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1. Introduction 

1.1 General introduction 

A decade ago, a Ph.D. thesis from the Department of Analytical Chemistry and Applied 

Spectroscopy of this university opened with the statement ‘The excellent separation 

capability of capillary gas chromatography (GC), the high speed of analysis and the ease 

of combination with a variety of selective detectors—with the mass spectrometer (MS) 

taking the first place these days—all contribute to make GC the analytical method of 

choice whenever GC-amenable compounds have to be determined’ [1]. This statement is 

still true today, but we should immediately add that, in the meantime, distinct progress 

has been made in all the core areas, i.e. with regard to sample preparation, analytical 

separation and (selective) detection. To quote a few examples, selective sample 

preparation has received much attention when determining one or a few target 

compounds or a specific class of analytes. On the other hand, if general screening is 

requested—i.e. if non-target compounds are an essential part of the study—a non-

selective approach has to be used. Here, one main concern is to effect the isolation of the 

original, i.e. the intact, compounds and to avoid metabolisation or other types of analyte 

transformation during sample handling and, also, during further processing. The latter 

caveat essentially rules out the use of derivatisation (and related) procedures which—to 

mention another serious disadvantage—invariably increase the time of analysis and 

frequently cause problems, either due to interferences present in the reagents used or 

formed as by-products in side-reactions with other compound classes contained in the 

samples to be analysed1. In other words, resolving one’s problem now has to sought via 

improved separation and/or detection capabilities. 

In the field of capillary GC separation, the past two decades have seen the 

emergence of comprehensive two-dimensional GC (GC×GC), initially for research 

alone, but now also increasingly for routine application. Here, the considerable gains 

made with regard to sample fractionation and overall separation efficiency—without 

                                                           
1 With the analytes of interest usually being present at the (ultra-)trace level, other sample constituents present 
at much higher concentrations can create serious interferences even though they are converted at a minimum 
level of, say, a few per cent. 
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materially increasing the GC run time!—have been amply demonstrated for a wide 

variety of sample types and many different classes of compounds such as organohalogen 

microcontaminants, flavours and fragrances, aerosol constituents and essentially all 

classes of compounds present in petrochemicals. Actually, now that GC×GC has become 

a mature technique, one complaint is that the amount of information becoming available 

per analysis and, consequently, per working day, is so large that—rather than the 

analytical procedure itself—it is data handling that frequently is the main stumbling 

block. Here, proper peak detection, analyte identification and analyte quantification are 

the three areas of most common concern. 

As for analyte detection in the most wide sense of the word, devices such as the 

electron-capture detector (for all halogen-containing microcontaminants) and the flame-

ionisation detector (for most studies of petrochemicals) still have a unique role to play. 

Besides these common detectors, the use of very specific detectors such as the atomic 

emission detector (AED) with its unique element-selective characteristics can be very 

rewarding even though the costs are higher. 

However, these are the exceptions rather than the rule which, simply, says that MS 

detection is to be recommended in virtually all instances—and specifically whenever 

large numbers of, almost invariably, partly overlapping analyte peaks/spots show up, 

and/or whenever unambiguous identification is required for, e.g., legal or commercial 

purposes. Selfevidently, MS detection is also essential if non-target analyses have to be 

performed. Here, the relatively poorly investigated field of air and aerosol analysis is an 

illustrative example. Today, it usually is the time-of-flight mass spectrometer (ToF-MS) 

which is installed at the outlet of a GC×GC separation system. Its rapid data acquisition, 

general flexibility of operation and advantageous cost/benefit ratio are appreciated by all 

workers in the field. Commercial hardware is now available to successfully study even 

unusually complex sample types and/or classes of analytes, with the cigarette smoke 

problem as one example and the in-depth study of the ubiquitous polyhalogenated 

alkanes as another one. It is in such areas that rapid and reliable peak detection and 

identification still are a problematic issue which requires further study. 

 

In the present thesis, most of the problems and problem areas briefly discussed above, 

have been addressed—both in terms of method and instrument development and in terms 

of real-life application. In addition, two topics—AED-based detection and peak 

picking/detection in GC×GC—have been reviewed. Overall, the experimental results 

which are presented and the discussions which are included, clearly illustrate the 

substantial progress that has been made in the past ten to fifteen years and, specifically, 

the wide applicability range of the analytical techniques applied. Simultaneously they 
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also indicate where further improvement is necessary or, at least, desirable—or, in other 

words, which aims should be pursued in the near future.  

1.2 Scope of the thesis 

Chapter 2 opens with a short review of the development of atomic emission detection 

coupled to gas chromatography (GC–AED) and the unique properties of that 

combination. The first commercially available AED was launched in 1989; it used a 

helium microwave plasma with temperatures in the order of 2500 K. At these 

temperatures molecules are atomised and the atoms excited; the light emitted during 

transition to a lower energy level is analysed spectrophotometrically. The AED can 

selectively detect essentially all elements that are present in GC-amenable compounds, 

e.g. C, H, O, S, P, Cl, Br, F, Si, Hg and Sn. Since the measured responses originate from 

the individual atoms that make up the compounds, AED can be used for compound-

independent calibration and, often, partial molecular formulas can be proposed. 

In the review, emphasis is on real-life—e.g., food and environmental—applications 

for non-metals such as sulphur, phosphorus, nitrogen and the halogens, and on the 

potential of combined AED/mass spectrometric (AED/MS) detection. 

Chapter 3 describes the parallel use of AED and MS detection. For the analysis of non-

target compounds, MS has been the favoured technique for many years. The most 

commonly used ionisation technique in GC–MS is electron ionisation at 70 eV, and over 

several decades the distinct fragmentation patterns have been collected in large libraries. 

Spectra of non-target compounds can be matched against library spectra in an automated 

process and so provide tentative identification or give clues as regards the class of 

compound. Furthermore, the isotopic distribution in the mass spectra can give (partial) 

information on the elemental composition and the presence of specific functional groups. 

Combined AED/MS information further expands the options for identification by 

providing element-specific information. Here, an important requirement is a high 

correlation between the data, i.e., the recorded retention times for both AED and MS 

should preferably be the same or at least have a constant offset throughout the 

chromatogram. The study describes a set-up with parallel AED/MS detection that takes 

into account the (varying) gas flows in the different heated zones to obtain as high a 

correlation as is possible. 

The technique was used to analyse sewage water influents and effluents of a 

treatment plant. As an example, in one water sample, seven non-target chlorinated 

compounds were identified, and comparison of the GC profiles of the influents and 

effluents showed a 85–90% removal of almost all of the GC-amenable compounds. 
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As discussed above, comprehensive two-dimensional gas chromatography (GC×GC) 

provides a high separation efficiency that is ideal for application in non-target analysis. 

Chapter 4 reports the combined use of GC×GC–AED and GC×GC–time-of-flight-MS 

(ToF-MS). One problem that has to be solved to enable the successful use of AED 

detection in GC×GC is the generation of a sufficiently high sampling frequency to obtain 

enough data points across a chromatographic peak. This condition was met by proper 

adaptation of the dimensions of the transfer lines and the gas flow rates. Analyses were 

performed on separate GC×GC instruments, and high-sulphur petroleum products were 

used as samples. Data correlation by means of graphical scaling and overlay was studied 

and shown to be successful. One interesting result was the unambiguous recognition of 

the presence of a class of N-containing analytes (dimethylcarbazoles), where proper 

correlation of the AED and ToF-MS data turned out be crucial for identification.  

In the studies described in Chapters 5–7 some of the above techniques were applied to 

the analysis of surface and pore water samples collected by Rijkswaterstaat, then the 

Institute for Inland Water Management and Waste Water Treatment (RIZA, Lelystad). In 

previous studies of these types of sample the long- and short-term toxicities were 

examined with various bioassays such as Daphnia magna and Chironomus riparius. 

However, despite much research, part of the toxicity could not be explained by 

contaminants determined during routine monitoring. One hypothesis is that lipophilic 

compounds which are present at only very low concentrations in water, can 

bioaccumulate, which would explain the high toxicity. However, because of their very 

low concentrations, these compounds are usually not picked up during routine water 

monitoring. One way to solve this problem, is to use so-called biomimetic extraction. 

Here (Chapter 5), a device containing a hydrophobic material that acts as an 

accumulation phase is placed in the water sample for several days up to weeks. The 

process mimics analyte accumulation—and, thus, concentration build-up—in biological 

species; it has the added advantage that the compounds are not metabolised, as is the 

case in samples taken from living organisms. Different biomimetic samplers were 

evaluated for use under various conditions in the field as well as the laboratory; they 

were also compared with conventional solid-phase extraction (SPE). Fouling was found 

to be a serious problem when sampling (highly) polluted water samples under dynamic, 

i.e. field, conditions. However, no such problems occurred when using biomimetic 

extraction under non-flow conditions in the laboratory, and the combination of this 

approach and conventional SPE turned out to give successful results for a very wide 

log P-range of microcontaminants. 

As a follow-up (Chapter 6), an automated screening procedure was developed for 

over 400 industrial, agrochemical and household chemicals. In samples taken at various 
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locations in the main Dutch river systems, some 150 target compounds were detected at 

the low-ng/l to low-µg/l level. Next to these, several brominated and chlorinated non-

target compounds were detected, and provisionally identified, by means of GC–AED 

screening. 

In a further study (Chapter 7), suspended matter and sediments from the river 

Meuse were studied. The results of a series of standard acute bioassays and standard 

chronic tests were compared with those obtained in the course of the present work. In 

many cases, the toxicity observed in the standard assays could largely be explained by 

the presence, and concentrations, of known persistent priority pollutants—mainly heavy 

metals and polycyclic aromatic hydrocarbons. Agricultural run-off of pesticides, which 

are not routinely measured in sediments, may explain part of the remaining differences. 

In other experiments, pore water samples from Lake IJssel sediments yielded a further 

list of microcontaminants, such as phthalates, decanes, cosanes and fragrances. 

However, their contribution to the effects measured in the bioassays used, was found to 

be negligible.  

In summary, although much analytical and conceptual progress has been made and 

many more microcontaminants have been detected, the core problem of the ‘toxicity 

gap’ has, as yet, not fully been solved. 

In Chapter 8, GC×GC was used to analyse volatile organic compounds (VOCs) in air. 

These compounds, either originating from human activity or natural sources, play an 

important role in e.g. smog and ozone formation. Due to the wide variety of sources, 

these VOCs form a complex mixture comprising many different classes of compounds. 

Data obtained from in situ GC×GC–FID and laboratory GC×GC–ToF-MS analyses, 

combined with retention indices obtained from the literature, were used to identify about 

250 compounds, and quantification was performed for selected analytes. 

The application demonstrates the advantage of the high separation capacity of 

GC×GC for non-target analysis, specifically in ‘unbalanced samples’, i.e. samples with 

large differences in concentration of the compounds detected. To give an example, in air 

samples taken at a station in the island of Crete, some 650 peaks were identified with 

signal/noise ratios of >100 and mass-spectral similarities of >850.  

With the very large amount of data being generated in each GC×GC run, data analysis 

has become a topic of distinct interest. Chapter 9 reviews one specific aspect, i.e., the 

currently available methods for (individual) peak detection. Four main types of detection 

method are distinguished—user-supervised peak(let) summation, automated peaklet 

clustering, multivariate methods and graphical methods. The principles of the various 

approaches and required input and type of output are discussed in light of analytical 

requirements such as target analysis and general screening/non-target analysis. Several 
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published real-life applications are briefly discussed. One main conclusion is that for 

more or less routine and flexible procedures—which is what most analysts are in need 

of—commercial tools and toolkits should invariably be used.  

Chapter 10 discusses the merits of an in-house developed method for 2D peak 

integration in GC×GC–MS data. The method is based on peaklet clustering and uses 

relatively simple chromatographic/thermodynamic laws to calculate the theoretical shape 

of a 2D peak in order to define the area in which the peaklets of each individual 

compound can be expected to show up. In the delimited area the peaklets are then 

clustered based on analyte-identity information obtained from mass spectral library 

searching, and the responses of the peaklets are summed to obtain a single 2D peak 

response. It is demonstrated that the 2D peak shapes can be accurately predicted and that 

clustering and further processing can reduce the final 2D peak list to a manageable size. 

Chapter 11 reports the application of the method reported in Chapter 10 to the detection 

of 150 organic microcontaminants representing nine classes of compounds, with 

GC×GC–MS using five different GC column combinations. As was to be expected, with 

such a large number of analyte classes (and individual compounds), none of the column 

combinations could provide complete group separations. However, analysis of the 

experimental results—with peak overlap as a main criterion—gives a rapid and efficient 

indication of the available 2D separation space, and of the column combination to be 

recommended for a specific separation problem. 


