising from the ionisation step and 

presenting an enormous device cost. This work investigated fundamental experimental 

requirements for correlating the oxidation of components in fuel samples based on high 

resolution analytical approaches. Thus, the marriage of information derived from the 

powerful duo in chemical analyses, HRMS approaches and HRGC experiments, gives a 

deeper insight to the detailed composition and molecular speciation of aviation fuels and 

continues to change the paradigm in petroleomics investigations.  
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Figure S1. ATR–FTIR spectrum for the fuels SPK, F-34, HTFT and Merox with the inset 
for each fuel showing the average spectrum for the C–H stretching region. The red and 
blue regions show the average of the neat and thermally stressed samples respectively. 
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Table S1. Functional group and frequency range descriptions for groups of sulfur 
containing compounds analysed by PCA. 

Group Class of compounds 
Frequency 

range (cm–1) 
Mode of vibration 

S–H Thiols 2580–2500 S–H stretch 

S=O Sulfoxides 1060–1020 S=O stretch 

S=O Dialkyl sulfites 1220–1190 S=O stretch 

SO2 
Sulfones, sulphonamides, sulfonic 

acids, sulfonates, sulfonyl 

chlorides 

1390–1290 
SO2 antisymmetric 

stretch 

SO2 1190–1120 SO2 symmetric stretch 

SO2 Dialkyl sulfates and sulfonyl 

fluorides 

1420–1390 
SO2 antisymmetric 

stretch 

SO2 1220–1190 SO2 symmetric stretch 

S–O–C Dialkyl sulphites and sulfates 1050–770 S–O–C stretch 

Figure S2. PCA scatter plots for the infrared region of 1740–1690 cm–1 corresponding to 
carbonyl groups of the oxygenates carboxylic acid, aldehydes and ketones for fuel samples. 
Neat stage denoted by crosses and thermally stressed stage by circles. Colours 
corresponding to the fuels are blue – SPK; red – HTFT; green – F-34; and brown – Merox. 
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Figure S3. PCA score plots for some select infrared regions as described in Table S1 for 
specific sulfur containing functional groups. The corresponding mid IR wavenumber 
regions are (A) 2580–2500 cm–1, (B) 1060–1020 cm–1, (C) 1220–1190 cm–1 and, (B) 
1050–770 cm–1. 
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Table S2. Operational parameters for one-dimensional gas chromatography mass 
spectrometry (1DGC–MS) experiments 

Gas chromatograph model Agilent 7890A (Agilent Technologies, Santa Clara, CA) 

Mass spectrometer model 
Agilent 7000 Triple quadrupole mass spectrometer 

(Agilent Technologies, Santa Clara, CA) 

Non-polar capillary column  

Sample preparation  50   

Injection volume 1  

 °C 

Split ratio 200:1 

Carrier gas He, 99.999% 

Carrier gas flow 1.2 mL/min, constant flow 

GC oven program Initial temperature of 50 °C to 250 °C at 4 °C /min 

MS transfer line 

temperature 
280 °C 

MS ionisation voltage 70eV 

Mass range 43 to 700 m/z 
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Table S3. Operational parameters for one-dimensional gas chromatography with flame 
photometric detection (1DGC–FPD) experiments. 

Gas chromatograph 

model 

Agilent 7890A (Agilent technologies, Santa Clara, CA) fitted 

with a flame photometric detector 

Polar capillary column SUPELCOWAX-10 ( Sigma-Aldrich Co., St Louis, MO 

Sample preparation 1:5 dilution in DCM 

Injection volume 1  

 °C 

Split ratio 20:1 

Carrier gas H2, 99.999% purity 

Carrier gas flow 1.5 mL/min, constant flow 

GC oven program 
Initial temperature of 100 °C to 250 °C at 4 °C /min, held for 

30 min 

FPD detector 

temperature 
280 °C 

FPD detector mode S mode at 100 Hz 

Gas flow rate H2:Air:N2 at 50:60:20 mL/min 

Data collection and 

processing software 

Agilent OpenLab CDS Chemstation version(Agilent 

Technologies) 
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Table S4. Examples of mass spectra and typical compounds corresponding to various 
carbon number substitution compounds found in the monoaromatic region of the HTFT 
(stress) fuel. 

Class Example 

‡1tR (min) 

‡ 2tR  

(s) 

Example mass spectrum Examples of typical compounds  

C1 8.758 2.293  toluene 

C2 11.081 3.136  *dimethyl benzene (xylenes) 
 
*ethylbenzene 

C3 12.508 4.075  *propyl benzene 
*1-ethyl-2-methyl- benzene 
*1,2,4-trimethylbenzene 
* methyl propyl benzene 

14.4581 4.327  

C4 14.908 5.120  *1,2-diethylbenzene 
*1-methyl-3-propyl benzene 
*cymene (ortho, meta, para) 
*2-ethyl-1,4-dimethyl benzene 

17.581 5.207  

C5 17.758 5.769  *1-ethyl-3-(1-methylethyl) 
benzene  

*1,1-dimethylpropyl benzene 
*1-ethylpropyl benzene 

18.808 5.883  

C6 20.1582 6.606  *1-ethylbutyl benzene 
*1,2,4-triethyl benzene 
*3-ethyl-1,2,4,5-tetramethyl-

benzene 
20.758 6.479  

*   Substitution pattern or the specific isomer cannot be explicitly stated for the indicated mass spectrum. 

‡        Retention times are indicative for the specific examples shown
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Figure S4. 1D GC–MS chromatograms of the four fuel types (A) with the comparative 
chromatograms of neat and thermally stressed stages for each fuel type Merox (B), F-
34 (C), SPK (D) and FT (E). 
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Figure S5. Naphthalene peak indicated on the TIC of the standard mixture (A). The 
TIC of the HTFT (stress) samples is seen in (B) with the EIC of the m/z 128.0626 
corresponding to the [C10H8]+ ion of naphthalene (C). It is seen that the retention time 
of naphthalene in both (A) and (C) are the same at 26.233 min. 
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Figure S6. Total ion chromatogram (TIC) of the standard component mixture (A) and the 
mass spectra corresponding to the oxygenated species (B-H). Lower case peak labels on 
A correspond to the respective mass spectra. 
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Figure S7. 1DGC–FPD chromatograms of (a) Merox, (b) SPK (c) HTFT and (d) F-34 
fuels showing the presence of sulfur compounds in the Merox sample. 
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Chapter 6 

Conclusions and future prospects 

6.1 Conclusions 

The need for unambiguous chemical analysis of components remains a priority for analysts 

irrespective of the complexity or origin of the sample to be analysed. The various Chapters 

in this Thesis endeavour to systematically bring together the advances in some important 

analytical techniques, mainly using the versatile and mature technique of gas 

chromatography together with the identification capabilities of spectrometric detection and 

spectroscopic detection – Fourier transform infrared spectroscopy in particular. The mass 

spectrometer has been and remains a powerful analytical tool referred to as the ‘gold 

standard’ for good reason – its reliability, reproducibility and utility cannot be overlooked; 

in full scan mode it can give an immediate suggestion as to molecular identity and so, many 

analysts rely heavily on this capability. Despite its superiority and sensitivity, the mass 

spectrum can be limited in its identification capabilities when relying on a library match 

against a compound in a database, which may not give an accurate identification. The simple 

example where an organic compound not present in the MS library may probably still 

generate a high library match is testimony to the problem of unquestioned reliance on MS 

library matching. Here additional confirmation needs to be sought using retention indices 

and comparison to spectra of authentic standards – the latter not always being a feasible 

option due to the high cost of or lack of availability of such standards. The various studies in 

this thesis thus align to shed light on the capabilities of other approaches, which overcome 

the shortcomings of solely relying on mass spectrometry (MS), whilst exemplifying their 

benefits by application to a wide range of compound classes. 

A majority of the studies employ a hyphenated GC–FTIR system with a light-pipe interface 

which allows for real time analysis of GC eluted analytes. The first Chapter introduces the 

basic knowledge and concepts together with the underlying principles of the techniques and 

analytical approaches used in the Chapters which follow. This also includes a comprehensive 
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literature review of the current state of the existing technologies and capabilities. Chapter 2 

is placed as a methodology Chapter which details the various instrumentation, methods and 

experimental approaches used in the thesis Chapters which followed. Here a combination of 

relevant theoretical and instrumental approaches allowed preliminary validation studies 

conducted using the GC–FTIR system. Chapter 3 builds upon the capabilities of the GC–FTIR 

technique to analyse various compound classes and highlights the uniqueness of FTIR 

spectra. A feature here was the comprehensive style presentation of GC×FTIR which enabled 

a simultaneous spectroscopic/separation visualisation of data. This Chapter reiterates the 

capabilities of GC–FTIR and its value to component identification. Chapter 4 employs the 

accurate identification capabilities of FTIR spectra in the specific task of identifying oxime 

isomers which undergo dynamic on-column isomerisation on GC columns. Chapter 5 applies 

the techniques of two premier technologies – specifically high-resolution MS and 

comprehensive two-dimensional GC (GC×GC) – to study and attempt to give molecular 

speciation to aviation fuels which have undergone accelerated thermal stress. 

During various stages of this Thesis one of the main limitations has been the low sensitivity 

of the light-pipe GC–FTIR system, as highlighted in Chapter 1, to enable analysis of samples 

as complex as the aviation fuels.  The inability to successfully conduct EICs on the fuel 

samples in Chapter 5 came as a surprising result and it would have been ideal to vary 

chromatographic parameters and reanalyse the samples. Unfortunately, the samples could 

not be immediately reanalysed due to the breakdown of the TOF MS instrument during the 

devastating School of Chemistry flood and the Covid-19 pandemic, and the inability to have 

it repaired during this time as a result of the pandemic’s effect. 

As demonstrated in the various Chapters, FTIR possesses a ‘molecular fingerprinting’ ability 

owing to its unique spectrum. This and other molecular spectroscopic detection techniques 

constitute an important part of supporting varying levels of molecular identification to GC 

separated constituents. Apart from those that directly depend on molecular emission from 

specific elemental constituents of a sample (FPD, SCD, NCD), the role of spectroscopy imparts 

important qualitative as well as quantitative analysis. Both spectroscopic and MS detection 

rely on the information derived from their respective ‘spectrum’ which may impart 
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information to either the molecular electronic absorption pattern of the species, or the 

structural features of the molecule (carbon-proton bond moieties, functional groups, bond 

connectivity, bond fragmentation, bond vibrations). However, apart from extensive MS 

libraries, other techniques have limited GC database records. Of the various MS approaches 

tandem mass spectrometry (MS/MS or MS2), where two or more mass analysers are 

combined, enable robust large-scale analysis capabilities and offer specificity with hopefully 

a very good identification with precursor/product matching; this makes it a common go-to 

tool for drug testing and metabolomics. 

These spectroscopic and spectrometric approaches converge at the analyst’s hands to 

provide to a greater or lesser extent, an insight into the molecule’s structure, and so 

contributes to its identification. 

 

6.2 Future prospects 

Both, the advantages of the techniques used in this thesis as well as the limitations they pose, 

point towards topics to be addressed in the future as well as recommendations associated 

with the respective techniques. 

 

Advances and future prospects in mass spectrometry 

The shortcomings in identification capabilities of single quadrupole MS hyphenated to the 

GC can be overcome by modern high-resolution MS methods or combinations of various MS 

techniques such as MS/MS to accomplish a higher level of identification. Developments in 

vital software tools, data processing, data interpretation methods and visualisation means 

are proposed to address the growing size and complexity of data generated by ultrahigh 

resolution instruments. This continues to open newer avenues to analyse complex matrices 

such as petroleum-related samples. Here, ultra-high resolution achieved by Orbitrap and 

Fourier transform ion cyclotron resonance MS continue to allow for record levels of 
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compositional details to a wide variety of “omics” fields such as petroleomics, metabolomics, 

transcriptomics, proteomics, lipidomics etc. Such high-resolution MS techniques can benefit 

from the hyphenation to separation approaches such as liquid chromatography or GC. 

 

Advances and future prospects in gas chromatography 

Similar to MS, GC can achieve additional high-resolution analysis success as a stand-alone 

technique mainly due to the various advances in GC separation methodologies. Here, 

multidimensional GC techniques have evolved over the decades to achieve enhanced 

capabilities that significantly eclipse 1DGC. Of these GC×GC has emerged as an accessible 

tool, and when hyphenated to multichannel detectors can separate, detect and ‘tentatively 

identify’ thousands of analytes. With the correct choice of the best stationary phase and 

column set to achieve the selectivity required to suit the sample, as well as powerful data 

interpretation tools such as chemometrics, the applications base of GC×GC will continue to 

expand.  Something that has not been sufficiently explored is the role of correlation of 

structure with retention in GC×GC which would be a recommendation for future study. With 

the popularity of GC×GC increasing in R&D ventures, such structure-retention predictions 

may enable more absolute identification. 

Modern GC based methods continue to see new developments in software, column stationary 

phases, and various components of its instrumentation. MS will continue to be a dominant 

technology for GC, and with increased access to accurate mass MS, opportunities for precise 

empirical formula deduction is of great qualitative and quantitative assistance. Although 

olfactometry detection cannot be defined in the classical spectroscopic instrumental sense, 

its hyphenation to GC provides characterisation of a molecule’s odour activity, which is a 

function of molecular structure. With its complex, selective and variable performance, 

linking this to an MS creates an apt tool to detect low levels of odour active compounds. In 

the same vein, electroantennography detection (EAD), which uses the response of e.g. insect 

receptors towards specific compounds, find considerable application in molecular 

characterisation using GC–EAD. Modifications in GC instrument configurations to 
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accommodate two or more column stationary phases which can offer resolution of a variety 

of component polarities could be undertaken. 

 

Advances and future prospects in Fourier transform infrared spectroscopy 

As analysts who strive to render an accurate molecular identification to compounds, the 

complementary power of MS and information rich spectroscopic detectors cannot be 

overlooked. However, if FTIR is to be a more accepted technique in the future reliable and 

simplified interfacing which provide sufficient sensitivity must be addressed. Here, 

interfaces which enable direct deposition of GC effluent on a cryogenically-cooled ZnSe disk, 

such as that seen in the GC–FTIR instrument by Dani InstrumentsTM, allows for acquisition 

of solid-phase FTIR spectra which feature sharper bands than gas phase spectra acquired in 

light-pipe GC–FTIR systems. The higher sensitivity advantages of such direct-deposition 

interfaces find applications in fields such as Forensics and R&D in which exact identification 

of substances, afforded by techniques such as FTIR, is crucial. 

It is unlikely that NMR will be more than a curiosity, unless again the interface and analyte 

detectability are addressed. Off-line prep-scale NMR with GC is a much more accepted 

approach, and should be further promoted. Of the spectroscopic techniques, the emerging 

GC–VUV technique seems to offer a truly ‘disruptive’ technology as a universal platform 

offering a sensitive, quantitative, qualitative method, which further research continues to 

most surely extend and confirm, with the reported ease of set-up an important feature. 

Further, with the development of computational approaches and simulations a deeper 

molecular level understanding can be achieved. Such molecular modelling will enable 

improved correlation of simulation with experiment whilst predicting theoretical and 

practical insights into the identification and behaviour of molecules. With the uniqueness of 

spectra offered by spectroscopic techniques, more complete database availability will no 

doubt be of great value.  

Advanced techniques will always be more challenging to implement and optimise compared 

to their conventional counterparts. But newer technologies will surely continue to enter the 
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arena of GC and endeavour to extend its capabilities, whilst MS and spectroscopic detectors 

will be a driving force in the greater aspiration of reliable detection. The outcomes of this 

thesis thus contributes to render a practical insight in to the various reliable and advanced 

technologies used to achieve the ultimate goal of unambiguous chemical component 

identification. 
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Appendix A – Published article from which Chapter 1 excerpts are obtained 
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